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ABSTRACT

Tracer-enabled hydrological models are increasingly used to investigate water pathways by integrating hydrometric and stable
isotope data. While quantifying the sensitivity of model outputs to global parameters is a common practice, structural sensitivity
to empirical evaporative fractionation models is rarely explored, despite its critical influence on isotopic signatures, especially in
evapotranspiration-dominated basins. In this study, we build upon the process-based distributed model EcH,0-iso to quantify
both types of isotopic sensitivities—conceptual, from changing the Craig and Gordon formulation used to quantify soil evapo-
rative fractionation, widely applied in tracer-enabled hydrology, and parametric, from varying classical non-isotopic hydrody-
namics parameters—in a tropical savanna basin in northern Benin with mixed land cover (fallow and forest). Looking at five
locations and hydrological compartments, covering both local and basin scales, our results show that both types of sensitivities
are of similar magnitude and significance, leading to changes in §'0 outputs by several per mil. We further show that the choice
of conceptual fractionation framework influences parametric sensitivities, especially locally, while at basin scales, sensitivities
decrease as mixing may dominate over fractionation processes. Additionally, we highlight how vegetation-dependent root uptake
further modulates the impact of modelling choices on tracer sensitivity. The differentiated relationships between inputs (para-
metric and conceptual) and outputs (isotopic time series) not only demonstrate the leverage of isotopic information to identify
model configurations but also benchmark how evaporation fractionation formulations may alter the propagation of this informa-
tion for estimating parameters controlling water storage and fluxes.

and Holmes 2023; Tetzlaff et al. 2015). These models exhibit
a wide range of architectures, each with varying assump-

1 | Introduction

Tracer-enabled models are used to simulate the dynamics of
stable isotopes (*H and '®0) in hydrological systems, from
the local to the catchment scale, tracking water movement
across the continuum of critical zone compartments and in-
terfaces such as soil, vegetation, atmosphere, groundwater,
and streams (Birkel and Soulsby 2015; IAEA 2023; Stadnyk

tions about mixing within conceptual compartments. They
range from simpler lumped and semi-lumped conceptual
formulations (Hrachowitz, Savenije, Bogaard, et al. 2013;
Knighton et al. 2017; Smith et al. 2016), to more complex semi
and fully distributed process-based representations (Ala-
aho et al. 2017; Belachew et al. 2016; He et al. 2019; Kuppel
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et al. 2018a; Stadnyk et al. 2013; Watson et al. 2024), some
of which even detail soil water dynamics with a two-pore do-
main conceptualization (Sprenger et al. 2018, Snarski et al.
2025). Complementing these approaches, Storage Selection
(SAS) function-based frameworks have been increasingly ap-
plied at the catchment scale to simulate tracer transport pro-
cesses and estimate water residence times, providing a flexible
alternative that captures mixing and storage dynamics with-
out relying on detailed process representations (Benettin
and Bertuzzo 2018; Evaristo et al. 2019; Harman and Xu
Fei 2024; Knighton et al. 2019; Meira Neto et al. 2022; Rinaldo
et al. 2015; Smith et al. 2018).

As water travels through the critical zone, its isotopic signature
is influenced by physical phase transitions such as conden-
sation, transpiration, evaporation, sublimation, freezing and
thawing (Birkel and Soulsby 2015). Among these processes,
evaporation tends to be the major source of isotopic fraction-
ation (Jasechko 2019), which is commonly implemented in
hydrological modelling approaches using the Craig-Gordon
(C-G) model (Craig and Gordon 1965). Originally developed for
open water bodies (Horita et al. 2008), the C-G model was also
adapted to soil systems (e.g., Barnes and Allison 1983; Mathieu
and Bariac 1996; Braud et al. 2005, 2009; Lin and Horita 2016)
to quantify how the isotopic composition of water evolves during
evaporation, accounting for equilibrium and kinetic isotope ef-
fects (Dubbert et al. 2013; Xiao et al. 2018).

While mixing processes tend to govern the evolution of water
isotopic composition in humid, energy-limited environments,
often resulting in fractionation effects being overlooked (Ala-
aho et al. 2017; Evaristo et al. 2019; Kirchner and Allen 2020),
this is not the case in arid and highly seasonal regions, where
direct evaporation plays a central role (Gat 1995; Gibson
et al. 2016; Horita et al. 2008). In such contexts, accurately
representing both equilibrium and kinetic components of iso-
topic fractionation becomes critical, as the C-G model may be
particularly sensitive to how its environmental input variables
are specified, thereby adding a layer of complexity to exist-
ing biophysical and hydrodynamic model parametrizations.
A prime example is the isotopic composition of atmospheric
vapour, a key driving variable challenging to measure ac-
curately and thus rarely available as a direct input (Delattre
et al. 2015; Dubbert et al. 2013; Horita et al. 2008), which is
typically approximated by assuming isotopic equilibrium
with local rainfall (Kumar and Nachiappan 1999). However,
this simplification can introduce significant biases during the
peak evaporation season, limiting its validity to certain tem-
perate climates (Horita et al. 2008; Tremoy et al. 2012; Xiao
et al. 2017). In this regard, despite the development of various
experimental, analytical (Quade et al. 2018) and numerical
modelling approaches (Braud et al. 2009), large uncertainties
persist in estimating isotopic fractionation in soil water. This is
mainly due to the ongoing debate and lack of consensus in the
literature on the proper estimation of the kinetic fractionation
factor (Braud et al. 2005; Dubbert et al. 2013), which poten-
tially affects the accuracy of tracer-enabled models in simulat-
ing isotopic composition dynamics (Kuppel et al. 2018a).

Recognising this knowledge gap in hydrological modelling
studies with stable isotopes, this study aims to improve the

predictive power of tracer-enabled models through a careful
examination of two sources of uncertainty: (1) the choice of
model parameters, referred to here as parametric sensitiv-
ity, and (2) the conceptual assumptions used in calculating
kinetic fractionation during soil evaporation, as represented
by the C-G model variables, referred to here as conceptual
sensitivity. We quantify the influence of both factors upon
the simulation of isotopic signatures (§'®0 and 6°H) across
different compartments of the critical zone, using a process-
based ecohydrological model EcH,0-iso in its current state of
physical description of water and energy fluxes. This numeric
tool is deployed in a highly seasonal tropical savanna basin,
covering an area of approximately 10000 km?, where evapo-
transpiration is the main hydrological flux and is at the core
of the system dynamics. Our driving hypotheses are (a) adopt-
ing a process-based and therefore flexible conceptualization
of evaporative fractionation reduces the weight of parametric
sensitivity and (b) parametric and conceptual sensitivities are
modulated by the influence of land cover representation on
hydrological dynamics. This study advances the predictive
capability of tracer-enabled models by improving the identi-
fication of specific uncertainty sources (structural and para-
metric) and proposing strategies to reduce them.

