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35.1 Hydrogen and oxygen stable isotopes in ecohydrology

35.1.1 Isotope‑aided ecohydrological research

The stable isotopes of hydrogen (2H, 1H) and oxygen (18O, 17O, 16O) are powerful tools to trace the 
movement, mixing, and storage of water through the soil-plant-atmosphere-continuum (SPAC). 
The isotopic analyses of samples from precipitation (rain, throughfall, stemflow), ground water, 
surface waters (streams, lakes, oceans), soil, and plant water (xylem, leaves, roots), as well as 
atmospheric moisture (fog, dew), enables the quantification/ partitioning of fluxes, water ages, and 
source contributions. This can enable crucial insights into ecosystem functioning, the hydrologi-
cal cycle, and informs our ability to optimize vegetation water use (i.e., irrigation practices), and 
vegetation’s resilience to environmental change (i.e., climate and land use). Isotope records in 
ice cores, lake and ocean sediments, and plant material also inform paleoclimate reconstructions.

This chapter outlines sampling practices for ecohydrological investigations, water extraction, 
and in situ techniques to access the water bound within samples. It also covers the analytical 
methods for H and O isotopes, isotopic data interpretation and its value, and current challenges in 
isotope-aided ecohydrological modeling.

35.1.2 What are stable isotopes?

Isotopes are variations of the same element differing in neutron number (1) and thus, differenti-
ated by mass number, for example, Hydrogen-1 (¹H, protium) or Hydrogen-2 (²H, deuterium), 
 Oxygen-16 (16O), or Oxygen-18 (18O). A stable isotope does not undergo radioactive decay over 
time. Mass differences cause isotopic fractionation—the sorting of isotopes during physical or 
chemical processes (1). Ecohydrologists typically employ the stable isotopes of hydrogen and 
oxygen, though others (C, N, S) may also be used. Different isotopic variations of the water mol-
ecule are known as isotopologues (i.e., 1H2H18O, 1H2

16O, D2
17O, etc.).

The application of stable isotopes as ecological tracers relies on some fundamental concepts. 
Isotopes have skewed distributions resulting in natural relative abundances. For H and O, 
the lighter isotope is more abundant while the heavier are less abundant (rare) (1). The relative 
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abundances of the stable H isotopes are 99.984% (1H) and 0.016% (2H) and relative abundances 
for the O isotopes are 99.762 (16O), 0.038% (17O), and 0.200% (18O) (1).

Measured isotopic ratios within ecological samples are expressed as the ratio of the less abun‑
dant isotope to the more abundant isotope, that is, 2H/1H, 18O/16O, these being absolute ratios. Iso‑
topic ratios are reported as relative ratios using delta (δ) notation (i.e., δ2H: 2H/1H, δ18O: 18O/16O, 
δ17O: 18O/17O) (1, 2), reported as a difference relative to an international water standard VSMOW 
(Vienna Standard Mean Ocean Water) in per mille (‰, per thousand). This allows for intercom‑
parison of data sets from many different locations.

Fractionation occurs via equilibrium and kinetic fractionation (see Chapters 2 and 3 in (1), 
and Section 1.2 in (3)) creating unique isotopic signatures in different ecohydrological compart‑
ments that trace their origin and history (Figure 35.1). During equilibrium fractionation iso‑
topes distribute between phases (e.g., liquid–vapor) according to their thermodynamic properties 
(i.e., vibrational frequencies). During evaporation, the lighter isotopes (1H, 16O) are preferentially 
partitioned into the vapor phase, leading to enrichment of the heavier isotopes (2H, 18O) in the 
liquid phase. Temperature and isotopic mass differences further affect equilibrium fractionation. 
Kinetic fractionation arises from differing reaction rates due to mass differences, with heavier 
isotopes tending to react slower (due to higher reaction activation energies). Again, this can lead to 
enrichment (or depletion) of isotopes in one phase relative to another, depending on the system’s 
kinetic constraints. Both equilibrium and kinetic fractionation can affect ecosystem processes like 
evaporation. In this regard, the Craig‑Gordon model (4) represents a fundamental framework that 
explains the combined effect of equilibrium and kinetic isotopic fractionation during the evapora‑
tion of water from different reservoirs (revised by (5, 6)).

