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Abstract

This study investigated the seasonal partitioning of evapotranspiration (ET) using
dual stable isotopes (5°H and &'®0) for Syngonium podophyllum cultivated at the NIH
Roorkee campus, Uttarakhand, India, during 2024. A total of 416 water samples were
collected, comprising 93 soil evaporation, 82 leaf transpiration, 205 air moisture, and
36 rainfall samples, covering pre-monsoon, monsoon, post-monsoon, and winter
seasons. Sampling was conducted every alternate day between 12:00-14:00 h to
capture peak ET activity. The isotopic compositions of evapotranspiration (8 gt

), evaporation (38 ¢), and transpiration (8 1) were estimated using the Keeling Plot,
Craig-Gordon, and steady-state models, respectively, and partitioned through a two-
endmember isotopic mass balance approach. Results revealed pronounced seasonal
variability in the transpiration fraction (T/ET) for Syngonium podophyllum, with mean
values ranging from 0.52 during monsoon to 0.95 in post-monsoon, and an annual
mean of 0.76+0.15. Transpiration dominated total ET during the pre-monsoon (T/
ET=0.65-0.69), post-monsoon (0.93-0.95), and winter (0.84-0.89) seasons, while
evaporation contributions increased substantially during the monsoon (0.51-0.54),
coinciding with high soil moisture and rainfall events that suppressed transpiration.
These findings demonstrate that transpiration by Syngonium podophyllum was the
major component of ET for most of the year, except during the monsoon when
direct soil evaporation prevailed. The results highlight how hydroclimatic variability
regulates plant-scale water fluxes, and emphasize that irrigation management in
humid subtropical regions should aim to minimize soil evaporation losses during
wet periods and enhance transpiration efficiency during dry seasons. The isotope-
based framework also provides a robust, non-invasive tool for quantifying plant-soil-
atmosphere water exchanges.

Keywords Evapotranspiration, Isotopic technique, Evapotranspiration, Soil
evaporation, Plant transpiration
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1 Introduction

The cumulative water transport from terrestrial surfaces to the atmosphere via soil evap-
oration (E) and plant transpiration (T) is referred to as evapotranspiration (ET), a key
mechanism in the terrestrial hydrological cycle [1]. ET returns approximately 70-90%
of terrestrial precipitation to the atmosphere and therefore plays a fundamental role in
regulating ecosystem water balance, land—atmosphere interactions, and surface energy
exchange.

It is essential to understand how ET is broken down into its component parts in order
to evaluate ecosystem water use, improve agricultural management techniques, and
increase water-use efficiency [2]. Because soil evaporation represents non-productive
water loss whereas plant transpiration is directly linked to photosynthesis and biomass
production, distinguishing these two components is essential for developing efficient
water management strategies particularly in semi-arid agricultural environments, where
the sustainability of irrigation strategies depends on the optimal distribution of water
resources throughout various crop phenological stages, it is critical to accurately assess
crop water requirements and analyse their temporal fluctuations [3].

Conventional techniques for evapotranspiration partitioning, such as sap flow mea-
surements, lysimeter measurements, and micrometeorological methods, offer useful
information, but often have limitations in terms of temporal resolution, spatial scal-
ability, and the ability to non-invasively distinguish between transpiration and evapora-
tion [4, 5]. Eddy covariance systems, although effective for measuring total ET, generally
require additional assumptions or complementary observations to separate E and T,
while hydrological models frequently depend on extensive parameterization and cali-
bration that may introduce uncertainties in partitioning estimates. Recent advances in
stable isotope techniques have opened up new avenues for evapotranspiration partition-
ing [4, 6, 7]. These methods are founded on isotope fractionation processes, whereby soil
evaporation preferentially removes lighter isotopes, enriching the remaining soil water
in heavier isotopes, whereas transpiration is generally considered a non-fractionating
process during root water uptake under isotopic steady-state conditions. Consequently,
the contrasting isotopic compositions of evaporation and transpiration provide a natural
basis for quantifying their relative contributions to total ET.

The Global and Local Meteoric Water Lines (GMWL and LMWL) serve as funda-
mental reference systems in evapotranspiration (ET) partitioning by representing the
isotopic composition of unaltered meteoric source waters. The theoretical basis for par-
titioning lies in the contrasting fractionation effects: abiotic soil evaporation (E) causes
residual water to deviate and plot below the LMWL along a Soil Evaporation Line (SEL)
with a significantly reduced slope, typically between 2.0 and 6.5. In contrast, plant tran-
spiration (T) is generally assumed to be a non-fractionating process during root water
uptake, meaning xylem water signatures remain relatively close to the LMWL.

High-resolution, non-invasive measurements of evaporation and transpiration in
intact soil-plant-atmosphere systems are made possible by isotopic methods such as the
Craig—Gordon model and the Keeling plot technique [8, 9].

Numerous factors, such as vegetation phenology, climatic variability, and soil mois-
ture availability, influence the seasonal dynamics of ET partitioning [1, 10].Research
has shown, for instance, that the temporal distribution of evaporation and transpira-
tion affects yield and water use efficiency in winter wheat and maize, with some growth
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stages responding better to optimal fertilisation or irrigation techniques [11]. Despite
these advances, the relative contributions of soil evaporation and plant transpiration
remain insufficiently quantified under varying seasonal and meteorological conditions,
particularly for different plant species grown under humid subtropical environments.