2 | Data and Methods
2.1 | Model Description
2.1.1 | The EcH,0-Iso Model

EcH,0-iso is a process-based, distributed ecohydrological model
developed to simulate energy and water fluxes along with veg-
etation dynamics in the critical zone, including transport and
concentrations of conservative tracers (6°H, 60 and C1~) and
water ages (Douinot et al. 2019; Kuppel et al. 2018a; Maneta
and Silverman 2013). The model domain, defined on a regular
grid, and its drainage network are derived from a digital ele-
vation model (DEM). Each grid cell, which can accommodate
multiple land cover types, serves as the spatial unit where tightly
coupled energy and water balance modules operate to drive sim-
ulations. The energy module uses a two-layer scheme (top of
the canopy and surface) to partition energy fluxes into sensible,
ground and latent heat, accounting for interception evaporation
and transpiration via a Jarvis-type stomatal conductance model
(Cox et al. 1998; Jarvis 1976). At the soil surface, the net avail-
able energy under each cover fraction is distributed into latent
heat flux of evaporation (constrained by water availability and
resistances), latent heat of snowmelt (if soil surface temperature
exceeds 0°C), and sensible heat into the atmosphere, ground heat
flux, sensible heat flux advected by throughfall and heat flux to
the snowpack (Maneta and Silverman 2013). The water balance
module simulates the movement and storage of water, employing
a top-down, multi-layer approach, conceptualising water storage
within compartments including the canopy, surface and subsur-
face, the latter divided into three hydraulic layers (Figure 1). It
uses the Green-Ampt model approach for topsoil water infiltra-
tion and gravitational drainage to deeper layers, models lateral
water transfer of overland flow along the local drainage direc-
tion, applying a kinematic wave approach for channel drainage
and lateral groundwater flow across the subsurface layers. While
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FIGURE1 | Schematic representation of the hydrological fluxes simulated by ECH20-iso at the grid cell level, where diverse vegetation types can
coexist within a single cell alongside bare soil. Hydrological connectivity is maintained through lateral flow, linking surface and subsurface water
movement between neighbouring cells. The model represents the soil column as three distinct layers: topsoil, middle and deep. Seepage flows from
adjacent soil layers into river channel cells. Isotopic fractionation from soil evaporation is modelled using the Craig-Gordon approach limited to the
topsoil layer. Water intercepted by the canopy of any vegetation type is assumed to fully evaporate, preventing infiltration into the soil. Meanwhile,
throughfall, the fraction of precipitation that reaches the ground after passing through the canopy, retains the isotopic composition of precipita-
tion from the same time step. Groundwater compartment integrates the storage-weighted isotopic composition of all soil compartments above field

capacity.

the energy module calculates the rate of transpiration, the water
module tracks its source within the root uptake profiles. Soil
water used for transpiration draws from different soil layers ac-
cording to a recently implemented root water uptake profile cal-
culation based on Ohm's law of potential-driven flow: the ratio
between (conductive) soil water potential and (resistive) depth
from the surface dynamically shapes the relative contribution
of each subsurface layer, which can differ among individuals of
the same species according to their topographic positions (Fan
et al. 2017; Miguez-Macho and Fan 2021).

2.1.2 | Stable Isotope Tracking
Isotope tracking in EcH,O-iso is implemented through a mass

balance approach, using lateral and vertical fluxes computed
between hydrological compartments and grid cells at each time

step. The model locally assumes complete mixing within each
hydrological compartment and timestep at the grid cell levels.
Following the formulation in Smith et al. (2020), Equations (1)
and (2) describe the mixing of tracer signatures and volumes
within storage layers. In Equation (1), §,, and 8, denote the
tracer signature (6°H or §'%0) before and after mixing, respec-
tively; F;, and §;, correspond to the incoming water flux and its
associated signature, and At is the simulation time step. V,,;,
represents an intermediate mixing volume taking into account
sub-timestep for change in mixing volume in each storage layer.
This volume is further defined in Equation (2), where V,, is the

initial stored volume and F,, is the outgoing water flux.

B0t (Vinix = 0.5. Fy At) + 6, Fyy At

= 1
new Ve +0.5.F, At W

Vipix = 0.5. (Vo + Fyp At + max(Vyq — F,  ALO))  (2)
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In the topsoil layer (Figure 1), evaporative fractionation is sim-
ulated as follows:

Al * %
Sgn =6 = (6" = 8 1) -f™ 3

which is derived from the Craig-Gordon (C-G) model and rep-
resents the isotopic changes in soil water due to evaporation be-
tween two successive time steps. The interaction of three factors
is represented in Equation (3): the residual water fraction after
evaporation f (Equation 4); the limiting isotopic composition
5" defined by local atmospheric conditions in %. (Equation 5)
(Gat and Levy 1978); and the dimensionless exponent m gov-
erning kinetic isotopic enrichment (Equation 6) (Allison and
Leaney 1982; Welhan and Fritz 1977).

_ yst+At t
f - VSoilLl/ VSoilLl @

5 = hy b, + het + ¢
h, — (het +¢,).107

®)

h, — (hget +¢,).107°
m=
hy—hy +€,.107

©)

where Vst:ithl and VS‘mAlL1 are, respectively, the topsoil water stor-
age after and before direct evaporation. Both §* and m follow
Good et al. (2014) formulations to explicitly incorporate vapour
and soil water status into the C-G model, first through using the
relative humidity of the ambient atmosphere (h,) and of the air
within soil pores (k). In Equation (7), h, is normalised to the sat-
urated vapour pressure e* at the soil surface temperature, where
T, is the air temperature and T, is the soil surface temperature
derived from the energy balance equation solved by EcH,O-iso.
Following Maneta and Silverman (2013), Equation (8) estimates
the relative humidity of the air within soil pores hg, incorporat-
ing the soil moisture function g, which is defined by Lee and
Pielke (1991) as a function of volumetric soil moisture § and field
capacity 0, and is presented in Equation (9).

e*(T,)
ha = ha,measured' e*(—Ta (7)
s

)

hs=ﬂ+(1_ﬂ)'ha (8)

1 AYE
f =min 1,—[1—cos< —>] > 9
z( 7 "5 ©

Further, the equilibrium separation &% is derived from the air-
temperature-dependent equilibrium fractionation factor a*t
between liquid and vapour phases (Equation 10), using the em-
pirical polynomial functions in Horita and Wesolowski (1994).
The kinetic separation ¢, arises from water vapour transport
through the three C-G model layers, namely interface, laminar
and turbulent (Horita et al. 2008). This transport is proportional
to a dimensionless factor n (Equation 11), which characterises
the aerodynamic regime above the liquid—-vapour interface, and
the diffusivity ratio Pi/p, where D; is the diffusion coefficient of
the isotopic species of interest (i.e., 'H>H'°0 and 'H'H'®0) and D

that of the reference isotopic species (i.e., 'H,'50). Merlivat (1978)
experimentally determined /b as 0.9757 for D ipzpis0 /D 1ppiso
and 0.9727 for D 1pppsp /D o Values widely adopted in iso-
tope studies (i.e., Barnes and Allison 1983; Good et al. 2014;
Pfahl and Wernli 2009; Quade et al. 2018; Soderberg et al. 2012).
Meanwhile, n is derived from Equation (12) using soil water con-
tent 6, soil porosity ¢ and residual water content 8, in the topsoil,
which correspond to the first hydraulic layer of EcH,O-iso.

et =(at -1).10° (10)
e = (hy—hy).n. (1—%) €8))
_ (0 —0,)

If input data are unavailable, the air isotope composition §, can
be derived from precipitation isotopic signature 6,,;, assuming
isotopic equilibrium, which is the default approach in EcH,O-
iso (Gat 1995; Gibson and Reid 2014):

5rain —*
= S — 13)

2.1.3 | Conceptualizations of Craig-Gordon Variables

Based on the basic formulation of the C-G approach to model
the evaporative fractionation, several implementations have
been adopted among the many existing types of tracer-
enabled critical zone models over the last two decades. Our
literature review notably pointed at a subset of key driving
variables of the C-G model—hs, n and §,, already defined in
Section 2.1.2—to which fractionation may be quite sensitive,
yet with contrasting quantification depending on the models;
from fixed and idealised values or relationships to more re-
fined formulations (Table S1). Here we attempt to explore this
diversity by using two alternative conceptualizations of each
of these three C-G variables in an extended version of the C-G
module in the EcH,0-iso model, as summarised in Table 1.