35.1.3 The transformation of the isotope signal through the SPAC

Climate, geography, and hydrological processes drive spatial and temporal variations in H and 
O isotope ratios. For example, precipitation isotopic composition varies with temperature, lati‑
tude, altitude, and distance from moisture sources (7). The isotopic composition of local meteoric 
waters (1) exhibits seasonal variation along the so‑called Local Meteoric Water Line (LMWL, the 
linear relationship between δ18O and δ2H of meteoric waters (1)), characterized by lower (more 
depleted) values in winter and higher (more enriched) values in summer (1); and globally precipi‑
tation plots along the global meteoric water line (GMWL). In the global water cycle, there are two 
main processes that can cause δ18O and δ2H variations: (i) evaporation from water bodies, soils, 
or vegetation surfaces and (ii) the progressive rain‑out of the water vapor masses as they move 
toward regions with lower temperatures (e.g., higher altitudes and latitudes) (8).

As water evaporates from the ocean and forms clouds, oceanic air masses travel inland with 
successive precipitation events leading to a continuous decrease in isotope ratios (depletion). 
Less abundant, and heavier isotopologues, such as 2H1HO and 1H2

18O, tend to condense and fall 
out of the atmosphere preferentially compared to 1H2

16O. This preferential removal causes the 
remaining moisture in clouds to become isotopically “lighter” as the system progresses across 
the continent.

Precipitation falling onto the vegetation canopy is partitioned into throughfall, interception, 
and stemflow components, with stemflow and throughfall eventually infiltrating into the soil. Can‑
opy processes further modify the isotopic composition of this water. Throughfall was generally 
reported to be enriched in heavy isotopes relative to open rainfall (9). In non‑rainfall, dryland, 
coastal, or cloud‑affected ecosystems, fog and dew supply critical amounts of water to the ecosys‑
tem (10). It is assumed that fog undergoes equilibrium fractionation (11); however, dew formation 
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might be dominated by kinetic fractionation (12). When fog and rainfall are produced by different 
climatic mechanisms (e.g., regions with wet and dry seasons), fog is isotopically enriched com‑
pared with rainfall from the same area (9).

Soil water isotopic composition reflects inputs from precipitation, throughfall, and stemflow 
modulated by root hydraulic redistribution, evaporation, and subsurface mixing (13, 14). Evapora‑
tion of soil water preferentially removes the lighter isotopes (1H, 16O) causing enrichment of heavy 
isotopes in the remaining water, while new precipitation shifts soil’s δ‑values depending on its 
isotopic input (15, 16).

Water available in the subsurface is absorbed by plant roots as a result of water potential differ‑
ences along the SPAC, with water uptake and transport influenced by plants’ vascular system and 
soil texture (17). During root water uptake, it is generally assumed that no isotopic fractionation 
occurs (18, 19), but it can occur in very dry or saline environments (20) or in association with 
arbuscular mycorrhizas (21). Plants in fog‑ or dew‑inundated ecosystems can additionally take 
up condensation water through their leaves; or roots take up water dripping from the canopy (22).

Water that enters the xylem is transported from roots to leaves and is transpired once it reaches 
the stomata. The xylem isotopic composition can change as a result of preferential transfer of 
lighter isotopes to the phloem during periods of water stress (23), which may change diurnally 
(24), or as a result of bark evaporative enrichment and/or kinetic effect during cellulose biosyn‑
thesis (25). Along the flow path, where plant tissue is not suberized (i.e., green stems, leaves), 
evaporative fractionation can also occur. Differences in isotopic composition along the tree’s water 
flow path can reflect variable flow velocities (26), with the tree’s base reflecting more recent pre‑
cipitation, and the canopy older events (27). Still little is known about water mixing within tree 
trunks (28) and plant tissues (29). When water reaches the leaves, it undergoes fractionation in 
the stomata due to site‑specific preferential evaporation of lighter isotopes, with the remaining 
water being enriched in heavy isotopes. The magnitude of this fractionation is dependent on envi‑
ronmental conditions and leaf characteristics (30). However, relative plant water sources can still 
be computed (31). Figure 35.1 highlights the water flow pathways through the SPAC and their 
isotopic variations.

35.2 Sampled materials in isotope ecohydrology

To obtain interpretable isotopic data from ecosystem samples, a multi‑step process chain is fol‑
lowed: sampling and processing, transport and storage, water extraction, pre‑analysis processing, 
isotopic analysis, and data post‑processing and correction (34, 35).

