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ABSTRACT

Extracting water from discrete xylem and soil samples for 880 and 8°H analysis remains a central challenge in ecohydrology.
This study evaluates the applicability of the centrifugation method in extracting (a) mobile water with (b) no induced fractionation
and (c) low organic contamination. Three common urban tree species (elderberry, Sambucus canadensis; cherry laurel, Prunus
caroliniana; and boxelder maple, Acer negundo) were studied for 1year in the Fort Worth Botanic Garden (north-central Texas,
United States). Xylem (N=110) isotope values were compared alongside throughfall (N=33), soil water (N="79) and lysimeter
water (N =42) at different depths (0-38 cm). Xylem and soil water extraction volumes ranged from 0.1 to 7.5mL and 0.1 to 10.5mL,
respectively. Extracted water volumes exhibited no strong correlations with isotopic values. Water was extracted from soil and
xylem samples with gravimetric water contents as low as 10.6% and 17.8%, respectively. Although elderberry and cherry laurel
exhibited narrowband and broadband values (indicators for organic contamination) similar to throughfall, soil water and lysime-
ter water, boxelder maple reported higher values in summer and fall. Annual §'0 mean values in soil water (—3.2%o % 1.7%.) and
lysimeter water (—3.3%o =+ 1.1%0) corresponded with the throughfall input (=3.1%o = 2.0%0). Xylem 8'80 exhibited higher values in
winter, summer and fall than throughfall, soil water or lysimeter water. However, during spring, xylem mean 8'30 values were
less variable and close to soil and lysimeter 8§80 values: elderberry (—3.4%o =+ 0.5%o), cherry laurel (2.9%o =+ 0.5%0) and boxelder
(—2.3%0 £ 0.4%0). Our results highlight the applicability of the centrifugation method in extracting mobile water, unbiased by low
extraction volumes, temperature-induced fractionation or high organic contamination. Low xylem and soil water contents limit
the extraction capacity of centrifugation and increase the concentration of organics, particularly during summer and fall seasons.

1 | Introduction compared to other methods (Wen et al. 2022), the cryo-extracted

water is a combination (of unknown proportions) of chemically
For decades, cryogenic vacuum extraction (CVE) has been  bound water (i.e., immobile mineralogical or biological/enzy-
used as the reference method to obtain soil and xylem water for matic water, often hydraulically isolated from active transpira-
&?H and 8'80 analysis in ecohydrological studies (Dalton 1989; tion transport) and soil/xylem mobile water (i.e., the analyte of
Brooks et al. 2010; Koeniger et al. 2011; Orlowski et al. 2013). interest involved in the transpiration process) (Gaj et al. 2017;
Although CVE yields high water extraction efficiencies when  von Freyberg et al. 2020; Millar et al. 2021). In addition, CVE
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potentially enhances isotope exchange between xylem water
and noncrystalline hydroxyl groups of wood cellulose and hemi-
cellulose (Younger et al. 2024).

Despite the extended use of CVE in the isotope ecohydrol-
ogy community, this analytical procedure presents a signif-
icant challenge in the form of complex temperature-induced
fractionation effects (Wen et al. 2022; Sobota et al. 2024;
Haberstroh et al. 2024; Wang et al. 2024), often accompanied
by poor assessments on the impacts of low extraction volumes
in the isotope values. As evidence of these challenges, a grow-
ing body of scientific literature points towards substantial
analytical biases in soil and xylem CVE-8H ratios (Orlowski
et al. 2016; Chen et al. 2020; Allen and Kirchner 2022; Song
etal. 2021; Wen et al. 2022; Zuecco et al. 2022; Yang et al. 2023;
Wen et al. 2023; Younger et al. 2024; Duvert et al. 2024;
Ceperley et al. 2024). For example, a recent study of plant
xylem water across northeastern US trees (Sobota et al. 2024)
demonstrated that CVE-8%H biases can result in a significantly
different understanding of water uptake and transpiration and
recommended that xylem 82H values via CVE should not be
used in ecohydrological studies. Laboratory experiments have
also shown that labelled water used in ‘spike tests’ could not
be reliably recovered due to the inherent complexity of wet-
ting and drying hysteresis processes in soils and plant samples
(Thielemann et al. 2019; Wen et al. 2021). These analytical
artefacts result in unexpected and sometimes enigmatic high
and more commonly low isotopes values (Duvert et al. 2022;
Nehemy et al. 2022; Jiang et al. 2022).

The advent of laser spectroscopy has motivated the introduction
of new in-house and field extraction techniques, such as vapour
equilibration, centrifugation, cavitron, microwave in-line distil-
lation, Scholander pressure chamber, high-pressure mechani-
cal squeezing, passive lysimeters and hygroscopic salt of a high
water absorbance capacity (CaCl,) (Fischer et al. 2019; Millar
et al. 2022; Zuecco et al. 2022; He et al. 2023; Duvert et al. 2024;
El-Shenawy et al. 2024). Although these new extraction tech-
niques offer a large potential in decreasing the analytical bias
in xylem and soil isotope values, there is still a lack of standard
operating protocols (SOP) to conduct robust intercomparisons,
as clearly pointed out in recent reviews by Millar et al. (2022)
and Ceperley et al. (2024).

