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Die Pflanze ist ein Klang, hervorgelockt vom Stäbchen des Tremenvox, das in einer 
von Wellenprozessen gesättigten Sphäre girrt. Sie ist eine Abgesandte des lebendi-
gen Gewitters, das permanent im Weltgebäude tobt – im selben Grad mit dem Stein 
und dem Blitz verwandt! Die Pflanze in der Welt: Ereignis, Vorfall, Pfeil, und nicht 
etwa eine langweilige, bärtige Entwicklung!

Ossip Mandelstam
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Abstract

Understanding the soil-plant-atmosphere continuum as a part of the water cycle 
becomes an essential task under global climate change. Particularly as the climate 
variability and the frequency of extreme climate events, such as drought spells, will 
increase very likely by the end of this century. Recent climate models project a sig-
nificant decrease of precipitation for Central Europe. For the humid northern part of 
Switzerland, precipitation is projected to decrease by about 20% during spring/sum-
mer until the end of this century. This change in water availability during the vegeta-
tion period will have a significant impact on agriculture and ecosystems, as water is 
a key variable in plant life. On the other hand, plants have developed different strat-
egies to cope with water shortage and it is suggested that plants, such as grasses, do 
adapt their water uptake by shifting to deeper soil layers. Grasslands are a very abun-
dant agroecosystem across the globe and represent the basis for ruminant husbandry.  
The productive and agriculturally relevant grasslands of Central Europe depend on 
sufficient water and typically are dominant in regions with high precipitation, such 
as northern Switzerland. 

In respect to climate change, it is therefore important to assess how reduced water 
availability under summer drought will affect the water uptake of grasslands. Stable 
water isotopes are a powerful tool to investigate plant water relations, as they al-
low to trace water without interfering with natural processes. Precipitation and soil  
water represent the water sources of plants, which are driving the isotopic signal  
of plant water. Therefore, it is important to understand potential factors influencing 
the isotopic composition of precipitation and soil water for the interpretation of 
ecohydrological isotope data.

This thesis comprises several experiments to assess water uptake of drought-af-
fected grasslands by means of δ18O and δ2H in plant and soil water. Central part of 
this thesis was a three-year precipitation manipulation experiment at three differ-
ent sites in Switzerland. Summer drought was simulated by means of transparent 
shelters, which were installed between six to twelve weeks per year to reduce the 
rain input by about 30%. 
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Aim of this thesis was:

a) To test the data quality of a simple rain collector (“ball-in-funnel type collec-
tor“ ) for isotope analysis (i) under field conditions and (ii) quantify the al-
teration of δ18O in dependency of time, relative humidity and sample volume 
(Chapter 2).

b) To investigate how simulated summer drought affects (i) water uptake depth 
and (ii) belowground biomass distribution of a lowland and an alpine grass-
land throughout the vegetation period (Chapter 3).

c) To investigate if soils can (i) alter the isotopic composition of extractable 
water and (ii) to reveal the soil properties and (iii) mechanisms responsible 
for this alteration effect (Chapter 4).

We could show that the widely used “ball-in-funnel type rain collector” (BiFC) 
showed no significant evaporative enrichment under field conditions (Chapter 2). 
A climate chamber experiment revealed that sample volume had the strongest ef-
fect on the oxygen isotopic alteration of the rain samples. Small rain events (≤ 
2.5 mm) are more sensitive for the evaporative imprint (up to 1 ‰). However, no 
significant alteration occurred, if samples were recovered from the BiFC within 5 
days. Overall, we could show that the BiFC is an appropriate method to collect rain 
for isotope analysis.  

Water uptake of grasslands was studied within a three-year ecosystem manipula-
tion experiment at three sites where we simulated summer drought (Chapter 3). 
To investigate the water uptake depth of the grasslands, δ18O (δ2H) values from 
cryogenically extracted root crown water and soil water from different depth were 
analyzed by means of two different approaches: (1) linear interpolation method, (2) 
Bayesian calibrated mixing model. Both approaches revealed independently that 
the drought-affected lowland grassland used primarily shallow soil layers (0-10 
cm) for water uptake throughout the vegetation period, while the plants receiv-
ing all precipitation (control) shifted to deeper soil layers (>10 cm). Belowground 
biomass distribution supported the shallow water uptake. We could not find an in-
crease of belowground biomass in deeper soil layers but rather an increase in the 
top layer (0-15 cm). The alpine grassland, by contrast, did not show a direct drought 
response. 

