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Extended Summary

Root water uptake plays a crucial role in the water cycle, as it is the largest �ux on

land surfaces returning water to the atmosphere. Its complex dynamics and ecosystem

feedbacks are however still not well understood and can therefore not be adequately

accounted for in models simulating water transport in the soil-plant-atmosphere in-

terface. Especially on short time scales, high uncertainty exists with regards to the

plasticity of water uptake and its associated driving forces. In view of an increase in

hydrological extremes and a changing climate, a more mechanistic understanding is

however crucial.

For �ve decades, water stable isotopes substantially improved our knowledge about

this hard to observe belowground process. However, monitoring short-term variations

was restricted, due to the necessity for destructive sampling and laborious sample

analysis. Recent methodological advances now o�er new possibilities to overcome

these constraints and triggered the development of new approaches, which enable an

in-situ monitoring of water stable isotopes in soil water and water taken up by plants.

First combined in-situ measurements were already conducted in trees, but have not

yet been applied to the examination of root water uptake in herbaceous species.

In the presented work, a new method is tested that allows for long-term in-situ

sampling of water stable isotopes across a soil column and in plant transpiration

under controlled conditions in the laboratory, using Cavity Ring-Down Spectroscopy.

For this purpose, an existing soil column setup is further developed and expanded by

a plant component. Dual isotope data in daily and sub-daily temporal resolution is

collected across soil isotopic pro�les and transpiration of Centaurea jacea, respectively.

It will be shown that measured transpiration values re�ect a mixture of soil water

di�ering in its isotopic composition across the pro�le throughout a period of six

weeks, despite pronounced dynamic changes in both systems. Derived measurement

precision is comparable to that of established and also other newly developed in-situ

methods.

The setup proved to be an adequate tool for capturing short-term variations in root

water uptake in response to di�erences of water availability in daily resolution. To

visualize water uptake pro�les, data sets of the isotopic composition in plant tran-

spiration and soil pro�les are combined in a statistical multi-source mixing model.

Observed trends can logically be interpreted with existing knowledge on water up-

take dynamics and plasticity, while highlighting knowledge gaps in the mechanistic

understanding of contributions of underlying processes. Prospectively, the implemen-

tation of data sets, obtained with the tested method, in mechanistic state-of-the-art

v



models could help to further disentangle complex interactions between soils and root

systems. On the other hand modeling approaches across scales that now more com-

monly include water stable isotopes, will potentially bene�t from recorded time se-

ries. Therefore temporally highly resoluted data sets should be collected for a range

of plant species, soil types and scenarios in the future.

Keywords: water stable isotopes, dual isotope approach, Cavity-Ring Down Spec-

troscopy (CRDS), root water uptake (RWU), plant-water relation, ecohydrology, mix-

ing model, transpiration, laboratory experiment
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Zusammenfassung

Wurzelwasseraufnahme ist der gröÿte terrestrische Fluss, welcher �üssiges Wasser in

Damp�orm an die Atmosphäre recycelt und stellt deswegen eine zentrale Komponen-

te des Wasserkreislaufs dar. Seine komplexe Dynamik und Interaktionen innerhalb

des Ökosystems sind jedoch bis heute wenig verstanden und können daher in ökohy-

drologischen Modellen nicht angemessen repräsentiert werden. Hohe Unsicherheiten

gibt es vor allem im Wissen über die kurzfristige Plastizität der P�anzenwasserauf-

nahme und ihrer zugrunde liegenden Antriebskräfte. Vor allem in Anbetracht einer

Häufung hydrologischer Extreme und einem sich schnell verändernden Klima, ist ein

besseres mechanistisches Verständnis jedoch unerlässlich.

Die Untersuchung stabiler Wasserisotope hat in den letzten fünf Jahrzehnten wichti-

ge Beiträge zum Verständnis von Wasser�üssen beigetragen. Dies tri�t vor allem für

die Interaktion zwischen Boden und Wurzeln, welche wegen ihrer schlechten Zugäng-

lichkeit schwer zu beobachten sind, zu. Insbesondere kurzfristige Dynamiken konn-

ten aufgrund von methodischen Restriktionen nur unzureichend beobachtet werden.

Technische Fortschritte in der Analyse stabiler Wasserisotope führten in letzter Zeit

zur Entwicklung neuer in-situ Methoden, welche die destruktive Probenahme und

aufwendige Probenanalyse umgehen. Ansätze für die gleichzeitige, zeitlich hoch auf-

gelöste in-situ Messung von stabilen Wasserisotopen in Bodenpro�len und in von

P�anzen aufgenommenem Wasser, wurden jüngst für Bäume getestet, jedoch ist kein

Ansatz für die Untersuchung krautiger P�anzen bekannt.

Die vorliegende Arbeit testet einen neuen Laboraufbau, welcher die simultane Auf-

zeichnung stabiler Wasserisotope in einer Bodensäule und P�anzentranspiration un-

ter kontrollierten Bedingungen mittels Cavity Ring-Down Spectroscopy ermöglicht.

Hierfür wird ein bestehendes Bodensetup weiterentiwckelt und um eine P�anzen-

komponente erweitert. Zeitliche Verläufe der Verhaltnisse stabiler Sauersto�- und

Wassersto�sotope werden für Bodenpro�le in täglicher Au�ösung aufgenommen. Die

Zusammensetzung der Transpiration eines Individuums der P�anzenart Centaurea

jacea wird mehrmals täglich gemessen. Es wird gezeigt, dass die gemessenen Transpi-

rationswerte auf die über die Bodentiefe variable Zusammensetzung des Bodenwassers

zurückgeführt werden können. Dies war möglich über eine Zeitspanne von sechs Wo-

chen, trotz deutlicher und schneller isotopischer Veränderungen in beiden Systemen

und stark variierender Wasserverfügbarkeit. Die Präzision durchgeführter Messun-

gen, beein�usst durch die Datenanalyse, ist vergleichbar mit etablierten Methoden

und neu entwickelten in-situ Ansätzen.
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Das Setup hat sich als ein angemessenes Werkzeug zur Beobachtung kurzfristiger

Veränderungen in der Wurzelwasseraufnahme bewährt. Um die tägliche Änderung

des Wasseraufnahmepro�ls zu veranschaulichen, werden Datensätze der Isotopenzu-

sammensetzung in Transpiration und in den Bodenpro�len in einem statistischen

multi-source mixing model kombiniert. Hiermit beobachtete Trends können logisch

mit bekannten Kenntnissen über Wurzelwasseraufnahmedynamik und -plastizität er-

klärt werden und heben gleichzeitig Wissenslücken im mechanistischen Verständnis

zugrunde liegender Prozesse hervor. Zukünftig könnte die Implementierung von mit

der neuen Methode gewonnenen Datensätzen in mechanistischen Modellen dabei hel-

fen, die komplexen Interaktionen zwischen dem Boden und Wurzelsystemen besser zu

verstehen. Andererseits können ökohydrologische Modelle auf diversen Skalen, wel-

che immer häu�ger die Modellierung stabiler Wasserisotope implementieren, von den

aufgezeichneten Zeitreihen pro�tieren. Hierfür sollten zukünftig zeitlich hoch auf-

gelöste Datensätze für eine Bandbreite an P�anzen- und Bodenarten als auch für

unterschiedliche Szenarios aufgenommen werden.
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1. Introduction

1 Introduction

1.1 Motivation

Precipitation reaching the land surface can essentially take three di�erent paths: ei-

ther it contributes to runo�, groundwater recharge or is returned to the atmosphere

in vapor form. The latter is termed evapotranspiration, a combination of water evap-

orating from bare soil or other surfaces and plant transpiration. While, on the global

scale, most water vapor in the atmosphere is provided by evaporation from the ocean,

plant transpiration plays a crucial role in the terrestrial water cycle (D'Odorico et al.,

2010). For a long time the contribution of transpiration to terrestrial evapotranspi-

ration was estimated from climate models with highly uncertain predictions ranging

from 20 to 65% (Jasechko et al., 2013). Conducting a meta analysis in partitioning

evapotranspiration using water stable isotope data from across the world, Jasechko

et al. (2013) state that transpiration is by far the largest �ux returning water from

land surfaces to the atmosphere, with a proportion of 80% to 90%. While Coenders-

Gerrits et al. (2014) calculated a contribution of 35% to 80% using di�erent input

data and more conservative uncertainty estimates, it is clear that transpiration plays

a major role in the terrestrial water cycle, which was underestimated in the past.

Di�culties in the quanti�cation of this �ux also arise from its pronounced variability

on di�erent scales in space and time (see e.g. Dubbert et al. (2014)).

By returning water to the atmosphere, plants have an important in�uence on climate

conditions. They a�ect atmospheric moisture content and temperature as well as

wind and rainfall patterns on a local to global scale (Sheil, 2014). Furthermore, the

quantity of water they take up in space and time and their e�ect on soil conductivity

changes runo� processes and in�ltration (Thompson et al., 2010) and consequently

impacts water resource availability and the occurence of �oods, droughts and soil

erosion (Schlesinger & Jasechko, 2014).

In addition, water availability is the main driver of plant productivity in most ecosys-

tems (Werner & Dubbert, 2016). Because water supply and environmental conditions,

like relative humidity (rh), temperature and solar irradiation, are not constant over

time, the amount of plant transpiration and depth of root water uptake can be highly

dynamic (Volkmann et al., 2016a). This contradicts with most ecological, hydro-

logical and climate models simplifying driving forces behind root water uptake by

assuming a direct link between root density and water uptake distribution (Werner

& Dubbert, 2016).

1



1. Introduction

Along with an increase in temperature, climate change in large parts of the world

will likely lead to an increase of hydrological extremes with heavy precipitation events

happening in higher frequency and magnitude as well as to the occurrence of more

intense and longer periods of drought (IPCC, 2013). Research suggests that an in-

crease in temperature and length of growing season could increase transpiration, thus

intensifying the water cycle (Huntington, 2006). On the other hand, an increase in

atmospheric CO2 enhances plant water-use e�ciency, therefore decreasing transpira-

tion. Similar to observed changes in runo� and soil erosion due to loss of vegetation

in the geological past, this could result in greater runo� and alter vegetation compo-

sitions (Schlesinger & Jasechko, 2014). Additionally, the increase in extreme events

causes a higher temporal variability, thus in�uencing the annual water budget.

In view of these changes, a better understanding of the dynamics and mechanisms

of root water uptake (RWU) is needed to increase the accuracy in predicting e�ects

on plant cover, plant productivity, associated water �uxes and feedbacks on climate

conditions. This is especially true for ecosystems like grassland communities dom-

inated by plants with shallow root systems. Since plants in these communities are

commonly not connected to groundwater, but rely on water being available in the up-

per soil (Jobbagy & Jackson, 2004), they could be more vulnerable towards changes

in precipitation patterns and extended periods of drought.

Despite of its importance, the complex dynamics and feedbacks of water transport in

the soil-plant-atmosphere interface are hard to observe and can not yet be quanti�ed

adequately (Werner & Dubbert, 2016; Schymanski et al., 2008). Therefore, measuring

in high time resolution, which soil water resources are actively taken up by roots poses

one of the biggest challenges in ecohydrology (Beyer et al., 2016; Kulmatiski et al.,

2010). Promising advances arise from new methodological approaches, which sample

water stable isotope ratios in real time (McDonnell, 2014). This could facilitate a

better understanding of the physical mechanisms and the dynamics associated with

transpiration and root water uptake.

2



1. Introduction

1.2 Methodological state of the art

Oxygen and hydrogen isotopes are an integral part of the water molecule and therefore

often considered as ideal tracers (Sprenger et al., 2017). Well-understood fractio-

nation processes, for example during evaporation, lead to distinguishable water pools

(compare chapter 2.2 and 2.4). This allows for following water movement along

the water cycle on a broad variety of spatial and temporal scales. In cases where

di�erences in stable isotopic compositions are not pronounced enough or a speci�c

path of water �ow is to be traced, waters arti�cially enriched or depleted in heavy

isotopes are also added to environmental systems as tracers (see for example Piayda

et al. (2017); Volkmann et al. (2016a); Stahl et al. (2013); Moreira et al. (2000)).

Over 50 years ago, Zimmermann et al. (1966) introduced the use of water stable

isotopes as a tracer for water movement in soils and evapotranspiration. Since then,

water stable isotopes provided important insights in multiple �elds of hydrological

research. In watershed hydrology, for instance, they were applied to determine evap-

oration rates, quantify surface and subsurface runo� and groundwater recharge, per-

form hydrograph separation and estimate stream�ow response as well as residence

times of water in di�erent water pools (McGuire & McDonnell, 2008).

Wershaw et al. (1966) found that, in contrast to evaporation, plant root water up-

take does not alter the ratios between heavy and light isotopes of neither oxygen nor

hydrogen. In the following, these ratios are referred to as water stable isotopic compo-

sition. Since this discovery, water stable isotopes are extensively used to investigate

plant-water relations. As opposed to destructive sampling of the root system via

excavation, this approach can be applied to living plants, having the additional ad-

vantage of only including the active uptake of soil water resources by roots (Ehleringer

& Dawson, 1992).

Water uptake by plants can be studied by comparing the isotopic composition of

water in plant tissues to that of potential contributing sources. A multitude of studies

assessed the utilization of few sources that can be clearly separated by their isotopic

compositions. Researchers examined, for example, the seasonal use of surface versus

deep soil water (White et al., 1985) and groundwater versus stream water in riparian

ecosystem (Ehleringer et al., 1991).

Furthermore, water stable isotopes were used to study resource partitioning and

competition between di�erent plant species (Meinzer et al., 1999) also in relation

to hydraulic lift (Meunier et al., 2017; Sun et al., 2014), as well as rooting depths

and depth-dependent uptake dynamics (Beyer et al., 2016). Studies were conducted

in a wide range of ecosystems. Further examples and applications can be found
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in the reviews of Ehleringer and Dawson (1992) and Dawson et al. (2002). In their

supplements Rothfuss and Javaux (2017) provide an overview of publications applying

water stable isotopes for examining root water uptake. They list 160 studies from

1985 to 2016, also showing soil information provided, plant cover and method used

for estimating source contributions.

The isotopic composition of plant transpiration represents a mixture of all water

sources absorbed from the soil during a speci�c time step. With the two isotope

ratios of oxygen and hydrogen measured, a unique solution of source contributions

can be obtained for a maximum number of three isotopically distinct water sources

(Phillips & Gregg, 2003). However, the isotopic variance across a soil pro�le does

usually not feature water sources that are clearly distinguishable, but isotopic com-

positions rather change gradually. To still allow for an estimation of water uptake

under these circumstances, bayesian multi-source mixing models are often utilized as

an easy to use statistical approach. For instance, Parnell et al. (2010) developed a

package for stable isotope analysis in R in underdetermined systems. Even though

the package was primarily aiming at the analysis of animal tissues, in order to cal-

culate contributions of di�erent food sources, it can also be used to model water

uptake patterns. To enhance the explanatory power of the model, gradients across

the soil pro�le should be pronounced and preferably monotonic. Additionally, di�er-

ing pro�les for oxygen and hydrogen isotope ratios that would naturally fall onto one

evaporation line in the dual isotope space, would be favorable, to make isotopologues

less strongly correlated and therefore add information to improve (statistical) root

water uptake modeling.

Based on catchment-scale �eld observations of di�erences in the isotopic composition

of water in streams and transpired by trees, McDonnell (2014) proposed his hypoth-

esis on two separated water worlds. Essentially, the theory proposes that in certain

catchments plants use a di�erent, more tightly bound water pool, while groundwa-

ter recharge and stream�ow are fed by a more mobile water pool. This challenged

long-standing concepts on displacement of water via translatory �ow and mixing of

waters in soils. Analyzing water stable isotope data from around the world, Evaristo

et al. (2015) even conclude that ecohydrological separation is a widespread global

phenomenon, taking place in a variety of biomes. Even though this hypothesis is the

subject of ongoing debates (see e.g. Berry et al. (2018); McCutcheon et al. (2017);

Sprenger et al. (2016)), it puts emphasis on a lack of process-based understanding of

the mechanisms controlling water �ow in the soil-plant-atmosphere interface (Beyer

et al., 2016).
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In the past the isotopic composition of water in soils and plants could only be sam-

pled destructively, followed by water extraction and analysis of extracted water in

the laboratory. This laborious procedure on the one hand greatly limited tempo-

ral and spatial resolution, while it only allowed for a retrospective identi�cation of

source water utilization on the other hand (Vereecken et al., 2015). Over the last

decades multiple methods for extracting water contained in soil and plant samples

were invented and tested, with cryogenic vacuum extraction being one of the most

prevalent methods (Orlowski et al., 2013). Even though extraction methods were

extensively used in the past, a systematic evaluation of di�erences between methods

was only conducted recently for soil samples, revealing signi�cant deviations of all

tested methods from spiked reference water (Orlowski et al., 2016a). Current results

from a worldwide inter-laboratory comparison of cryogenic water extraction systems

also exposed signi�cantly large di�erences between participating laboratories, ques-

tioning the use of the method as a standard for analyzing the isotopic composition

in soil and plant samples (Orlowski et al., 2018).

The recent development of instruments measuring isotope ratios by means of laser

spectroscopy, led to a new type of sampling methods that are independent from ex-

tracting water from samples prior to analysis (McDonnell, 2014). Instruments are

able to measure the isotopic composition of water vapor on-line with high precision,

while also being �eld deployable (Gupta et al., 2009). Therefore, they enable a new

dimension in the temporal resolution of acquired data sets (Werner et al., 2012). Tak-

ing advantage of this technical innovation, Wassenaar et al. (2008) introduced a new

method to measure pore water stable isotopes in soils, based on isotopic equilibration

between liquid water and the sampled vapor phase. In recent years, multiple new

in-situ methods for monitoring isotopic composition in soil pro�les (Rothfuss et al.,

2015; Volkmann & Weiler, 2014; Rothfuss et al., 2013) and tree xylem (Volkmann et

al., 2016b) were developed.

Additionally, the possibility to measure water vapor allows for the direct determina-

tion of the isotopic composition of evaporation and transpiration �uxes. New in-situ

methods to monitor plant transpiration in high temporal resolution (Dubbert et al.,

2014, 2013; L. Wang et al., 2012) reinforced the potential of this approach in gaining

insights into water uptake dynamics and for partitioning evapotranspiration (Piayda

et al., 2017).

An experiment combining in-situ measurements of water stable isotopic compositions

in soil pro�les and transpiration was conducted by Volkmann et al. (2016a). In a

�eld trial, they followed the uptake of a rain pulse enriched in 2H after four weeks

of arti�cial drought in two di�erent tree species. While both oak and beech showed
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a quick reaction in transpiration hydrogen isotopic composition, the authors found

clear di�erences between species. For oak and the mixed stand, the change in the

water uptake pattern could neither be explained with the root distribution nor with

the modi�ed soil water availability. This highlights knowledge gaps in the plasticity

and physical mechanisms of root water uptake.