TABLE1 | Representations of C-G input variables in the ECH20-iso
evaporative fractionation module.

Craig-Gordon

input variables Conceptualization Notation
hs Permanently h1
saturated vapour
Lee and Pielke (1991) hv
n Fully diffusive nl
transport
Mathieu and nv
Bariac (1996)
8, Isotopic equilibrium Ogeq
Input forcing Sainput

Note: Their combinations result in 8 possible conceptual frameworks.
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FIGURE2 | (a)Topographic map of the Bétérou basin, displaying the main river network and basin relief. (b) Simplified land cover map, reclassi-

fied into forest and fallow categories, derived from 2-km resolution West Africa Land Use Land Cover map (Tappan et al. 2016), showing the locations

of the AMMA-CATCH experimental sites at Béléfongou and Nalohou experimental sites.

For hs, the first conceptualization, denoted k1, assumes that
hs=1, which corresponds to the general C-G formulation,
that is, e* is not weighted in Equations (5) and (6). In the Lee
and Pielke (1991) formulation, it corresponds to the topsoil
remaining at field capacity or above (6 > 6. in Equation (8))
throughout simulations. The second conceptualization, re-
ferred to as hv, accounts for dynamic variations of s as a func-
tion of topsoil moisture changes (Equation 8).

Similarly, for n, the first conceptualization, n1, assumes a purely
diffusional transport (n=1), corresponding to a permanently
dry topsoil (6 = 6, in Equation 12), whereas the second, identi-
fied as nv, reflects variations in simulated soil moisture, follow-
ing Equation (12).

Regarding §,, while crucial for deriving the limiting isotopic
composition §* from local atmospheric conditions (Equation 5)
and the progressive kinetic fractionation during evapora-
tion (Equation 6), its estimation is challenging due to tech-
nical complexities in both sampling and analysis (Soderberg
et al. 2012). Without available data, it is often assumed that
equilibrium exists between vapour and precipitation to esti-
mate 6, (Equation 13). However, several studies have argued
that this common premise does not always hold, particularly
in arid or semi-arid regions with high evaporation rates,
and where 6, may deviate from the equilibrium assumption
during long dry periods (Gibson et al. 2016; Horita et al. 2008;
Mercer et al. 2020; Penchenat et al. 2020; Stewart 1975). In our
study, we consider the first conceptualization (§,_,,) based on
the precipitation—vapour isotopic equilibrium assumption,
which is the standard formulation in the EcH,0-iso model.
Alternatively, the second conceptualization (8,_j,p,,) involves
the use of §, as an input forcing, derived from simulations
of the Isotopic Global Spectral Model (Iso0GSM), an isotope-
enabled Atmospheric General Circulation Model (AGCM)
developed by Yoshimura et al. (2008). We leverage recent ad-
vances, notably the high-resolution IsoGSM-T248 configura-
tion introduced by Bong et al. (2024), which have improved its
capacity to represent isotopic variability at finer spatial scales,
through a water isotope budget approach.

2.2 | Study Site and Datasets
2.2.1 | Study Site

The Bétérou basin is in central Benin within the upper Ouémé
basin (Figure 2). Monitored by the AMMA-CATCH critical-zone
observatory (Galle et al. 2018), this region covers approximately
10000km? and is geographically bounded by longitudes 1°30’
E to 2°49" E and latitudes 9°10’ N to 10°12’ N. Repeated ped-
imentation cycles have transformed the area into a peneplain
with an average slope of 2.5%, marked by occasional irruption
of steep inselbergs throughout the landscape (Bormann and
Diekkriiger 2003; Cornelissen et al. 2013). Elevations within the
basin range from 250 to 617 m (Figure 2a). This region is charac-
terised by a tropical wet savanna, receiving an average precipita-
tion of 1200 mmyear~!, falling during the unimodal wet season
from April to October, an average annual temperature of 25°C
and a potential evapotranspiration rate of 1500 mmyear—. The
Ouémé River has an intermittent flow regime, with discharges
occurring from late June to January, coinciding with and follow-
ing the rainy season (Le Lay et al. 2007).

The study area lies within the Benino-Nigerian Shield, com-
prising a Precambrian crystalline basement which dominates
the geological landscape of northern Benin (El-Fahem 2008;
Kotchoni et al. 2019), and is characterised by the presence of
tropical ferruginous soils (Galle et al. 2018). Vegetation in the
Bétérou basin consists of a mosaic of clear forests, savannahs
and croplands (Galle et al. 2018).

2.2.2 | Datasets

Climatic forcings such as air temperature, relative humidity,
wind speed and incoming longwave and shortwave radiation
(Figure 3c-g) were obtained from the ERA5-Land Hourly reanal-
ysis dataset (Mufioz Sabater 2019), from the European Centre for
Medium-Range Weather Forecasts (ECMWF), covering the basin
at a spatial resolution of 0.1°x0.1° (~9x9km?). Precipitation
records were obtained from the AMMA-CATCH hydrological
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FIGURE 3 | Daily isotopic and climatic forcings used as inputs for the model for the 2018-2020 period. The time series envelopes capture the
range of values from the ERA5-Land reanalysis and IsoGSM datasets across the basin, with solid lines indicating the median value at each time step.
Panel (a) presents precipitation isotopic composition from IsoGSM alongside observations at the Nalohou experimental site (red dots), while (b) illus-

trates mean precipitation over the basin. Panels (c) to (g) display climatic variables derived from the ERA5-Land dataset, while panel (h) shows the

LATI for forest and fallow, depicted in dark and light green, respectively.

monitoring network, with precipitation records at 5-min intervals.
The isotopic signatures of precipitation and atmospheric water va-
pour were derived from the isotope-enabled IsoGSM-T248 model,
which provides continuous, high-resolution datasets (about 0.47°,
or 52.5km at the Equator) at a daily time step. Figure 3a illus-
trates the good agreement between the isotopic composition of
precipitation and the samples collected at the Nalohou station, as
shown also in Figure S1. The land cover map of the basin was
derived from the West Africa Land Use Land Cover map (Tappan
et al. 2016), with vegetation categories simplified into fallow and
forest. The Leaf Area Index (LAI) time series for both categories
were obtained (Figure 3h) from Lohou et al. (2014), based on re-
mote sensing and hemispherical photography at the Nalohou and
Béléfongou experimental sites (Figure 2b). Due to the lack of site-
specific observations and significant gaps in satellite-derived LAI
data during the rainy season caused by persistent cloud cover, the
2005-2008 data were averaged to produce a single representative
daily series per land cover type. This approach is further justified
by the low inter-annual variability in the LAI of the dominant tree
cover, supporting its use as model input.