35.2.1 Research design, types of samples, and ancillary data

Various research design factors influence the collection of ecological samples for isotopic analysis 
(reviewed in (35)). Common samples include atmospheric waters (precipitation, fog, dew); ter‑
restrial waters (streams, rivers, lakes, oceans); groundwater; vegetation water/vapor samples; soil 
solid/ water/ vapor; and bedrock water. Study questions determine what samples to collect. For 
vegetation water sourcing, concurrent soil, vegetation, atmospheric, and terrestrial waters are col‑
lected with replication at multiple points in time. Ancillary data should be collected (and reported 
on) detailing the bio‑geo‑physical characteristics of the site, as these impact isotopic composition 
(see Table 1 in (35, 29)). Isotopic investigations should be accompanied by additional plant hydrau‑
lic and physiological measurements that can provide important information on plant response to 
environmental conditions and aid isotope interpretations.
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35.2.2 Sampling and storage strategies

Sampling strategy depends on the study design, sampling location, sample type, intended water 
extraction method, and storage logistics (35). Best practices and comprehensive guidance for liq‑
uid, soil, and vegetation samples are provided in (35, 36). Briefly, sufficient sample material must 
be collected for isotopic and other desired analyses; with replication for statistical validity; to 
adequately represent meteorological conditions; to ensure the possibility of re‑analysis; and to 
represent the research site’s spatio‑temporal isotopic variation. This is simple for liquid samples, 
but for vegetation and soil samples, where water volumes depend on plant water status or soil 
water content, pre‑testing of water contents is advised. For isotopic analyses 1–2 ml of water is 
sufficient (35), though more is needed if re‑analysis, or additional analyses like organic compound 
contents are required.

Liquid water is grab‑sampled from various types of collectors (i.e., precipitation/ fog/ dew 
collectors, passive lysimeters, ice corers), or directly from the source (streams, lakes, etc.) using 
appropriate vials and limiting headspace. Automated samplers support event‑based sampling (37) 
to aid computation of isotope composition weighted means (36). Liquid water samples can directly 
move to the analysis step (Section 35.4). For vegetation and soil samples, destructive sampling or 

Figure 35.1  Schematic of δ18O values (‰) as water moves through the SPAC (sourced from (32, 33)). 
Arrows indicate abiotic (blue) water fluxes (solid fill, solid border), biotic (green) water fluxes 
(transparent fill, dashed border) throughfall (striped fill), and stemflow (checkered fill). Factors 
such as geography (latitude, elevation, distance from source), precipitation and evapotranspi‑
ration amount, seasonality, and biotic controls change isotope values as water moves through 
each compartment. Two transpiration scenarios are provided: one where water is sourced 
mainly from a deeper soil layer; or where water is sourced across the soil profile (uptake arrow 
size indicates amount). Changes to the isotope values of fog and dew in mountainous settings 
and under various rain‑out scenarios can be seen in (9).
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in situ methods may be applied. For soil samples, site variability (i.e., topography, etc.) is charac‑
terized by collecting multiple replicated samples from various depths and several boreholes/ pits/ 
in situ probes (35). Vegetation samples may be collected for a variety of ecohydrological purposes, 
one such example is to identify plant water sources. These are collected with the aim of obtaining 
unenriched xylem sap water/ vapor, typically from stems, twigs, roots, or tree trunks in the case 
of in situ methods.

Upon collection, sample water may begin to evaporate unless prevented by environmental 
conditions (37), so sample processing (e.g., bark removal, etc.) should occur under controlled 
conditions when sampling in hot, dry environments. Evaporation during sampling, storage, and 
transport can cause significant errors in isotopic composition; up to 20‰ (δ2H) and 6‰ (δ18O) 
(37). Immediate storage in appropriate media following sample collection helps minimize frac‑
tionation risks (35).

Storage media type depends on the sample type and the intended extraction/ analysis method 
(see (34, 35)). For liquid samples, glass vials and thick‑walled High‑Density Polyethylene 
(HDPE) and Perfluoroalkoxy alkane (PFA) containers with screw caps containing polymer septa 
are appropriate (34, 36). For soil and vegetation samples, storage media compatibility with the 
intended extraction method reduces transfer needs and minimizes sample fractionation risks.

Storage temperatures are interrelated with evaporative fractionation risks (37); in‑storage soil 
respiration issues (38); soil microstructure damage (39); enhanced organic contamination issues 
from vegetation tissue damage (40); and degradative impacts on samples during storage (41). 
Short‑term field storage can be managed with coolers, while longer‑term storage requires cool 
(4–6 °C) or frozen (< 0 °C) conditions, though freezing is not appropriate for all samples (35).