In their literature review Rothfuss and Javaux (2017) identi�ed an increase in pub-

lications addressing root water uptake questions with water stable isotopes in both

2015 and 2016. In their listing it becomes obvious that trees are the most studied

plant functional group accounting for around 50% of research. Technical innova-

tions on one side and controversially discussed publications on the underestimation

of transpiration �uxes (Jasechko et al., 2013) and missing explanations for isotopic

di�erences of water returned to the hydrosphere by plants and streams (McDonnell,

2014) on the other side are certainly some of the reasons for a growing interest in

ecohydrological research and, more speci�cally, a better understanding of root water

uptake.

1.3 Research questions and objectives

For a long time, water stable isotopes were utilized to gain insight into water up-

take by plants. New technical developments now enable in-situ measurements of

isotopic composition in both soil pro�les and plant transpiration, omitting labori-

ous and destructive sampling of water for the analysis of its isotopic composition.

The accompanied increase in temporal resolution o�ers a new possibility to examine

the dynamics and plasticity of plant water uptake that could not be observed with

established methods.

The primary objective of this thesis is to test a new laboratory method, combining on-

line measurements of water stable isotopes in a soil column and in plant transpiration,

to follow root water uptake in high temporal resolution. For this purpose, the soil

column setup of Rothfuss et al. (2015) that allows for sampling water stable isotopes

in various soil depths, is further developed.

So far, measurements of soil isotopic composition with this setup were only con-

ducted with standardized sand. Therefore a preliminary experiment monitoring bare

soil evaporation in a natural soil is performed. Additionally, this allows for the de-

velopment of an isotopic gradient across the soil pro�le. To further enhance the soil

isotopic depth gradient, the pro�le is manipulated by adding di�erent waters, de-

pleted and enriched in heavy isotopes. The main goal thereof is the creation of a

monotonic, isotopically heterogeneous soil pro�le, thus setting the prerequisites in
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soil water for optimizing root water uptake estimations in the laboratory.

For soil measurements it is hypothesized that the measured isotopic composition

� is in line with water added to the soil column

� measured values are reproducible

� observed isotopic shifts can be explained with existing knowledge on water

movement and soil physics

To incorporate plant transpiration measurements into the existing setup, one single

Centaurea jacea is planted into the soil column. Its transpiration rate and corre-

sponding isotopic composition is monitored in a steady-state plant chamber with

constant �ow rate in the second experimental section.

The focus is hereby on the following assumptions:

� plant chamber measurements allow for monitoring dynamic changes in transpi-

ration isotopic composition

� sampled transpiration water can be traced back to water in the soil column,

thus plant water uptake can be estimated by combining both data sets

Finally, both data sets are utilized in a statistic multi-source mixing model to estimate

contributions of soil water in measured depths to plant water uptake. With modeling

of water uptake using two highly temporally resolved data sets, isotopic changes in

soil pro�les can be accounted for. Calculated water uptake pro�les therefore illustrate

actual changes in the plants uptake dynamics. Potential ecohydrological causes for

modeled shifts are discussed with a focus on heterogenities in soil water availability

and plasticity of root system properties. Speci�cally, it is assumed that the presence

of roots alone fails to explain recorded time series, as often assumed in ecohydrological

modeling.
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2. Water stable isotopes and plant water uptake

2 Water stable isotopes and plant water uptake

2.1 De�nitions and δ-notation

Isotopes are atoms of the same element that di�er in their amount of neutrons and

therefore have di�erent atomic masses. If the respective isotope is not subject to

radioactive decay, it is called stable. For oxygen three stable isotopes 16O, 17O and
18O exist, hydrogen occurs as 1H and 2H. While there are other possible combinations

for one water molecule, it is mostly found in the three con�gurations 1H16
2 O,

2H16
2 O

and 1H18
2 O. For both elements the lightest isotope is by far the most abundant in

nature (see table 2.1). In environmental applications isotope occurrence is usually

expressed as the ratio of light to heavy isotope in the sample (Rsample) in reference

to a standard (Rstandard). The calculation of the so-called δ-Notation is shown in

equation 2.1 (Sulzman, 2008).

δ = (
Rsample −Rstandard

Rstandard

) (2.1)

Because di�erences in natural abundances are rather small, the dimensionless mea-

surand is mostly expressed in per mil (�).

For oxygen and hydrogen as part of the water molecule Vienna Standard Mean Ocean

Water (VSMOW) has been the internationally accepted standard for half a decade.

It has an isotopic signature in the range of seawater as the basis of the meteorological

cycle with isotope ratios Rstandard of 2005.2 ± 0.45 · 10−6 and 155.76 ± 0.05 · 10−6 for

oxygen and hydrogen respectively (Clark & Fritz, 1997).

The experiment followed a dual isotope approach using the ratios between 18O and
16O as well as 1H and 2H. Hereafter the expressions δ18O and δ2H refer to the iso-

tope ratios in reference to VSMOW as de�ned in equation 2.2 and 2.3 respectively.

The higher the value for a speci�c water sample is, the more heavy isotopes it con-

tains. Samples with positive values are enriched in the respective heavy isotope in

comparison to the standard, negative values indicate a depletion.

δ18Osample =

( 18O
16Osample

18O
16OV SMOW

− 1

)
∗ 1000 [�] (2.2)

δ2Hsample =

( 2H
1H sample

2H
1H V SMOW

− 1

)
∗ 1000 [�] (2.3)
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Table 2.1: Stable isotopes of oxygen and hydrogen and their natural abundances (adapted from
Sulzman (2008)).

Element Isotope Natural abundance [%]

hydrogen 1H 99.985
2H 0.0155

oxygen 16O 99.759
17O 0.037
18O 0.204

2.2 Fractionation processes

Due to the di�ering amount of neutrons, any thermodynamic reaction that involves

di�erent molecular species, leads to a shift in isotope ratios towards one side of the

reaction (Clark & Fritz, 1997). This process is called isotope fractionation. The

change in the isotope ratio between reactant and product can be expressed with the

theoretical fractionation factor α. As the fractionation during the transition of water

from liquid to vapor phase and vice versa is elementary for understanding natural

isotope variations and a key process in this experiment, its dynamics and controlling

factors will be discussed hereafter. Equation 2.4 shows the de�nition of α for oxygen

during the phase transition of water from liquid to vapor phase (Clark & Fritz, 1997).

For hydrogen α is calculated analogously.

α =

18O
16Owater
18O
16Ovapor

(2.4)

The main reasons for the di�erent physical behavior of isotopes are di�erences in

velocity and bond strength between molecules. In the same physical environment,

a water molecule containing heavy isotopes will travel with a slower velocity than

a lighter one. It also vibrates more slowly, resulting in lower energy and therefore

formation of stronger hydrogen bonds (Sulzman, 2008). For the transition of water

between liquid and vapor phase, this produces a lighter, depleted isotopic composition

in the vapor phase and enrichment in the liquid phase.

As hydrogen and oxygen are both light elements, their isotopes show a pronounced

disparity in mass. Comparing the examined isotopes, a relative mass di�erence of

100% and 12.5% exists for hydrogen and oxygen respectively (Sulzman, 2008). This

makes both elements suitable environmental tracers with pronounced fractionation

processes due to phase changes and di�usion processes along the water cycle, leading

to naturally distinguishable waters (Marshall et al., 2008).
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2.2.1 Equilibrium fractionation

In a closed system an isotopic equilibrium between liquid and vapor phase is reached

when the rates of forward and backward reaction are equal and the system is well

mixed (Clark & Fritz, 1997). As mentioned before, the higher bond strength between

molecules containing heavy isotopes, results overall in an isotopic enrichment in the

liquid phase. The di�erences in the stability of hydrogen bonds is also expressed

with deviations in vapor pressure when comparing molecules of di�erent isotopic

compositions (Sulzman, 2008). The vapor pressure of 2H16
2 O for example is about

13% lower than that of 1H16
2 O at 23 ◦C (Wahl & Urey, 1935).

The extent of the fractionation under equilibrium conditions is strongly dependent on

temperature. An empirical correlation, �rst proposed by Majoube (1971) and con-

�rmed by multiple investigations over the last decades, approximates the relationship

between the theoretical value α and the reaction temperature. Equation 2.5 shows

the basic formula applicable to isotope fractionation in various reactions (Clark &

Fritz, 1997). The coe�cients for oxygen and hydrogen during the phase transition

from water to vapor, introduced by Majoube (1971) for a range of 0 - 100 ◦C, are listed

in table 2.2.

103 ln αeq = a
106

T 2
+ b

103

T
+ c (2.5)

T is the reaction temperature in Kelvin. A, b and c are coe�cients with di�ering

empirical values depending on the considered reaction and its components.

Table 2.2: Coe�cients for the calculation of α during phase transition from liquid water to water
vapor using equation 2.5 (Majoube, 1971).

Element a b c

hydrogen 24.844 -76.248 52.612
oxygen 1.137 -0.4156 -2.0667

With alpha representing the ratio between the isotopic compositions of both phases,

the isotopic composition in delta-Notation of liquid water (δwater) can be derived

from the vapor phase composition (δvapor) with equation 2.6 (Clark & Fritz, 1997).

Because isotope e�ects are mostly small and research investigates the di�erences

in isotopic composition between samples or changes over time, those deviations are

often reported as enrichment (ε > 0) or depletion (ε < 0) factor (Sulzman, 2008).

ε expresses the di�erence of the isotopic composition between two samples in δ-

notation and can be approximated by equation 2.7. As this relation is only suitable

for reactions where fractionation and isotope separations are small (Clark & Fritz,
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1997), equation 2.6 was used in the presented study.

δwater = α (1000 + δvapor) − 1000 (2.6)

ε = 103 lnα (2.7)

2.2.2 Kinetic fractionation

Kinetic fractionation takes place in a reaction, where the forward exceeds the back-

ward reaction and therefore no isotopic equilibrium is reached (Clark & Fritz, 1997).

This is the case for water evaporating in an open system, with water vapor moving

away from the liquid. Because molecules which contain lighter isotopes show higher

di�usion rates (Marshall et al., 2008), the remaining water is subsequently enriched

in heavy isotopes. This in return also leads to an increase of heavy isotopes in wa-

ter vapor with proceeding evaporation. The e�ect occurs if ambient air is not fully

saturated and is more pronounced with lower values for relative humidity (Clark &

Fritz, 1997).

Total isotope fractionation in an open system can be estimated by adding enrichment

or depletion factors for equilibrium and kinetic fractionation. See equation 2.8 for the

calculation of the di�erence between liquid and vapor isotopic composition for oxygen

isotopes, considering enrichment for both kinetic (εkin) and equilibrium fractionation

(εeq) (Clark & Fritz, 1997). In the presented experiment, it can be applied to evap-

oration from the soil column leading to subsequent enrichment in heavy isotopes at

the top and therefore explains the shaping of the monitored isotope pro�le.

δ18Owater − δ18Ovapor = εeq
18O + εkin

18O (2.8)
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2.2.3 Global Meteoric Water Line

Craig (1961) compared the isotopic compositions in water samples from rivers, lakes

and precipitation across the world and found a strong linear correlation between

samples when plotting their respective δ18O against δ2H. His key �nding that globally

meteoric waters behave predictably, set a fundamental basis for the widespread use of

water stable isotopes in the evaluation of water movement through the environment.

If waters have not undergone strong evaporation, enrichment in heavy isotopes in

warmer regions and depletion in colder parts of the world can be observed. Equation

2.9 de�nes this relationship, which is known as the Global Meteoric Water Line

(GMWL).

δ2H = 8 · δ18O + 10� (2.9)

With the establishment of the Global Network of Isotopes in Precipitation by the

International Atomic Energy Agency and the World Meteorological Organization the

correlation was re�ned and evaluated for precision of measurements. The analysis of

long-term averages of δ18O and δ2H in precipitation from 219meteorological stations

across the world resulted in equation 2.10 (Clark & Fritz, 1997).

δ2H = 8.17 (±0.07) · δ18O + 11.27 (±0.65)� (2.10)

On a local scale the correlation between δ18O and δ2H will deviate from the GMWL

in slope and intercept, due to particular climatic factors, like origin of water vapor

masses and extent of evaporation after condensation. Another determinant is the de-

gree of recycling of precipitation by means of evapotranspiration along the trajectory

of water vapor masses from the ocean over the continents. The GMWL can therefore

be comprehended as a global average of Local Meteoric Water Lines (LMWL) (Clark

& Fritz, 1997).

Because condensation only occurs in air with a rh close to 100% (air is saturated),

isotope separation hereby can mostly be explained with the concept of equilibrium

fractionation. The slope of the GMWL is theoretically determined as the ratio of αeq
(2H) and αeq (18O) at a speci�c temperature. It changes linearly according to the

average temperature of condensation and has theoretical values of 9.15 at 0 ◦C and

8 at 30 ◦C (Clark & Fritz, 1997).

Water vapor masses form through evaporation, which increases fractionation for both
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isotopes in comparison to equilibrium conditions. Because in water kinetic fractiona-

tion of oxygen is higher than of hydrogen, the GMWL has a positive y-axis intercept,

which is referred to as the `deuterium-excess'. On a global scale it averages around

10 (Clark & Fritz, 1997).

When water is subject to excessive evaporation, the bigger e�ect of kinetic fraction-

ation of oxygen leads to a deviation of data points from the global or local meteoric

water line (MWL) with slopes lower than 8. For evaporation taking place at 90% rh

the slope approaches a value of 8. For a rh of 75%, theoretically the slope would be

bigger than 5, 25% produces a slope of 4 (Clark & Fritz, 1997). When plotting δ18O

of obtained measurements against their respective δ2H and comparing the cloud of

points with the MWL, the existence of evaporative e�ects can be investigated.

2.3 Factors controlling root water uptake

Plants necessarily need water as universal solvent for the transport of nutrients and

assimilates and for stability, especially in herbaceous species. The water taken up

by plants highly exceeds the dry mass accumulated. Sun�owers for example need on

average 1 kg of water to produce 1.7 g of dry mass (Schopfer & Brennicke, 2016).

Apart from few exceptions, like foliar uptake of redwood forest species in California

(Limm, Simonin, Bothman, & Dawson, 2009), plants obtain all the water needed

from soils, causing the necessity to transport it against gravity. The amount of water

taken up by the entire root system from the soil during a de�ned time step is called

RWU (Rothfuss & Javaux, 2017). In all higher plants this passive transport takes

place in special vessels, called xylem, customized for this purpose and is driven by the

gradient of water potential from soil through plants to the atmosphere. Along this

pathway, the water potential becomes increasingly negative. The highest pressure

gradient usually exists on the interface between plant and atmosphere. Therefore the

transpiration suction is pulling water up the plant. This can be explained with a

continuous water column under tension, held together by cohesion of water molecules

to each other and adhesion to surrounding vessel walls due to the polarity of the water

molecule (Schopfer & Brennicke, 2016). This concept, called cohesion-tension theory,

is widely accepted as a physically based explanation of water transport through plants

(Steudle, 2001).
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To a smaller extent, water can also be pushed upwards by root pressure, caused by

an osmotic potential due to active accumulation of ions in root vessels. Even though

quantitatively this can often be neglected when transpiration takes place, it can be

of importance especially in herbaceous plants and under conditions of high relative

humidity or during the night (Schopfer & Brennicke, 2016).

Despite the fact that water is mostly transported passively, plants regulate this trans-

port by permanent adaptions to climate and more �exible reactions to short-term

changes of environmental conditions. Within the soil-plant-atmosphere continuum,

the amount and velocity of transported water depend on resistances along its pathway,

namely root, stem, leaf, stomata and cuticular hydraulic resistance (Blum, 2011).

As the gradient in water potential is highest at the interface of plant and atmosphere,

controlling water loss from leaves is crucial for plants. Besides permanent adaptions,

like leaf morphology, thickness of cuticular layer or trichomes, water loss can be

regulated by means of stomatal opening and closing as a much faster reaction to

changing environmental factors. Because CO2 for photosynthesis is also taken up via

stomata, their extent of aperture is a complex trade-o� between rate of photosynthesis

and excessive water loss (Blum, 2011).

At the interface between soil and plant, water uptake is governed by both soil and

root spatial organization and hydraulic properties. Water uptake from soil is naturally

restricted to areas containing roots. The spatial extent of the root system sets an

upper boundary limiting water extraction and is therefore a major factor in�uencing

water availability (Lobet et al., 2014). Hereby the root density in di�erent soil areas

is of special importance, because it governs the size of the rhizosphere and therefore

the contact area between soil and plant roots. Many plants increase this contact

area and therefore water and nutrient uptake by means of mycorrhiza, a symbiosis

between plant roots and fungi (Blum, 2011).

Ecohydrological and climate models often assume that RWU is directly linked to the

root density distribution (Varado et al., 2006). Because presence of roots is not static

in time, especially in ecosystems with pronounced seasonality or irregularity of water

availability, a dynamic adjustment of their vertical density improved modeling results

(Schymanski et al., 2008). Nevertheless, the dynamics of water uptake both in space

and time can often still not be reproduced. Recent �ndings suggest that depending

on species and history of soil water status, the root density distribution alone fails

to provide an estimation of water uptake patterns (Volkmann et al., 2016a). On the

one hand, this can be explained by the fact that individual root segments vary in

their hydraulic conductivity and connection to the shoot base (Lobet et al., 2014). On
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the other hand, the determination of root length density is di�cult, either comprising

destructive laborious sampling in the �eld or associated with high uncertainties. This

also decreases the ability of the property root length density for an accurate estimation

of RWU.

On its way from the soil into the root xylem, water needs to pass through multiple

cell layers. For this radial transport three parallel pathways exist: the transcellular

path crosses cell membranes, while the symplastic path uses the plasmodesma and

the apoplastic path in between cells. The continuity of the latter allows for bulk �ow

of water, but transport is limited by the casparian strip controlling both nutrient

uptake into plants and preventing water loss from roots into the soil (Blum, 2011).

Such hydrophobic structures as well as the tissular structure of root segments were

shown to be in�uenced over the long term by the growing medium and to develop in

response to the history of environmental conditions like water availability (Lobet et

al., 2014).

With increasing suberisation of roots for example with aging, the apoplastic trans-

port is more and more limited and cell-to-cell transport becomes more important

(Vetterlein & Doussan, 2016). The transport across cell membranes is facilitated by

speci�c water channel proteins called aquaporins which contribute between 30% and

90% to plant water uptake (Javot & Maurel, 2002).

Root hydraulic conductivity also changes on shorter timescales and is therefore not

only a property of its morphology. This was observed as a reaction to a variety of

environmental stimuli like diurnal cycles or nutrient and water availability (Javot &

Maurel, 2002). While high uncertainty in the controlling mechanisms and underlying

causes still exists, aquaporins, which are presumably in�uenced by plant hormones,

could hereby play a central role (Blum, 2011).