Using stable isotope techniques, this study examines the seasonal variability of ET par-
titioning with an emphasis on the interaction between environmental factors. Our goal
is to document the dynamic changes in the relative contributions of soil evaporation and
plant transpiration by examining isotopic data gathered during significant phenologi-
cal periods. Precision water management techniques in agricultural landscapes can be
developed with the help of these insights, ultimately promoting resource conservation
and sustainable crop production.

In view of this background, the specific objectives of this study are to partition the ET
flux into soil evaporation (E) and plant transpiration (T) and investigate their seasonal
fluctuations across selected plant species, as well as to assess the role of meteorological
parameters in influencing ET dynamics. Based on prior evidence, we hypothesize that
transpiration constitutes the dominant contributor to ET fluxes.

2 Materials and methods

2.1 Study area

The study was conducted at the National Institute of Hydrology (NIH), Roorkee (Utta-
rakhand), India (Fig. 1), which is located at an elevation of 268 m above mean sea level,
at latitude 29°52’ N and longitude 77°53" E. In the Roorkee region, the rice-wheat crop-
ping system is the most common agricultural practice and the main source of income
for the local populace. In addition to these staple commodities, farmers also grow sug-
arcane and other high-value crops. A combination of groundwater extraction and canal-
based irrigation systems is the main source of water for the region’s heavily irrigated
agricultural areas [12]. This is a single experimental site; so for this results may not be
generalized.

2.1.1 Meteorological conditions
Meteorological conditions exhibited clear seasonal patterns. Daily meteorological
observations were obtained from the Automated Weather Station (AWS) of the National
Institute of Hydrology (NIH), Roorkee. The station is equipped with standard meteo-
rological sensors that continuously monitor atmospheric conditions and automatically
record data at regular intervals. Rainfall was measured using an automatic rain gauge,
while maximum and minimum air temperatures were recorded using electronic temper-
ature sensors equivalent to standard maximum and minimum thermometers. Relative
humidity was measured using capacitive humidity sensors providing continuous humid-
ity records. Wind speed was measured using a cup anemometer, and wind direction was
determined using a wind vane. Daily evaporation was measured using a standard Class
A pan evaporimeter installed at the observatory. Daily values of maximum temperature,
minimum temperature, relative humidity, rainfall, evaporation, wind speed, and wind
direction were extracted from the AWS database and used for subsequent meteorologi-
cal and isotopic analyses.

The study site receives an average annual rainfall of 953 mm, approximately 90% of
which occurs during the southwest monsoon study area experiences a humid subtropical
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Fig. 1 Study area

climate characterized by distinct seasonal variations. The southwest monsoon extends
from June to August, accounting for the major rainy season in the region. During the
pre-monsoon period, the average maximum temperature was 34.2 °C, the minimum
temperature 20.9 °C, precipitation 0.3 mm/day, evaporation 4.3 mm/day, relative humid-
ity 69%, and wind speed 2.2 km/h. The monsoon season was characterised by maximum
and minimum temperatures of 35.4 °C and 27.5 °C, respectively, with higher precipita-
tion at 7.0 mm/day, evaporation at 4.0 mm/day, a relative humidity of 83%, and a wind
speed of 1.6 km/h. After the monsoon, temperatures decreased to an average maximum
of 27.7 °C and minimum of 16.1 °C, with precipitation at 0.2 mm/day, evaporation at
0.93 mm/day, relative humidity reaching 86.5%, and wind speed dropping to 0.42 km/h.
In winter, conditions further cooled, showing average maximum and minimum tem-

peratures of 18.6 °C and 9.5 °C, respectively. Precipitation remained low at 0.77 mm/
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day, evaporation was 0.96 mm/day, relative humidity increased to 93.6%, and wind speed
averaged 0.72 km/h. These seasonal meteorological variations are vital for understand-
ing regional hydrological and isotopic processes.

2.2 Sample collection and isotopic analysis

Integrated sampling for air moisture, plant transpiration, soil evaporation, and rainwater
was carried out to separate ET into its constituent parts, soil evaporation and plant tran-
spiration and examine their temporal dynamics [7, 13]. The collection of each sample
was done every alternate day between 12:00—14:00 h between all field days. Water flows
throughout the soil, plant, and atmospheric continuum were traced by analysing all col-
lected samples for stable isotopes (8°H and §'°0).

2.2.1 Air moisture sampling

A locally designed cone-condensation device was used to gather samples of atmospheric
moisture. To collect condensate, a collecting vial was positioned beneath the apex of an
aluminium cone fixed on a vertical stand. The setup was placed in an open area with
good ventilation, away from any vegetation or bodies of water, and protected from direct
sunlight. To reduce diurnal fluctuation and ensure comparable conditions, the samples
were collected at the same place and time each day (during morning hours). The amount
of collected condensate ranged from 5 to 10 ml, depending on the surrounding humid-
ity. For isotopic analysis, the samples were promptly sealed and stored [12].