2.2.3 | Simulation Set-Up

The Bétérou basin landscape was represented using a 1-km reso-
lution DEM derived from the Shuttle Radar Topography Mission
(NASA JPL 2013). EcH,O-iso simulations ran daily over a 5-year
period, from January 2016 to December 2020. To stabilise the
initial hydrological conditions of the model, a 2-year warm-up
phase, from January 2016 to December 2017, was considered
and later excluded from the analysis. Additionally, a uniform
initial isotopic composition was assigned to all soil compart-
ments to help isotopic series stabilization during the warm-up
phase (62H=-20.5%0, 880 =-3.5%0). Climatic forcings (see
Section 2.2.2) were aggregated into daily mean values, with pre-
cipitation data spatially distributed using Thiessen polygons,
while isotopic forcings were applied uniformly across the model
domain. The hydrodynamic, energy-related and vegetation pa-
rameters of primary importance for the simulated Bétérou basin
were specified as listed in Table 2, with bounds allowing open
exploration of the parameter space. All other EcH,0O-iso param-
eters, considered as secondary or redundant, were kept at their
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TABLE 2 | EcH,O-iso model parameters and their ranges. TABLE 2 | (Continued)
Parameter Description Units Min Max Parameter Description Units Min Max
Soil parameters Yae Air-entry pressure m 0.1 0.8
head of the 1st
D Thickness of the m 0.05 0.3 eaco . ¢S
L1 ) hydrological layer
1st hydrological
layer Yae, Air-entry m 0.1 0.8
. pressure head
D 1 1
L2 Thickness m 0 of the 2nd
of the 2nd -
. hydrological layer
hydrological layer
. pae, , Air-entry pressure m 0.1 0.8
Dy Total soil depth m 10 30 head of the 3rd
L1 Porosity of the 1st ~ m3m~ 0.2 0.5 hydrological layer
hydrological layer Or Residual soil m3m™3 0.03 0.15
6., Porosity of the m3m3 0.2 0.5 moisture of the
2nd hydrological 1st hydrological
layer layer
6.4 Porosity of the 3rd  m?m™  1E-02 3E-01 or, Residual soil m3m™3 0.03 0.15
hydrological layer moisture of the
2nd hydrological
K, Saturated m's™'  1B-06  1E-02 1
. ayer
horizontal
hydraulic Or, , Residual soil m3m3 0.03 0.15
conductivity moisture of the
of the 1st 3rd hydrological
hydrol. layer layer
K, Saturated m's™ 1E-06 1E-02 gwseep, Groundwater — 1E-04 1E-01
horizontal seepage from the
hydraulic 1st hydrological
conductivity layer
f the 2nd
orthesn gwseep, , Groundwater — 1E-04 1E-01
hydrol. layer
seepage from the
K, Saturated m!s! 1E-08 1E-03 2nd hydrological
horizontal layer
h li
ydraq l.c gwseep, , Groundwater — 1E-04 1E-01
conductivity
seepage from the
of the 3rd .
3rd hydrological
hydrol. layer
layer
Khratio| Anisotropy — 0.1 10 " Manning's - 10 100
of the 1st roughness
hydrological 1
ydrological layer coefficient
Khrati Ani — Bl 1
ratiog, nisotropy 0 0 a Soil albedo — 0.1 0.3
of the 2nd s
hydrological layer Vegetation parameters
Khratio, , Anisotropy — 0.1 10 2,0 Maximal stomatal ~ m's™! 0.001 0.015
of the 3rd conductance
hydrological layer
4 & 4 8S1ight Stomatal — 0 300
Apc L Brook-Corey - 2 12 sensitivity to light
lambda of the 1st st tal pa-t 1E-05 E-03
hydrological layer 85ypd oma a a ; }
sensitivity to
ApcLa Brook-Corey — 2 12 vapour pressure
lambda of the 2nd deficit
hydrological layer
4 & 4 L. Optimal °C 15 30
Apcls Brook-Corey — 2 12 photosynthesis
lambda of the 3rd temperature
hydrological layer
(Continues)
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TABLE 2 | (Continued)

Parameter Description Units Min Max

T ax Maximum °C 35 40
temperature
of comfort for
the species

Toin Minimum °C 1 10
temperature
of comfort for
the species

LWP Soil moisture m 200 600
suction threshold
for zero stomatal

conductance

low

LWP Soil moisture m 40 150
suction threshold
for stomatal

conductance

high

CWS .« Maximum m 1E-05 4E-04
interception
storage per

unit LAI

Beer's light — 0.3 0.8
extinction
coefficient

Beer

a Effective — 0.1 0.3
canopy albedo

Note: Soil parameters for each model layer (Topsoil L1, Middle L2 and Deep L3)
correspond to uniform values across the basin. The value of each vegetation
parameter may differ between the fallow and forest cover. The parameter range
encompasses the possible values for both cover types.

default values. Each subsurface layer was assumed to share
identical parameterization across the entire basin, with their
thicknesses provided in Table 2. This spatial uniformity also ap-
plied to the two land cover types, fallow and forest, as shown in
the simplified land cover map in Figure 2b, in terms of vegeta-
tion parameters and vegetation dynamics forcings (i.e., LAI time
series shown in Figure 3h). A no-flow condition was imposed at
the bottom of the deeper soil layer, assuming that drainage in the
deeper critical zone is negligible given the geological context and
the spatial scales here considered (Séguis et al. 2011; Vouillamoz
et al. 2015). Analysis focused solely on 0 model outputs since
5%H is expected to show similar temporal dynamics. Moreover,
the wet season was defined as the period from April 1 to October
15, to segment the analysis period.

2.3 | Sensitivity Analysis

In modelling, the process of assessing how variations in model
formulations, inputs and parameters values influence model
outputs is known as sensitivity analysis (Saltelli et al. 2007).
It rigorously quantifies the contribution of each influencing
factor to system behaviour, aiding in the identification of the
most sensitive parameters and inputs that significantly impact
model predictions (Abbas et al. 2024; Bittner et al. 2021). The in-
spected sensitivity may change depending on the specific aspect

of the model output being considered (Holmes et al. 2023).
Sensitivity analysis also evaluates model result reliability and
can identify periods of heightened model sensitivity (McGuire
and McDonnell 2006). Focusing on main factors determining
simulation results allows concentrating resources on improving
their observation accuracy (Li et al. 2023). Here, our analysis
distinguishes between the quantification of parametric sensi-
tivity and conceptual sensitivity, as summarised in Figure 4
and explained in detail below. We do not consider other poten-
tial source of uncertainties such as model inputs (e.g., climatic
forcings) and the impact of spatial averaging notably explored in
Smith et al. (2021). In all cases explored, we primarily analysed
5 types of simulated 680 time series: topsoil and groundwater
at two sites (forest and fallow cells), and stream discharge at the
basin outlet. Site locations are shown in Figure 2b. This method
was also applied to d-excess (62H — 8.5'%0), as commented in
Sections 3 and 4.

2.3.1 | Parametric Sensitivity

Parametric sensitivity is probably the most used quantitative sen-
sitivity analysis. Here we use the Morris method (Morris 1991;
Sohier et al. 2014), a common, parsimonious approach for sen-
sitivity analysis of model parameters, satisfactorily used in pre-
vious studies involving EcH,O-iso (Gillefalk et al. 2021; Kuppel
et al. 2018b; Neill et al. 2021; Smith et al. 2019; Yang et al. 2023).
It identifies the most influential parameters by calculating ele-
mentary effects (EEs) and ranking model output changes when
varying one parameter at a time. Parameter variation occurs
within prescribed intervals, starting with the generation of ran-
dom “centre points” in the parameter space using Latin hyper-
cube sampling (McKay et al. 1979) to improve representativity.
From each centre point, a “random trajectory” approach perturbs
parameters one at a time in sequence, adding or subtracting half
the size of its allowed interval, depending on whether its initial
value falls in the lower or upper half of the interval, respectively
(Sohier et al. 2014). After each perturbation, the new set becomes
the starting point for the next change. For n parameters, this re-
sults in n+1 parameter sets (the initial set and the n perturbed
sets) and simulations per centre point. The raw effect of each
parameter is quantified by comparing model outputs before and
after perturbation, using a chosen metric (see below). The EE of
a parameter is then computed as the average of its raw effects
across all trajectories.