In an experiment under controlled conditions, we could show that soils can alter 
the isotopic composition of extracted water (Chapter 4). Oven dried soils, dif-
fering in their physicochemical properties, were re-wetted with water of known 
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isotopic composition, which was subsequently extracted by cryogenic water dis-
tillation and analyzed for its isotopic composition. Relative to the original water 
added, extracted soil water was significantly altered by around 1‰ in δ18O. In a 
similar experiment, where we separated soils in different grain size fractions, we 
could show that the alteration effect increases with decreasing particle size. Further 
experiments revealed that soils possess an isotopic memory effect and that matrix 
potential and equilibrium exchange play a central role in the isotopic alteration of 
soilwater.
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Zusammenfassung

In Anbetracht des fortschreitenden Klimawandels ist es wichtig, dessen Auswir-
kungen auf das Boden-Pflanzen-Atmosphären Kontinuum als Teil des Wasserkreis-
laufs zu untersuchen. Diese Notwendigkeit gewinnt an Bedeutung, wenn man die 
aktuellen Klimavorhersagen betrachtet. Bis zum Ende dieses Jahrhunderts soll die 
Variabilität des Klimas zunehmen, wie auch die Häufigkeit von extremen Klimae-
reignissen, wie z. B. Dürreperioden. Für den humiden nördlichen Teil der Schweiz 
ist eine Abnahme des Sommerniederschlags bis Ende dieses Jahrhunderts um 20% 
prognostiziert. Da Wasser eine Schlüsselgrösse für das Pflanzenreich darstellt, wird 
diese Veränderung folgenschwere Auswirkungen für Landwirtschaft und Öko-
systeme haben. Auf der anderen Seite haben Pflanzen verschiedenen Strategien 
entwickelt, um mit Wasserknappheit zurecht zu kommen. Es wird zum Beispiel 
angenommen, dass Pflanzen, wie etwa Gräser, unter Trockenheit ihre Wasserauf-
nahme in tiefere Bodenschichten verlagern. Grasländer sind global ein weit ver-
breitetes und bedeutendes Agrarökosystem, das für die Haltung von Wiederkäuern 
die Grundlage darstellt. Die produktiven und somit landwirtschaftlich bedeutenden 
Grasländer Mitteleuropas sind stark auf eine ausgeglichenen Wasserverfügbarkeit 
im Frühjahr/Sommer angewiesen, und nehmen deshalb besonders in niederschlags-
reichen Gegenden, wie z.B. der nördlichen Schweiz, einen Grossteil der landwirt-
schaftlichen Fläche ein. 

Vor dem Hintergrund des fortschreitenden Klimawandels ist es deshalb besonders 
wichtig zu untersuchen, wie sich die prognostizierte Sommertrockenheit auf die 
Wasseraufnahme von Grasländern auswirkt. Für die Untersuchung des Wasser-
haushaltes von Pflanzen sind stabile Wasserisotope ein leistungsstarkes und präzi-
ses Werkzeug, da sie es erlauben, den Weg des Wassers zu verfolgen, ohne natürli-
che Prozesse zu beeinflussen. Niederschlag und Bodenwasser sind typischerweise 
die beiden wichtigsten Wasserquellen für Pflanzen, weshalb sie entscheidend das 
Isotopensignal der Pflanze beeinflussen. Für die Auswertung und Interpretation von 
ökohydrologischen Isotopendaten ist es deshalb wichtig, Faktoren zu kennen und 
zu verstehen, die das Isotopensignal des Niederschlags und des Bodenwassers be-
einflussen. 

Diese Doktorarbeit beinhaltet mehrere Experimente mit stabilen Wasserisotopen 
(δ18O/ δ2H), um die Wasseraufnahme von Grasländern unter Trockenstress zu un-
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tersuchen. Zentraler Teil dieser Arbeit war ein dreijähriges Trockenheitsexperiment 
auf drei verschiedenen Standorten innerhalb der Schweiz. Sommertrockenheit 
wurde mit Hilfe von transparenten Zelten simuliert, welche für sechs bis zwölf 
Wochen installiert waren und somit den Niederschlagseintrag auf den Versuchs-
flächen um ca. 30% reduzierten.