2.2.2 Plant transpiration sampling

Syngonium podophyllum is a fast-growing evergreen climbing vine with a C3 photo-
synthetic pathway, known for its broad, arrow-shaped leaves that change shape as the
plant matures. It possesses a fibrous root system and exhibits relatively high transpira-
tion rates under favourable environmental conditions, making it well suited for stud-
ies of plant water use. It adapts well to varying light and moisture conditions, making
it useful for studying plant phenology and water use. Its distinct leaf morphology and
root characteristics facilitate effective separation of transpiration and soil evaporation
in evapotranspiration studies. The plant’s sensitivity to environmental changes, rapid
growth, and adaptability to the humid subtropical climate of the study area make it valu-
able for understanding water dynamics and plant responses in different ecosystems.
Leaf-bag condensate collection for isotopic analysis of transpiration is a well-established,
non-destructive method validated in multiple peer-reviewed studies [9, 14]. Polyethyl-
ene transpiration bags were sealed around leaf clusters of the plant during peak tran-
spiration hours (12:00-14:00 h) to ensure high vapour flux and rapid condensation [14].
Condensate was collected in sterile glass vials placed inside the bags and immediately
transferred to sealed vials for storage, minimising residence time and potential re-evap-
oration artefacts [15]. Individuals were maintained under natural field conditions at the
study site, exposed to partial/filtered sunlight and sustained by ambient soil moisture
from the region’s canal- and groundwater-supported irrigation system, without direct
irrigation applied by the research team. No fertilizers or pesticides were used during the
sampling period to avoid confounding the isotopic measurements. The relative contribu-
tions of soil evaporation (E/ET) and plant transpiration (T/ET) to total evapotranspi-
ration (ET) were estimated using isotopic values of 8¢, 81, and 8 gy. The assumption
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of isotopic steady state was validated by ensuring that sampling was conducted during
periods of high transpiration flux, when stomatal conductance and vapour flow rates are
maximal [14]. Although sealed enclosures can potentially modify leaf microclimatic con-
ditions such as temperature and humidity, several features of the experimental design
minimised these effects. Ambient relative humidity at the Roorkee site remained consis-
tently high, 69-93.6% across seasons and generally above 80% during monsoon and post-
monsoon periods), reducing the vapour pressure gradient and limiting re-evaporation of
condensate. In addition, relatively small polyethylene bags with limited headspace were
used, allowing rapid condensation of freshly transpired vapour and minimising vapour
residence time within the enclosure.

The Keeling Plot approach is widely used to estimate the isotopic composition of
evapotranspiration by analysing the relationship between the isotopic ratio of atmo-
spheric vapour and the inverse of its water vapour concentration, assuming that back-
ground conditions remain stable over short time intervals [16, 17]. This relationship is
described by the equation: dynamics and plant responses in different ecosystems. With
as little disruption to the leaves as possible, the bags were fastened and left in place until
condensation took place. Sterile glass vials were used to collect the water droplets that
formed inside the bags [16].

The Keeling Plot approach is widely used to estimate the isotopic composition of
evapotranspiration (8gr) by analysing the relationship between the isotopic ratio of
atmospheric vapour (q, ) and the inverse of its water vapour concentration, assuming
background conditions remain stable over short time intervals [18]. This relationship is
described by the equation:

Sy = 6gT + (6p — 6gT) X (qB/qv) (1)

where &, is the isotopic composition of ambient atmospheric water vapor and q, is the
concentration of atmospheric water vapour. d g and qy refer to the background vapour’s
isotopic composition and concentration, respectively. By plotting &, against 1/ q, the
y-intercept of the linear regression provides an estimate of &g [19, 20]. This method
assumes that 8p,q; and Jprremain constant during the sampling period, and that
water vapour is transported solely by turbulent mixing, without influence from conden-
sation or other processes.

2.2.3 Soil evaporation sampling

A transparent acrylic box of 75 x 75 x 60 cm was used to create an experimental evapora-
tion chamber that stimulates soil evaporation in a natural field setting [18]. Through the
use of pipelines and valves, the system’s air compressor was able to draw water vapour
from the soil’s surface and transfer it to a condensation unit submerged in ice water. Air-
flow was managed by a rotameter and nozzle valve, while humidity gradients within and
outside the chamber were recorded by a relative humidity meter. The assumption of iso-
topic steady state was validated by ensuring that sampling was conducted during periods
of high transpiration flux. Soil water vapour was sampled directly from the evaporating
front of the soil using a chamber-based experimental setup installed at the study site.
This approach allowed us to capture the isotopic signature of soil evaporation (E) in real-
time without disturbing the natural evaporation process. The Craig-Gordon model was
applied to estimate the isotopic composition of vapour evaporating from the soil surface.
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This method accounts for both equilibrium and kinetic fractionation processes and is
appropriate under steady-state conditions. Using measured values of soil water, ambient
vapour, relative humidity, and temperature, the model yielded dependable estimates of
isotopic enrichment due to evaporation in the controlled chamber environment.

The Craig and Gordon model is used to estimate the isotopic composition of soil
evaporation (8 g), considering both equilibrium and kinetic isotope fractionation dur-
ing water vapour diffusion from the soil surface [21]. In this model, 3¢ is affected by the
isotopic signature of soil water at the evaporating front (8 | ), the isotopic composition of
ambient atmospheric vapour (8 ,), as well as temperature and relative humidity. The fol-
lowing equation is applied:

5 (QL) — hé, — goq — (1 — h)e;
eq

(2)

S = —
A-h)+107°1 — h)g,

where § is the isotopic composition of soil water at the evaporating front, &, is the
isotopic composition of ambient atmospheric water vapor, h is the relative humidity
normalized to saturation vapor pressure at the soil surface temperature (dimensionless,
0-1), X eq
vapor phase transition, ¢4 is the equilibrium enrichment factor in delta notation, and

is the temperature-dependent equilibrium fractionation factor for liquid-

€ is the kinetic fractionation factor representing non-equilibrium effects during vapor
diffusion [22].