We generated 8 Morris centre points, following Sohier
et al. (2014), applied to 48 model parameters (26 for (sub)surface,
and 2*11 for 2 cover types). This corresponds to k=8 and p=48
in Figure 4, with parameter bounds listed in Table 2. This process
resulted in k*(p+1)=392 parameter sets for analysis. The mag-
nitude of sensitivity results is expressed in %. and is based on
statistical analysis of the isotopic composition of five compart-
ments: groundwater and topsoil for two representative grid cells
(forest and fallow), and streamflow at the basin outlet.

For individual parameter sensitivity, changes in outputs are
measured using pairwise RMSE (i.e., between two simulated
outputs differing only by one parameter value in a given trajec-
tory), with the EE (u*) of each parameter calculated as the mean
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Morris method: one-at-a-time variations of p
parameters (porosity, stomatal conductance,
hydraulic conductivity, etc.) with k sampled
starting values (trajectories) = (p+1).k
parameter sets (X;, X, ... X;1qy5)

Sampling of non-isotopic
model parameters

s
B , \ ~
rs : \ : N
LY -.\_\_\\
RH in soil pores Aerodynamic factor Atmospheric signature |
hs n 8,
_COECE-‘P“;&“Z:“O:_“ Fixed to 1 Fully diffusive Rain-vapor eq.
1S0OTOpIC Iractlionation (hl} (Ill) (Ba-cq)
Lé&P* model M&B** model Input forcing
'\.\__ ( ]11.-’) (ILV’) (Ea-inp\:t) ___/"
P ’,r \ Ng
L3 \ ~
K ¥ « A
(" Model using Model using P Model using Model using )
hl; I'.l]., Sa—eq hV, nl‘ 8c‘heq hlv nll aa—input hV, nv, aa—i:‘tput
| ' |
f(x} ;t) f(xz rt) f(xj !t) f(xj lt')
E : I — % :
R | . | : | P
E,‘g i f(xut) -f(xl :t) sewe f(xi.!t) f(xt ,t) )
&8 : ; ; ' [ P
= .f(x(p+1}.k: t) .f(X(p+1).kJ t) f(x{’p-f-lj.k:t) f(x[’p-;—l).mt)
Parametric Sensitivity l Conceptual Sensitivity —
Intra-model variation in outputs Inter-model variation in outputs
under a shared conceptualization under a shared parameter set
A b
FIGURE 4 | Illustration of the strategy used to explore parametric and conceptual sensitivity. Parametric sensitivity is assessed by varying non-

isotopic model parameters using the Morris method, while keeping the C-G conceptual framework fixed (i.e., a specific combination of s, n and §,
among the 8 possible). Conversely, conceptual sensitivity is assessed by comparing the 8 C-G conceptual frameworks (i.e., different assumptions for ks,
nand §,) using the same parameter set (illustrated by the horizontal green band). In both cases, comparisons are based on the simulated isotopic com-
position (see text for details). *L&P and **M&B refer to the models of Lee and Pielke (1991) and Mathieu and Bariac (1996), respectively (see Table 1).

of these RMSE values across all trajectories for a given output
and conceptual framework (Figure 4).

Additionally, for each of the 8 possible combinations of C-G
input variables, we quantified the overall intra-model dispersion
(ID) in %o, calculated across all 392 sampled parameter sets, for
each simulated §'®0 output:

(14)

where M95(t;) and M5(¢;) are the 95th and 5th percentiles of the
ensemble of 680 simulations at time step i during a given evalua-
tion period, and N,,; is the length of this period. This analysis was

conducted over the entire period (1096days, i.e., 2018-2020) as
well as separately for the dry (502 days) and wet seasons (594 days).

2.3.2 | Conceptual Sensitivity

The conceptual sensitivity of the five §'80 outputs considered

8
here was quantified for each of the < > =28 possible pairs of
2

conceptual frameworks (see Table 1 and Figure 4), using a
two-step approach. First, for each of the 392 parameter sets
generated (see Section 2.3.1), we computed the RMSE between
outputs from models differing only in their C-G conceptual
framework; for instance, this included comparing streamflow
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§'80 time series simulated under the hl-nl-6, ,, and hl-
nv-6,_,, frameworks. Second, the overall conceptual sensitiv-
ity was calculated by averaging these RMSE values across

parameter sets.

3 | Results
3.1 | Parametric Sensitivity

Figure 5 shows the EEs (u*) on water §'®0, focusing only on
parameters with u* greater than or equal to 0.5%o. for at least one
conceptual framework and compartment. This threshold cor-
responds to the upper bound of analytical precision commonly
reported for pore water stable isotope measurements (Sprenger
et al. 2016). As the most influential sets of parameters for each
compartment remain essentially unchanged across seasons (see
Figures S2 and S4 for d-excess), only results from the full period
are presented for analysis.

A

Aot Eaa; 343 324 346 314 327 3.00

v

Dy 193 186 166 160 196 1.87 171 163

G S L &

Top Soil

By, 323 3.01 265 247 290 261 233 208 159 1.54

aey, 202
Or,, L71 153 144
galight 231330
Es.max

320 3.18 2325 224 287 2.85 1.94 192

g5.VPd 764 262 185 184 239 237 161 160 236 2.35 160 160 1.52 152

Koer 200°2.07 143 141 2.3 211 147 145

Groundwater

a-input

171 161 158 151 152 135 141

347 346 234 234 222 222 1

The topsoil isotopic signature is more sensitive to soil physical
parameters (names shown in black in Figure 5) under fallow
than forest cover, irrespective of the conceptual framework. This
sensitivity mainly affects parameters controlling water dynam-
ics and storage in the fallow-covered compartment, including
the Brook-Corey pore size index (Az-_;), porosity (8;,), air-entry
pressure head (wae,), and residual soil moisture (6r;;), which
remain sensitive under forest cover but with reduced influence.
Additionally, under fallow cover, sensitivities above 0.5%. ap-
pear in deeper subsurface parameters (model layer L3), partic-
ularly porosity (8;,) and saturated hydraulic conductivity (K ),
and to a lesser degree in the middle layer (L2) with parameters
such as porosity (;,), saturated hydraulic conductivity (K;,)
and depth (D;,), which show little or no sensitivity under forest
cover. This pattern also appears in groundwater, but less pro-
nounced, with parameters 6;; and K;; standing out. Regarding
vegetation parameters (green labels, Figure 5), effects on topsoil
are similar across covers, yet this group includes those to which
the forest-covered cell is most sensitive (compared to subsurface

Streamflow

haeg,
By,

ge.lightpe,

gs.lightp e
ES-MAKj 0
£5. A gy,
85 7P

28 VPd gy

K peer poent

I'(H:wr-.’-’.-.Ik:w

b

a-eq 8a—inpu.t
p* (%o0)
| — |
0 1 2 3 4 5
A v >
Fallow site Forest site Basin Outlet