Ziel dieser Arbeit war es:

a) Die Datenqualität und die Zweckmäßigkeit eines gängigen, selbstgebauten 
Regensammlers („ball-in-funnel type collector“ = BiFC) für die Isotopen-
analyse zu testen. Dies geschah (i) sowohl unter Freilandbedingungen als 
auch (ii) in der Klimakammer, wo wir die Änderung des δ18O Wertes in 
Abhängigkeit von Zeit, relativer Luftfeuchtigkeit und Probevolumen quanti-
fizierten (Kapitel 2).

b) Die Auswirkung von Sommertrockenheit auf den saisonalen Verlauf der (i) 
Wasseraufnahmetiefe und (ii) die Verteilung der unterirdischen Biomasse 
von tiefland- und alpinem Grasland zu untersuchen (Kapitel 3).

c) Zu untersuchen, ob trockene Böden (i) die Isotopensignatur von extrahier-
barem Wasser verändern können, und aufzudecken, welche (ii) Bodeneigen-
schaften und (iii) Prozesse dafür verantwortlich sind (Kapitel 4).

Der untersuchte Regensammler (BiFC) zeigte keine signifikante evaporative An-
reicherung unter Feldbedingungen (Kapitel 2). Die Klimakammerexperimente 
zeigten, dass das Probevolumen den stärksten Effekt auf die Veränderung der Iso-
topensignatur von Regenproben hatte. Kleine Probevolumina (≤ 2.5 mm) waren 
empfindlicher für evaporative Anreicherung (bis zu 1‰). Wenn die Regenproben 
innerhalb von 5 Tagen aus dem Regensammler entnommen wurden, traten keine 
signifikante Veränderung der Isotopensignatur auf. Grundsätzlich konnten wir zei-
gen, dass der BiFC eine geeignete Methode ist, um Regenproben für die Isotopen-
analyse zu sammeln.

Um die Wasseraufnahme von Grasländer zu untersuchen, wurde das δ18O Signal 
kryodestillierten Wassers aus Pflanzen (Wurzelkrone) und verschiedenen Boden-
tiefen mit Hilfe zweier Ansätze ausgewertet: (1) mit linearer Interpolierung, (2) 
mit einem bayesscher Mischungsmodell (SIAR; Kapitel 3). Beide Ansätze zeigten 
unabhängig voneinander, dass das trockengestresste Grasland aus dem Mittelland/
Flachland über die ganze Vegetationsdauer hauptsächlich aus den obersten 10 cm 
des Bodens sein Wasser bezog, während die Pflanzen, die den gesamten Nieder-
schlag bekamen (Kontrolle), die Wasseraufnahme in tiefere Bodenschichten (>10 
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cm) verlagerten. Die vertikale Verteilung der unterirdischen Biomasse bekräftigte 
die Ergebnisse von einer oberflächennahen Wasseraufnahme. Wir konnten keine 
Zunahme der unterirdischen Biomasse in den tieferen Schichten feststellen, son-
dern eher eine Zunahme in den oberen Schichten (0-15 cm). Das alpine Grasland 
hingegen zeigte keine unmittelbare Reaktion auf Trockenheit.

Unter kontrollierten Bedingungen zeigten Böden die Fähigkeit, das Isotopen-
signal von Wasser zu verändern (Kapitel 4). Ofentrockene Böden, die sich in 
ihren physiko-chemikalischen Eigenschaften unterschieden, wurden mit Wasser, 
dessen Isotopensignal bekannt war (Referenzwasser), wiederbefeuchtet, welches 
anschließend durch Kryodestillation extrahiert und auf das Isotopensignal unter-
sucht wurde. Im Verhältnis zum Referenzwasser war das δ18O Signal des extrahi-
erten Wassers um bis zu 1‰ abgereichert. In einem ähnlichen Versuch trennten wir 
Böden, die sich ursprünglich in ihrem Effekt auf die Veränderung des Isotopensig-
nals des Wasser unterschieden, in zwei unterschiedliche Korngrössenklassen auf. 
Somit konnten wir zeigen, dass die Änderung des Isotopensignals mit abnehm-
ender Korngrösse zunimmt. Weitere Experimente zeigten, dass Böden über einen 
Art Memoryeffekt für Wasserisotopen verfügen. Das Matrixpotential des Bodens 
und Gleichgewichtsreaktionen (equilibrium exchange) spielen eine zentrale Rolle 
für die Änderung des Isotopensignals von Bodenwasser. 
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Chapter 1 