The equilibrium fractionation factor a.q was calculated as a function of soil surface
temperature using the temperature-dependent relationship established by Horita and
Wesolowski [23].The equilibrium enrichment factor ¢.q was derived from o .qusing

the equation g, = 10° <1 - L) The kinetic fractionation factor ¢, was determined
Qeg

using the molecular diffusivity ratio approach ¢, = n (3 - 1) x 10%, where D/Di is the

ratio of molecular diffusivities of the light to heavy isotope (1.0285 for **O and 1.0251 for
’H), and n is the turbulence parameter ranging from 0 (fully turbulent conditions) to 1
(purely molecular diffusion). Based on the controlled chamber conditions with minimal
air circulation, an n value of 0.5 was adopted, yielding ¢, values of 14.2%o for §'*O and
12.5%o for 8*H [24].

2.2.4 Isotopic analysis

At National Institute of Hydrology, isotope ratio mass spectrometry (IRMS) was used to
examine all water samples for §°H and 8'*0. Delta notation (8) in relation to VSMOW
standards was used to report the results [25]. For §'*0O and 8”H, the analytical precision
was + 0.1%o0 and + 1%o, respectively. To ensure accuracy, calibration was carried out uti-
lizing secondary standards and three-point standardization with international reference
materials (VSMOW, GISP, SLAP). Quality control samples were included in every ana-
lytical run, and chosen samples were examined in duplicate to confirm reproducibility
[12].

2.3 Isotope partitioning approach
The proportion of evapotranspiration (T/ET) originating from transpiration is
determined using a two-source linear mixing model that incorporates the isotopic
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compositions of evapotranspiration (8 gr), evaporation (3¢), and transpiration (8 ).
The equation for this calculation is:

Ser — 0k

T/ET = ———
/ 3y — 35 (3)
This method is based on an isotopic mass balance equation, where the total ET flux is
composed of the contributions from both evaporation and transpiration, each character-
ized by unique isotopic signatures [26]. By analysing the isotopic compositions of water
vapor, soil, and plant xylem, the fluxes are separated into their respective components

[16].

2.4 Uncertainty quantification and error propagation

2.4.1 Analytical error propagation

Analytical uncertainties were propagated through Eq. 3 using standard error propaga-
tion theory to quantify the uncertainty in T/ET estimates arising from measurement

precision:
o*(T/ET) = (0f/08T)*c*(85T) + (0f/085)*0*(8E) + (0f/08r)*a?(67) (4)

where the partial derivatives are:

of 1
TR ®)
Of _ (8pr —5r)

05 (37— 65) ©)
9Of _ (6gr — k) @)

9r  (5; —8p)’

This yielded sample-specific analytical uncertainties of + 0.19-0.21 for individual T/ET
estimates. An additional model uncertainty of + 0.05 was incorporated to account for
assumptions in the mass balance approach (isotopic steady-state, negligible fraction-
ation during vapor transport), resulting in combined analytical uncertainties of + 0.19—
0.21 for individual samples [10].

2.4.2 Combined uncertainty for seasonal means
Seasonal mean values and standard errors combined both analytical and sampling

uncertainties according to:

- 2 2
SEcombined = \/SEsampling + SEanalytical (8)
SD SR g i
where SEgqmpling = T represents natural temporal variability and SEg,q41yical = —”":1/’%““‘”

represents the contribution of measurement precision to seasonal mean uncertainty.
This approach accounts for both random measurement error and systematic natural
variability, providing realistic uncertainty bounds for seasonal T/ET estimates [27].
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2.4.3 Monte carlo simulation and sensitivity analysis
Monte Carlo simulations (10,000 iterations) were performed to validate analytical error
propagation calculations and generate 95% prediction intervals for T/ET estimates. For
each iteration, input parameters (8gr,8g, 1) were randomly sampled from normal
distributions defined by their measured seasonal mean values and analytical uncertain-
ties (+0.2%o for 80, + 1.0%o for §°H), and T/ET was recalculated using Eq. 3.
Sensitivity analysis employed standardized multiple linear regression on Monte
Carlo output to quantify the relative contribution of each input parameter to total T/
ET uncertainty. Input variables were standardized (mean-centerer and scaled by stan-
dard deviation), and T/ET outputs were similarly standardized. Standardized regression
coefficients (Byundardize) Were calculated and converted to percentage contributions by
normalizing their absolute values to sum to 100%. This approach identifies which isoto-
pic measurements contribute most to T/ET uncertainty, guiding priorities for improving
analytical precision [28].

2.5 Statistical analysis

2.5.1 Analysis of variance (ANOVA)

Seasonal differences in isotopic composition and T/ET ratios were evaluated using one-
way analysis of variance (ANOVA) with season as the independent variable (four levels:
pre-monsoon, monsoon, post-monsoon, winter). Prior to ANOVA, assumptions of nor-
mality and homogeneity of variance were verified using Shapiro-Wilk tests (per seasonal
group) and Levene’s test (across all groups), respectively. All tests were conducted at sig-
nificance level a=0.05.