Because water �ows from higher to lower water potential, water uptake generally

decreases with subsequent drying of soil material. In addition, water redistribution

to areas where RWU takes place is increasingly limited with advancing drying of

the soil (Lobet et al., 2014). This illustrates that soil hydraulic conductivity also

has a big impact on water resources available to plants. Lobet et al. (2014) pointed

out that root distribution often becomes a poor indicator of the RWU pro�le, when

soil water content is heterogeneous. A strong in�uence of soil water status on water

acquisition was for example observed by Kulmatiski et al. (2017). Tracing injections

of deuterated water, they found that RWU in a sagebush-steppe-ecosystem could be

better linked to resource availability than root biomass distribution.
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To deal with the heterogeneous distribution of soil water, plants alter their water

uptake patterns by adaptive root growth and root conductivity as well as changes in

exudations like root mucillage (Rothfuss & Javaux, 2017). While the spatial distri-

bution of water in soils in�uences root water uptake, plants are able to actively alter

soil moisture contents by hydraulic lift, redistributing water from deeper and wetter

to shallower and drier soil regions with usually higher amounts of nutrients (Blum,

2011).

As shown, RWU is a complex process governed by multiple codependent factors and

is additionally highly variable in space and time. This highlights the necessity of

combined measurements of soil properties and transpiration in high temporal and

spatial resolution, in order to improve the understanding of RWU.

2.4 Water stable isotope composition in the soil-plant-atmo-

sphere continuum

Water stable isotopes have been used to investigate plant-water relations for the last

�ve decades (Rothfuss & Javaux, 2017). The pivotal assumption for these studies

is that investigated plants do not fractionate the isotopes of water during uptake

(Wershaw et al., 1966; Dawson et al., 2002). Therefore, analogously to the quantity of

water acquired by roots, the isotopic composition in the xylem re�ects the integrated

composition of RWU. Discrimination against 2H but not 18O was only observed in

halophytic and xerophytic species (Ellsworth &Williams, 2007). Consequently, xylem

water is extensively used to study water uptake patterns in space and time, where

ecosystem water pools are isotopically distinguishable.

Natural variations of isotope abundances are the result of fractionation due to phase

transition and di�usion processes (Marshall et al., 2008). While this has e�ects on

the isotopic composition of precipitation on a global and regional scale, at one speci�c

location precipitation values will also vary with seasons and to a smaller extent for

each event. Groundwater and deep soil water are therefore a mixture of all waters

recharging it. Its value often lies close to the mean isotopic composition of annual

precipitation. Soil pro�les frequently show unique patterns that originate from water

in�ltration, movement and isotopic enrichment at the surface due to evaporation

(Marshall et al., 2008).
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When it reaches the leaves, water evaporates through stomata, leading to enrichment

of the remaining water in both isotopologues. This enrichment depends on leaf tem-

perature (equilibrium fractionation), relative humidity of the surrounding atmosphere

(kinetic fractionation) as well as evaporative �ux and the speci�c turnover time of

leaf water (Dubbert et al., 2017). Bulk leaf water is therefore a mixture of waters

di�ering in isotopic enrichment, from highly enriched water at the evaporation site

to unfractionated xylem water following (Cuntz et al., 2007). As a result of both

convection of xylem water towards the evaporation front and backward di�usion of

enriched water, gradients of enrichment exist across the leaf (Marshall et al., 2008;

Cuntz et al., 2007).

Under constant ambient conditions, e.g. relative humidity, temperature and stom-

atal conductance, plant transpiration approaches or reaches a steady-state, for which

transpired water vapor re�ects the isotopic composition of xylem water and therefore

water taken up across the soil pro�le (Marshall et al., 2008). The isotopic composi-

tion is then not or only marginally in�uenced by the isotopic enrichment in the bulk

leaf water (X.-F. Wang & Yakir, 2000).

If steady-state is not reached yet, the isotopic composition of transpired water devi-

ates from that of source water. While the mechanisms of non-steady-state are better

known for leaf water itself, short-term changes in the isotopic composition of tran-

spired water vapor were only monitored recently (Dubbert et al., 2014). Obtained

results challenge the steady-state assumption.

In reaction to increased CO2 concentrations and therefore decrease of stomatal con-

ductance, Simonin et al. (2013) observed that it took about 30min for the transpi-

ration of tobacco leaves to return to values close to steady-state. Dubbert et al.

(2017) followed the response of the oxygen isotopic composition in transpiration with

step changes in relative humidity across a range of species. They found that for

all species transpiration isotopic composition values changed in a similar magnitude

after the step change, but showed pronounced di�erences in the time needed to re-

turn to steady-state values. In an open cork-oak woodland in Portugal Dubbert et

al. (2014) observed that the isotopic composition of transpiration was always lower

compared to xylem water during daytime over the whole vegetation period and there-

fore never reached the steady-state. A modeling approach including non steady-state

conditions suggested that during the night, transpiration was in contrast enriched

in heavy isotopes. This diurnal pattern matches well with diurnal patterns of the

isotopic composition of bulk leaf water, which shows an inverse diurnal rhythm, with

highest enrichment midday and lowest values during the night (Cernusak et al., 2016).
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2. Water stable isotopes and plant water uptake

Under �eld conditions steady-state might therefore rarely be reached, because the

variation in environmental parameters happens faster than the approximation in

leaves towards steady-state (Dubbert et al., 2014). Due to stable ambient conditions

in the laboratory though, transpiration is expected to be at or close to steady-state

for most time of the day in the presented experiment.
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3 Materials and Methods

This chapter describes the di�erent parts of the setup, their combination to an in-

tegrated system and the processing for all data collected. Experiments were con-

ducted in the Institute of Biogeosciences - Agrosphere (IBG-3), biosphere-atmosphere

exchange group at Forschungszentrum Jülich in the period from 14.11.2017 until

28.03.2018. All mean values are reported with standard deviation (sd). δ18O and

δ2H refers to the isotope ratios of oxygen and hydrogen, respectively, that are ex-

pressed in per mil (�) as relative deviation from the VSMOW standard as described

in chapter 2.1 and will be referred to as isotopic compositions.

3.1 Cavity Ring Down Spectroscopy

A wavelength-scanned cavity ring-down spectrometer (CRDS, L2130-i Isotopic H2O,

Picarro Inc., Santa Clara, USA) was used to analyze the isotopic compositions of

water vapor samples. Subsequent descriptions of measurement principles are based

on Crosson (2008). The measurement technique depends on the unique optical ab-

sorbance of di�erent small gas phase molecules. The central element of the instru-

ment is a cavity with constant sub-atmospheric pressure and highly re�ective mirrors.

Therein the light from a single frequency laser is introduced, until a certain threshold

in intensity is reached. When switching o� the laser, light stays in the cavity, traveling

between the mirrors on an e�ective path length of tens of kilometers. Meanwhile light

intensity decreases due to losses through cavity mirrors and absorption of molecule

mixture by the gas sample introduced. The exponentially shaped so-called ring-down

of light intensity is monitored by a photo-detector outside the cavity. The course

of this decay is shaped by the di�erent optical absorbance of gas phase molecules.

Using light in di�erent wave-lengths hence allows for determining concentrations of

di�erent gas species inside the sample. The device used is equipped to measure ratios

of 18O/16O as well as 2H/1H and provides raw values as isotope ratios in δ -notation

in a resolution of 1Hz.

3.2 Soil columns

3.2.1 Setup and equipment

For the experiment three custom made acrylic glass columns with an inside diameter,

height and volume of 0.11m, 0.60m, 0.0057m3 respectively were used. See Rothfuss

et al. (2015) for a detailed description and an evaluation of an evaporation experiment
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using sand. Hereafter, lower soil depth refers to the column top, high soil depths

indicate the column bottom. For each column a porous glass plate (Robu® GmbH,

Hattert, Germany, pore size diameter between 10x10−6m and 16x10−6m), which is in

contact with soil material, can be found at the bottom. It is connected to a two-way

manual valve (SMC Pneumatik GmbH, Germany) allowing for saturation of the soil

column from the bottom up.

Water vapor mixing ratio (wvmr) and isotopic composition of soil water vapor could

be derived using two ports, one providing synthetic air (20.5%O2 and 79.5%N2,

20-30 ppmv water vapor, Air Liquid, Germany), the other being used as sample air

outlet in eight di�erent depth at 1, 3, 5, 7, 10, 20, 40 and 60 cm. In each depth the

two ports were connected with a microporous polypropylene tube (Accurel® PP V8/2

HF, Membrana GmbH, Germany) of approximately 17.5 cm length and 8.6 x 10−3m,

5.5 x 10−3m and 1.55 x 10−3m in outside diameter, inside diameter and wall thick-

ness respectively describing a horizontal semicircle inside the soil column. While the

material of the tubing has strong hydrophobic properties prohibiting liquid water to

intrude its vicinity, it allows the collection of water vapor through its 0.2x 10−6m

diameter pores. Assuming thermodynamic equilibrium the isotopic composition of

liquid soil water can be derived from the values of sampled water vapor (see chapter

2.2.1). Figure 3.1 shows a scheme of the column used in the experiment published

by Rothfuss et al. (2015).

For an accurate calculation of equilibrium fractionation factors, soil temperature

sensors (type K thermocouple, Greisinger electronic GmbH, Regenstauf, Germany,

precision: 0.1 ◦C) were installed in columns I and II using separate ports at the in-

vestigated depths. While column II provided measurements at all available ports,

column I recorded soil temperature at 3, 10, 20, 40 and 60 cm depth. In column I

volumetric water content was measured at 1, 5, 10, 20, 40 and 60 cm depth using

a frequency domain sensor (EC-5, Decagon Devices, USA, precision: 0.02m3m−3).

Soil moisture sensors were installed with the probes plane orientated vertically, re-

ducing the risk of changing vertical water movement due to water retention on top

of the sensor prongs. As column III was designed to also conduct measurements

with Magnetic Resonance Imaging (MRI), no additional measurement sensors were

installed.
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Figure 3.1: Scheme of the acrylic soil column used in the experiment with sampling depths,
measurement ports and a cross section showing the placement of the polypropylene tubing (adapted
from Rothfuss et al. (2015)).

3.2.2 Filling with soil and saturation

Soil used in the experiment was collected from the Institute of Ecosystem Physiologies

experimental �eld site �Flugplatz� in Freiburg (coordinates: N48◦01′13′′ E7◦49′36′′,

EPSG 3857) in a depth of approximately 0 to 40 cm. This speci�c location was picked

for soil extraction to facilitate comparison between the presented laboratory experi-

ment and a parallel �eld trial at the sampling location, associated with the corporate

DFG project. Fine soil was separated from the skeleton-rich Anthrosol using a screen

with a mesh size of 2mm. Subsequently, the resulting soil material was dried at 105 ◦C

for 24 h. The results of a particle size analysis conducted at Forschungszentrum Jülich

are summarized in table 3.1. To determine textural properties, a combination of wet

sieving for sand (grain diameter > 63 µm) and the pipett method to separate silt

and clay particles (Sedimat 4-12, Umwelt Geräte Technik GmbH, Müncheberg, Ger-

many) was applied. With the analyzed soil texture the soil is classi�ed at the border

between loam and silty loam according to the WRB (World Reference Base for Soil

Resources) soil classi�cation (Working Group WRB, 2015).
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Table 3.1: Particle size distribution of the soil used in the soil columns.

Fraction Percentage [%]

sand 37.76

coarse 18.95

silt middle 48.59 18.07

�ne 11.57

clay 13.65

The relationship between soil water content and soil water potential (retention curve)

was characterized for a sampling ring containing the soil used in the experiment with

the associated bulk density of 1.11 g cm−3. Hydraulic properties were estimated using

the HYPROP®(UMS, Germany) method (Schindler et al., 2010) in combination

with the WP4®Dewpoint Potentiometer (Decagon Devices, WA, USA) for soil water

potentials with values higher than pF 3.

The resulting retention curve for soil dehydration and the corresponding shape pa-

rameters (αvG and n) of the van-Genuchten equation are shown in �gure 3.2. Also

provided are values for residual soil moisture content and volumetric soil moisture at

saturation. Ks is the determined saturated hydraulic conductivity.

Θr = 0.0173 [cm3 cm-3]
Θs = 0.5860 [cm3 cm-3]
αvG = 0.0221 [1 cm-1]
n  = 1.2181 [-]
Ks = 34 [cm day-1]

Figure 3.2: Retention curve and shape parameters of the van-Genuchten equation for the soil used
in the soil column at a bulk density of 1.11 g cm−3.
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After the columns were assembled and tested for impermeability, they were �lled with

soil from the top in one go to reduce partitioning of soil textures. Repeated shaking

of �lled columns increased the bulk density of the soil �nally reaching a value around

1.11 g cm−3, while also reducing the risk of gaps around the instrumentation.

All columns were saturated concurrently with deionized water of known isotopic

composition (−7.97 ± 0.05� δ 18O and −53.5 ± 0.37� δ 2H) from the bottom on

14.11.2017 using the two-way manual valves. Saturation was driven by the di�erence

of hydraulic heads between the water level in the column and the water tank and took

up to �ve and a half hours. When the water level reached the top of one column, it

was closed with a lid to minimize evaporation before the �rst measurement. All lids

were opened the subsequent day and columns were allowed to evaporate freely for

more than ten weeks until 26.01.2018.

To monitor evaporative losses, columns were placed on balances. The weight of the

continuously measured column I was logged automatically with a time resolution of

ten seconds by connecting the balance (Plattformwaage DS, Kern & Sohn GmbH,

Germany, accuracy 0.2 g) to a LabView program. The weights of columns II and III

were recorded manually from a di�erent balance (Miras2-60 EDL, Sartorius, USA,

accuracy 1 g).

3.3 Isotope standards

Standardization of obtained water stable isotope measurements was realized with two

laboratory standards using airtight acrylic glass cylinders with 12 cm, 22 cm and 2,5 l

of inner diameter, height and volume respectively, tested in detail in Rothfuss et al.

(2013). The lid of each vessel o�ered a port for dry air inlet and sample air outlet

that were connected with a 30 cm piece of the polypropylene tubing also used in the

soil columns. After being checked for air tightness, a third sealable inlet was used to

�ll the cylinder with soil. As soil physiochemical properties, in particular the amount

of clay, could have an in�uence on the measured isotopic composition (Gaj et al.,

2017), the same batch of soil was used in columns and standards. Standards were

also shaken to increase bulk density, reaching values of 1.18 and 1.19 g/cm3, before

being saturated with waters of distinct isotopic composition from the bottom until

the soil was fully saturated.
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Hereafter Stheavy refers to the enriched standard with δ 18O = 16.84 ± 0.10�

and δ 2H = 34.80 ± 0.67�, Stlight indicates the depleted standard with δ 18O =

−19.60 ± 0.20� and δ 2H = −83.09 ± 1.20�. Analogously to the soil columns,

measurements of water stable isotopes in standards were carried out in vapor phase

assuming thermodynamic equilibrium. To reduce temperature �uctuations and there-

fore changes in isotope equilibrium fractionation, they were placed in a box lined with

insulation material (Arma�ex, armacell engineered foams, Germany). Temperature

was recorded inside the box between the standard vessels using the same sensor type

as those installed in the soil columns.

3.4 Measuring the transpiration �ux and isotopic composition

3.4.1 Centaurea jacea - characteristics and transplantation

The investigated plant species Centaurea jacea is one of the dominant species being

monitored in the parallel �eld trial in Freiburg. With a pronounced ligni�cation of its

stem in comparison to other herbaceous plants and a tendency to develop a deep tap

root, it also met favorable preconditions for a successful �rst trial of the new method.

The perennial plant can survive on a broad range of soil types, pH values and under

nutrient-poor conditions but requires exposure to direct sunlight and prefers soils

that are well drained (PFAF, 2012).

Plant individuals were grown in the laboratory under the LED lights also used in

the �nal setup. One of them was transferred into column I on 26.01.2018. Therefore

a hole of 17 cm depth was predrilled into the soil. To decrease manipulation of the

isotopic composition along the soil pro�le, plant roots were cautiously freed from

soil material and dried before insertion into the soil column. A picture of the plant

individual right before insertion into column I is displayed in �gure 3.3. Because the

contact area between roots and soil was initially low, plants were irrigated with water

from the top from that day on. In order to maintain a monotonic soil pro�le and even

enhance the isotopic gradient that developed in the course of bare soil evaporation,

this was done using enriched water with 9.57 ± 0.07�δ 18O and 6.5 ± 0.2�δ 2H.
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Figure 3.3: Picture of the Centaurea jacea individual planted in column I with cleaned root system
right before insertion.

3.4.2 Measuring plant transpiration

A plant chamber with 0.30m, 0.32m and 0.0226m3 in inside diameter, height and

volume respectively was installed to measure quantity and isotopic composition of

transpiration �ux. The chamber consists of acrylic glass and has three ports: one

air inlet, one sample air outlet and a third access port for a sensor measuring air

temperature and rh (RFT-2, UMS GmbH, Germany, precision: rh2 %, T 0.1 ◦C). To

prevent an isotope exchange between chamber air and walls, the latter was covered

with transparent te�on foil. The bottom, made out of two semicircles, has a small

hole for the plant stem so that the plant transpiration signal can be isolated from soil

evaporation and contamination with ambient air. To �ll up the hole completely, the

plant stalk was wrapped with te�on tape. The slot in the base plate was closed with

sealing rubber.
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A Membrane pump provided air from the laboratory at a constant �ow rate. The

input air �ow rate value was set in order to observe a positive excess at the outlet

of the plant chamber. Furthermore, this excess had to be greater than the amount

of air needed by the laser spectrometer to perform isotopic measurements to avoid

contamination with laboratory air. The amount of air �ow was set in a manner

that, despite some air leakage from the chamber, out�ow was still su�ciently high

to exclude the risk of ambient air intruding, hence distorting the results. Five axial

fans ensured thorough mixing of the air inside the chamber. A schematic drawing of

the plant chamber can be found in �gure 3.4.

ambient air

inflow

sample air

outflow

Figure 3.4: Schematic drawing of the plant chamber with ports for in�ow of ambient air and out�ow
of sample air. Five fans ensured mixing of air inside the chamber. Sensor measuring temperature
and rh is not displayed.

A comparison of the water vapor mixing ratio and isotopic composition between

laboratory air and air provided by the pump was carried out prior to the experiment

and revealed no signi�cant di�erences. LED daylight bulbs (V600 Re�ector Series,

VIPARSPECTRA, China) were placed 30 cm above the plant chambers. They were

set to vegetative mode in a day/night cycle of 16/8 h, automatically switching on at

09:15 every morning. Glass bowls �lled with water were placed on top of the chamber,

keeping heating inside to a minimum.
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Transpiration is dependent on the vapor pressure de�cit (vpd) between the leaf and

the air surrounding it. Saturation vapor pressure (es in kPa) for a speci�c temperature

(T in ◦C) can be calculated with equation 3.1 (Murray, 1966). Assuming that leaf

temperature is comparable to the temperature measured inside the plant chamber

and the air inside the leaf is fully saturated, the vpd can be calculated from es and

rh in the plant chamber using equation 3.2.

es = 0.61078e
17.27T
T+237.3 (3.1)

vpd =
100 − rh

100
es (3.2)

The chamber measurements provide water vapor mixing ratio and isotopic composi-

tion of the in�ow into the chamber (background) and the out�ow from the chamber

containing the transpiration signal. The transpiration rate (E in mmol sec−1m−2) is

calculated from the value of the di�erence between in�ow (win) and out�ow (wout)

water vapor mixing ratios. Considering mass preservation, it can be calculated with

equation 3.3, using the air �ux into the chamber u in mol sec−1 (Von Caemmerer &

Farquhar, 1981). Usually the transpiration rate is related to the leaf surface area. As

an acurate determination was not possible, especially due to the pronounced increase

in aboveground biomass during plant chamber measurements, transpiration rate was

standardized to the columns cross-sectional soil area (A = 0.0095m2).