35.3 Accessing matrix‑bound water

Following collection, water is extracted from soil and vegetation samples for isotopic analysis 
(34). In situ methods bypass the extraction step via combination with isotope analyzers in the 
field (or lab). These methods are briefly described here, with detailed reviews in the litera‑
ture (34, 35). During extraction of water from vegetation, clays, and organic‑matter‑rich soils, 
co‑extracted volatile organic compounds (VOCs) can cause isotopic analysis errors (discussed 
in (34, 35, 42)).

35.3.1 Types of extraction methods

Extraction methods vary in type, mechanism, benefits, and limitations. They can be categorized by 
their extraction mechanism:

 i Mechanical force methods: high‑pressure mechanical squeezing (HPMS) (43); centrifugation 
(44) and cavitron extraction (vegetation only) (45); Scholander‑type pressure chambers (SPC; 
vegetation only) (46); and passive or suction lysimeters (soil only) (47).

 ii Phase‑change methods: cryogenic vacuum distillation (CVD) (48, 49); vapor equilibration 
methods (some in‑line) (50, 51); microwave in‑line (52) or chemical distillation approaches 
(53). In‑line methods are connected to isotope analyzers, combining the extraction and analysis 
steps. Phase change from liquid to water for vapor equilibration methods typically occurs at 
ambient temperatures, whereas the other phase change approaches use heat/ cold to induce the 
transition. Phase change methods will co‑extract present VOCs which can be volatilized under 
the given extraction conditions.
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iii In situ methods: collect water through equilibration processes, often enabling continuous meas‑
urements via connection with an isotope analyzer (54–58). Suction cups, wick samplers, and 
passive lysimeters (47), also fall under this category, but collection, storage, and transport of 
the water is required for later analyses.

Method selection balances scientific considerations with practical concerns, such as resource 
(funding, time, labor) and method availability. Review of the characteristics, limitations, expected 
error, and benefits of the various methods are available (see Table 2 in both (34) and (35)). Key 
selection factors include: suitability for a given sample type (e.g., vegetation); water pool(s) of 
interest for the given study (e.g., low tension soil water, xylem water); number of samples to pro‑
cess; and the risk of method‑induced artifacts (e.g., via CVD, VOC co‑extraction).

35.3.2 Assessing ecohydrological pools of water

Our research questions may require us to study isotopically different soil or vegetation pools of 
water (45, 59), or perhaps the isotopic composition of proxy materials like cellulose for paleocli‑
mate reconstruction. In plant water sourcing studies, our interest is typically the xylem sap water/
vapor, which participates in transpiration (see (34, 45, 59) for descriptions of these water pools). 
Applied extraction methods and parameters (temperature, duration, pressure) can impact which 
water pools are accessed (45, 59) and thus plant water sourcing interpretations (60). Debates per‑
sist on whether bulk stem water appropriately reflects vegetation water sources (see (45, 61) for 
contrasting findings).

For soils, mechanical techniques apply variable pressures targeting water held at different ten‑
sions (35, 59), preferentially removing only a specific water pool; whereas a phase change method 
like CVD requires removal of >98% of a sample’s water to avoid isotopic fractionation (see Box 1 
in (35)), thus accessing the bulk sample water.

For vegetation, modified mechanical approaches (e.g., cavitron, SPC) can isolate specific water 
pools like xylem sap, which may differ isotopically from bulk water extracted via CVD (45, 46). 
Conversely, mechanical methods tend to extract bulk plant water due to pre‑extraction macera‑
tion before centrifugation, or by crushing of the vegetation tissues (via HPMS) which may lead to 
enhanced VOC co‑extraction (40), though not in all cases (62). Phase change methods like CVD 
will target bulk water and are sensitive to incomplete extraction, though pre‑processing (e.g., bark 
removal) can help isolate specific tissues and therefore water pools.

In situ methods may also target specific water pools depending on the placement of probes / 
borehole and their operational parameters, with these procedures still being refined. In situ and 
equilibration methods are also prone to VOC‑induced errors, as their mechanism of operation 
relies on collection of vapor and some organic compounds may concentrate in the vapor phase 
(63). In situ vapor analysis was less sensitive to co‑equilibrated VOCs than CVD or vapor equili‑
bration (head‑space method) for some vegetable species (42).