Effect sizes were quantified using eta-squared (n°) calculated as:

SS
2 between 9
Sstotal ( )

where SSy.iyeen 1S the sum of squares between groups and SS,, is the total sum of

total
squares. Effect sizes of n> > 0.01, 0.06, and 0.14 were interpreted as small, medium, and

large effects, respectively [29].

2.5.2 Post-hoc pairwise comparisons
Following significant ANOVA results (p < 0.05), post-hoc pairwise comparisons were
conducted using Tukey’s Honestly Significant Difference (HSD) test to control fam-
ily-wise error rate at « = 0.05. Additional pairwise t-tests with Bonferroni correction
(adjusted o = 0.05/k, where k is the number of comparisons) were performed for key
seasonal contrasts [30].

For each pairwise comparison, Cohen’s d effect size was calculated as:

_M =M

d=
SDpooled

(10)

2 2
where M; and M, are group means and SDpggieq = \/w is the pooled standard

deviation. Effect sizes of d>0.2, 0.5, and 0.8 were interpreted as small, medium, and
large, respectively.
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2.5.3 Confidence intervals (Cl)
Seasonal mean values are reported with 95% confidence intervals calculated using Stu-
dent’s t-distribution:

95%CI = mean % t(q2,4r) X SEcombined (11)

where t(a/2, df) is the critical t-value for a = 0.05 and degrees of freedom df = n-1. Com-
bined standard errors (SE . pineq) incorporate both analytical precision and sampling
variability [31].

2.5.4 Statistical power analysis
Post-hoc statistical power was evaluated for all ANOVA tests using the F-test power
analysis function with observed effect sizes (n*), sample sizes, and a = 0.05. Power values
> 0.80 were considered adequate for reliable detection of true effects. All statistical anal-
yses were performed using Python 3.11 with scipy.stats (version 1.11.3) and statsmodels
(version 0.14.0) packages [30].

3 Results and discussion

3.1 Isotopic compositions of ecohydrological pools

A comparative assessment of stable isotope compositions across various ecohydro-
logical pools reveals both temporal consistency and interannual variation shaped by
climatic and hydrological processes (Fig. 2). The observed steepening of the Local Mete-
oric Water Line (LMWL) from 2023 to 2024, while remaining below the Global Mete-
oric Water Line (GMWL), aligns with Indian precipitation studies that report regional
LMWL slopes commonly < 8 due to sub-cloud evaporation and recycled moisture,
with documented slope ranges from roughly 6.9 to 8.8 across stations and seasons [32].
Multi-year rainfall datasets indicate 'O values typically spanning from — 18%o to 2%o
and 8”H values from - 130%o to + 16%o, with modest interannual changes in meteoric
line parameters, supporting the use of precipitation as a stable isotopic baseline [33].

Leaf water enrichment relative to the LMWL and the shallow 8’H-8'O slopes
observed here are consistent with Craig—Gordon model expectations under low humid-
ity conditions. Previous synthesis and field analyses similarly report that leaf and soil
regression slopes are “much smaller” than the LMWL and highly sensitive to relative
humidity and vapor pressure deficit [34].

Soil water samples generally follow low-slope evaporation lines, indicative of near-
surface evaporative enrichment. Studies report slopes between approximately 3 and 6,
including a cold-region relation (§°H = 3.23 §'°0O - 32.51), which provides a numerical
comparator for evaporated shallow soil layers [35].

Atmospheric vapor typically remains the most isotopically depleted component and
exhibits slopes intermediate between soil and leaf water, reflecting the mixing of locally
evaporated vapor with advected air masses.

3.2 Isotopic partitioning of ET

3.2.1 Evapotranspiration Isotopic Composition ( 8 1) from keeling plot analysis

To estimate § gr, linear regressions were applied using §°H of &, which is the isotopic
composition of ambient atmospheric water vapor and q, is the concentration of atmo-
spheric water vapour concentration. Although both §°H and 8'®0 were determined,
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Fig. 2 &°H - 50 relationship for the water samples and the local meteoric water line (LMWL) in the (a) 2023 and
(b) 2024

only 8°H showed high statistical significance compared to §'*0 in the regression analy-
sis, consistent with previous findings, which is why 8°H is widely used for ET partition-
ing. The statistical results of the Keeling plot analysis with 8°H are presented in Table 1
presents the 8°H regression lines corresponding to the various sampling months. Sea-
sonal regressions exhibited clear intra-annual structure in both slope and intercept
parameters. Slopes were smallest in winter (December—January) with the least nega-
tive intercepts, indicating minimal kinetic enrichment under cool, stable conditions.
From late winter into pre-monsoon (February—April), slopes increased and intercepts
became more negative, consistent with growing evaporative influence prior to mon-
soon onset. The monsoon onset (June) showed the highest slopes alongside the larg-
est standard errors, reflecting rapid hydroclimatic transitions; intercepts were strongly
negative, indicative of enhanced kinetic effects and shifting moisture sources. During
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Table 1 Regression analysis of the keeling plot of the collected vapour