FIGURE 5 | Elementary effects (u*) of model parameters on water isotopic composition (6'*0) over the full simulation period, evaluated under

various soil evaporative fractionation conceptualizations for topsoil and groundwater at fallow (orange marker, left column) and forest (green mark-
er, centre column) sites, and for streamflow at the basin outlet (red marker, right column). The subscripts L1, L2 and L3 denote the topsoil, middle,
and deep soil layers (see Figure 1). Parameter names shown in black denote soil parameters; those in green indicate vegetation parameters.
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parameters for this cover), particularly the maximum stomatal
conductance (gs,,,.)- Moreover, the parameter controlling light
attenuation (Kp,,,), linked to LAI, shows slightly greater sensi-
tivity under fallow cover than under forest. Regarding ground-
water 680 signatures, forest vegetation parameters controlling
stomatal conductance (gsygns» 85mqx a0d 88,,4) have a more atten-
uated effect than in topsoil; however, this groundwater sensitiv-
ity remains higher than at the fallow site. At the basin outlet, the
streamflow isotopic signal is primarily influenced by subsurface
parameters, particularly the saturated hydraulic conductivity of
the deepest subsurface layer (K; ;) and, to a lesser extent, by that
of the intermediate layer (X;,) and by storage capacity (espe-
cially 6,5 and D;,) and topsoil pore distribution (Ag._;,) along
the subsurface profile. Vegetation parameters exert a smaller
influence, with only those fallow-related ones nearing the 0.5%o
threshold previously mentioned.

Figure 5 also shows that parametric sensitivity decreases for most
parameters as the C-G conceptual framework variables h and n
follow a dynamic formulation (hv and nv), and 6, departs from
the default assumption of equilibrium (8,_,,)- This reduction is
most evident in the topsoil compartment, less so in groundwa-
ter and streamflow, where the sensitivity to some parameters
remains stable or changes only slightly regardless of the C-G
conceptual framework used. Similar patterns for d-excess, albeit
with higher values ranges in inter-parameters sensitivity ranking
and inter-framework relative changes (Figure S4).

Figure 6 provides a more comprehensive overview by pre-
senting the dispersion of simulated §'%0 across all sampled

Full period

Dry season

parameter sets, organised by compartment and conceptual
framework as in Figure 5. The dispersion of §'®0 in topsoil
and groundwater is generally greater under fallow than forest
cover, regardless of the C-G conceptual framework used. This
pattern is more evident in the topsoil compartment, where iso-
topic fractionation directly takes place, especially during the
dry season, with dispersion reaching up to 18%. under fallow
(up to 90%o in d-excess, Figure S5). In contrast, §'30 disper-
sion in groundwater and streamflow at the outlet is markedly
lower, not exceeding 5%o.

We quantified the effect of the conceptual frameworks on the
parametric sensitivity by testing different formulations for the
fractionation variables (hs, n and 6,) individually, focusing on
parametric sensitivity changes. This approach shows that the
largest effects occur in topsoil under fallow cover. Over the
full simulation period, the dynamic formulation of hs (h1 vs.
hv), when combined with nl and 8,_j,p, reduces parameter
sensitivity by up to 0.32%o, led by Ap._;; (Figure 5), and de-
creases overall dispersion by up to 0.33%. (Figure 6). Varying
84 (Bg—eq VS- 8q_inpur)» When combined with hv and nl, has a
stronger effect, lowering individual parametric sensitivity
by up to 0.91%., led by K;; (Figure 5), and decreasing over-
all dispersion by up to 2.79%. (Figure 6). Finally, refining the
representation of n (nl vs. nv), when combined with hl and
84_eq Produces the largest reductions in parameter sensitivity,
reaching up to 1.40%o, led by K, ; (Figure 5) and an overall
dispersion reduction of up to 4.01%. (Figure 6). Results for d-
excess, obtained for those conceptual frameworks and param-
eters, show higher reductions in parametric sensitivity and

Wet season

2 w891 879 638 628 680 653
8
E'
‘ v :'10.59 10.44 11.89 11.56 B.06 7.85
=
g
fy
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30 (%o)
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FIGURE 6 | Intra-model dispersion (ID) of 6'80 (%o) time series across physical parametrizations for various conceptualizations of soil evapora-
tive fractionation in the C-G model (overall conceptual framework). The dispersion is shown for topsoil (top rows) and groundwater (centre rows) at
fallow (orange marker) and forest (green marker) sites, as well as for stream discharge at the basin outlet (red marker at the bottom row), for the full

simulation period (left column), and distinguishing between dry (centre column) and rainy (right column) seasons.

Hydrological Processes, 2025

11 of 19



dispersion, with hs reaching 1.5%0. and 1.6%., and n reaching
10%o and 28.5%o, while 6, shows a slight increase, with 1.0%o
and 2.9%o respectively (Figures S4-S5).

3.2 | Conceptual Sensitivity

The pairwise impact of changing the C-G conceptual framework
(see Section 2.3.2) over the entire simulation period, is sum-
marised in Figure 7. Differences in §'30 outputs between frame-
works pairs are consistently larger in the topsoil under fallow
than forest, a pattern also observed in groundwater, although
with less marked contrasts. For streamflow, metrics remain
low across all frameworks, staying below 0.5%. and compara-
ble to groundwater under forest. This trend persists seasonally,
becoming more evident during the dry period (see Supporting
Information). This figure also reveals distinct four-cell colour
sectors with similar metric values, reaffirming that variations

Top Soil

Groundwater

A
V>

N N 4 a7
g & & S
& 3 2
T g
Ba-eq 8.a—in[:n.tt

Streamflow

in hs formulations exert minimal impact on differences between
simulated isotopic series. Instead, these differences are mainly
driven by the C-G input variables 6, and n when comparing iso-
topic series across conceptual frameworks.

For all §'%0 outputs in topsoil, groundwater and stream, highest
conceptual sensitivity values occur in top-right and/or bottom-
left sectors, suggesting largest changes in §'%0 simulations
happen moving from the simplest (h1-n1-6,_,,), to the most
sophisticated conceptual framework (hv-nv-8,_s,,,). When
considering one conceptualization change at a time among hs,
n and §,, at the fallow site (topsoil and groundwater) and at
the outlet, the largest change in 680 arises from the choice of
the n formulation (n1 vs. nv), under a fixed §, setting (6,_, or
8q—inpur)» followed by the choice of §, under a fixed n setting. At
the forest site, the impact of the n formulation is twice smaller
for both topsoil and groundwater §'80 signature as compared
to the fallow site, making the choice of §, setting the most

| 2
> & & &
Sa-eq ES’a—il:l.]:mt
580 (%o)
| B |
0 1 2 3 4 5
A v >
Fallow site Forest site Basin Qutlet

FIGURE7 | Pairwise difference metric of §'80 time series from models using different soil evaporative fractionation conceptualizations. Heatmaps
are shown for topsoil (upper part of the first column) and groundwater (lower part of the first column), segmented by land cover type (fallow on top,
forest below). The panel in the second column presents the corresponding values at the Bétérou basin outlet.
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influential individual change under this land cover (for a given
n formulation), followed by the choice of n setting (for a given
6, formulation). Smaller differences are found when shifting
from nv-6,_,, to nl-6,_y,y, conceptualisation, and, as high-
lighted in previous sections, changing only the hs formulation
has little to no impact (blue cells near the diagonals). A similar
pattern with substantially higher values appears for d-excess

(Figure S6).