In soils, water exists in various physicochemical states, rang-
ing from loosely bound mobile water, which actively partic-
ipates in plant water uptake and hydrological processes, to
immobile water, which includes tightly bound water adsorbed
onto mineral surfaces or trapped in micropores. CVE extracts
all water regardless of its mobility. As a result, it can include
immobile water with distinct isotopic compositions that are not
accessible to plants, potentially introducing biases (Orlowski
et al. 2016; Gaj et al. 2017; Sprenger et al. 2019). Similarly, in
xylem tissues, physical methods may extract water from func-
tional (transpiration-contributing) and nonfunctional (e.g.,
parenchyma or embolized conduits) compartments. These
compartments may contain immobile water with isotopic sig-
natures not representative of the transpiration stream, espe-
cially when water is extracted from deeper tissues or during
periods of low water content (Barbeta et al. 2020; Poca et al.
2019). Recent studies advocate for methods that selectively

extract mobile water, such as centrifugation under controlled
negative pressure, to address these issues. This method has
shown promise in isolating plant-accessible water with min-
imal isotopic fractionation and organic contamination (Chen
et al. 2020; Wen et al. 2022).

Constraining the negative pressure applied to extract the
water offers the best physically based parameter to discrim-
inate water extraction types. Clearly, CVE combines residual
moisture at higher pressures or beyond the xylem limits and
mobile water versus extracting water in the plant-available
region via centrifugation. We present a detailed analytical
centrifugation procedure to study a subtropical urban green
space in north-central Texas (United States) from January to
December 2023. The main objectives are to (a) evaluate the
applicability of the centrifugation extraction method in a
water-stressed setting and (b) understand seasonal isotopic
variability from three common urban tree species (elderberry,
Sambucus canadensis; cherry laurel, Prunus caroliniana; and
boxelder maple, Acer negundo), during an unprecedented
warm period under the influence of a strong El Nifio event
(Jiang et al. 2024). During a hydrological year, monthly xylem
samples are compared with throughfall, soil water and lysim-
eter water (at different depths, 0-38 cm). We hypothesize that
centrifugation can extract (a) mainly mobile water with (b)
no induced fractionation and (c) low organic contamination.
Our findings contribute to the ongoing global discussion on
analytical water extraction techniques by highlighting the
applicability and limitations of the centrifugation method
in obtaining isotopically representative water for stable iso-
tope analysis in xylem and soil samples. The improved SOP
presented in this study, previously validated in the wet/dry
tropics of Central America (Sdnchez-Murillo et al. 2023), was
evaluated under drier conditions within a subtropical humid
climate.

2 | Experimental Ecohydrological Site

The Fort Worth Botanic Garden is a 120-acre (0.48 km?) tem-
perate evergreen and deciduous forest in Fort Worth, Texas,
within the Cross Timbers ecoregion (Griffith et al. 2004). The
Botanic Garden lies within the Trinity River watershed, spe-
cifically the Clear Fork tributary. Historically, the site was
within the Trinity River floodplain, but channelization and
levee projects have altered the river's natural hydrologic flow-
paths and affected riparian vegetation (Best 2021). The pre-
dominant soil textures are loam and clay loam. The site has a
humid subtropical climate with hot, humid summers and mild
winters. Based on a 30-year normal period, the mean annual
(high-low) temperature varies between 24.9°C and 13.6°C, re-
spectively (US Department of Commerce, NOAA 2024). The
city experiences high temperatures in the summer, often ex-
ceeding 32.2°C and sometimes reaching over 37.8°C. Average
annual precipitation is 940 mm, with wet spring and fall sea-
sons and drier summer and winter seasons (US Department of
Commerce, NOAA 2024). Most annual rainfall in the region
comes from frontal storms in spring and fall and convection
during summer (TWDB 2012). The Gulf of Mexico breeze
and subtropical disturbances generate summer thunder-
storms. During spring and fall, warm, dry air from northern
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Mexico collides with humid air from the Gulf of Mexico due
to the forcing of the jet stream and the Bermuda High System.
This collision leads to severe thunderstorms and tornadoes.
Thunderstorms are common, especially in the spring and
summer months. Most of the annual rainfall in Texas origi-
nates from storms like these, with flashy episodes of heavy
precipitation inputs. On average, however, potential evapo-
transpiration exceeds precipitation. The average annual po-
tential evapotranspiration in Fort Worth is 1419 mm (Texas
A&M AgriLife Extension Service 2024: https://texaset.tamu.
edu/). El Nifio Southern Oscillation (ENSO) has long-term
influences on Texas' precipitation, with above-average pre-
cipitation occurring during El Nifio and below-average pre-
cipitation and drought occurring during La Nifia conditions.