Season Month Isotope Slope (+SD)® Intercept (+SD)® R? n P-value*
Winter December  &H 19.67+4.93 -41.82+4.62 0.550 15 0.001*
January &H 1.56+33.18 -2142+12.58 0.00074 5 0965
February 5%H 18.59+45.94 -23.01+30.17 0.0266 8 0699
Pre-monsoon March &H 5148+6.26 -52.82+4.16 0.722 28  1.06e-08*
April 5°H 4311+£753 -5259+4.16 0.731 14 9.58e—-05*
May &5°H 2431+£1043 -45.74+4.38 0.404 10 0.048*
Monsoon June &H 109.60+£50.87  -123.76+29.46 0436 8 0074%
July 5%H 30.84+£7.99 -97.51+4.07 0.650 10 0.004*
August &H 36.23+8.64 -119.58+5.09 0.661 11 0.002*
September 5°H 4697+11.12  -129.11+£6.85 0.597 14 0.001*
Post-monsoon  October &5H 47.85+7.17 -79.32+4.36 0.689 22 1.71e-06*
November — &H 1931£574 -54.51+4.91 0.255 13 0.006*
December  &°H 19.67+£4.93 -41.82+4.62 0.550 15 0.001*

sSlope and intercept values are derived from the linear regression of &H of &, versus the inverse of water vapor
concentration q,; +SD denotes standard deviation

* p<0.05 indicates statistically significant result

Table 2 Estimates of the isotopic composition (8 ¢, 8¢, 8 1) and the corresponding fractions of
transpiration (T/ET) during different hydrological seasons (Pre-monsoon, Monsoon, Post-monsoon
and Winter)

Season Month 3% Sy Sg S gr St T/ET
Pre-monsoon March -9.5 -9.11 -127.01 -52.82 -11.8 0.643
April -23.15 -29.89 -132.39 -52.59 -7.20 0.692
May -20.7 -35.25 -127.18 -45.74 -3.60 0.658
Monsoon August -64 -100.34 -180.27 -119.59 -62.49 0.515
September -102.74 -105.369 -207.77 -129.11 -62 0.539
Post-monsoon October -46.46 -59.39 -147.04 -79.31 -743 0.931
November -34 -38.76 -145.36 -54.51 -50 0.952
Winter January -10.31 -19.88 -117.78 -214 -3.18 0.841
February -9.5 -12.46 -123.9 -23 -10.64 0.890

the monsoon core (July—August), slopes remained elevated with improved precision,
and intercepts stayed strongly negative, pointing to sustained enrichment signals. Post-
monsoon (September—November) parameters moderated toward winter baselines,
with intermediate slopes and less negative intercepts, aligning with reduced evaporative
demand and stabilization of background vapor.

3.2.2 Determination of T/ET

The seasonal and monthly distribution of ET components is presented in Table 2. Dur-
ing the pre-monsoon season (March to May), transpiration dominated the total ET, with
T/ET values ranging from 0.643 to 0.692. These elevated values highlight the importance
of plant water uptake during the dry months, as also observed in similar isotopic parti-
tioning studies [36]. In contrast, the monsoon period (August and September) exhibited
a decline in T/ET values (0.515 and 0.539, respectively), indicating a greater contribution
of soil evaporation. This shift corresponds with high precipitation levels and saturated
soil conditions, which tend to suppress transpiration while enhancing evaporation rates.
Following the monsoon, the post-monsoon period (October and November) showed a
substantial rebound in transpiration dominance, with T/ET values increasing to 0.931
and 0.952. This is likely due to reduced rainfall, improved soil drainage, and active plant
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recovery post-rainy season. The winter season (January and February) sustained high T/
ET values (0.841 and 0.890), reaffirming that transpiration remains the principal com-
ponent of ET during cooler months, consistent with previous findings in temperate and
subtropical climates [37]. These results collectively demonstrate a seasonal pattern of
ET partitioning, where transpiration predominates during dry and cold months, while
evaporation gains prominence during wet periods, reflecting shifts in plant physiological
activity and hydrological availability (Table 3).

3.3 Seasonal variation in evapotranspiration isotopes

The isotopic composition of evapotranspiration (8 gr)showed strong and significant
seasonal differences across pre-monsoon, monsoon, post-monsoon, and winter peri-
ods, with season explaining 96.7% of the variance (ANOVA: F(3,5)=48.95, p=0.0004,
n® = 0.967; Fig. 3; Table 4). Mean & gt was most depleted during monsoon (- 124.35%o,
95% CI: -185.50, — 63.20%o), intermediate in post-monsoon (- 66.91%o, 95% CI: -224.72,
90.90%o), and enriched during winter (-22.20%o, 95% CI: —35.77, —8.63%o), while pre-
monsoon occupied an intermediate enriched state (- 50.38%o, 95% CI: —60.68, —40.09%o)
(Fig. 3; Table 3). Tukey HSD indicated monsoon was significantly more depleted than
pre-monsoon (mean difference =73.97%o, p = 0.001), post-monsoon (57.44%o, p = 0.0048),
and winter (102.15%o, p =0.0003), reflecting the seasonal “amount effect” on precipita-
tion and enhanced exchange with moist boundary layers during the wet season (Fig. 3;
Table 5).

The isotopic composition of soil evaporation (8 ) also varied significantly by season
(ANOVA: F(3,5)=27.01, p=0.0016, n* = 0.942; Fig. 4; Table 4). Monsoon exhibited the
most depleted soil vapor (-194.02%o, 95% CI: -368.96, —19.08%o), followed by post-
monsoon (-146.20%0, 95% CI: -160.15, —132.25%0), pre-monsoon (- 128.86%o, 95%
CI: -136.85, —120.87%o), and winter (—120.84%o, 95% CI: —160.75, —80.93%o) (Fig. 4;
Table 3). Monsoon differed significantly from pre-monsoon (A=65.16%o, p=0.0021),
post-monsoon (47.82%o, p =0.0125), and winter (73.18%o, p =0.0019), indicating stronger
evaporative depletion under wetter surface conditions and reduced vapor pressure defi-
cit (Fig. 4; Table 5).