4 | Discussion

From the above results, we first explore how the most influential
parameters can help uncover the hydrological processes driving
the simulated isotopic signatures. We then discuss land cover
control on flux partitioning, as suggested by the reported sen-
sitivities of 680 time series, both within and across conceptual
frameworks of evaporative fractionation, and accounting for
seasonality and the diverse compartments. We also discuss how
the choice of the conceptual framework modifies the parametric
sensitivities, and how the sensitivity to non-isotopic parameters
compares with the sensitivity to the conceptualization of isoto-
pic fractionation. Finally, our results are recast in the broader
context of model-data fusion approaches for investigating eco-
hydrological processes using stable isotopes.

4.1 | Insights From Parametric Sensitivity Analysis
on Hydrological Processes and Land Cover Controls

Our results show a high sensitivity of the isotopic outputs to
parameters controlling water storage and transfer in the top-
soil (Age_pq» 0111, 01, and waey;), suggesting that the isotopic
composition in this compartment strongly depends on how
much water is stored and how long it remains before being
transferred to deeper soil layers, taken up by plants or lost to
evaporation. This pattern echoes previous studies demonstrat-
ing that isotopic composition in the uppermost soil layers can
vary significantly, often exceeding that of precipitation, due
to evaporative enrichment modulated by residence time and
storage volume buffering isotopic changes (Penna et al. 2018;
Sprenger et al. 2016). In addition to these soil-based hydrolog-
ical controls, our results show that vegetation cover itself con-
tributes to the variability in soil water isotopic composition. In
particular, the contrasting sensitivity patterns between forest
and fallow sites suggest different dominant processes. Under
fallow cover, the imprint of deeper water transit is most visible,
as parameters controlling storage and flow beyond the upper
decimetres of soil (Dy,, 6,5, K;,, 0;; and K| ;) are much more in-
fluential than under forest cover, where they have little or no
impact on the topsoil isotopic signal. In contrast, under forest
cover, the high sensitivity of parameters related to stomatal
conductance (gs,) reflects the predominant role of root uptake
in shaping water availability in the topsoil layer. Keeping in
mind that no a priori rooting depth per vegetation type is pre-
scribed in this version of the model (see Section 2.1.1), this
result is suggestive of spatial and temporal differences in se-
lective root water uptake profiles between vegetation types
as a tight interplay between of foliar timing (driving demand
and here prescribed for each land cover) and local water flow
paths (driving supply), as has been well documented in the

literature (Allen et al. 2019; Benettin et al. 2022; Sprenger and
Allen 2020). Moreover, the significant sensitivities of topsoil
8180 time series to the K, parameter in both fallow and for-
est sites with slightly greater sensitivity under fallow cover
due to reduced shading from lower LAI, is consistent with
reported vegetation-driven changes in soil surface evapora-
tion, and hence evaporative fractionation (Smith et al. 2022;
Sprenger et al. 2016).

Within the groundwater compartment which may span all
subsurface layers depending on hydrological conditions, §'%0
shows pronounced sensitivity to storage in the deepest soil
layer (6, 5), with depths of 10-30 m (Table 2), under both fallow
and forest, indicating deep storage mainly controls ground-
water isotopic composition baseline. Attenuated sensitivities
of other parameters suggest strong dampening of soil water
isotopic signals, consistent with groundwater compartments
having high inertia that substantially reduces isotopic vari-
ability of recharge waters upon mixing with stored water
(Kuppel et al. 2018a; Sprenger et al. 2016, 2019). Lack of sen-
sitivity to hydraulic conductivity (K;;) under forest suggests
more limited lateral water movement in this cover type, while
sensitivity under fallow indicates lateral flow contributes to
isotopic variation (potentially due to higher groundwater stor-
age due to lower transpiration, not shown). Sensitivity to phys-
ical parameters in the upper layers (L1 and L2) under fallow
shows the role of vertical connectivity in shaping the ground-
water isotopic signal. Conversely, marked groundwater 60
sensitivity to stomatal conductance parameters under forest
indicates dominant plant water uptake influence, whereas
low sensitivity under fallow suggests this compartment is rel-
atively unaffected by vegetation uptake.

At the basin outlet, the parametric sensitivity of stream §'80
reflects the larger spatial coverage of fallow vegetation in the
model (approximately three times that of forest, see Figure 2b).
Indeed, at this integrative scale we find again a predominant
sensitivity to some parameters controlling soil water dynam-
ics at the cell level under this cover (K3, K;,, 03, 6;,), Which
were only dominant under fallow vegetation as seen in topsoil
and groundwater (see Sections 3.1 and 4.1). Although model-
based, these results agree with the broader understanding that
river networks integrate contributions from smaller units. Such
cross-scale propagation makes plot-scale processes essential to
interpret basin-scale dynamics, from (sub)surface water budgets
in representative land cover types (such as the two grid 1km?
grid cells considered here) to ecohydrological functioning at the
basin scale (Benettin et al. 2022; Bracken et al. 2013; Sprenger
and Allen 2020).

4.2 | Interaction Between Conceptual
and Parametric Sensitivity

The model used in this study (EcH,O-iso, Section 2.1.1) adapts
the C-G formulation to calculate kinetic fractionation in soils
and allows the incorporation of a detailed conceptualization of
soil moisture state directly into its structure, using a mechanis-
tic and explicit approach for variables such as the aerodynamic
regime factor above the liquid—-vapour interface (n) and the rela-
tive humidity in soil pores (hs), both described in Section 2.1.2.
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As shown in Table S1, to our knowledge no other tracer-enabled
hydrological model combines this flexibility in process descrip-
tion with a process-based 3D ecohydrological description of
water pathways and evaporation partitioning, let alone applied
in an ET-driven setting such as the tropical watershed studied
here. Semi- or fully-distributed models typically prescribe fixed
n values or directly deriving hs from atmospheric relative hu-
midity, which is given as an input forcing, without accounting
for the dynamic feedback between soil moisture and internal
pore humidity (Correa et al. 2020; Stadnyk et al. 2013; Watson
et al. 2024), while refined formulation have been used in 1D
approaches, probably owing to the associated computational
cost (e.g., Braud et al. 2005; Haverd and Cuntz 2010). This flex-
ible formulation of key variables in this study, along with the
option to prescribe §, as a model input and thus go beyond the
standard assumption of isotopic equilibrium, allowed here to
quantify the impacts of conceptual choices by considering two
aspects: first, how the above-discussed parametric sensitivity
of isotopic signatures within model compartments varies be-
tween conceptual frameworks (i.e., change of intra-framework-
parametric-sensitivity, Section 3.1), and second, how changes
in fractionation model formulations affect outputs on average
across all parameter sets (i.e., conceptual sensitivity or inter-
framework sensitivity, Section 3.2).