3 | Methods and Materials
3.1 | Throughfall Collection

Weekly throughfall samples (N=33) were collected from
a 3L RS1 Palmex passive collector (Palmex Ltd., Croatia;
Groning et al. 2012) installed beneath the canopy 1 m above
the ground. Precipitation volume was measured using a 1000-
mL graduated cylinder and converted to mm using the funnel
area. The water was then poured to fill a 30-mL HDPE bot-
tle labelled with the location, time, date and volume of pre-
cipitation. Samples were capped (no headspace), sealed with
Parafilm and transported to the lab in a cooler with ice gel
packs at approximately 5°C. Fort Worth weather data were
collected from the NOAA Climate Data Online website from
station USW00013911 (latitude/longitude: 32.77°, —97.45°; el-
evation: 185.3 masl) (NCEI 2024). All weather data are avail-
able in Table S1.

3.2 | Cup Suction Lysimeters Installation,
Soil Water Collection and Soil Water Content
and Temperature Monitoring

Slim tube ceramic cup suction lysimeters (Model 1905L,
SoilMoisture Equipment Corporation, United States) were in-
stalled at depths of 13, 25 and 38cm, each at an angle of 45° to
the ground. In addition, a bentonite layer was also applied at the
surface to avoid preferential flow paths (Product #0922W050,
SoilMoisture Equipment Co., United States). Cup samplers
were placed 20cm apart in a horizontal line about 1 m from the
throughfall sampler, away from major roots or large trees. A suc-
tion of 80 cbar (80kPa) was applied to each cup sampler every
week using a vacuum hand pump (Model 2005G2, SoilMoisture
Equipment Co., United States). Lysimeter water samples (N =42)
were extracted with a 1-L polypropylene Erlenmeyer flask, nylon
tubing and stopper assembly. Suction was applied by hand pump
until all the water in the cup sampler was drained into the flask.
Samples were capped (no headspace), sealed with Parafilm
and transported to the lab in a cooler with ice gel packs at ap-
proximately 5°C. Soil conditions were monitored using a solar-
powered HOBOlink Micro RX wireless data logger station (1-h
transmission interval) connected to three wireless HOBOnet
T12 Soil Moisture (m3/m?) and temperature (°C) sensors, each
installed at 0-, 18- and 38-cm soil depth. Sensors were installed

on 28 June 2023; these data only cover the summer and fall sea-
sons. All soil sensor data is available in Table S1.

3.3 | Soil Texture Analysis

Four soil samples were collected from the surface to a depth
of 40cm in agreement with the typical shallow root systems of
the three species selected (Section 3.5). Below this soil depth,
clayey restrictive layers can be found (USDA 2024). Each sam-
ple was divided into two 1-L-size plastic bags and mailed to the
Texas A&M AgriLife Extension Soil, Water, and Forage Testing
Laboratory for texture analysis (sand, silt and clay) and organic
matter content. All analyses were reported on a dry soil basis
(Texas A&M AgriLife Extension 2012). Upon arrival at the
Texas A&M soil testing laboratory, samples were transferred to
an aluminium pan and oven-dried at 65°C (£2°C) in a forced
air oven for 16h or until fully dry. Samples were pulverized
using an open mesh bottom hammer-style soil pulverizer and
screened to remove particles larger than 2 mm. A weight loss-on-
ignition procedure determined organic carbon content (Schulte
and Hopkins 1996) after being ground to pass through a No. 80
mesh. Soil texture fractions were determined via a classical hy-
drometer procedure (Day 1965).

3.4 | Plant Species Selection

The aim of our selection of plants for this study was to include
woody plant species common to the urban green space of the
Dallas-Fort Worth metroplex in north-central Texas. The follow-
ing trees were selected for sampling: elderberry (S. canadensis),
cherry laurel (P. caroliniana) and boxelder maple (A. negundo).
Elderberry is a deciduous tree or shrub native to North America
with an aggressive root system. The individual sampled was
approximately 2.5m tall, and it had thin (up to 1-cm diameter)
fibrous roots and a deeper taproot. Cherry laurel is an evergreen
tree native to the southern United States with a shallow but
complex root system, making it drought-tolerant when estab-
lished. The sampled individual was approximately 9m tall and
had roots within 10 to 30cm of soil depth, about 6cm in diam-
eter. Boxelder maple is a relatively short-lived (about 60years;
USDA 2024), brittle-wooded, deciduous tree native to North
America with shallow, strong lateral roots. The sampled individ-
ual was about 20m tall and had roots up to 5cm in diameter at
about 12-cm depth. Voucher specimens for all three species were
deposited in the herbarium at the Botanical Research Institute
of Texas (BRIT) (A. negundo, M.B. Byerley 715; P. caroliniana,
M.B. Byerley 716; and S. canadensis, M.B. Byerley 747).