Assumptions diagnostics indicated near-normal seasonal groups (e.g., Shapiro-Wilk
pre-monsoon p >0.05) but heterogeneous variances for §pr and 8 (Levene’s p=0.018
and 0.003, respectively.

3.4 Evapotranspiration partitioning (T/ET)

T/ET ratios exhibited pronounced seasonal structure with very large effect size
(ANOVA: F(3,5) =123.82, p<0.0001, n* = 0.987; Fig. 5; Table 4). Seasonal means (+95%
CI) were: pre-monsoon 0.65 (0.44, 0.89), monsoon 0.53 (-0.13, 1.18), post-monsoon
0.94 (0.29, 1.59), and winter 0.87 (0.16, 1.57), indicating transpiration dominance dur-
ing dry and cool periods and enhanced evaporation during monsoon (Fig. 5; Table 3).
Tukey comparisons showed the largest contrast between monsoon and post-monsoon
(A=0.414, p=0.0001), followed by monsoon vs. winter (0.339, p=0.0001) and monsoon
vs. pre-monsoon (0.137, p=0.0061), while post-monsoon vs. winter was not significant
at a=0.05 (A =0.076, p=0.0896) (Fig. 5; Table 5).
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Table 4 Monte Carlo means, SD, 95% Pl, and sensitivity weights

Parameter F-statistic Df p-value Significance n? Power
S er (%0) 4895 3,5) 0.0004 e 0.967 1
3 ¢ (%o0) 27.01 (3,5) 0.0016 ** 0.942 1
8, (%o0) 2527 (3,5) 0.0019 ** 0.938 1
8 1 (%o) 31.29 (3,5 0.0012 ** 0.949 1
T/ET ratio 123.82 (3,5 0.0000 *x 0.987 1

Table 5 Tukey HSD and pairwise t-tests with Cohen’s d

Parameter Comparison Difference  Cl Cl T P Cohen’s  Signif-
(Lower) (Upper) d icance

S ET Pre-monsoon  73.97 63.59 84.35 15.92 0.00054 1334 xax
vs. Monsoon

ST Monsoonvs.  —57.44 —83.47 -3141 —432 0.04953 —4.32 *
Post-monsoon

Ser Post-monsoon  —44.71 -69.06 —20.36 -3.60 0.06931  -3.60 Ns
vs. Winter

S ET Pre-monsoon  -28.1833 -329981 -233685 -9.21868 0.0027 -9.53762 **
vs. Winter

T/ET Pre-monsoon  0.137333 0.10045 0.174216 6.621376 0.007016 6.409008 **
vs. Monsoon

T/ET Monsoonvs.  -0.4145 -0.44575 -0.38325 -25.9953 0.001477 -25.9953 **
Post-monsoon

T/ET Post-monsoon  0.076 0.023756 0.128244 2851225 0.104145 2851225 Ns
vs. Winter

T/ET Pre-monsoon  -0.20117 -0.25696 -0.14537 -7.69373 0.004563 -6.64885 **
vs. Winter

3.5 Uncertainty quantification and Monte Carlo validation

Analytical uncertainty propagated through the mass-balance equation yielded small
sample-level errors for T/ET (+0.002-0.004), and Monte Carlo simulations (10,000
iterations) produced narrow seasonal 95% prediction intervals consistent with the ana-
lytical error budget: pre-monsoon [0.643, 0.651], monsoon [0.525, 0.532], post-mon-
soon [0.937, 0.950], and winter [0.861, 0.870] (Fig. 6; Table 6). Sensitivity analysis on
the Monte Carlo ensemble showed & gy contributes the largest share of variance to T/
ET (=50%), followed by &1 (=27-47%) and 8 (=3-24%), implying efforts to further

Page 15 of 22



Krishan et al. Discover Geoscience (2026) 4:421 Page 16 of 22

L

Mean

° \

-50

-100

\

)

2 95% Cl
ﬁ —200 Pre-monsoon
2 -
[95% CI -138.85, -120.87)
Monsﬂon
—2
%0 5SS
[95% CI -368.96, -19.08)
Post monsocn
-300 o -
[95/n CI -160.15, -132.25)
Wmter
= -
-350 [95 /n CI -160.75, -80.93)

Pre-monsoon Mensoon Post-mensoon Winter
Season

Fig. 4 Seasonal 8 g with 95% Cl

1.50

1.25

1.00

Mean
95% CI
Pre-monsoon

TET
=3
~
Bl

0.68
(95% Cl: 0.44, 0.89)
Mansoon

0% \ 053
(65% CI: -0.13, 1.18)

0.25 Post-monsoon

0.94
(95% Cl: 0.29, 1.59)
Winter

AN

0.00

.87
(85% CI: 0.16, 1.57)

.

Pre-monsoon Monsoon Post-monscon Winter
Season

Fig.5 Seasonal T/ET with 95% Cl

reduce uncertainty should prioritize the precision of &t and & 1 measurements (Fig. 6;
Table 6).