E =
u (wout − win)

A
(3.3)

The isotopic composition of transpiration was calculated with a mass balance ap-

proach analogously for both isotopes with equation 3.4 (Dubbert et al., 2014; Simonin

et al., 2013). Therefore, the wvmr of air �ow into and out of the chamber win and

wout and their respective isotopic ratios δin and δout are used. The transpiration adds

water that increases the air �ow from the chamber compared to the air in�ow. This

is corrected by the second term of equation 3.3 (Dubbert et al., 2014).

δE =
wout δout − win δin

wout − win
− winwout (δout − δin)

wout − win
(3.4)
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With data from the sensor registering rh and T inside the plant chamber, wvmr

inside the chamber was calculated to verify wvmr measured with CRDS. Assum-

ing instantaneous mixing of in�ow air and plant transpiration, equation 3.5 with

atmospheric standard pressure ptot = 101.325 kPa was used (Vaisala, 2013). In the

beginning measured wvmr deviated systematically from calculated values as can be

seen in �gure A.4 in appendix A.7. Possible reasons will be discussed in chapter 5.1.2.

For obtaining E and δE, wvmr calculated from rh and the temperature measured

inside the plant chamber were used.

wvmr =
es

rh
100

ptot − es
rh
100

106 (3.5)

3.5 Combined setup and measurement protocol

3.5.1 Integrated measurement system

The soil column, plant chamber and standards were connected to the CRDS instru-

ment in one single system using PTFE (Polytetra�uorethylen) tubing with 1/8 in in

diameter and tube �ttings (Swagelok, USA). Switching between subsequent measure-

ments of isotopic composition in ambient air, di�erent soil depth, standards and the

plant chamber was realized with a LabView program controlling solenoid magnetic

valves (type 6011, Bürkert Werke GmbH, Germany) and two mass �ow controllers

(MFC, EL-FLOW, Bronkhorst High Tech, the Netherlands). The �rst MFC pro-

vided 52mlmin−1 of dry synthetic air to the gas permeable tubing in soil columns

and standards. To prevent condensation of sample water vapor on its way to the laser

spectrometer, the second MFC was used to dilute all samples apart from laboratory

air with a dry air stream of 28ml/Min.

The ratio of �ow rates for sample and dilution line resulted in a water vapor mixing

ratio measured in the range of 10000 to 23000 ppmv for all soil and standard mea-

surements. Combined �ow was high enough to exclude contamination of sample air

with ambient air. Excess �ow was regularly controlled with a �ow meter (ADM3000,

Agilent Technologies, Santa Clara, California). Taking into account the gas volume

needed by the laser spectrometer for measuring isotopic compositions, excess �ow at

the entire systems outlet was at least 20ml/min at all times.
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Ambient air was sampled passively next to the soil columns using stainless steel

tubing (diameter 1/8 in). Air temperature and rh were recorded with one sensor

(RFT-2, UMS GmbH, Germany). During this section of the experiment each soil

depth was sampled twice a day. Figure 3.5 shows the experimental setup for the

di�erent components integrated.

atmosphere vapor 
sampling

purge

Picarro 
L2130-i

sample 
delivery

dry
air

excess

manometer

Standard 2

Standard 1

pump

purge

excess

dilution

2-way valve

3-way valve

3-way valve (manual)

mass flow controler

direction of air flow

Figure 3.5: Experimental setup for automatized measurement of water stable isotopes in two soil
columns and in plant transpiration, developed on the basis of Rothfuss et al. (2015).
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3.5.2 Measurement protocol

From 15.11.2017 to 25.01.2018 the change of the isotope pro�le due to evaporation in

bare soil columns was observed in daily resolution. Following the �ndings of Rothfuss

et al. (2013), measurement duration for each sample point was at least 30min to

remove the memory of the previous measurement and to allow for the establishment

of a steady plateau in water vapor and isotopic composition. Standards were each

sampled four times a day subsequently. Because of higher di�erences in isotope

ratios, sampling time was hereby extended to 45min for standards and the following

measurement. Ambient air was sampled at least two times per day for 45min during

bare soil evaporation.

The setups capacity only allowed for measuring two of the three soil columns at a time.

While column I was measured in daily time resolution throughout the experiment,

columns II and III were measured alternately during bare soil evaporation. While

a column was not installed in the system, the respective tubings were sealed with

Para�lm to prevent evaporation.

For a total of six weeks, in the period from 14.02.2018 until 28.03.2018, measurements

across the soil pro�le were complemented by transpiration measurements in the plant

chamber three times a day, when lights were switched on, for 60min each. Each day,

the 60min measurements of plant chamber out�ow ended at 12:00, 17:45 and 23:30.

Because laboratory air provides the baseline conditions for the plant chamber, mea-

surement frequency was increased during this phase of the experiment and ambient

air was sampled before and after each transpiration measurement for 30min.

In the end, combined measurements in the plant chamber and in the soil were only

carried out in column I. During this section, the light cycle of the LED lights induced

temperature changes of around 4 ◦C that led to condensation of water vapor at the

outlet of each gas-permeable tubing section. Therefore, the PTFE outlet tubings of

the column were �ushed every morning with 500ml of dry air for one minute in each

depth. The column was covered with aluminium foil to reduce bare soil evaporation.

Figure 3.6 shows the timeline for the two di�erent sections bare soil evaporation

(section 1) and combined measurements in the plant chamber and soil column (section

2). The six weeks in section 2 are de�ned as day of experiment (DoE) 1 to 42. For

section 2, the �gure also provides information on times when water was added and its

respective amount and isotopic composition. In the beginning of section 2 the plant

was irrigated from the top with 30ml enriched water in the morning around 10:00 for

three days (DoE 1-3). From 17.02.2018 (DoE 4) onwards no water was added to the

top. The root system rapidly reached a depth of at least 40 cm, which was observable
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through the transparent acrylic glass wall of the column. For this reason, the soil

isotopic composition in the bottom cm of the pro�le were altered by means of slow

saturation with depleted water (in total about 0.5 l) from 20.02.2018 till including

23.02.2018 (DoE 7-10). Meanwhile the top of the soil column subsequently dried.

From 20.03.2018 to 23.03.2018 (DoE 35-38) plants were again irrigated from the top

with enriched water, adding a total of 150ml per day divided in three parts of 50ml

at 09:00, 12:00 and 16:00 for better in�ltration.

In order to avoid condensation problems linked to plant growth that increases the

transpiration, the plant chamber inlet air �ow was increased from 1.7 lmin−1 to

2.1 lmin−1 at 10:00 on 19.02.2018, to 2.6 lmin−1 at 17:30 on 16.03.2018 and to

4.5 lmin−1 at 17:30 on 19.03.2018.

Section 1:
Bare soil evaporation

P
la

n
ti

n
g

an
d

st
ar

t
o

f
ir

ri
ga

ti
o

n

St
ar

t 
o

f
p

la
n

t 
ch

am
b

er
m

ea
su

re
m

en
ts

Section 2:
DoE 1 - 42

Sa
tu

ra
ti

o
n

 o
f

so
il

co
lu

m
n

Ir
ri

ga
ti

o
n

 f
ro

m
to

p
, 3

0
 m

l p
er

 d
ay

Sa
tu

ra
ti

o
n

 f
ro

m
b

o
tt

o
m

Ir
ri

ga
ti

o
n

 f
ro

m
to

p
, 

1
5

0
 m

l p
er

 d
ay

δ
1

8
O

 =
 9

.5
7

 ‰
δ

2
H

   
= 

6
.5

 ‰

δ
1

8
O

 =
 -

1
7

.9
 ‰

δ
2
H

  =
 -

7
0

.0
 ‰

En
d

 o
f

ex
p

er
im

en
t

δ
1

8
O

 =
 9

.5
7

 ‰
δ

2
H

  =
 6

.5
 ‰

Figure 3.6: Timeline of the experiment with the two sections bare soil evaporation and plant
chamber measurements. For the second section, information is also provided for amounts, isotopic
composition and timing of water added to the column.
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3.6 Data processing

The following chapter describes data selection and processing for soil moisture and

temperature sensors as well as isotopic compositions in soil columns, ambient air

and plant transpiration. Data processing and analysis was carried out using the

programming and statistics language R Version 3.4.1 (R Core Team, 2017).

3.6.1 Calibration of soil moisture and temperature sensors

For each temperature sensor installed in the soil columns a one-point calibration

was performed. This was carried out with measurements recorded 7 h after complete

saturation, assuming water in the columns adjusted to the ambient temperature

by that time. Sensors were calibrated against the temperature sensor monitoring

laboratory air using mean values over one hour.

Soil moisture sensors output does not give volumetric soil water content directly

but provides a voltage. This output is a�ected not only by soil moisture but also

excitation voltage. As the latter was not constant over time, it was also monitored

and calibration was carried out using the ratio of output compared to input voltage.

For each soil moisture sensor an individual linear regression was calculated using

1 h averages under dry conditions e.g. before saturation and values obtained at full

saturation. Volumetric water content at saturation (Θs = 0.52) was calculated using

equation 3.6 with weight of water added to the column (mwater), weight of dry soil

(mdry), bulk density (ρsoil). Density of water (ρwater) was assumed to be 1 g/cm3. The

residual water content in the dry soil column Θr = 0.017 was taken from the retention

curve analysis. Linear regressions between input voltage fraction and volumetric

soil moisture content for the calibration of all six soil moisture sensors installed in

column 1 are displayed in �gure A.1 in appendix A.3

Θ =
mwater

mdry

∗ ρsoil
ρwater

(3.6)

3.6.2 Water stable isotopes in soil and transpiration

Figure 3.7 shows the schematics of the whole data processing for soil measurements

from raw isotopic composition in vapor phase to liquid values at one speci�c time

each day. The process is being explained in detail hereafter. As for plant chamber

and ambient air measurements, water vapor is sampled directly, the step calculating

liquid isotopic composition from vapor values is skipped in the data processing of
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these measurements.

Raw 
data

Mean, 
sd

Mean at 
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standards
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data points
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one time 
each day
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in time

Interpolation 
in time

Linear regression
heavy and light 
standard

Select 10 minutes 
at end of plateau

Correction of dependency on 
water vapor mixing ratio

Assuming thermodynamic 
equilibrium: Majoube

Figure 3.7: Schematics showing applied data processing to derive isotopic composition of liquid
water out of vapor measurements.

For each individual measurement, the last 600 data points (equals approximately

10min) were averaged. Graphic analysis of raw data was carried out and measure-

ments, for which steady state due to condensation of water in the tubing or leaks

at the tube �ttings was not reached, were discarded. Additionally, data points with

a sd higher than 0.35� and 0.9� for δ18O and δ2H respectively were discarded to

ensure all measurements were stable.

Isotopic compositions measured with CRDS instruments are in�uenced by their wa-

ter vapor mixing ratio (Schmidt et al., 2010). This device-speci�c dependency can

also be impacted by the isotopic composition of source water and was therefore eval-

uated prior to the experiment using the standard vessels described in chapter 3.3.

Additionally a third vessel was prepared in the same manner and saturated with

isotopically intermediate laboratory water (−7.92 ± 0.14 δ18O and −52.8 ± 1.0 δ2H).

Wvmr in a range from 4500 to 25000 ppmv were obtained by increasing the stream

of dry air diluting the sample gas. For each of the three water sources, measurements

were carried out on two separate days. The CRDS analyzer showed a clear positive

correlation between wvmr and δ2H. Slopes were signi�cantly increasing with higher
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isotopic composition (R2 = 0.997, p-value = 0.04). For δ18O an e�ect of wvmr was

observed but, taking into account sd, negligible in the wvmr range of measurements.

Observed relationships and derived equations of linear regression for δ2H are shown

in �gureA.2 in appendix A.3. All isotope measurements were corrected to a refer-

ence level of 15000 ppmv according to their individual isotopic composition and wvmr

measured.

Assuming thermodynamic equilibrium, isotopic composition of liquid water was cal-

culated from vapor composition using the nearest temperature sensor and the em-

pirical equation proposed by Majoube (1971). As there were no sensors installed

in column III, temperature measurements from the neighboring column I were used.

Liquid values for standards were interpolated in time to obtain values at the time

of each sample point. A linear regression was calculated herewith to account for de-

vice speci�c drift. Finally measurements in di�erent soil depths were interpolated to

obtain an isotope soil pro�le for one speci�c time each day (17:00).

3.6.3 Event fractions

To visualize water movement in the soil column, recovered fractions of event water

feve were calculated for every investigated soil depth and both isotopes separately for

section b) and c). Equation 3.7 shows the used linear two source mixing model for

δ18O exemplary (Piayda et al., 2017). Hereby δ18Oact is the stable oxygen isotope

ratio of soil water at a certain time after the event, δ18Opre represents the isotopic

composition on the day before the respective event and δ18Oeve is the event water

composition. The seperate calculation with both available isotopes allows for the

exclusion of uncertain data points. The remaining data was averaged to obtain one

event fraction value per day. Because soil moisture content was not equally distributed

across the pro�le prior to events and the addition of water altered the amount of water

contained in di�erent depths, calculated event fractions were translated into shares

of Θ. For soil depths that had no assigned soil moisture sensor, i.e. 3, 5 and 7 cm,

values were linearily interpolated.

feve =
δ18Oact − δ18Opre

δ18Oeve − δ18Opre

(3.7)
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3.6.4 Error propagation

To evaluate the error associated with the calculation of measurements in the soil

column and δE, a conclusive standard deviation is calculated using partial derivates

taking into account uncertainties of input variables in the di�erent steps of data pro-

cessing. Assuming that variables are measured independently, the standard deviation

can be calculated by means of a �rst-order Taylor series approximation (Phillips &

Gregg, 2001). For calculating plant transpiration from chamber in and out�ows for

instance, the squared standard devaition σ2
δE is calculated with equation 3.8. A list

of all formulas and corresponding partial derivates used along the di�erent steps of

data processing is provided in appendix A.5.

σ2
δE =

(
∂δE
∂win

)2

σ2
w in +

(
∂δE
∂wout

)2

σ2
w out +

(
∂δE
∂δin

)2

σ2
δ in +

(
∂δE
∂δout

)2

σ2
δ out (3.8)

3.7 Estimating root water uptake with a multi-source mixing

model

Root water uptake does not occur at one unique depth but potentially takes place in

all parts of the soil, where roots are present. Isotopic composition of transpiration

hence shows the integrated value of all water taken up by roots. An attempt to gain

insight into this complex nature of root water uptake was made by implementing a

multi-source mixing model drawing upon isotopic mass balance. With the two isotope

species measured, a mathematical solution can be obtained for three di�erent water

sources (Phillips & Gregg, 2003).

When more than three possible sources exist, like along a soil pro�le, the system

is underdetermined and the mixing model cannot be solved to obtain one unique

solution. To deal with this, iterative algorithms are used, producing a multitude

of suitable combinations of source contributions in line with isotopic mass balance

(Parnell et al., 2010). To incorporate uncertainty arising from the measurement of the

isotopic composition in source waters and to obtain an assessment of the likeliness of

obtained solutions, bayesian inference is incorporated into the stable isotope mixing

model. Accordingto this, Parnell et al. (2010) developed a package for stable isotope

analysis in R (SIAR).

In the model the inital (prior) distribution for the relative proportion to RWU of a

speci�c source is a Dirichlet distribution, a generalization of the Beta distribution.

Essentially, the Dirichlet distribution is a measure of how high the chances are that a

35



3. Materials and Methods

certain probability distribution occurs. Plausible values for source contributions are

thereafter calculated by �tting the model to data using a Markov Chain Monte Carlo

algorithm. The result consists of probability distributions (posterior) of the relative

contribution to RWU across the eight identi�ed water sources. Additional information

on model underlying principles and on stable isotope mixing models implemented into

a bayesian statistical framework can be found in Parnell et al. (2010) and Parnell et

al. (2013).

In the experiment presented, the function siarmcmcdirichletv4 was used with values of

200000, 50000 and 15 for iterations, burn-in and thinning, respectively. This resulted

in a matrix containing 10000 lines of water fraction contribution of the eight given

water sources, each generating the isotopic composition measured in plant transpira-

tion. To also account for uncertainty of measuring the target value (transpiration),

which is not integrated into the function, each transpiration measurement is repre-

sented by its calculated value and two additional values for which the �nal standard

deviation is subtracted or added. A most frequent value (mfv) is calculated for each

depth separately by aggregating the resulting water uptake fractions in blocks of 1%.

The mfv is the interval with the highest amount of values.
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4 Results

The results of the experiment are presented, starting with a general part showing an

exemplary measurement sequence and the ambient conditions as well as soil moisture

measurements for the whole experiment. In the second part, the evolution of soil

pro�les during bare soil evaporation (section 1 of the experiment) is displayed. A

third part shows results of plant transpiration measurements and soil pro�les during

section 2 of the experiment, including an evaluation of the distribution of water added

from the bottom (b) and the top (c) as event fractions in the soil pro�le. Finally, the

results of section 2 are used as input information for the statistical RWU model SIAR,

illustrating shifts of RWU pro�les in response to changes of atmospheric conditions

and soil water availability as well as development of the rooting system.

4.1 General - entire measurement period

4.1.1 Measurement sequence

Figure 4.1 illustrates raw measurements of wvmr and isotopic compositions exem-

plarily for a sequence of 10 h on DoE 3 showing all the di�erent components measured.

Dashed lines display times of switching between measurements. Plateaus in wvmr

as well as isotopic compositions usually stabilized fast after switching of the valves.

Measurements that did not meet this criteria were excluded from the results, because

of potential condensation distorting measured values. Wvmr ranged between 10000

to 17000 ppmv for soil measurements and 9000 to 28000 ppmv for plant chamber

out�ow.

During section 1 all soil measurements were found in the range spanned by the two

standards. In section 2 the raw δ 2H composition in 1 cm depth slightly exceeded the

mean value for Stheavy in the vapor phase on one occasion by 5� on DoE 1. On

DoE 1-7 and 36-41 the raw δ 2H composition measured in the plant chamber out�ow

exceeded the isotopic composition of the heavy standard. The maximum value of this

extent was around 16� in the �rst plant chamber measurement on DoE 39. The raw

values for δ 18O of all measurements were located in between standard measurements

at all times.
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Figure 4.1: Example of the measurement sequence on DoE 3 (section 2) including measurements
of standards, all available soil depths, plant chamber and ambient air. The �gure shows wvmr and
isotopic composition of the sampled water vapor. Dashed lines are the times when the opening of
the magnetic valves were changed, therefore indicating switching between di�erent measurements.