3.5 | Stem and Soil Sample Collection

Stem (N=160) and soil (N=105) samples were collected during
monthly campaigns throughout 2023. Stem samples were col-
lected by cutting and removing woody stems. Twigs, leaves and
knots were removed. The branch was then trimmed and divided
into six subsamples. Subsamples were transferred to 50-mL
polypropylene conical centrifuge tubes (Falcon No. 352070). For
elderberry, the branch lengths ranged from 72cm to 1m, with
an average diameter of 0.55+ 0.17 cm. Boxelder branches ranged
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from 1.0cm to 1.5m, with an average diameter of 1.55+0.79 cm.
Cherry laurel branches ranged from 1.0cm to 2.0m, with an
average diameter of 1.69+0.47cm. Each centrifuge tube was
filled on average with ~30g (stems) or ~77 g (soils). Because our
study aims to analyse the mobile water stored in the tree, the
bark, phloem and cambium layers of the stems were scraped off
using a pocketknife, leaving only the xylem wood for extraction.
Destructive soil samples were triplicated using 50-mL polypro-
pylene conical centrifuge tubes (Falcon No. 352070). A new
trench was excavated each time across the study area. These
samples were collected using a soil auger or garden shovel, ex-
tracting samples from specific depth intervals. Samples were
taken typically at defined layers: 0, 13, 25 and 38 cm. All centri-
fuge tubes were immediately covered with Parafilm, stored in a
cooler with ice gel packs (5°C) and transported to the laboratory
for water extractions. In the lab, samples were stored at approx-
imately 5°C, and extractions were conducted within 1-2days
after collection.

3.6 | Xylem and Soil Water Extraction
and Gravimetric Analysis

The total water content (TWC, %) and the proportion of water
extracted (%) (both calculated by gravimetric analysis) were
used to evaluate the potential impacts of low extraction volumes
on xylem and soil isotope values. Before centrifugation, all sam-
ples were weighed (wet mass) (£ 0.01g) in the laboratory. Xylem
or soil material was removed to balance the mass in the centrifu-
gation tubes. Following the methodology proposed by Sdnchez-
Murillo et al. (2023), water was extracted from xylem and soil
samples at 11,000rpm and 5°C for 1.5h (Eppendorf 5810R cen-
trifuge). After centrifugation, the extracted water (EW) was
transferred immediately with a 1000 uL micropipettor (Four E's
Scientific, United States) to a 2-mL glass vial and sealed with
a septum cap. A 300-pL glass insert was used when the EW
volume was below 1.0mL. The remnant stem and soil samples
were weighed (wet mass after centrifugation), transferred to an
oven-safe aluminium pan and oven-dried for 48 h at 105°C. The
final sample mass (oven-dried) was also recorded. Gravimetric
analysis results are provided in Table S2.

3.7 | Isotopic Analysis

Isotopic analysis was conducted by the Tracer Hydrology Group
in the Department of Earth and Environmental Sciences at the
University of Texas-Arlington, using a GLA431-TLWIA triple
water isotope analyser. Three calibrated secondary standards
5D (82H = —10.5%0 and 8'30 = —3.00%0), 4D (8*H = —48.7%0 and
8180 =—7.63%0) and 1D (8?H=-161.3%0 and 830 =—20.72%o)
were used to normalize the results using a block standardiza-
tion procedure (i.e., LGR LWIA Post Analysis Software Version
4.5.0.6). An additional standard was used as an internal control,
IC (8°H=-78.0%0 and 8'80=-10.76%o). This internal control
was injected three times per analytical batch. The total number
of injections per sample or standard comprised two preparations
and eight measurement injections. The!®0/1°0 and ?H/'H ratios
are presented in delta notation & (%), relative to the VSMOW2-
SLAP2 scale. The analytical uncertainty was +0.33%. for §°H
and +0.08%. for 8'80. The deuterium excess (hereafter d-excess;

Dansgaard 1964) was calculated as d-excess =8*H-8-8'80. The
LC-excess (Landwehr and Coplen 2006) was computed as LC-
excess=8%H — a-8'80-b, where a and b are the slope and inter-
cept of the meteoric water line, respectively. The narrowband
(e.g., methanol) and broadband (e.g., ethanol) (unitless) were
recorded and used as indicators of organic contamination (Leen
et al. 2012). Elderberry and cherry laurel exhibited narrowband
and broadband values similar to throughfall, soil water and ly-
simeter water, whereas boxelder maple reported higher values in
summer and fall (see Figure S1). In general, narrowband values
were in the reported range of methanol concentrations below 25
ppm,, corresponding to potential isotope measurement errors
below 0.2% in 8'%0 and 8*H (Leen et al. 2012), whereas broad-
band values also suggested minimal influence of large organic
molecules with -OH groups (Leen et al. 2012). Isotope results are
provided in Table S2.

4 | Results

4.1 | Dynamics in Hydroclimate and Soil
Characteristics

The total precipitation during the study period was 661.0 mm.
During summer, precipitation contributed only 5.8%, whereas
spring and fall precipitation corresponded with 72.3%
(Figure 1A). The largest daily precipitation was 125.5mm
during fall. Rainy days averaged 9.7+18.0mm. The mean an-
nual air temperature was 21.1°C, with mean summer and winter
temperatures of 31.9°C and 11.8°C, respectively. The minimum
winter temperature was —3.3°C, and the maximum summer
temperature was 35.8°C. Mean atmospheric temperatures were
22.4°C and 17.5°C in spring and fall. Summer 2023 was charac-
terized by 69days with a mean daily temperature above 30°C
and only four rainfall events (Figure 1A).