There are a number of issues involved in the extraction of matrix‑bound waters, some of which 
can affect their isotopic composition or cause erroneous values (34, 35, 42). Key challenges 
include a lack of internationally standardized operating protocols; variation in applied extrac‑
tion parameters (60) and sample physicochemical properties (64) potentially causing extraction 
artifacts; and co‑extraction of VOCs that cause errors during isotopic analyses (65–68). Factors 
such as vegetation species, soil content, sample type, and sampling timing affect the amounts of 
co‑extractable VOCs.
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35.4 Isotope ratio analysis methods

35.4.1 Isotope ratio analysis systems: mass spectrometry  
and laser spectroscopy

Isotope ratio mass spectrometry (IRMS) and isotope ratio infrared spectroscopy (IRIS) analyze the 
stable isotopic composition of H and O in water samples, each with distinct operational approaches 
and benefits. IRMS and IRIS are colloquially known as mass spectrometry and laser spectroscopy, 
respectively. IRIS uses laser‑based absorption techniques to measure the photo‑absorption of H2O 
isotopologues (i.e., 1H2

16O, 1H2H
16O, and 1H2

18O) (67). Two different types of IRIS analyzers exist: 
off‑axis integrated cavity output spectroscopy (OA‑ICOS, ABB Ltd.) and wavelength‑scanned 
cavity ring‑down spectroscopy (WS‑CRDS, Picarro Inc.). Both allow the simultaneous measure‑
ment of the abundance ratio of water isotopologues with precision similar to IRMS, especially for 
pure water analysis (69). IRMS measures isotopic ratios by ionizing the sample, separating ions 
based on their mass‑to‑charge ratio, detecting these ions, and quantifying the relative abundance 
of different isotopes.

Both IRMS and IRIS analyzers measure isotopic ratios in the vapor phase requiring liquid 
(extracted) water samples to be converted into vapor prior to analysis (67). There are two cat‑
egories of the vaporizing method: combustion of water at a high temperature and equilibration of 
water and soil/ vegetation samples with headspace vapor. For combustion, a syringe withdraws 
a volume of liquid water from the sample vial and injects the water into a vaporizer with a tem‑
perature varying from 70 °C to 1350 °C (66). For equilibration, liquid water, soil, and vegetation 
samples are placed in a container, and dry gas is injected into the headspace of the container. Dry 
synthetic air and N2 (nitrogen gas) are commonly used as carrier gas for IRIS analysis (39); and H2 
and CO2 gases for IRMS analysis (67).

IRIS is currently the most widely used method (69), which can be attributed to several advan‑
tages compared to IRMS: IRIS is more cost‑effective regarding instrument purchase and con‑
sumables; no prior chemical equilibration or conversion into elemental constituents is required; 
operation procedure is user‑friendly; analysis via coupling with automatic samplers for liquid 
(70) and gaseous water phases (e.g. (54, 55)) is possible; simultaneous measurements of different 
isotopologues, easy transportation and operation in power‑guaranteed environments for fieldwork 
feasible.

35.4.2 Standards for calibration and accuracy tracing

Measured isotopic ratios need to be normalized to the Vienna Standard Mean Ocean Water and 
Standard Light Antarctic Precipitation (VSMOW‑SLAP) scale (71), standards provided by the 
International Atomic Energy Agency (IAEA) (see Chapter 2 in (1) for reference standards). To 
achieve normalization, a minimum of two calibration standards and one validation standard 
with known true isotopic composition are analyzed alongside the samples (72). The measured 
isotopic values of samples are then converted to true values using the relationship between 
the measured values and true values of the standards. Labs can establish their own in‑house 
standards, but cross‑calibration using IAEA standards is required. To ensure the accuracy of 
the analysis, another standard should be measured during analysis runs serving as the quality 
assurance and quality control (QA/QC) standard (73). Analysis accuracy and precision are 
determined through QA/QC measurement (see (69) for discussion of accuracy and error propa‑
gation tracking).



Routledge Handbook of Terrestrial Ecohydrology

434

35.4.3 Current challenges with organic contamination

Volatile or soluble organic compounds in water (and vapor) samples from vegetation and soils can 
cause inaccurate isotopic data by interfering with the absorption spectra during IRIS analyses (see 
references in (34, 35)). These spectral interferences are caused by methanol, ethanol, and other 
biogenic VOCs with hydroxyl groups similar to water (65). Such naturally occurring, ubiquitous 
VOCs, originating from living organisms or decaying organic matter, can be extracted alongside 
water during laboratory or in situ extraction and analysis. However, few studies have published 
contaminant concentration data alongside isotopic data (with some exceptions, e.g. (40)). Con‑
tamination is influenced by vegetation functional categories and species, vegetation component 
sampled, phenological state, habitat, soil type, extraction method applied, and climate (35).