4.1.2 Ambient conditions

Over the entire experimental period air temperature and relative humidity in the

laboratory ranged from 18.2 to 23.7 ◦C and 17.7 to 51.4%, respectively. Mean values

were 20.1 ± 0.93 ◦C and 37.4 ± 6.27 %. With the installation of the LED daylight

bulbs above the setup on 26.01.2018, a more pronounced diurnal variation (in the

range of around 1-2 ◦C) of the ambient air temperature is observed. Figure 4.2 shows

the time series of temperature and rh as well as the isotopic composition of ambient

air for the whole experiment.
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Figure 4.2: Temperature, rh and isotopic composition of ambient air over the course of the
experiment. Mean values over the whole period are 20.1± 0.93 ◦C and 37.4 ± 6.27% for T and rh,
respectively.

4.1.3 Volumetric soil moisture

Figure 4.3 shows the evolution of volumetric soil moisture content for depths equipped

with sensors. For better clarity, data between section 1 and 2 appears in less saturated

colors. Dashed lines indicate the start and endpoints of phases, where water was

added to the column. Hereby a) marks irrigation from the top on DoE 1-3, b) is

saturation of the columns bottom centimeters on DoE 7-10 and c) represents the

second phase of irrigation from the top on DoE 35-38.

On the �rst days following the saturation of the soil column the decrease in volumetric

soil moisture content was more pronounced with lower soil depths. In contrast to other

depths, Θ in 60 cm depth remained constantly high during the �rst two weeks of bare

soil evaporation. With subsequent drying afterwards the soil moisture in this depth

declined faster. Around one and a half months after saturation (end of december)

until the end of section 1 the decrease in soil moisture content was similar for all

available depths reaching values between 29% (depth 5 cm) and 35% (depth 20 cm)

before the transplantation of Centaure jacea into the column.
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Figure 4.3: Soil moisture in di�erent depth over the whole course of the experiment. Dashed lines
indicate times when water was added to the column: a) irrigation from the top (30ml day−1), b)
saturation from the bottom (500ml in total), c) irrigation from the top (150ml day−1).

After the plant was inserted into the soil column, the subsequent irrigation ful�lled

the purpose to compensate for a fast decline in water availability as a consequence

of root water uptake. It can however still be seen that soil moisture contents in the

upper few cm of the column dropped faster in comparison to bare soil evaporation in

section 1. Because the sensor in 5 cm depth got damaged during the time period in

between section 1 and 2 and thereafter did not give plausible measurements anymore,

it was excluded for section 2.

After daily irrigation from the top was stopped, the soil moisture content decreased

immediately. The sharpest decline can be seen in 1 cm depth even though the column

was now covered with tin foil to minimize evaporative losses. With increasing soil

depth, this initial decline was less pronounced. The saturation of the bottom centime-

ters immediately resulted in a reset of depth 60 cm to almost saturated conditions.

At lower depths the resulting increase in soil moisture was less pronounced and as-

sociated with a higher time lag. For 1 cm soil depth this did not increase Θ, however

it decelerated the decrease in soil moisture in comparison to the decline preceeding

event b). Resulting from a steep decline, the soil moisture content at the column

bottom was lower than in all other depths right before the repeated irrigation from
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the top. Like in 40 cm depth Θ in 60 cm remained constant for the last week of the

experiment.

4.2 Section 1: Bare soil evaporation

Figure 4.4 shows the soil water isotopic composition in column I for day 11 to 72

after saturation. Because standards had inexplicable jumps during this �rst section

of the experiment that shifted soil pro�les in a counterintuitive way, standardiza-

tion was carried out with �xed mean values of 17.93� and 34.74� in Stheavy and

−20.71� and −88.65� in Stlight for δ18O and δ2H, respectively. Days 1 to 10 after

saturation had to be discarded, because the infrared light installed during that pe-

riod caused condensation that led to non-reproducible isotopic compositions. Missing

data points afterwards were linearly interpolated in time. Columns II and III, which

were measured alternatingly, showed similar results and are therefore not displayed.

Figure 4.4: Pro�les of δ18O and δ2H for days 11 until 72 of bare soil evaporation. Averaged stan-
dard deviations over all depth and displayed days are 0.32 and 0.75 for δ18O and δ2H, respectively.
Vertical lines indicate the isotopic composition of water used for saturation.

For depths 60, 40 and 20 cm soil isotopic compositions measured scatter on top of

the composition of saturation water. With decreasing soil depth, the share of heavy

isotopes in soil water increases in an exponential shape. After 72 days of bare soil

evaporation (the heaviest) values of 2.35� and -11.24� were reached in 1 cm depth

for δ18O and δ2H, respectively.
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During bare soil evaporation no systematic change of the isotopic composition with

time could be observed for measurements in 40 cm and 60 cm. Therefore these depths

can be used to estimate precision of the in-situ method over an extended time period

and to also validate measured compositions with the water used for saturation of

the soil column, i.e. the methods accuracy. Table 4.1 summarizes mean isotopic

compositions and associated sd in both depth for the time period 11 to 72 days

after saturation. They are compared to mean sd values calculated with the error

propagation functions and the isotopic composition of saturation water.

Considering measurement precision, the in-situ method was able to reproduce the

isotopic composition of water used for saturation. For δ18O the sd calculated over

the period of soil evaporation was lower than the mean sd of values calculated with

the described error propagation method. δ2H shows a 0.7� higher deviation from

the mean.

Table 4.1: Isotopic composition in 40 cm and 60 cm depth measured in-situ in comparison to values
of saturation water.

δ18O [�] δ2H [�]
40 cm 60 cm 40 cm 60 cm

mean ± sd −7.63 ± 0.25 −7.73 ± 0.30 −54.61 ± 2.08 −54.10 ± 2.07
watersat −7.97 ± 0.05 −53.50 ± 0.37
sdep 0.41 1.32

The relationship between δ18O and δ2H values in soil pro�les during bare soil evap-

oration can be seen in �gure 4.5. Only measured values are displayed, interpolated

data was not considered for this visualization. The crosses for each data point repre-

sent their respective sd calculated with the error propagation approach described in

chapter 3.6.4. For reference the GMWL water line (δ18O = 8δ2H + 10) was added.

The linear regression through all plotted soil column data points has a slope and

intercept of 4.62 and -17.46 respectively (R2 = 0.96). Isotopic composition in higher

soil depths (>10 cm) plot close to the GMWL, with decreasing soil depths points

deviate from it increasingly.

Isotopic composition in ambient air �uctuated over the course of the experiment

and showed no obvious trend over time (compare �gure 4.2). The point cloud that

scattered more randomly in the dual isotope space compared to soil measurements

plots around the extension of the linear regression through soil measurements to the

other side of the GMWL. The linear regression through all data points in the ambient

air has a slope and intercept of 3.31 and -38.08, respectively. Its R2 of 0.14 is lower

compared to soil meausrements.
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Figure 4.5: Dual isotope plot for days 11 until 72 of bare soil evaporation and ambient air (atm).
The crosses mark the standard deviation of measurements calculated with the error propagation
approach. Also shown is the linear regression line through all soil measurements (dashed line) and
the GMWL (blue line) as reference.

Visually soil measurements were grouped according to soil depth and evolution of iso-

topic composition. The parameters (slope and intercept) of the resulting regressions

as well as their coe�cients of determination are summarized in table 4.2.

Table 4.2: Slopes, intercepts and coe�cients of determination for linear regressions calculated for
soil measurements divided in groups.

soil depth [cm] slope intercept R2

all depths 4.62 -17.46 0.96
60, 40, 20, 10 6.58 -3.41 0.74
7, 5 3.82 -21.46 0.76
3, 1 3.39 -19.86 0.88

The highest slope and intercept is found for the regression through soil depths from

60 cm to and including 10 cm. The observed slope is still lower compared to that

of the GMWL. The deviance from the ratio in equilibrium fractionation factors cal-

culated for the mean lab temperature (8.68 for 20.1 ◦C) is even higher. The slopes

for soil depths above 10 cm are increasingly lower with decreasing soil depths. For

measurements in 7 and 5 cm as well as in 3 and 1 cm the intercept is also signi�cantly

lower.
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4.3 Section 2: Plant chamber and soil pro�les

4.3.1 Standard measurements and soil temperature

From 14.02.2018 until 28.03.2018 isotopic composition was measured both in the soil

pro�le and plant transpiration. During these six weeks the isotopic composition of

standards was more stable and no systematic jumps, resulting in inexplicable shifts in

the isotopic soil pro�les, were observed. Therefore standardization in this section was

carried out as planned and described in chapter 3.6.2. Figure 4.6 shows the timelines

of mean and sd in both isotopes for all standard data points used in data processing.

Temperatures measured inside the insulated standard box and used for calculation

of liquid isotopic compositions with equilibrium fractionation are provided as well.

Figure 4.6: Timeline of processed and sorted measurements for Stlight and Stheavy and the tem-
perature measured in the insulated standard box. Isotopic compositions are reported as mean values
with their respective standard deviations.
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There is no apparent drift in standard isotopic composition. Also no relationship

between any of the processed isotope ratios and the measured temperature was ob-

served. This implies that the temperature dependency of equilibrium fractionation

between liquid and vapor phase was accounted for by data processing.

Table 4.3 provides statistics for both standards over all measurements included in

data processing. The mean values for section 1 were similar but slightly lighter than

those calculated for section 2. However, all values except δ18O for StLight lie inside

the range of standard values in section 2.

Table 4.3: Statistics for standard measurements used for calibration of all measurements in sec-
tion 2.

min max mean sd

Stlight δ18O -20.59 -19.81 -20.27 0.18

δ2H -90.05 -82.09 -86.34 1.26

Stheavy δ18O 17.31 18.92 18.13 0.34

δ2H 32.62 40.82 36.36 1.84

Soil temperature had a higher diurnal variation during section 2 compared to section 1

and also �uctuated more than the ambient temperature, due to the light cycle of

installed LED lamps. As expected, the diurnal cycle was more pronounced in upper

soil compartments, with daily di�erences of up to 4 ◦C in 3 cm depth. At lower soil

compartments recorded temperatures were lower overall and had a diurnal amplitude

of 1−2 ◦C in 60 cm depth. Timelines of ambient air and soil temperatures in column I

are displayed in �gure A.3 in appendix A.6.

4.3.2 Soil pro�les

Because water either enriched or depleted in the heavier isotopes was added to the

column in section 2, the soil water isotopic composition changed to a larger extent

and in the entire pro�le. Figure 4.7 displays soil pro�les of δ18O and δ2H next to soil

moisture pro�les in daily resolution. For better clarity and to avoid overlapping of

pro�les, data was divided into three di�erent sub-sections, each indicating the start

of additional water being added to the system.

In the �rst six days, soil water δ18O and δ2H pro�les remained stable. A systematic

decrease in heavy isotopes is only observed in 1 cm soil depth for δ18O. The pro�les

exhibit an exponential shape and are more enriched in the top compared to section 1,

due to preceding irrigation with enriched water. The isotopic compositions for depths

below and including 20 cm were not distinguishable and represent the composition of
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water used for column saturation three months ago.

To make the three bottom depths distinguishable and maintain a monotonic pro�le

over the whole column depth, the bottom of the column was saturated with depleted

water on the �rst four days in section b). On the �rst day, 2 h after the start of

the saturation, δ18O only slightly decreased in 60 cm depth, while δ2H featured no

observable change, whereas soil moisture had already increased by 10%. On the

second day the bottom of the soil column was fully saturated again and isotopic

composition was close to that of saturation water. A clear systematic increase in δ18O

and δ2H at the column bottom could be observed two weeks after saturation from

DoE20 onwards. Before that, mean δ18O and δ2H in 60 cm depth were somewhat

lighter than the water added with −18.58 ± 0.15 and −72.28 ± 1.04, respectively.

An increase in soil moisture was only observed in 60 and 40 cm depth and decreased

fast during the �rst days after saturation, especially in 60 cm depth. Apart from

the highest depth, the whole isotope pro�le shifted towards lighter values in reaction

to saturation from the bottom in the four weeks of section b). Isotopic composition

in 1 cm depth decreased faster than in 3 cm especially for δ2H with decreasing soil

moisture. This results in depth 3 cm featuring the highest isotopic composition in

both isotopes from DoE18 onwards.

It should be noted that the linear interpolation between depths 40 and 60 cm is

presumably not representive of the shape of the isotopic course between those depths,

at least at the �rst days after saturation as will be discussed in chapter 5.3. For

better visualization of the evoluation of the isotopic composition in both depth the

connecting line was plotted nevertheless.

In the �rst four days during section c) 150ml of enriched water were added from

the top each day. In 1 cm depth the isotopic composition only increased slightly on

the �rst day and kept increasing systematically along with volumetric soil moisture

content during the irrigation period. After irrigation was stopped, a systematic in-

crease with lower extent could still be observed for δ18O in depth 1 cm. Depth 20 cm

also increased during irrigation, while it remained constant afterwards. All depths

between 1 and 20 cm in contrast showed a more evenly spaced increase from the �rst

day in section c) until the end of the experiment.

Overall, the treatments led to soil pro�les that are monotonic and exhibit distin-

guishable isotopic compositions for every depth spanning a range from -16.32� to

13.98� for δ18O and -64.53� to 31.65� for δ2H.
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Figure 4.7: Soil isotopic composition and moisture content as pro�les over depth and time. The
timeseries was divided into sections a), b) and c) that each indicate addition of isotopically distinct
waters.
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4.3.3 Movement of event water in soil pro�les

To gain a better understanding of the subsequent distribution of water added to

the soil pro�le, fractions of the event water in seperate soil depths were calculated

using the isotopic composition of irrigation water and pre-event water (see chapter

3.6.3). Because soil moisture contents change with water transport, those fractions

are visualized in relation to the volumetric soil moisture content in a speci�c depth.

Figure 4.8 shows the event water fractions along the soil pro�le for the day before

(DoE6) and for selected days after saturation from the bottom. In 60 cm depth all

pre-event water was replaced by event water on the second day of water addition,

accompanied by a pronounced increase in Θ, while event water was not found in the

soil depth above, even though Θ already increased slightly by 3.3%vol. Soil moisture

content in 40 cm depth was highest after the last day of saturation with a value of

40.0%vol. In contrast to the increase in soil moisture by 12% as compared to before

the event, event water only accounted for 2%vol at that time, corresponding to 5%

of water contained in that depth. The share of event water increased in all depths

apart 60 cm until the end of section b) and along with soil water was distributed more

evenly across the pro�le in the end. Fractions of soil water ranged from 90% in 60 cm

depth to 20% in 10 cm depth.

Di�erences in event fractions calculated separately for δ2H and δ18O were constantly

higher than 10% in 3 cm depth from DoE22 onwards. This suggests, that other

processes than the redistribution of water from further down in the pro�le due to

water potential gradients is causing the increase of heavy isotopes in this depth.

The calculation of event fractions was also carried out for section c), using the isotopic

compositions on the day before reirrigation (DoE34) as baseline. Due to the shorter

time frame and faster change in isotope ratios all subsequent days are displayed in

�gure 4.9. Because the initial values in 3 cm depth were similar to irrigation water,

event fractions could not be resolved in this depth and are therefore not displayed.

On the �rst day of reirrigation soil water in 1 cm depth consisted of around 50%

event water, in 2 cm depth only 9% were found and the share decreased further with

soil depth. From DoE36, with additional water added, soil water in 1 cm depth was

fully composed of event water. While during the irrigation period the share of event

water was higher in 20 cm depth compared to 5, 7 and 10 cm, this balanced out in

the proceeding days, resulting again in a pro�le with rather equally distributed soil

moisture content and share in event water. In that occasion this was only seen for

the soil compartments above 40 cm, which were impacted by the irrigation event.
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Figure 4.8: Fraction of soil water from pre-event and event water in di�erent soil depths for event
b) (saturation from bottom on DoE7-10). For the display, eight out of the 28 days were selected.

Soil moisture in 40 and 60 cm depth decreased slightly during all days while no isotopic

trace of event water was detected in these depth. Therefore in�ltration of event water

did not reach below 40 cm. From DoE40 onwards the decrease in soil moisture in

40 cm depth and under was lower by one to two orders of magnitude, compared to

soil layers down to 10 cm.
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Figure 4.9: Fractions of soil water from pre-event and event water in di�erent soil depths for event
c) (irrigation from the top on DoE35-38).
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4.3.4 Plant chamber

Figure 4.10 shows vpd, transpiration rate normalized to the surface area of the soil

column, and isotopic composition in transpiration. Also provided is the value of

�ow rate into the chamber, as it a�ects the ambient conditions inside the chamber.

From DoE18 until 22, all transpiration measurements had to be discarded due to

condensation in the tubing, that connected the plant chamber with the measuring

device. As a result, plateaus were not stable and data points did not plot on top of

soil measurements in the dual isotope space.

Figure 4.10: Timeline of the isotopic composition in transpiration as mean values with standard
deviations. Also provided is a timeline of the transpiration rate, the air �ux into and the vpd inside
the chamber, calculated from the sensor measuring rh and T . Dashed lines indicate times when
new water was added.
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The vpd followed a clear diurnal pattern while on average it remained constant until

DoE 30. Each day, when lights were switched on, it increased fast despite the increase

in temperature of up to 4 ◦C, which is associated with a sharp increase in rh from 50

to 60% to values of 75 to 80%. Daily maximum values of rh measured in the plant

chamber already slightly decreased on DoE27 but experienced a sharp decline after

DoE29 resulting in an increasingly higher vpd. The lowest daily maximum of 32%

was measured on the �rst day of irrigation from the top (DoE35), one day after the

in�ow into the chamber was almost doubled. This was followed by an increase of rh

to values around 55% on DoE 37-39 with a repeated decline afterwards.

Until DoE 17 the transpiration rate increased consistently and decreased from DoE23

up to the last day before reirrigation from the top, when it showed the lowest value of

0.87mmol sec−1m−2 in the afternoon. From DoE35 onwards a faster increase than

before is observed with the overall highest value of 4.36mmol sec−1m−2 measured on

DoE39 one day after the last water input.

To validate the calculated transpiration rate, it was integrated for each day and

compared to daily water loss from the column calculated by means of a water balance

using the change in volumetric soil moisture content. Results for all days during

section 2 that were not in�uenced by water addition to the column is shown in �gure

A.5 in appendix A.8.

Similar to the course of E, isotopic composition in plant transpiration changed grad-

ually towards heavier compositions after the �rst irrigation from the top and stayed

more or less stable in δ18O and increased slightly in δ2H after DoE23 until the be-

ginning of section c). The extent of calculated standard deviations is linked to the

di�erences in the wvmr between in�ow and out�ow. Values were highest with 1.23

for δ18O and 5.35 for δ2H in the afternoon on DoE34, when the di�erence in wvmr

was only 4300 ppmv. Like the transpiration rate the isotopic composition of plant

transpiration showed a fast reaction to the irrigation. The �rst signi�cantly higher

value was registered in the afternoon on DoE35, but the most enriched values in iso-

topic composition are reached faster, as compared to the transpiration rates. At the

time when the transpiration rate reached its maximum isotopic composition already

started to decrease again. Overall, transpiration measurements are found in a range

from -9.73 to 12.77 and -55.75 to 23.42 in δ18O and δ2H, respectively.