Soil water temperature followed the atmospheric trend during
summer and fall. During the summer, mean soil surface tem-
perature was 29.3°C+2.1°C, with a maximum temperature of
32.1°C by the end of August. Mean soil temperature was cooler
by 1.2°C (18cm) and 1.9°C (38cm) with depth. Maximum soil
temperatures at 18 and 38 cm were 30.3°C and 29.4°C, respec-
tively (Figure 1B). Cooler soil conditions were observed during
fall, with a mean soil surface temperature of 17.4°C+4.9°C.
Similarly, lower mean soil temperatures were reported at 18cm
(18.2°C*4.4°C) and 38cm (18.8°C+4.0°C).

During summer, the lowest mean volumetric water content
was recorded at the surface (0.14+0.03m3/m?3). The higher
clay content with depth (Figure 1D) contributed to greater
mean volumetric water content at 18cm (0.19 +0.01 m3/m?)
and 38cm (0.18+£0.03m3/m?). Although the volumetric water
content showed a decreasing trend in the summer, more steady
conditions were observed with depth. In the fall, precipitation
events increased the soil volumetric water content, with simi-
lar mean values at the surface (0.28 +£0.03m?3/m?) and at 18cm
(0.28 £0.04m3/m3) and 38 cm (0.27 +0.05m3/m?) (Figure 1C).

The textural class of the soils ranged from loam at the surface
(0cm) to clay loam at all other depths (13, 25 and 38 cm), with in-
creasing clay content with depth up to 34% (Figure 1D). Organic
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FIGURE 1

| (A) Daily precipitation (mm/day) (black bars) and mean daily atmospheric temperature (°C) (grey line) during 2023. Data obtained

from the Fort Worth weather station USW00013911 (lat/long: 32.77°, —97.45°; elevation: 185.3 masl). (B) Mean daily soil temperature (°C) at three
depths (0, 18 and 38 cm). (C) Mean daily volumetric water content (m3/m?) at three depths (0, 18 and 38 cm). Soil sensor data were collected from 28
June to 22 December 2023. Soil depths (0, 18 and 38 cm) are colour-coded. (D) Organic matter (%) and clay content (%) with depth. Soil texture varies

from loam at the surface (0-10cm) to clay loam (13-38 cm).

matter content decreased with depth as follows: 8.2% (0cm),
4.1% (13cm), 2.6% (25cm) and 2.3% (38 cm) (Figure 1D).

4.2 | Xylem and Soil Gravimetric Total Water
Content and Extracted Water

TWC and EW varied across endmembers and seasons. Among
vegetation types, elderberry exhibited the highest median TWC
(60.0%). Boxelder maple and cherry laurel followed with median
TWC values of 47.4% and 40.3%, respectively (Figure 2A). Across
seasons, median TWC peaked in spring for elderberry (72.0%)
with a progressive decrease in summer and fall. In contrast,
median TWC values were fairly consistent for boxelder maple
across all seasons, with the lowest TWC values in late spring
(21.6%) and summer (25.2%). Cherry laurel exhibited similar
median TWC values across all seasons, with more variability
during the fall season.

The selectivity of the centrifugation method for assessing mobile
water is reflected in the proportion of EW relative to the TWC
available in the xylem. Boxelder maple resulted in the highest
median EW (7.5%), with values ranging from 24.0% (spring) to
1.2% (summer) (Figure 2B). For cherry laurel, the median EW
was 2.5%, with values ranging from 28.1% (fall) to 0.9% (spring).
One outlier EW value (76.5%) was also reported in the fall for
cherry laurel. The highest and lowest EW values in elderberry
were reported in the spring (17.6%) and fall (1.6%). Elderberry
exhibited a median EW value of 5.4%, with a consistent decreas-
ing trend towards the fall (Figure 2B).

Soil samples displayed a clear depth-dependent gradient. Surface
soil (0 and 13 cm) had median TWC values around 24%, with EW
medians ranging from 9.0% to 10.8% (Figure 2A,B). In contrast,
deeper soil layers (25 and 38cm) showed slightly lower TWC
values (22.4% and 19.5%, respectively). Interestingly, the 25-cm
layer had the highest EW among all soils (18.4%), whereas the
deeper soil layer had the lowest (5.9%). Generally, the lowest soil
TWC values were reported in the summer, whereas the highest
TWC values were recorded in the spring and fall seasons.