3.6 Statistical power and robustness

Observed effect sizes were very large for all parameters (n* = 0.938-0.987), yielding
post-hoc statistical power = 1.000 for all ANOVA tests (Table 4). Although Levene’s tests
indicated heteroscedasticity for 8 gy and 8 g, results were robust to Welch ANOVA and
pairwise contrasts remained consistent in sign and magnitude (Table 5). Together, these
results support strong, seasonally driven shifts in isotopic composition and evapotrans-
piration partitioning that exceed analytical and sampling uncertainties (Fig. 7).

3.7 Meteorological parameters influencing evapotranspiration ratio (T/ET)

The correlation matrix indicates that T/ET is negatively related to most meteorologi-
cal drivers, with the largest magnitudes for rainfall and minimum temperature, while
relative humidity shows a weak-to-moderate positive association, aligning with estab-
lished controls of atmospheric demand and moisture constraints on evapotranspiration

processes.
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Fig. 6 Monte Carlo histograms by season

T/ET shows strong negative correlations with precipitation (r=-0.72) and minimum
temperature (r=-0.71), implying that wetter conditions favour evaporation more than
transpiration, thereby reducing the transpiration fraction of ET. In addition to soil satu-
ration, persistent cloud cover during the monsoon likely also contributed to the observed
decline in transpiration. As a C3 species sensitive to light availability, Syngonium podo-
phyllum would be expected to show reduced stomatal conductance and photosynthetic
activity under overcast conditions, reinforcing the suppression of transpiration driven by
soil wetting.

Relative humidity exhibits a positive correlation with T/ET (r=0.37), consistent with
the idea that humid air reduces vapor pressure deficits and limits evaporation, allow-
ing the transpiration share within ET to increase under moisture at —0.72 atmospheric
conditions.

3.7.1 Temperature influence

All temperature metrics correlate negatively with T/ET, and the strongest effect is from
minimum temperature, suggesting that higher nocturnal or cooler-range temperatures
coincide with conditions that enhance non-stomatal losses relative to plant-controlled
fluxes at this site. This pattern is consistent with the thermodynamic control whereby
increased air temperature elevates atmospheric vapor-holding capacity and evaporative
demand, often amplifying evaporation more directly than transpiration when moisture
is available.
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3.7.2 Moisture variables

The strong inverse link between precipitation and T/ET indicates that rainfall events
increase available surface water and soil wetness, thereby boosting evaporation and low-
ering the transpiration fraction within total ET during wet periods. In contrast, higher
relative humidity is associated with higher T/ET, reflecting reduced aerodynamic and
vapor pressure gradients that suppress evaporation and shift the balance toward plant-
controlled transpiration under humid conditions.

3.7.3 Wind effects

Wind velocity shows a moderate negative correlation with T/ET (r=-0.49), supporting
the role of wind in thinning the boundary layer and enhancing removal of water vapor,
processes that typically accelerate evaporation more than plant-regulated transpiration.
Although meaningful, wind’s effect appears secondary to temperature and moisture con-
trols in shaping the partitioning signal at the monthly scale represented here.

3.7.4 Evaporation response

Evaporation correlates strongly and negatively with T/ET (r=-0.67), consistent with
evaporation’s rapid, non-regulated response to meteorological forcing relative to the sto-
matal and physiological controls governing transpiration. This immediate coupling to
atmospheric demand means increases in environmental drivers tend to raise total ET
primarily via evaporation, thereby lowering the transpiration fraction.

3.7.5 Systemic and climatic implications

The predominance of negative correlations indicates that, under the observed condi-
tions, meteorological variability tends to amplify evaporation more than transpiration,
reducing T/ET and highlighting the need to represent aerodynamic and energy con-
straints in partitioning models. The positive role of relative humidity underscores the
importance of atmospheric resistance and VPD-related processes, which many recent
ET modelling and evaluation studies emphasize when projecting climate change impacts
on regional water balances (Fig. 8).
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4 Conclusion

This work advances an operational, isotope-informed framework for diagnosing sea-
sonal shifts between evaporation- and transpiration-dominated regimes and translating
those shifts into decisions that matter for water allocation and on-farm practice. By inte-
grating vapor isotope Keeling analysis, partitioning with quantified uncertainty, and cli-
mate—partitioning linkages, the study provides defensible triggers for when to schedule
or defer irrigation, where to prioritize canal lining and seepage control, and when to time
managed aquifer recharge to minimize evaporative losses while supporting crop water
productivity. The approach is immediately transferable to advisory systems because
it relies on routinely observed meteorology coupled with a lean isotope program, and
the uncertainty analysis specifies which measurements yield the largest gains in deci-
sion confidence. Limitations include potential site-specificity, event-scale variability that
can be smoothed in monthly data, and drift in source end-members across crops and
storms; addressing these will require spatial networks across soil-crop—groundwater
settings, sub-daily campaigns through storms and heatwaves, and periodic end-member
recalibration. Future work should embed these partitioning constraints in crop, ground-
water, and river-operation models to test irrigation and recharge scenarios under warm-
ing monsoon climates, fuse remote sensing of canopy temperature and soil moisture to
map field-scale transpiration efficiency, and co-develop farmer-facing rules of practice
that are validated through on-farm trials tracking yield, water productivity, and salinity.
Collectively, the framework turns isotopic diagnostics into actionable planning levers—
reducing evaporative losses, stabilizing allocations, and improving equity and resilience

of irrigation systems as hydroclimatic variability intensifies.
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