For most days during the experiment the �rst transpiration measurement, 2.5 h after

lights were switched on, showed systematically and signi�cantly higher values com-

pared to measurements later in the day, which were mostly not statistically distinct.

On DoE9 the range of diurnal di�erences was highest with 3.43� and 12.20� in
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δ18O and δ2H, respectively. On average transpiration isotopic composition during

one day varied by 1.97� and 4.39�. Figure A.6 in appendix A.9 provides exem-

plary plots of the diurnal variation in rh and vpd, also showing the time points of

plant chamber measurements, to investigate potential connections of ambient condi-

tions with transpiration measurements. Selected was Doe 9 with the highest diurnal

variation in transpiration isotopic composition and DoE33 with a comparably small

deviance over the day. Diurnal variations are discussed in chapter 5.4

4.3.5 Comparison of soil and transpiration data in the dual isotope space

Visualizing both isotopic composition in the soil pro�le and plant transpiration allows

for an investigation of the water pools sampled in both systems. It was also used to

reveal possible problems, like for instance condensation or incomplete mixing of plant

chamber air. Figure 4.11 shows both data sets in the dual isotope space divided in the

sections a), b) and c) that are de�ned by new water input into the system. In contrast

to the display of soil pro�les, section b) was further split into data before and after

the data gap due to the large number of points in this section. Section b1 therefore

represents data points during a period when isotopic composition in transpiration

showed a steady decrease, b2 includes measurements for which transpiration ratios

remained stable and increased again. Each data point is displayed as the associated

sd calculated by means of error propagation. Mean values for sd in transpiration

and soil measurements for the di�erent steps of data processing are displayed in table

4.4. Every plot provides the GMWL for comparison as well as linear regressions

through all soil data points and transpiration measurements. Table 4.5 summarizes

the parameters and coe�cients of variation for the linear regression through soil and

transpiration data.
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Figure 4.11: Isotopic composition of soil pro�les and transpiration in the dual isotope space. For
better clarity, the data set of section 2 is divided into the di�erent stages, when water was added to
the column. Because section b) is rather long, it was further divided into two parts. Crosses show
the respective sd for data points. Dashed lines show the linear regression through all soil depths,
solid lines show linear regressions through transpiration data. The GMWL is also displayed as blue
solid line.

Table 4.4: Averaged standard deviations for δ18O and δ2H in transpiration and soil measurements
for the di�erent steps of data processing, calculated by means of error propagation.

measurement WS-CRDS wvmr correction vapor to liquid standardization transpiration

δ18O soil 0.316 0.320 0.405
δ2H soil 0.652 0.653 0.738 1.227

δ18O transpiration 0.299 0.407 0.712
δ2H transpiration 0.764 0.769 1.406 2.533
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Despite the preceding irrigation with enriched water from the top, soil measurements

of all depth still plot on one line. Compared to bare soil evaporation, values are spread

across a wider range in both isotopes and the slope of the resulting linear regression

is lower. During section 2 slopes of the linear regressions through soil measurements

stayed similar with a consistently high R2. However soil measurements are slightly

less linearily correlated with water from other sources added to the bottom and the

top of the column, as well as ambient air intrusion. This leads to the expansion of

the one dimensional evaporation line into a narrow, two dimensional polygon.

Table 4.5: Slopes, intercepts and coe�cient of determination for linear regressions calculated for
soil and transpiration measurements in the dual isotope space. The time series was divided according
to �gure 4.11. Because transpiration plotted close to values in 1 and 3 cm depth during the last seven
days of section 2, regressions were calculated separately.

DoE data slope intercept R2

1 - 6 all soil depths 3.76 -24.42 0.99
1 - 6 transpiration 2.86 -22.20 0.79

7 - 17 all soil depths 3.44 -19.66 0.96
7 - 17 transpiration 3.30 -24.90 0.91

23 - 34 all soil depths 3.53 -14.13 0.96
23 - 34 transpiration 2.70 -22.52 0.12

35 - 42 all soil depths 3.17 -17.36 0.97
35 - 42 transpiration 2.96 -12.04 0.96

36 - 42 1 and 3 cm 2.25 -2.12 0.85
36 - 42 transpiration 2.07 -2.37 0.67

Transpiration isotopic composition of valid data points generally plots inside the area

enclosed by soil measurements over the whole experiment. Like in soil measurements,

the regression slopes for transpiration measurements are much lower than that of the

GMWL. All calculated slopes are also lower than those for soil data. In the time

frames of DoE 7-17 and 35-42 transpiration isotopic composition transitioned more

compared to the other sections. The respective linear regressions in the dual isotope

space are better determined (R2 > 90 %). For those periods, slopes calculated for

transpiration and soil measurements are very similar, only deviating from each other

by about 0.2.

In the bottom right plot showing DoE 35-42, the three lighter measurements that are

isolated from the point cloud, represent the �rst day of event c), highlighting the fast

transition in the combination of water sources transpired by the plant. Because from

DoE 36 onwards transpiration values plot close to those in 3 to 1 cm soil depth, linear

regressions were calculated separately for this time period, for soil measurements only

including the two uppermost depths (compare table 4.5). Even though R2 was below

90% for the two measurements, the resulting regression lines show both a similar

slope and intercept.
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Until DoE 17, data points of ambient air, like in section 1, are located close to the

extension of the linear regression through all soil measurements. From DoE23 on-

wards they show a lower composition in both isotoplogues and plot closer to the

GMWL. This change in the isotopic composition of background air provided to the

plant chamber in turn had no apparent e�ect on transpiration measurements.

4.4 Modeling root water uptake

Having shown that transpiration vapor can be led back to soil water, a statistical

computation of RWU fractions from both data sets is possible. Due to uncertainty

in the course of the diurnal variation in the isotopic composition of transpiration, a

daily value for transpiration was calculated as mean between measurement two and

three for each day. Because it was systematically heavier on most days, the �rst

measurement was generally excluded from averaging. Plausible methodological and

physiological reasons for the observed diurnal devaitions will be discussed in chapter

5.4.

For reasons of completeness, �gure 4.12 displays computed diurnal variations in RWU

pro�les exemplary for DoE9 and 33 that showed pronounced and small diurnal devia-

tions, respectively. Because for those days, isotopic composition along the soil pro�le

was stable, all three transpiration measurements were related to the same isotopic

soil pro�le of the respective day. Additionally, ambient conditions in the plant cham-

ber for these days are provided in �gureA.6 in the appendix, as mentioned before.

The di�erences in calculated transpiration values resulted in di�ering RWU pro�le

on DoE9, while pro�les on DoE33 are similar.
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Figure 4.12: Exemplary display of diurnal variations of RWU pro�les, separately calculated for all
three transpiration measurements with the statistical mixing model SIAR on DoE9 and 33. These
days were selected, because they exhibited the highest and lowest deviation in isotopic composition
of transpiration. The box and the line inside represent the interquartile range and the median of the
data set, respectively. Whiskers extend to one and a half times of the box width. RWU fractions
outside the whiskers range are displayed as separate points. Grey points indicate the mfv for each
depth.

The results of statistical modeling are summarized in �gure 4.13 as boxplots for se-

lected days in section 2, showing an overview of di�erences in daily uptake pro�les.

Boxplots of RWU fractions for all days can be found in �gure A.7 in appendix A.10.

In general, mfv calculated on the basis of 1% increments often plot close to the

median of the respective depth and also show a similar depth pro�le.
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Figure 4.13: Boxplots of 10000 RWU fractions in the measured soil depths on selected days of
section 2 calculated with the statistical mixing model SIAR. The box and the line inside represent
the interquartile range and the median of the data set, respectively. Whiskers extend to one and
a half times of the box width. RWU fractions outside the whiskers range are displayed as separate
points. Grey points indicate the mfv for each depth.

Despite the wide range of possible contributing fractions in every depth, a clear pat-

tern in the change of RWU along the soil pro�le can be observed. While from DoE1

to 3 RWU pro�les were similar, exhibiting higher uptake fractions with decreasing

soil depths and mfv were close to 0 for 20 cm depth and below, it shifted towards

a more equal contribution of all soil depths on the �rst day without irrigation. The

share of deeper soil compartments (20 cm and below) increased the following days,

especially during saturation of the column bottom from DoE8 to 10. The pattern of

augmented uptake from even higher depths �rst increased and then stabilized until

DoE 26. From DoE27 until 34 uptake fractions converged again, while higher uptake

fractions still occured in lower depths.
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Reirrigation from the top on DoE35 immediately reversed the pro�le. From that day

on mfv in 40 and 60 cm depth approximated 0 again. Uptake from 1 cm soil depth

was especially high during the last three days, even though the soil moisture content

was not considerably higher than in 3 to 20 cm depth.

To provide a better overview of the changes in the RWU pro�le over the course of the

experiment, �gure 4.14 (bottom) shows most frequent values over the soil pro�le in

time. Therefore daily RWU pro�les were interpolated in hourly time steps. For the

depth pro�le, values were normalized to RWU fraction per cm, to account for di�ering

volumes that the respective soil depth refers to, and thereafter linearly interpolated

in a resolution of 1 cm. RWU is driven by the water potential gradient along the soil-

atmosphere-continuum and a reaction in the isotopic composition of transpiration to

changes in water availability in the pro�le were observed. Therefore �gure 4.14 also

shows volumetric soil moisture content and water potential, combining matric and

gravitation potential. The data basis for this visualization are mean hourly values

of Θ in depths 1, 10, 20, 40 and 60 cm also interpolated in 1 cm depth resolution.

Matric potential was derived from the water retention curve (see �gure 3.2) for every

soil moisture value separately. The baseline for gravitation potential was de�ned as

the column bottom, where it represents a value of 0 and becomes more positive with

increasing column height, therefore resulting in less negative values of water potential.

The two color ramps divide water potential data into values below and above the

peramenent wilting point (pwp) at a value of -15000 hPa (-1.5MPa) translating into

pF 4.2. Naturally volumetric soil moisture content and water potential follow the

same pattern, because matric potential is derived from Θ and, compared to this

component, gravitation potential is negligibly small. Nevertheless, the calculation of

water potential and the visualization in water resources that are accessible or not

accessible to plants should help to improve the interpretation of RWU patterns.
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Figure 4.14: Evolution of volumetric soil moisture content (top left), water potential (top right)
and most frequent RWU fractions (bottom) along the soil pro�le in hourly time resolution. Mfvs
were normalized to water uptake fraction per cm. The two color ramps in the water potential plot
divide data into values below (grey) and above (colored) the pwp. Start- and endpoints of times
when water was actively added from the bottom (b) and the top (c) are indicated by vertical lines.

It has to be noted that derived RWU fractions, i.e. the mfv, on particular days do

not sum up to 1, i.e. 100% over all depths. On average, most frequent values add

up to 0.71 ± 0.09 and lie in the range of 0.48 to 1.03. From DoE35 until the end of
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the experiment sums varied more between days and also showed a decreasing trend.

Mean values for days before and from DoE35 are 0.72 ± 0.014 and 0.66 ± 0.049,

respectively. As an exception, here the standard error is provided as a measure of

variance due to varying sample sizes.

During the �rst days, with irrigation from the top, water potential was constantly

high and evenly distributed across the pro�le, whereas RWU was concentrated in the

top 7 cm. With saturation from the bottom and consequently higher water potentials

with soil depth, RWU gradually shifted towards deeper compartments. From Doe 9

to 28 RWU from all depth in the top 10 cm never exceeded a value of 0.03 (value

not normalized to 1 cm). Afterwards, RWU from those depths increaseed slightly

especially in 10 cm depth until the beginning of event c), even though the water

potential already dropped below -1.5MPa. For 3 cm depth, for instance, a fraction

of 0.09 was calculated with the statistical model on DoE33. Water potential in the

top soil was at its minimum of -8.7MPa in 1 cm depth right before reirrigation.

In 60 cm depth values below -1.5MPa were observed from DoE28. The lowest overall

value in water potential of -16.5MPa was found on DoE42 at the column bottom.

Like in the upper soil, RWU was still calculated for higher depths until reirrigation

from the top, when the fractions in 40 and 60 cm dropped to a constant value of

0.01. During the four days of reirrigation an initial fast change could be observed,

shifting all modeled RWU to the top 7 cm. With further in�ltration of water and a

pronounced increase in soil moisture content up to 20 cm, also derived RWU expanded

towards higher depths. On DoE38 values of 0.10 and 0.17 were calculated for 20 and

10 cm, like depths below dropping to 0.01 again the day after and staying there until

the end of the experiment.

61



5. Discussion

5 Discussion

5.1 Evaluation of the in-situ measurement system

The goal of this study was to modify an existing setup for monitoring water stable

isotope ratios in a soil pro�le (Rothfuss et al., 2015), in order to assess its suitability

for RWU estimation in high time resolution. Therefore, the setup was tested with a

natural soil, which had a high silt content. A plant was inserted into the column and a

plant chamber and daylight bulbs were added to the setup. Potential e�ects of setup

changes on measurements of the soil isotopic composition will be discussed in detail

in the next chapter, followed by a critical investigation of transpiration measurements

(see chapter 5.1.2) and a comparison of calculated measurement precision to other

studies using direct equilibration methods as well as established water extraction

techniques (see chapter 5.1.3). Finally, the tested method is evaluated with respect

to advantages and limitations and in comparison to established water extraction

methods using destructive sampling.

5.1.1 Soil measurements

During the entire experiment the polypropylene tubing remained water-proof and no

traces for the in�uence of the natural soil, i.e. silting of tube micropores or isotopic

fractionation by soil properties were observed. A thorough discussion of potential

di�erences in sampled water pools follows in chapter 5.2.

Because the method samples isotopically depleted vapor, the question arises, whether

the sampling technique systematically increases the isotopic composition of remain-

ing soil water during a long-term experiment. Both standards that, compared to soil

measurements, were exposed to a longer daily sampling time of 3 h, did not show

an unidirectional increase in their isotopic composition. If water vapor extraction

a�ected the remaining water pool, in�uences were extraneous compared to the �uc-

tuation of measured vapor values, impacted by the lasers drift and also potential

condensation problems. This is not surprising, as for standards the amount of liquid

water extracted with the method is about 0.11ml day−1 and accumulates to as little

as 14.5ml over the whole 19weeks of the experiment.

Rothfuss et al. (2013) examined the time needed until the polypropylen material

fully adjusted to an induced change in isotopic composition of pure liquid water.

The authors showed that it took up to a few hours before stable values were reached

again. This time lag was explained with old water contained in the micropores of
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the polypropylene tubing that �rst had to be replaced by the isotopically new water

mixture. Because the soil isotopic composition was only recorded in daily temporal

resolution and the soil was also not saturated for most parts of the experiment, this

reaction time was su�cient in the presented study. Only the missing instantaneous

reaction in 60 cm depth on DoE7, 2 h after saturation from the bottom, points towards

the time lag issue.

Minor condensation that was observed during section 1 in the tubing right at the

exit from the soil column should not have impacted the isotopic composition of mea-

sured soil depths, as long as temperatures in the column and at the condensation site

are similar (equilibrium fractionation) and sample air equilibrates with condensa-

tion water. Because soil measurements seemed more reproducible with regular daily

�ushing of the outlet tubings in section 2, this assumption is only partially supported.

Flushing in the applied manner did not have an obvious impact on the isotopic equi-

librium between liquid and vapor phase. Therefore, it is concluded that the time

di�erence of 4 h between �ushing and the �rst soil measurement was su�cient in

respect thereof. The presented experiment shows that condensation of sampled va-

por potentially a�ects the precision and reliability of soil measurements and should

hence be considered in future applications of the method. This is especially true for

experiments with pronounced diurnal variations in temperatures, e.g. in the �eld, as

problems with determining isotopic compositions increased when daylight bulbs were

installed and daily �ushing was not exerted yet (data not shown). An alternative so-

lution could come from heating all sample lines, beginning at the out�ow of each soil

depth until the sample air in�ow into the measurement device, or from including the

possibility for purging with dry air in between measurements right after the column

outlet.

5.1.2 Transpiration measurements

Due to air leakage from the plant chamber, there was a large di�erence in the air �ux

�owing into and out of the chamber. In combination with supposed gradients, e.g.

of rh inside the chamber, thorough and instantaneous mixing is essential to obtain

reliable transpiration measurements. Hereby the fans were indispensable, as a quick

decline in wvmr and measured isotopic ratios was observed immediately, when the

fans were turned o�.

A systematic o�set of measured wvmr from water vapor content calculated with rh

and T measured inside the plant chamber could have arose from condensation due

to the temperature drop between the plant chamber and the subsequent tubing. As
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heating of the tubing from DoE21 on did not solve this discrepancy, this does not

provide a sole explanation. With lower transpiration rates, an increase in in�ow

and therefore overall lower values of rh inside the plant chamber, measured wvmr

matched calculated ones. Consequently, a possible explanation could also be a less

pronounced chamber gradient due to a faster exchange of the chamber air and a more

turbulent mixing in response to increased in�ow. However, the resulting decrease in

the di�erence between chamber air in- and out�ow wvmr values deteriorated the pre-

cision of measured isotopic compositions, especially when transpiration rates became

limited by water supply. This illustrates that boundary conditions, in particular the

amount of air �ux, should be carefully chosen as a compromise between preventing

condensation during the whole diurnal cycle, avoiding ambient air intrusion due to

air leakage, resulting chamber conditions (especially rh and vpd), while also aspiring

to maximize measurement precision. The utilization of calculated instead of directly

measured wvmr in computing transpiration isotopic composition resulted in a higher

fraction of transpiration of the chamber out�ow. It consequently shifted derived tran-

spiration values towards more depleted compositions but only in the range of their

standard deviation.

Uncertainties and systematic errors in the calculation of plant gas exchange �uxes

with whole-plant chambers were investigated by Pérez-Priego et al. (2015). In con-

trast to chamber systems that only enclose plants during measurements, disturbance

of ambient conditions and a following stabilization period must not be taken into

account for the permanent installation, realized in the presented experiment. On

the other hand, this entails the disadvantage that the chamber continuously alters

boundary conditions driving plant transpiration, like stomatal conductance (Pérez-

Priego et al., 2015) and therefore does not necessarily simulate natural conditions.

In comparison to other plant individuals growing in the laboratory, for instance, the

individual inside the chamber showed stronger branching, which might have been

induced by the constant air movement it was exposed to.

5.1.3 Measurement precision

The error propagation approach allowed for the estimation of uncertainties along

the steps of data processing. On average, �nal calculated values for transpiration

measurements were 0.71� and 2.53� for δ18O and δ2H, respectively. Values for

soil measurements (0.40� and 1.23�) were noticeably lower. This mostly emerged

from the data processing step of calculating transpiration isotopic composition from

chamber in- and out�ows that almost doubled the sd for both isotopologues.