Methods for detecting and removing co‑extracted VOCs prior to or concurrent with IRIS analy‑
ses are available (reviewed in (34)), and decision‑making flow charts, which provide guidance on 
handling spectral interference during IRIS analysis (35, 74). The following methods are used to 
best address organic contamination‑related spectral interference: (i) if soil and vegetation water 
extracts are suspected of being contaminated, solely use IRMS; otherwise, run a representative 
sample subset on both IRMS and IRIS; (ii) use filtration or combustion methods to remove organic 
compounds from the water prior to analysis; and (iii) develop in‑house correction protocols (42), 
or use manufacturer‑supplied post‑run software/protocols (35, 74). Developing protocols to mini‑
mize VOC co‑extraction or implementing data corrections are crucial steps for mitigating VOC 
impacts on IRIS measurements.

35.5 Interpreting isotope data: the value and challenges of  
ecohydrological models

Standard interpretation of isotope data involves (i) single isotope plot regression (ẟ vs a non‑ 
isotopic variable or parameter) such as the “Keeling plot” for determining ecosystem water 
vapor isotopic composition, (ii) dual isotope plots (ẟ18O vs ẟ2H) to investigate water sources 
and differentiate their origin or the prevalence of evaporation in meteoric waters, and (iii) two 
to multi‑source statistical mixing models (e.g., Bayesian models such as MixSIAR) to separate 
evaporation and transpiration fluxes or to quantify the relative contributions of sources to veg‑
etation water use (75, 76).

Incorporating stable isotope data into process‑based ecohydrological models can be considered 
as a step further to using the above statistical tools as they include processes that are not repre‑
sented (e.g., hydraulic lift in MixSIAR) and go beyond some of their simplifying hypotheses (e.g., 
two single water sources). In addition, tracer‑aided models allow water and isotopes to be tracked 
through different landscape co‑existing compartments, thus, they are not compartment‑specific. 
Finally, isotope‑aided model parametrization, informs model structure, and reduces uncertainty 
through multi‑criteria calibration (e.g. (76)).

Some of the current questions and challenges for interpreting isotope data include:

 I Spatial and temporal data coverage: despite technological advances, continuous isotope data 
remain scarce (especially when compared to hydrometric data), with trade‑offs between high 
temporal and spatial resolution (77). High temporal measurements via in situ techniques are 
commonly applied on one site, while spatially distributed sampling (mostly via destructive 
methods) is usually only conducted at coarse temporal resolutions. However, modeling requires 
the integration of sparse coverage of isotope data and much higher resolution data of climate 
and hydrology (78). One challenge identified by the community is to adapt sampling strategies 
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to disentangle temporal dynamics in isotopic composition from natural spatial variability for 
hypothesis testing (35).

 II Uncertainties in data and model parametrization and structure: all data carry inherent uncer‑
tainty, and isotopes are no exception—indeed, their integrative nature may amplify this uncer‑
tainty. Uncertainties stem from monitoring in (and transport from) the field (e.g., through 
evaporation effects, condensation in sample containers, etc.) followed by uncertainty in labo‑
ratory analyses (e.g., VOC issues, appropriate standardization, etc. (35)). All related scientific 
publications should account for data uncertainty through provision of standard deviations and 
equipment precisions (34). Kinetic effects greatly impact isotopic composition in surface water 
bodies (e.g., lake, soil water), but an appropriate parametrization of its associated fractionation 
factor in models is still missing (79).

III Under‑representation of processes in models: To this day, the processes by which vegetation 
physiology affects isotopic temporal dynamics and distribution inside the different (conduc‑
tive vs. non‑conductive) plant organs are generally missing in small‑scale soil‑vegetation‑ 
atmosphere transport models. Recent work questions the assumption of fractionation‑free 
root uptake (23, 29). Others acknowledge that existing root water uptake models are limited, 
both in their structure and by their (high) data need, and further propose to combine differ‑
ent approaches (conceptual, hydrodynamic, optimality principle, statistical) revolving around 
isotopic information to study vegetation water use (80). Most recently, research tested the 
implication of considering potential soil water tension effects on the isotopic composition of 
soil water in vegetation water use estimation (81).

IV Upscaling and emerging processes: as processes scale from the catchment to ecosystem level, 
water sources and mixing processes become more complex and heterogeneous. Therefore, 
damping of the isotope signals in stream water—compared to the highly variable precipita‑
tion input signals—increases and thus, small‑scale hydrological processes are less reflected at 
larger scale modeling (82). This, so far, has hindered the upscaling of tracer‑aided modeling 
from intensively monitored small‑scale to larger catchments.
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