Regarding the first aspect, our results suggest that parametric
sensitivities of modelled isotopic outputs can be reduced when
simulations are performed using conceptual frameworks rely-
ing on more flexible formulation (i.e., hv, nv and 6,_,y,,.)- When
comparing the impact of modifying individual components
across frameworks, changing n generally produced the largest
effect, not only in reducing parametric sensitivity (Figures 5 and
6), but also in altering §'80 signatures for comparable param-
etrizations (Figure 7), followed by 6, and hs. For n and hs, re-
ductions in parametric sensitivity are associated with the use of
formulations based in soil moisture state, rather than fixed max-
imum values such as hs=1 (hI) and n=1 (nl), which directly
affect the calculation of kinetic fractionation (see Equation 11).
For 6, the reduction is attributed to the dynamic representa-
tion of a more depleted isotopic signal of atmospheric moisture
during the dry season in §,_j,y,, (mean -14.75%o vs. -11.03%o
for 6,_,,), since both approaches show similar values in the wet
season (mean -12.94%o vs. —13.19%o). On the other hand, the
seasonal variation in sensitivity, particularly evident in the soil
physical parameters (Agc_;, Dy 4, 6, and 0r;,) of the topsoil com-
partment under fallow cover (Figure S2), can be explained by
the contrasting moisture and evaporative conditions between
the dry and wet seasons, as also reflected in the shifts in the
parametric sensitivity of d-excess (see Supporting Information).
This variation shows the imprint of variable n, which tends to
reach its highest values during the dry period as topsoil mois-
ture approaches residual levels (6 = 0, in Equation 12), thereby
driving the observed increases in sensitivity. The less marked
seasonal shift under forest cover reflects the influence of differ-
ent dominant processes, as discussed in Section 4.1. However,
even with these flexible formulations, the parametric sensitivity
of isotopic signatures remains significant (>0.5%o) for many pa-
rameters, even when using the most flexible conceptualizations
(e.g., hv-nv-8,_;,,,,.)- This arises because those parameters drive
water and energy fluxes to which isotopic signatures are intrin-
sically linked (see Section 4.1).

As for the second aspect, the conceptual sensitivity analysis
shows that the biggest differences in §'80 simulations are found
when comparing the most flexible and the most simplified for-
mulation of the evaporative fractionation (hv-nv-6,_yp,, vs. hl-
nl-6,_,,), particularly evident in the topsoil compartment under
fallow cover. These differences are similar in magnitude to the
reductions in §'0 dispersion between the two formulations and
comparable to the largest individual parametric uncertainty
identified in this compartment (Figures 5 and 6), illustrating
that a straightforward conceptual change, at minimal calcula-
tion cost, can substantially influence isotopic simulations.

Taken together, it appears that moving from simplified to more
process-based formulations reduces parameter sensitivity and
dispersion in modelled isotopic outputs. This suggests that, de-
spite known challenges in accurately determining kinetic sep-
aration factors (Horita et al. 2008; Quade et al. 2018), a more
flexible representation of key C-G variables (i.e., hs, n and é,)
improve the capacity of the model to capture changing regimes
of evaporative fractionation. More broadly, a refined quantifica-
tion of C-G variables may reduce the influence of poorly known
(at spatialized scales) and yet classical ecohydrological parame-
ters (e.g., porosity, hydraulic conductivity, retention curve fac-
tors, stomatal conductance) when isotopic information content
is used for model constraint and evaluation.

4.3 | Implications for Data-Informed Modelling
Approaches Using Stable Isotopes

It is well established that in ecohydrological modelling, there
are no universally valid approaches, and that selecting an ap-
propriate model structure, along with the values and interpreta-
tion of its parameters (wWhether physically based or not) depends
on the scientific questions and thus model purpose, in addition
to basin characteristics, data availability, and underlying as-
sumptions (Bloschl and Sivapalan 1995; Bracken et al. 2013;
Holmes et al. 2023; Hrachowitz, Savenije, Bloschl, et al. 2013;
McDonnell et al. 2007; Stadnyk and Holmes 2023; Turnadge and
Smerdon 2014).

In this study, we deliberately used a state-of-the-art ecohydro-
logical model in its current formulation regarding the physics of
water and energy fluxes, and we focused on testing alternative
conceptualizations of isotopic fractionation while the hydro-
logical impact is addressed through model parameterization.
Our results are partly both model and site-specific, and we do
not consider the impact of other uncertainties associated with
climatic forcings and the chosen resolution of the simulation
domain. Yet, our analysis may still help guide the use of isotope-
assisted models for tracking water pathways in the critical zone.

At the basin scale, the outlet plays an integrative role by collect-
ing all water stored—then released or rapidly running off in the
upstream basin and routed from individual grid cells, effectively
blending together their contributions in a single isotopic signa-
ture at a given moment (Botter et al. 2010; Holmes et al. 2023;
Kirchner et al. 2010). This spatial integration smooths out the
local variability in isotopic fractionation otherwise reported
along the subsurface profile at individual fallow and forest sites,
as evidenced by limited changes in parametric sensitivity, minor
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variations in 6'30 dispersion, and relatively homogeneous con-
ceptual sensitivities (see Figure 7). These findings suggest that
choosing the most flexible conceptual framework for fraction-
ation leads to only a modest improvement in how effectively
available isotopic data inform the model at this scale, as mixing
tends to dominate over fractionation. Therefore, when studying
run-off generation at the basin scale, adopting a process-based
framework for estimating soil isotopic fractionation may not
show up in stream isotopes, even in evaporation-dominated
environments, unless stream water is substantially affected by
interflow in soils and/or evaporation in riparian zones (e.g.,
Sprenger et al. 2017). On the other hand, at the local, cell level
where soil water evaporation is a key component of the isotopic
and water balance, the impact of using more flexible conceptual
choices becomes more clearly distinguishable.

From a model-data perspective, where observations inform cali-
bration, evaluation and uncertainty reduction, the choice of con-
ceptualization of evaporative fractionation can strongly affect
the calibrated “non-isotopic” parameter values, their uncertain-
ties, and the overall performance of modelling soil and ground-
water isotopic dynamics. However, as noted above, at the basin
scale, where stream isotopes were analysed, this choice has only
a modest impact. While this challenges the need for detailed,
physically refined representations of evaporative fractionation
when stream isotopes are the sole observational constraint, such
refined representations remain crucial for constraining param-
eters at the local scale, as isotopes help better discern whether
water arrives at the right place, at the right time, and with the
right flow, by offering insights into its origin, age and transport
pathways (McGuire and McDonnell 2015). This reinforces the
value of flexible conceptual formulations for producing more
realistic simulations at the local scale, enabling more reliable
upscaling model responses, allowing us to achieve the right
answers for the right reasons (Kirchner 2006), and thereby im-
proving confidence in basin-scale scenario analyses, such as
evaluating the effects of vegetation cover or climate change on
the water cycle.

5 | Conclusions

The ability of tracer-enabled models to represent complex eco-
hydrological processes largely depends on how the informa-
tional value of isotopic tracers is incorporated in model-data
calibration/validation methodologies. We used a state-of-the-art
tracer-enabled ecohydrological model to evaluate the sensitiv-
ity of isotopic outputs to both parameter values and conceptual
assumptions in the calculation of soil evaporative fractionation.
We show that the isotopic signature of water in streams, soils
and groundwater is equally sensitive to both types of sensitivi-
ties, but also that the magnitude of parametric sensitivity is re-
duced in more refined conceptualizations of fractionation. As
hydrological modelling increasingly seeks to leverage the infor-
mation content found in stable isotopes measurements through
model calibration and evaluation, our results suggest perform-
ing preliminary sensitivity analyses not only on parameters but
also related to the choice of representations of evaporative frac-
tionation as a first step to select a fit-for-purpose model-data ap-
proach. This is especially relevant for tropical critical zones with
significant ET-driven hydrology. This matters at the local scale,

and, to a lesser extent, at the basin scale where refined fraction-
ation frameworks may be helpful for more realistic simulations
including water transit time estimates fluxes across and out of
catchments and scenario studies on changes in vegetation cover
and evaporative demand at nested scales (hillslope to basin).
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