64



5. Discussion

Certainly, it should be evaluated in the future, if the applied error propagation ap-

proach yields a realistic approximation of the measurement precision. Irrespective of

this fact, calculated standard deviations are comparable with measurement precisions

of other methods determining water stable isotopes in soil and plant material. For

water contained in silty and clayey soils, extracted by means of cryogenic vacuum

extraction, Koeniger et al. (2011) found standard deviations of up to 0.21� and

1.1� for δ18O and δ2H, respectively. For plant samples they report deviations in

the range of 0.45 - 0.63� in δ18O and 1.5 - 4.7� in δ2H. Averaged over the two

soil types and variable water contents tested, Orlowski et al. (2016a) reported values

of 0.77� and 3.19� for the direct vapor equilibraion method in δ18O and δ2H,

respectively. For their in-situ method in soil pro�les, Volkmann and Weiler (2014)

report slightly higher sds of 0.22� and 1.6� for repeated in-soil measurements.

For their in-situ measurement of transpiration in a chamber system, Volkmann et al.

(2016a) state a general measurement precision of 2.5� for δ2H. In their experiment

measuring isotopic composition in tree xylem in-situ, Volkmann et al. (2016b) calcu-

lated mean precisions of 0.33� and 2.8� for δ18O and δ2H respectively over the

daily experimental periods of seven hours.

5.1.4 Methodological advantages and limitations

In contrast to traditional techniques that require water extraction prior to analysis,

the tested method enables non-destructive in-situ measurements in both soil and

transpiration. However, an investigation is only possible on the single-plant scale

with the laboratory setup. The work input necessary for the initial installation is

considerable and even though measurements are automated, continuous supervision

and maintenance was necessary, in order to obtain reliable results. In comparison to

cryogenic vacuum extraction that is accompanied by high capital and running costs

(Orlowski et al., 2018), running expenses are manageable once the system is installed.

The high temporal resolution of processed data, together with the additional recorded

parameters, facilitated the screening for invalid measurements and therefore increased

con�dence in the results. The combined assessment of variability in measurements

between days and the course of measured raw values, i.e. stability of plateaus in

wvmr and isotopic compositions, also proved to be helpful in this respect.

While the extent of the soil column constrains water movement in the soil column,

which potentially hampers the transferability of obtained results to RWU under nat-

ural conditions, it also o�ers a unique possibility for testing RWU models under

restricted and well-known boundary conditions. Additionally, horizontal heterogen-
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ities are less pronounced than in natural systems and are accounted for, due to the

length of the tubing across which sampling takes place. The method proved to yield

plausible results even in natural soils with very low moisture contents, which can be

a limiting factor in some methods using water extraction (see e.g. Orlowski et al.

(2018, 2016a)). This was also concluded by Rothfuss et al. (2015) for standardized

sand.

Laser-absorption instruments were shown to be sensitive towards organic contami-

nations of sampled water (West et al., 2010). Most likely, organic contaminations

did not impact measurements in the presented experiment due to the sampling of

transpired water as vapor and the soil material used. However, this potential error

source has to be considered and, where necessary, be corrected in future applications.

Post-processing software to correct for the impact of known concentrations in various

organic compounds are already available (Schmidt et al., 2012). It should be further

investigated, whether obtained correction functions are equally applicable to direct

vapor sampling.

5.2 Water pools sampled

Together with the recovery of event water in the lowest and uppermost soil depth after

event b) and c), the agreement between values of saturation water and measured in-

situ, increases con�dence in the method and also indicates that within measurement

precision water pools in the soil column are well mixed. In contrast to Gaj et al.

(2017); Orlowski et al. (2016a, 2016b) and Orlowski et al. (2013), who observed

isotopic di�erences from spike water in samples with high clay and silt content, when

using cryogenic vacuum extraction, a fractionation e�ect arising from soil texture was

not observed in the presented experiment.

Partly for soil measurements the problem of isotopically di�erent water pools due to

soil properties and its e�ect on the sampled isotopic composition was circumvented

by using a standard, which contained the same soil type at a similar bulk density.

As for silty and clayey soils the fractionation in vapor equilibration techniques was

shown to also depend on water content (Orlowski et al., 2018, 2016a; Meiÿner et al.,

2014) and standards stayed close to saturation the whole time, a fractionation e�ect

in processed data could still have been observable. This would support the proposed

hypothesis that two distinct water pools supplying plant transpiration on one hand

and stream and groundwater recharge on the other hand arise from istopically distinct

soil water pools with di�erent mobilities (McDonnell, 2014). At least for soil moisture

contents between saturation and 28% a fractionation e�ect was not observed and
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initial saturation water was recovered in the bottom 40 cm until saturation with

isotopically distinct water on DoE7. Comparably, no isotopic di�erence in soil water

due to a separation in mobile and immobile water was found by Sprenger et al. (2016)

and McCutcheon et al. (2017). Sprenger et al. (2016) argue that a di�erent isotopic

signal in recharge arises from subsequent mixing of waters with soil depth. Therefore,

the e�ect of evaporatively enriched water in the top soil diminishes with soil depth

and isotopic di�erences do not originate from the fact that plants use an isotopically

di�erent, more tightly bound soil water source. A subsequent mixing of the isotopic

signal of event water with longer travelling distance along the soil column was also

observed in the presented experiment, supporting this theory.

Regardless of the uncertainty in the water pools investigated by the method and frac-

tionation e�ects between these pools, the accordance between soil and transpiration

isotopic compositions suggests that the applied soil method integrated water pools

also available for root water uptake. This accordance was not only met in a well

watered soil but also for low soil moisture contents, when most of the remaining wa-

ter was presumably not available to the plant anymore, due to very negative matric

potentials.

5.3 Isotopic evolution of soil pro�les and water movement in-

side the column

Bare soil evaporation over 2.5months continuously increased the magnitude of the

exponentially shaped isotopic soil pro�le. The observed shape is typical and well-

documented in the literature (see e.g. Barnes and Allison (1988); Rothfuss et al.

(2015); Gangi et al. (2015)). In contrast to those studies, that found depleted com-

positions in the topsoil, most enriched water was found in the uppermost soil depth

during the entire section 1. This can be attributed to the soil texture that was only

partly composed of sand but dominated by the particle size silt. For a groundwater

depth of 1m below the soil surface Raes and Deproost (2003) report a capillary rise

of 3 and 3.6mmday−1 for the soil type loam compared to 0.8 and 1.8mmday−1 for

sand for bare soil and cropped soil, respectively. Therefore, compared to Rothfuss

et al. (2015), the soil had a stronger ability for capillary rise and higher soil mois-

ture contents were maintained until the end of section 1 (30% in 1 cm depth). The

subsequent delivery of water from lower soil compartments is also illustrated by the

similar decline of soil moisture in all depths 11.5months after complete saturation of

the column. This is additionally supported by the fact that after 72 days, compared

to Rothfuss et al. (2015) in the same time step, the heaviest isotopic compositions
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measured were lower by approximately 12� and 23� for δ18O and δ2H, respec-

tively. Also evaporative enrichment at that point mostly a�ected the top 7 cm, while

Rothfuss et al. (2015) observed a clear enrichment in 10 cm depth.

The before-mentioned decrease of δ18O and δ2H at the column top was however

observed with lower Θ in section 2. It is the result of the movement of the evaporation

front further into the soil and a following di�usion of depleted water vapor towards

the surface (Barnes & Allison, 1988) and the simultaneous invasion of ambient water

vapor (Rothfuss et al., 2015). Similar to Rothfuss et al. (2015), but in opposite

order of investigated isotopes, water was not any more most enriched in 1 cm depth

for δ18O on DoE6 (Θ1 cm = 24.8 %) and with a time lag of 12 days on DoE18 for

δ2H (Θ1 cm = 17.0 %). In comparison to the above-mentioned experiment with sand,

where this happened at Θ = 0.09, the soil moisture content was still substantially

higher.

Reported slopes for soil water were continuously lower than the slope of the GMWL

both for all soil depths but also for regression lines calculated for grouped soil depths,

indicating that evaporative enrichment had an impact on all of them. The slope for

the bottom 50 cm, below the evaporation front, was also lower than 8 during section 1,

even though no systematic increase in heavy isotopes was observed. This suggests

an in�uence of the enrichment in the top centimeters by means of (back)di�usion.

As expected, the slope is higher than for soil compartments above and due to a less

pronounced movement along the evaporation line also not satisfactorily described by

the linear regression. The value of 4.62 calculated for bare soil evaporation over all

depths is well in the range reported in the literature (Gibson et al., 2008; Braud et

al., 2005) and somewhat higher than the slope of 3.1 determined by Rothfuss et al.

(2015) for the �rst 100 days of their experiment.

Irrigation with enriched water from the top further decreased the evaporation line

slope that remained rather constant during section 2, despite the addition of other

water sources in section b) and c). Regardless, event water had a pronounced isotopic

in�uence on the soil pro�le. Especially the addition of depleted water from the

bottom resulted in a clear shift towards lighter isotopic compositions in all soil depths.

Backdi�usion and a consequential isotopic convergence was hereby clearly observed

for 60 cm depth. In contrast reirrigation from the top only in�uenced the top 20 cm,

even though induced water potential di�erences along the soil pro�le had a similar

range for both events. One explanation comes from the overall higher water content

and therefore larger share of less tightly bound water in section b). The only depth

and time during section 2 when matric potential is above �eld capacity (-60 hPa) is

found in 60 cm depth from the start (20.02.2018 15:00) until two days after saturation
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from the bottom (25.02.2018 22:00).

There are two basic processes to explain water movement in soils in immediate reac-

tion to event water that lead to di�erent isotopic pro�les: Either new water replaces

existing soil water pushing it downwards or upwards (translatory �ow) or event wa-

ter movement happens preferentially along macropores, e.g. formed by decayed plant

roots, therefore bypassing old soil water (Gazis & Feng, 2004). Partitioning soil wa-

ter into pre-event and event water revealed that saturation from the bottom replaced

all existing water in 60 cm depth by the second day of event b). Meanwhile Θ in

40 cm depth and to a smaller extent in 20 cm depth increased, while no isotopic

trace of event water was found. This indicates that preexisting water is displaced by

added water without considerable mixing. The sharp isotopic front that is associated

with this process (Gazis & Feng, 2004) could not be observed due to the limited

spatial resolution of isotopic measurements at the column bottom. This reinforces

the before-mentioned uncertainty in the shape of the isotopic pro�le after event b)

with a more or less pronounced step change being likely, at least for the days during

and right after saturation from the bottom. However, capillary rise as a result of

water potential di�erences and di�usion in consequence of concentration gradients

smoothens the pro�le progressively afterwards.

Event c) partly re�lled soil water resulting in a mixture of event and pre-event water

on the �rst day of irrigation. In the same time, the increase in Θ in 5 cm depth

is only partly explained by event water in�uence, indicating that also in this event

old water is pushed down the soil pro�le. On DoE36 the importance of this process

becomes even more clear, with soil water at the column top being completely com-

prised of event water and a further increase in Θ in soil depths below, without an

equivalent simultaneous increase in the event fraction shares. In contrast to event

b), the greater increase in event fraction share in 20 cm soil depth on the second to

fourth day of irrigation (DoE36 - 38), as compared to 5, 7 and 10 cm depth, points

towards a preferential �ow component during water in�ltration. This seems plau-

sible with the planting of Centaurea jacea about 2months before in mind, because

the predrilled hole of 17 cm depth likely resulted in a more permeable soil volume

that in addition featured soil compaction along its walls and especially at its bottom.

Certainly following root growth weakened these di�erences in soil densities but still

explains the in�ltration pattern of event c).

Overall, the addition of depleted water in event b) ful�lled the initial goal of iso-

topically distinguishable soil depths, providing an important prerequisite for a more

accurate and better resolved RWU modeling. Due to the isotopic depletion of soil

water in 1 cm depth, as a result of interference with ambient air at low soil moisture
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contents, the pro�le was not completely monotonic for a substantial period during

section 2. Because of the high spatial resolution in the uppermost column centimeters

this should have a rather small e�ect on the RWU estimation though. On the con-

trary, this process moved isotopic compositions in 1 and 3 cm away from the linear soil

evaporation line, which is favorable for the modeling approach because information

for both invested isotopologues is less redundant.

5.4 Transpiration

The setup allowed for observing signi�cant changes in transpiration isotopic com-

position over a period of six weeks. Previous studies, which draw upon laser spec-

troscopy for combined measurements in transpiration and soil isotopic composition

and derived at least transpiration composition in-situ (Piayda et al., 2017; Volkmann

et al., 2016a), followed plant water uptake in response to heavily labelled irrigation

pulses. In contrast, the presented experiment was conducted in a range that is close

to plausible natural isotopic abundances. Therefore the method could potentially

also be applied in laboratory and �eld experiments that aim at investigating natural

conditions without the addition of labelled event water.

The change in transpiration isotopic composition arises from di�erent simultaneous

processes: A change of the composite isotopic signature of the complete soil water

pool, growth and development of the plant root system (slow process) and variations

in the root components that actively take part in momentary water uptake. The

latter is in�uenced by both water potential di�erences between plant roots and their

surrounding soil areas and (active) alterations in root hydraulic conductivity, e.g. by

means of aquaporin activity.

For the gradual decrease in the share of heavy isotopes in transpiration from DoE4 to

DoE23, the predominance of underlying causes is not resolvable. In this time period

the isotopic composition in the soil column water pool decreased due to the event

in section b), likely also depleting the water pool accessible to the plant. Because

transpiration isotopic values started to decline immediately after irrigation was dis-

continued, while soil pro�les did not undergo pronounced shifts, this does not serve

as the only explanatory reason though. With reirrigation from the top, isotopically

di�erent water was added to the soil water pool another time, again altering tran-

spiration in the same direction. Because of the magnitude and short time frame

of the step change, in comparison to a steady increase in soil isotopic composition

over the following days with irrigation, also with this event an exclusive change in

source water can not explain the isotopic time course in transpiration. Because of the
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short time frame, adjusted root system growth also plays a subordinate part. Impli-

cations from the change in transpiration isotopic composition and as just described

also RWU depth on root development, root activity and water potential di�erences

will be discussed in detail in chapter 5.5.

A closer look at the time course of the transpiration rate provides insight into am-

bient conditions limiting daytime RWU. Plant aboveground biomass still increased

noticeably especially in the beginning of section 2, which typically also results in

higher belowground biomass (Niklas, 2004) and therefore better access to soil water

resources. However the transpiration rate only slightly increased in the time frame

from DoE1 to DoE17. Together with the daily step increase in rh, which stayed

on a constant level until lights were switched o�, this indicates that transpiration

is limited by the high rh and accordingly low vpd as a result of plant transpiration

and the amount of in�ow, which a�ected the time needed to exchange the complete

chamber air volume.

The gradual decrease in transpiration rate with an increase in vpd from DoE23, until

water is added in event c), points towards water availability as the limiting factor for

plant transpiration. This is supported by the fact that the transpiration rate further

decreased, despite the second increase of the amount of chamber air in�ow. The last

and most pronounced increase in air in�ux clearly lowered maximum daily rh and

consequently increased vpd. Subsequently, the transpiration rate was more impacted

by available soil water and root water uptake rates, than vpd in the plant chamber.

The systematic enrichment of the �rst measurement each day, compared to the sec-

ond and third measurement, could not explicitely be related to a diurnal variation

in RWU, as observed for instance by Doussan et al. (2006). By means of light trans-

mission imaging, the authors followed changes in soil moisture content in a rhizotron

planted with Lupinus angustifolius and compared it to modeled values. Figure 5.1

shows their observed (top) and modeled values (bottom) for a tap-root system during

the �rst hours of the experiment. Even though the images do not show root activity

directly, they illustrate with the depletion in soil moisture content that water uptake

was �rst concentrated near the plant base and within hours spread to more distant

parts of the root system.
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Figure 5.1: Images of short-term changes in observed and modelled soil moisture contents in a
rhizotron containing Lupinus angustifolius with a taproot system (�gure adopted from Doussan et
al. (2006)).

Even though increased uptake from upper soil compartments due to higher soil mois-

ture content and/or lower transpiration rates would also be a possible explanation in

the presented experiment, enriched values can also be explained by a violation of the

steady-state assumption. At �rst this seems contradictory to recent studies, which

observed a depletion of transpiration isotopic composition as compared to steady-

state values during the day (Dubbert et al., 2014, 2013; Lai et al., 2006). In these

studies the underlying cause for the depletion was a decrease in rh during the day.

In contrast to a typical diurnal cycle under �eld conditions, in the presented exper-

iment, as a result of increased transpiration, rh was higher during the light period.

However, 2.5 h after lights are switched on, ambient conditions in the plant chamber

had usually reached a stable level.

Dubbert et al. (2017) investigated transpiration isotopic adjustment in reaction to a
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decrease in rh from 60% to 30%, followed by an increase back to the initial value.

While the decrease in rh resulted in a depletion of transpiration isotopic composition

compared to source water, an increase in rh led to an immediate increase in the ratio

of heavy oxygen isotopes and a subsequent return to source water isotopic composi-

tions afterwards. Additionally, they observed pronounced di�erences between species.

This observation is supported by the comparison of the diurnal course of rh and vpd

in the plant chamber (compare �gure A.4 in the appendix). For DoE33 that featured

a less pronounced and more gradual step change, compared to DoE9, transpiration

isotopic composition was rather stable. This also suggests that transpiration isotopic

composition takes longer to return to steady-state values with a more pronounced

change in ambient conditions. Nevertheless, the highest deviation in δ18O was less

than half compared to the increase observed by Dubbert et al. (2017) immediately

after the rh step change. This can be explained with the less abrupt change in ambi-

ent conditions and the incorporated waiting time for plant adjustment. Additionally,

in the dual isotope plot all valid transpiration measurements plot on the space en-

closed by soil measurements, suggesting that transpiration was close to steady-state

considering measurement precision.

5.5 Ecohydrological interpretation of observed di�erences in

root water uptake

The observed daily shifts in soil isotope pro�les demonstrated the importance of si-

multaneous high time resolution measurements in both soil pro�les and transpiration

for a reliable estimation of RWU within natural abundance levels. The ability to

trace changes of both setup compartments o�ers an opportunity for a better separa-

tion of the potential in�uences on the time series of isotope ratios in transpiration.

Both gradual and sudden changes in RWU could be observed with the new method.

Ecohydrological explanations for and conclusions derived from observed changes of

RWU pro�les will be discussed hereafter.

With a consistently well-watered soil pro�le in the beginning of the experiment, the

RWU pro�le showed an exponential shape. As water availability was not limiting,

RWU likely re�ected the root density pro�le (Draye et al., 2010). The uptake pro�le

was therefore in line with the common perception of an exponential pro�le of root

length densities in vertically homogeneous soils (Gregory, 2006).