4.3 | Influence of Extracted Water Volume on
Xylem and Soil Isotope Values

The potential influence of EW volume on xylem and soil iso-
tope values has been poorly assessed in the literature. In this
study, all adjusted R? values indicate relatively poor or noisy re-
lationships between EW volume and 8'®0 and d-excess values
(Figure 3A,B). However, larger extracted volumes were associ-
ated with more stable or less variable 830 and d-excess values,
particularly in shallow soil layers. In contrast, smaller extracted
volumes were linked to greater isotopic variability. Among the
plant species, boxelder maple exhibited the highest and signif-
icant adjusted R? values for 880 (0.19, p=0.005) and d-excess
(0.14, p=0.01). Cherry laurel and elderberry adjusted R? indi-
cated a relatively poor influence of the EW volume on the isotope
values. Across the soil profile, the highest adjusted R? values for
8180 (0.12; p=0.03) and d-excess (0.12) were reported at 25cm,
whereas adjusted R? values in surface soil layers (0-13 cm) sug-
gested a weak effect on the isotope values. The limited number
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FIGURE2 |

(A) Seasonal box plots showing gravimetric total water content (%) in three selected urban plant species and soils at different depths

(0,13, 25 and 38cm). (B) Seasonal box plots showing gravimetric extracted water (%) via centrifugation in three selected urban plant species and soils

at different depths (0, 13, 25 and 38cm).

of observations at 38cm prevented calculating an adjusted R?
value. In several cases, the adjusted R? was low or even negative.
Low adjusted R? values indicate a weak relationship between the
volume of EW and 8'80 or d-excess. Negative adjusted R? values
occur when the model fits the data worse than a horizontal line
(i.e., worse than using the mean as a predictor), highlighting a
lack of explanatory power.

4.4 | Throughfall, Soil Water, Lysimeter Water
and Xylem Seasonal/Annual Isotope Variability

Throughfall exhibited variable §'%0 values, with a higher
median value in summer (—1.2%0) than winter (—2.6%o),

spring (—2.6%0) and fall (—5.0%). Higher median d-excess
was recorded in winter (12.1%o) and fall (15.8%o), with spring
(9.7%0) and summer (9.3%o) closer to the global d-excess value
(Figure 4A,B). Lysimeter water showed a clear decreasing
trend in median 880 values with depth: 0cm (=1.9%0), 13cm
(=2.9%0), 25cm (—3.8%0) and 38cm (—4.3%o). In contrast, d-
excess was characterized by an increasing trend with depth:
0cm (9.4%o), 13 cm (10.4%0), 25 cm (12.3%0) and 38 cm (15.9%o).
Soil water median 8'80 values at the surface (—3.3%.) were
lower than lysimeter water. Lysimeter water was collected
weekly, whereas destructive soil samples were often collected
after or within precipitation events. Soil water median 880
values showed a similar decreasing trend with depth: 13cm
(=3.1%0), 25cm (—3.8%0) and 38cm (—4.0%0). Similarly, soil
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Maple, Cherry Laurel and Elderberry). Adjusted R? values denote the negligible influence of the extracted water amount on the isotopic values.

water samples showed high d-excess across the depth pro-
file. Both lysimeter water and soil water d-excess agree with
throughfall (Figure 4A,B).

Boxelder maple exhibited relatively high 80 values across
seasons, with lower median values in spring (—2.3%.) and fall
(—=0.5%0) than in winter (3.2%0) and summer (2.5%o0). The high-
est d-excess values were recorded in spring (5.0%o), with low
values in fall (—4.0%o), winter (—21.4%0) and summer (—22.2%o)
(Figure 4A,B). Cherry laurel showed lower §'80 values compared
to boxelder maple, particularly in spring and winter (—3.0%. and
—3.8%o, respectively), followed by fall (-2.4%,) and summer
(—=1.2%0). The d-excess pattern revealed a strong seasonal con-
trast, with a low median value of 1.7%. in summer and high val-
ues in winter (9.7%o), spring (6.8%o0) and fall (6.7%o). Elderberry
presented the strongest connectivity with throughfall and soil/

lysimeter median 880 values in the spring (—3.4%o0) and sum-
mer (—2.0%o). Higher median 880 values were observed in el-
derberry in winter (—1.2%.) and fall (—0.4%o) than in the growing
season. Similarly, median d-excess values were higher in spring
(8.7%0) and summer (4.3%0) than in winter (—4.5%0) and fall
(—3.2%0) (Figure 4A,B).

On an annual basis, median 80 and d-excess values in soil
(—3.42%0 and 12.8%o) and lysimeter (—3.33%0 and 12.2%o) align
with throughfall (—=3.28%. and 12.2%o). Plant species exhibited
higher annual median 8'0 and d-excess values than through-
fall: cherry laurel (—2.89%. and 6.8%o), elderberry (—2.63%. and
6.2%0) and boxelder maple (—0.64%0 and —4.38%o). During the
growing spring season, all tree species showed a strong con-
nectivity to the soil available moisture, which was depicted in
similar 880 and d-excess: cherry laurel (—=3.0%0 and 6.8%o),
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FIGURE 4 | Seasonal box plots showing (A) 8'80 (%) and (B) d-excess (%o) variability of throughfall, soil water (lysimeters and destructive soil
samples at 0, 13, 25 and 38 cm) and xylem water (Boxelder Maple, Cherry Laurel and Elderberry).

elderberry (—3.4%0 and 8.7%0) and boxelder maple (—2.3%. and
—5.0%0).