It has been shown that plants often optimize their root growth to prevailing environ-

mental conditions in order to maximize the utilization of available resources in space

and time (Rothfuss & Javaux, 2017; Topp, 2016). This directional growth of the
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root system, also known as root plasticity, could have been induced by the increasing

di�erence of water availability along the soil column during section b) and provides

a plausible explanation for the RWU pro�le gradually moving towards uptake from

deeper soil compartments. It is also possible that root development had not reached a

steady-state yet, when measurements were conducted and that a deeper penetration

of the root system is not triggered by heterogeneously distributed water resources.

The shift in transpiration isotopic composition and the resulting predicted RWU

from deeper soil compartments, where less tightly bound water was available, while

a constant transpiration rate was maintained, strongly suggests the concept of com-

pensated RWU. �im·nek and Hopmans (2009) refer to multiple studies in the last

40 years that observed compensation of water stress in one part of the root zone

by relocating the root water uptake to regions where water is less tightly bound.

Therefore, the authors incorporated this compensation mechanism into their mod-

eling approach by including a root-adaptability factor. In the presented experiment

the transpiration demand could no longer be preserved by compensation, only when

plant available water became scarce in larger soil compartments.

The simulated contribution of the column bottom to water uptake diminished again

with a decrease in the transpiration rate. With regards to the very low water poten-

tials both at the column top and bottom, this observation can be explained with the

prevailing water potential pro�le. A pronounced decrease in the transpiration rate

was only observed one day after water potential at the column bottom also fell below

-1.5MPa. In 1 cm depth the pwp had already been exceeded for 11 days. Before,

given the prevailing ambient conditions, the plants water demand could still be met.

It has been shown that the pwp is a dynamic value, depending on soil properties

and plant species. Especially drought adapted species are able to also withdraw wa-

ter from soil compartments with water potentials lower than -1.5MPa. The highly

drought tolerant desert species Larrea divaricata for instance can absorb water at

soil water potentials up to -6.0MPa (Kirkham, 2014). Werner et al. (2002) measured

seasonal variations of plant water potentials in ten dominant species in a mediter-

ranean macchia ecosystem. For eight of those species, the most negative monthly

means observed were around -7 to -8MPa in September 1997. Minimal values of

single measurements in this study were even as low as -12MPa (M.Dubbert, per-

sonal communication, Mai 8, 2018). In a �eld study, conducted in Freiburg in 2017,

a minimum plant water potential of -3.5MPa was measured in July for the investi-

gated plant species (M.Dubbert, personal communication, March 19, 2018). While

it is obvious that the subsequent drying of soil reduced the transpiration rate, the

plants minimum water requirements could thus be maintained to bridge dry periods.
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The induced water stress, in addition, did not permanently damage the plant, e.g.

through marked embolism of xylem vessels, as reirrigation immediately restored high

transpiration rates.

Further uncertainty in determining the threshold value in matric potential for water,

that is still available to the plant, arises from soil heterogenity especially due to

di�erent water storage properties of the rhizosphere as compared to the bulk soil. The

mucilage exuded by root caps as well as air-�lled gaps between roots and the soil are

often used to explain observed heterogenities (Carminati & Vetterlein, 2012). Using

neutron radiography, Carminati et al. (2010) observed water content heterogenities

between bulk soil and the rhizosphere of a lupine. With subsequent drying, the

rhizosphere stayed wetter compared to the bulk soil. After rewetting however, the

rhizosphere showed signs of hydrophobicity. A time lag of 1 to 2 days was reported

until the rhizosphere became wet again. Depending on the drying/wetting history of

the soil, the rhizosphere can therefore either promote or constrict RWU. Carminati

and Vetterlein (2012) termed this e�ect rhizosphere plasticity and argued to see it as

a plant trait, to extenuate steep gradients in matric potentials. The authors suppose

that this could be a plant strategy to facilitate RWU in parts of the root system and

on the other hand disconnect roots from the soil, for example to avoid water �ow

from roots back to the dry soil. Additionally, the degree of rhizosphere variability

was shown to be associated with root age and tends to facilitate water uptake in

young root segments (Carminati, 2013).

In the presented experiment rhizosphere plasticity could provide an explanation for

prolonged uptake in water limited soil compartments and also for the time lag in

reaching the maximum transpiration rate. It could also have allowed for the relatively

high RWU contribution predicted for the column bottom right before reirrigation,

even though matric potential was as low as -12.6MPa in 60 cm depth and also below

the pwp at a value of -2.1MPa in 40 cm depth.

Reirrigation from the top caused a fast increase in the share of heavy isotopes in

transpiration compared to the rather slow shift before, which can not be associated

with root system development. From the four days, when water was added in event

c), the most pronounced shift, with almost all water uptake being predicted for the

top 5 cm, took place on the �rst day, when irrigation water did not yet reach its

maximum in�ltration into the soil. After the irrigation event, modeled RWU from 1

and 3 cm depth was exceptionally high, even though soil water was plant available

at least in the top 20 cm. Together with the fast change in transpiration rate and

RWU, this could potentially illustrate a plant strategy to e�ciently use as much of,

for example short and intense summer rains, as possible, before it in�ltrates below
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the rooting depth and also generate a competitive advantage towards other species.

The calculated negligible contribution of the bottom soil compartments after event

c) is in line with the low decrease of Θ in these soil depths.

The statistical model proved to be a valuable tool to account for changes of the iso-

topic composition in both soil and transpiration data and visualize trends in RWU

pro�les that allowed for an ecohydrological explanation. However, it should be noted

once more that the applied RWUmodel calculated uptake fractions for distinct depths

in a wide range of possible combinations and without incorporating any ecohydro-

logical knowledge. Even though the lineary δ2H - δ18O - bond was somewhat broken

during the experiment, the change in isotopic composition with soil depth is still

predominantely linear and well described by the �tted linear regression. For the

statistical modeling approach this is suboptimal, in particular, when transpiration

isotopic composition is located in the middle of all soil measurements. In this case

multiple combinations of water taken up from di�erent depths result in the observed

transpiration composition. Because of the models pure statistic nature, counterin-

tuitive combinations, i.e. where transpiration is a mixture of the uppermost and

the lowest soil compartment, are treated as equally valid solutions for the mixing

equation, marking some limits of this modeling approach.
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6 Outlook

The data set collected during this experiment is unique in its duration and tempo-

ral resolution in both soil and transpiration isotopic composition, as well as in the

available information on ambient conditions, like soil moisture content, soil and am-

bient temperature. A destructive sampling of the root length density in the depth of

isotopic measurements will be carried out shortly. This provides missing information

for a usage of the data set in complex, mechanistic RWU models that now more

commonly also implement the modeling of isotopes. Multiple state-of-the-art models

could on the one hand help with the interpretation of observed dynamics and on the

other hand also bene�t from the recorded data set. Models range from rather simple

structures to modeling approaches incorporating 3D root systems, root development

and the in�uence of highly resolved soil properties in space and time.

A minimalistic, implicit model that still implements information on root hydraulic

architecture and heterogenities in soil water status, while featuring high computing

speed, was developed by Couvreur et al. (2012). Especially, because the modeling

approach allows for the decoupling of water stress and compensatory RWU, it could

add valuable information on ecohydrological functioning and validate assumptions

already proposed in the presented study. Additionally, the model incorporates soil

water potential as sensed by the plant in soils with heterogeneous water availability.

R-SWMS (Root-Soil Water Movement and Solute Transport) was developed by Javaux

et al. (2008) and is a detailed three-dimensionel model on the single-plant scale, based

on water potential di�erences at the soil-root interface. Heterogenity in vertical and

horizontal soil moisture content can be accounted for in the model as well as di�ering

root hydraulic characteristics. Therefore, an explicit discrimination between distinct

root types would be possible. The usage of the presented data set in the model could

hence provide information on the development of the root system architecture, e.g.

root type and age. In addition, results from modeling and MRI measurements, which

are also possible with the setup, can be compared to evaluate di�erent methodological

approaches.

Other feasible approaches come from soil-vegetation-atmosphere transfer (SVAT)

models. Sutanto et al. (2012) for instance used water stable isotopes and hydromet-

ric measurements to partition evapotranspiration with a mass-balance approach and

HYDRUS-1D, respectively. SiSPAT-Isotope (Simple Soil Plant Atmosphere Trans-

fer) couples the transfer of heat, water and stable isotopes within soils in a physical

1D model (Braud et al., 2005). In combination with information derived from other

models on e.g. root hydraulic properties, simulations from SVAT can be utilized to
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confront data on isotopic composition in soil pro�les and transpiration acquired in

the parallel �eld experiment.

To gain a better understanding of fractionation processes in soil water, the experi-

ment should be conducted with various soil textures. An investigation of RWU with

di�erent herbaceous species and grasses could furthermore provide information on

water uptake dynamics in contrasting ecosystems. This information is much needed

for a more reliable estimation of transpiration �uxes on a local and global scale.

Within the context of a more variable climate and an increase in extreme events in

the future, it would be particularly interesting to examine di�erent adaptions and

plant physiological traits herein with a special focus on plant strategies and their

ability to cope with e.g. water shortage.

The dimension of the soil columns was chosen in a manner that allows for MRI mea-

surements, which would provide a momentary 3D image of the plants root system.

This additional information should further facilitate an evaluation of the complex

mechanisms driving RWU in space and time and enhance our understanding of eco-

hydrological processes on the single-plant scale.

With the setup it is also conceivable to observe water uptake dynamics in reaction

to other resources, e.g. nutrients, and inhibitors that are often distributed heteroge-

neously across soil pro�les. This could be especially interesting for nutrients whose

availability is linked to water, like nitrate, that is taken up with liquid soil water.

A parallel �eld study at the University of Freiburg currently conducts experiments

applying the same method in a grassland ecosystem, also monitoring the plant species

Centaurea jacea. It will be interesting to compare observed processes to plant be-

haviour under natural conditions and also in competition with other species. An

evaluation of the transferability of obtained results to �eld conditions should provide

additional information on limitations and opportunities that are associated with the

new in-situ methods.
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7 Conclusion

Root water uptake is a complex process and its mechanistic functioning is currently

not thoroughly understood. Especially with likely changes in water availability due

to climate change and the importance of the transpiration �ux in the water cycle in

mind, a more realistic and mechanistic representation of RWU dynamics is urgently

needed to increase the predictive power of SVAT models.

The presented study successfully tested a new method, which enables the simultane-

ous determination of transpiration and soil water isotopic composition, to enhance

the possibilities of monitoring RWU under controlled conditions in the laboratory.

The tested method allows for an on-line measurement of isotopic composition in

plant transpiration and soil water, omitting the laborious and destructive sampling

of water that established methods are accompanied with. The direct measurements

can be conducted fast, on living plant material and result in time series with a high

temporal resolution. On the single-plant scale in particular this would not be possible

with destructive methods.

Measured soil water isotopic pro�les were reproducible and in line with previous re-

search. Observed shifts were plausible and could be explained by existing knowledge

on soil water and isotope movement. Even though isotopic separation due to soil

properties was not observed in this study, it should be kept in mind for future ap-

plications, when using di�erent soil textures. When exposed to pronounced diurnal

changes in temperature, condensation inside the setups tubing was identi�ed as a

relevant methodological di�culty. To reduce the time needed for setup maintenance,

this issue should be explicitely addressed in the further development of the method,

in particular when applying it in �eld experiments.

It was demonstrated that the determined transpiration isotopic composition origi-

nated from measured soil water values, even though the calculation of isotopic com-

positions in both systems involved multiple data processing steps, assumptions and

uncertainties. This set the pivotal prerequisite for a subsequent usage in the applied

statistical mixing model and also for the application in other RWU models in future

research. To increase the explanatory power of statistical multi-source mixing mod-

els and to reduce the large range of feasible water uptake fractions in individual soil

depths, e�orts should be directed at further deranging the linear δ2H − δ18O bond,

thus diversifying information of separate isotopologues for the model input.
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Despite the high uncertainties in calculated RWU fractions, trends in uptake pro-

�les could logically be interpreted with existing knowledge on RWU dynamics and

plasticity. From the presented ecohydrological concepts however only compensated

RWU could be identi�ed anambiguously as an occuring process. In order to sepa-

rate and evaluate the importance of other contributing factors, further information,

i.e. on root distribution across the soil pro�le, should be collected. In this respect,

e�orts should additionally be directed towards a mechanistic modeling of observed

timeseries.
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A Appendix

A.1 List of Symbols

1H, 2H stable isotopes of hydrogen
16O, 17O, 18O stable isotopes of oxygen

α fractionation factor

αeq equilibrium fractionation factor

a, b, c coe�cients for the calculation of equilibrium fractiona-

tion during phase change from liquid to vapor form

δ isotope ratio in deviation from a standard [�]

δwater, δvapor isotopic composition of liquid water and sampled water

vapor [�]

δ2H hydrogen stable isotope composition [�]

δ18O oxygen stable isotope composition [�]

δin, δout isotopic composition in plant chamber in- and out�ow

[�]

δE calculated isotopic composition in plant transpiration

[�]

δ18Oeve, δ18Opre, δ18Oact oxygen isotopic composition of event water, in soil water

the day before the event and at a certain time after the

event [�]

εeq enrichment factor for equilibrium fractionation [�]

εkin enrichment factor for kinetic fractionation [�]

feve recovered fractions of event water in di�erent soil

depths

R ratio of heavy to light isotope

Rsample, Rstandard ratio of heavy to light isotope in sample and standard

A column cross-section area [0.0095m2]

E transpiration rate, standardized to column cross-section

area [mmol sec−1m−2]

es saturation vapor pressure [kPa]

Ks saturated hydraulic conductivity [cmday−1]

mdry, mwater weight of dry soil and water added to the column

mfv most frequent value of 1% increments of modelled water

uptake fractions for each soil depth
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n shape parameter of water retention curve, measure for

pore-size distribution [-]

pF common logarithm of the absolute value of matric po-

tential in soil water [-log hPa]

R2 coe�cient of determination for linear regressions

rh relative humidity [%]

sd standard deviation

Stheavy, Stlight standards with heavy and light isotopic composition

used in data processing

T temperature [◦C]

TK temperature [K]

u air �ux provided to the plant chamber [mol sec−1]

vpd vapor pressure de�cit [kPa]

win, wout mole fraction [molewatermole−1air]

wvmr water vapor mixing ratio [ppmV]

αvG shape parameter of water retention curve, related to the

inverse of the air entry suction [1 cm−1]

ρsoil soil bulk density [1.11 g cm−3]

ρwater density of water [1 g cm−3]

θ volumetric soil moisture content [cm3 cm−3]

θr, θs residual and saturated volumetric soil moisture content

(0.017 and 0.52 respectively)[cm3 cm−3]
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A.2 List of Abbreviations

CO2 Carbon Dioxide

CRDS Cavity Ring Down Spectroscopy

DFG Deutsche Forschungsgemeinschaft

DoE Day of Experiment

GMWL Global Meteoric Water Line

LMWL Local Meteoric Water Line

MFC Mass Flow Controler

MRI Magnetic Resonance Imaging

PTFE Polytetra�uorethylen

pwp Permanent wilting point, de�ned at a water potential

of -1.5MPa

R-SWMS Root-Soil Water Movement and Solute Transport,

model developed by Javaux et al. (2008)

RWU Root Water Uptake

SIAR Stable Isotope Analysis in R, statistical mixing model

developed by Parnell et al. (2010)

SiSPAT-Isotope Simple Soil Plant Atmosphere Transfer, model devel-

oped by Braud et al. (2005)

SVAT model describing soil-vegetation-atmosphere transfer

VSMOW Vienna Standard Mean Ocean Water

WRB World Reference Base for Soil Resources
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A.3 Calibration of soil moisture sensors

Figure A.1: Linear regressions between input voltage fraction and volumetric soil moisture content
for the calibration of all six soil moisture sensors installed in column I.
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A.4 CRDS - dependency between wvmr and isotopic compo-

sition

Figure A.2: Instrument speci�c dependency between isotope ratios and water vapor mixing ratio
of the sample gas. Linear regressions used for correcting measurements of δ2H are also plotted with
their equation and R2.
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A.5 Data processing - formulas and error propagation

Step 1: wvmr correction

δvap corr = δraw +m (15000 − wvmrraw) (A.1)

σ2
vap corr =

(
∂ δvap corr
∂ δraw

)2

σ2
δ raw +

(
∂ δvap corr
∂ wvmrraw

)2

σ2
wvmr raw

∂ δvap corr
∂ δraw

= 1

∂ δvap corr
∂ wvmrraw

= −m

Step 2: equilibrium fractionation - vapor to liquid

δwater = αeq (1000 + δvap) − 1000 (A.2)
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K

+b 103
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+c
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(
−2 106 a

T 3
K

− 103 b
T 2
K

)
(1000 + δvap)

1000

Step 3: standardization

δcal = δsoll light +
δsoll heavy − δsoll light
δist heavy − δist light

(δliq − δist light) (A.3)
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(
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1
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=
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Step 4: isotopic composition of transpiration

δE =
wout δout − win δin

wout − win
− winwout (δout − δin)

wout − win
(A.4)
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=
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− winwout
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A.6 Ambient air and soil temperature during section 2

Figure A.3: Ambient air and soil temperature for column I in section 2.
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A.7 Wvmr inside the plant chamber - comparison of measured

and calculated values

Figure A.4: Measured wvmr of chamber air out�ow in comparison to values calculated with T
and rh inside the plant chamber.
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A.8 Water balance - section 2

To restrict evaporative water losses, the soil column was covered during section 2.

Therefore the daily decrease in soil moisture content integrated over the column can

be can be used to verify daily sums of transpired water. Results on days, when no

water was added to the column, are shown in �gure A.5. In general, the calculated

transpiration rate underestimates water loss calculated with soil moisture sensors.

On average daily water loss was 34ml ±7.3 and 44ml ±9.8 in transpiration and soil

moisture values for all days displayed. Uncertainties are associated with both data

sets. Transpiration rate could be underestimated, e.g. due to incomplete mixing of

chamber air and integration over the day. In the soil moisture water balance, errors

could e.g. arise from measurement uncertainty, especially because daily variations

in moisture contents are small, and horizontal as well as vertical heterogenity of soil

moisture content in the column.

Figure A.5: Comparison of daily sums of transpired water to water loss calculated with the
variations in soil moisture content. Time spans when water was added to the column were excluded.
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A.9 Diurnal variations in plant chamber conditions

Figure A.6: Diurnal cycle of ambient conditions (rh und vpd) inside the plant chamber for DoE9
and 33. These days were selected, because they exhibited the highest and lowest deviation in
isotopic composition of transpiration. The solid line shows the time when LED lights were switched
on. Dashed lines indicate the centres of time spans over which chamber out�ow measurements were
averaged.
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A.10 Boxplots of RWU fractions

Figure A.7: Boxplots showing RWU fractions for all valid transpiration measurements in daily
resolution. The statistical mixing model SIAR was used for calculation. The borders of the box and
the band inside represent quartiles and the median of the data set respectively. Whiskers extend to
one and a half times of the box width. Provided as well is the mfv for each depth.
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