4.5 | Dual-Isotope Space and Deviation From
Meteoric Conditions

Figure 5 shows the dual §°H-8'80 space for throughfall, soil
water, lysimeter water and xylem water. The throughfall me-
teoric water line is described as 8°H=5.44-8'0+3.66 (adj.
R?=0.85), with 880 and 8°H values ranging from 1.25%. to
—7.5%0 and from 10%o. to —40%o, respectively. Soil and lysimeter
water isotope values are distributed across the throughfall do-
main and share similar d-excess and LC-excess median values.
LC-excess values in soil water denote a clear evapoconcentra-
tion effect compared to lysimeter water. Soil water and lysimeter

linear regressions are described as §°H=4.71-6'80+0.15 (adj.
R?=0.89) and 8°H=5.02-8'"80+2.62 (adj. R?=0.89). Although
the lysimeter regression closely aligns with meteoric conditions,
the lower slope and intercept of the soil water regression high-
light the influence of secondary evaporation.

Xylem samples show a clear meteoric origin in agreement with
throughfall, soil water and lysimeter water median §'%0 val-
ues. Deviations from meteoric conditions occurred mainly in
boxelder and elderberry during summer and fall. These devi-
ations also corresponded with a sporadic increase in organic
contamination (see Figure SI1). The latter is reflected in box-
elder and elderberry regression lines, §82°H=2.87-880 — 7.56
(adj. R?=0.79) and §°H=3.15-8"80 — 7.10 (adj. R2=0.30).
Cherry laurel exhibited fewer deviations from meteoric con-
ditions, corresponding to a low organic presence in EW.
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FIGURE 5 |

Dual isotope plot (8'80 and 8°H) and marginal boxplots (d-excess and LC-excess) including throughfall, soil water, lysimeter water

and xylem water (boxelder maple, cherry laurel and elderberry). The throughfall local meteoric water line (grey dashed line) is included for reference.

The regression line for cherry laurel can be described as
8*H =3.78-8180 — 5.49 (adj. R>=0.87). Consequently, the lower
xylem d-excess and LC-excess median values were reported in
boxelder and elderberry.

5 | Discussion

Reducing the variability in water extraction techniques re-
mains a critical challenge for improving the accuracy and com-
parability of stable isotope measurements in ecohydrological
studies. Despite the widespread use of CVE, inconsistencies
mainly related to extraction temperature and mixing of mo-
bile versus immobile water can introduce significant isotopic
biases, particularly in §*H values. These methodological dif-
ferences complicate cross-study comparisons and may obscure
real hydrological patterns. Standardization of extraction pro-
tocols, including controlled temperature and heating profiles,
defined sample preparation procedures, coextract organic iden-
tification and clear reporting of analytical metadata, is essen-
tial to enhance reproducibility and interpretation. Moreover,
as emerging methods like the Cavitron (Barbeta et al. 2022)
and direct vapour equilibration (Birkel et al. 2025) aim to iso-
late mobile water fractions more reliably, their comparative
performance under varied environmental conditions must be
rigorously evaluated. Addressing parameter variability across
techniques is thus not only a methodological concern but a
foundational step towards refining ecohydrological inference
and advancing the field's capacity to trace water movement
through complex systems.

5.1 | Extracting Mobile Water

The improved centrifugation method presented in this study,
previously tested in the wet/dry tropics of Costa Rica across
five different ecosystems (Sdnchez-Murillo et al. 2023), offers
unique analytical advantages. First, the negative pressure ap-
plied (~2.4 MPa) via centrifugation at 11,000 rpm allows mobile
water extraction. This is demonstrated by the proportion of EW
relative to the TWC. EW ranged between 2.5% and 7.5% among
the plant species and from 5.9% to 18.4% across the soil profile.
In addition, reporting extraction volumes as part of the analyt-
ical metadata and evaluating the potential influence of the EW
volume on the isotope values has been poorly reported in the
literature across extraction techniques. Our extractions resulted
in volumes ranging from 0.1 to 7.5mL and from 0.1 to 10.5mL
in plant and soil samples, respectively. The extracted volumes
were sufficient for the isotopic analysis and showed no strong
influence on the isotope values.

5.2 | Experimental Fractionation Effects

Second, in the analytical procedure presented, sample tempera-
ture can be controlled from sampling until extraction at ~5°C,
which significantly decreases the potential for secondary evapo-
ration and reduces the risk of exchange reactions between water
and plant organics during the entire process, from sampling to
isotopic analysis. Although CVE is also temperature-controlled,
typically ranging from 105°C to 205°C (Koeniger et al. 2011;
Zuecco et al. 2022), it has been recently recognized that high
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temperatures enhance the hydrogen exchange between the hy-
droxyl groups in plant organics and the surrounding water mol-
ecules (Wen et al. 2022), as well as the coextraction of volatile
organic compounds and thermal decomposition metabolites
(Schmidt et al. 2012). CVE extracts nearly 100% of the sample
water content at a higher temperature. This high extraction ef-
ficiency can be seen as an analytical advantage when compared
to centrifugation-EW values. However, this high extraction ef-
ficiency results in low 8°H values, widely reported due to en-
hanced exchange reactions between water and plant organic
materials, which are typically highly depleted compared to
water sources (Wen et al. 2022, and references therein).

5.3 | Influence of Organic Contamination

Third, extracting mainly mobile water reduces the influence of
organic contamination, which is traceable by comparing narrow
and broadband metrics of soils and xylem water with other non-
contaminated endmembers (e.g., throughfall or pore water via cup
lysimeters). In this study, plant species and soil showed narrow-
band and broadband values largely in agreement with through-
fall and lysimeter water values (Figure S1). However, seasonal
changes were observed mainly in the deciduous trees (boxelder
maple and elderberry). During late summer, the combination of
high ambient temperature and limited soil water availability re-
duced the xylem water content and active water transport, result-
ing in higher organic concentration in the EW (i.e., dilution-type
effect). In the fall, as transpiration decreases, spikes in narrow-
band and broadband values were also observed. This may also
suggest the existence of hydraulically isolated water in the stems
and a ‘legacy-type’ effect from the warm and water-limited sum-
mer season towards the beginning of a quasidormant period in
fall and winter. Elderberry also experiences one high narrowband
value during the spring, which can be only explained by its flow-
ering, involving higher production of sugars and organic com-
pounds (Veberic et al. 2009). In contrast, cherry laurel (evergreen
tree) consistently showed low narrowband and broadband values.
Overall, during the active spring season, when the median 880
and d-excess values in all plant species closely align with through-
fall and soil water, low or negligible organic interferences were
reported via centrifugation. The latter highlights the applicability
of the centrifugation method for extracting isotopically unbiased
xylem and soil water during the active growing season in subtrop-
ical tree species. Although sampling outside the growing season
may be irrelevant in temperate climates, understanding seasonal
effects is highly important in regions where water connectivity
between soils-plants-atmosphere exists throughout the entire hy-
drological year.

5.4 | Centrifugation Limitations and Future Work

The negative pressure applied via centrifugation limits water ex-
traction under drier conditions. Other techniques, such as CVE,
outperformed centrifugation in extracting xylem and water held
at lower tensions. Our results showed a methodological thresh-
old of about 10.6% (soils) and 17.8% (xylem) in gravimetric TWCs.
Below these limits, no water was extracted in 31% and 27% of
the xylem and soil samples. In some cases, water extraction was
below 0.1 mL, making it difficult for a micropipette to recover.

The number of samples analysed per day may also be consid-
ered a limitation. Our procedure involves collecting three and
six replicates (50-mL centrifugation tubes) for soils and xylem
samples. Common centrifugation rotors for 50-mL tubes are
only equipped with six sample locations; therefore, based on the
centrifugation time (1.5h), only 36 subsamples can be extracted
during a regular lab day. Other techniques may be able to adapt
extraction lines to process more samples per day.

Future work in the tuning up of this centrifugation procedure for
discrete xylem and soil samples should include the evaluation of (a)
extraction performance versus similar emergent techniques such
as Cavitron (Barbeta et al. 2022), (b) seasonal specificity in organic
contamination (narrow and broadband values) between decidu-
ous and evergreen species across multiple climates (e.g., tropical,
subtropical, temperate and cold) and growing stages, (c) the poten-
tial organic coextract (i.e., concentration and compound specific
determination), (d) the negative pressure needed on different soil
textures and water contents and (e) parallel evaluation of isotope
values between laser spectroscopy and mass spectrometry.

6 | Conclusions

This study provides a detailed methodology and evidence of the
applicability of using the centrifugation method for water ex-
traction from discrete xylem and soils in a humid subtropical
urban green space. Our centrifugation procedure extracted (a)
mainly mobile water with (b) no induced fractionation and (c)
low organic contamination. Our results identified a methodolog-
ical threshold of 10.6% for soils and 17.8% for xylem gravimetric
TWC. Below these limits, water recovery was minimal (< 0.1 mL)
or failed in 31% of xylem and 27% of soil samples. During the ac-
tive growing season, xylem median isotope values resembled the
throughfall and soil isotope values. This denotes the nonfrac-
tionating nature of transpiration (Jasechko et al. 2013; Barbeta
and Pefiuelas 2017) and highlights the usefulness of the centrif-
ugation technique for ecohydrological studies focusing on water
partitioning during active water use seasons. Organic contami-
nation in deciduous species was identified during water-limited
periods (summer) or less active transpiration stages (fall).
Cherry laurel, an evergreen species, showed minimal influence
of organic contamination throughout the hydrological year.
Studies during water-limited conditions should also consider
the effects of increasing organic concentrations beyond active
transpiration seasons.
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