General introduction

1.1 Climate Change affects plant available water

The relationship between the anthropogenically caused increase of global atmo-
spheric CO2 concentrations and the associated increase in temperature is maybe the 
most significant discovery of the last century. During the last 40 years, the global 
mean temperature increased by 0.7 °C and the last decade was the warmest since 
meteorological recording (Richardson et al. 2009). Associated with the increase in 
temperature, the distribution and amount of precipitation is also affected. Current 
climate models project that summer precipitation will decrease in Central/southern 
Europe (Christensen and Christensen 2003; Christensen et al. 2007). For Switzer-
land, it is projected that summer precipitation will decrease by about 21-28% until 
2085 (Fischer et al. 2012). In addition, the year-to-year variability in climate is 
projected to increase which results in an increasing risk of extreme climate events, 
such as drought periods and heat waves (Schär et al. 2004). 

Such drought periods can have a strong impact on plants, as precipitation is a key 
factor, driving the productivity, functioning and distribution of ecosystems. Re-
duced water availability can become “drought stress” for plants, when the demand 
exceeds the water supply. The water demand is typically driven by the evapotrans-
piration (ET) of the plant stand, which includes the water movement via the plants 
to the atmosphere (transpiration) and the water movement from the ground to the 
atmosphere (evaporation). This water movement is a central part of the water cycle 
and known as the soil-plant-atmosphere continuum, which is driven by the gradient 
of water potential (WP; flow from the relatively more positive WP to the relatively 
more negative WP). The water supply for plants is usually a consequence of the 
soil water content, which depends strongly on the input of precipitation (Kirkham 
2004). 

Plants, on the other hand, have developed different strategies to cope with drought 
stress (Larcher 2003). However, severe stresses impact the plant functioning and if 

1. General introduction
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a certain resilience is exceeded, drought can lead to plant death which can be fatal 
for agricultural production. For instance, one of the most severe drought spells 
since recording occurred in 2010-2011 in the United States, leading to a significant 
yield loss and dramatic economic damage (Economist 2012; NOAA National Cli-
matic Data Center 2012). A further example was the extremely hot and dry summer 
2003 that reduced the primary production in Europe by 30% (Ciais et al. 2005). The 
fact that such extreme climate events and drought spells will become more frequent 
underlines the importance of research on plant-water relations to understand and 
mitigate the effects of climate change on agricultural production and ecosystem 
services.  

1.2 Ecohydrology and its use of stable water isotopes

Understanding the water flux within the soil-plant-atmosphere continuum has be-
come a central task in recent research, especial in respect to climate change (see 
1.1). In general, water has a key role for terrestrial life, as its spatial and temporal 
availability strongly determine the structure, composition and distribution of plant 
communities. On the other hand, plants occupy a central role in the water cycle, 
as they return water from the soil to the atmosphere via transpiration. Due to their 
water uptake, plants can have a strong impact on the soil water dynamics as well 
(Asbjornsen et al. 2008; Dalsgaard et al. 2011; Lu et al. 2011; Nippert and Knapp 
2007). Therefore, plants have also a strong impact on the hydrological flux (Sch-
winning and Sala 2004). 

To receive a more holistic view, the scientific field of ecohydrology combines 
therefore hydrological and ecological aspects (Wagener et al. 2010). “Ecohydro-
logical studies typically focus on understanding the linkage, interactions and feed-
backs between hydrologic flows and ecosystem processes, as well as how these 
interconnections are manifested and exert distinct controls across multiple scales” 
(Asbjornsen et al. 2011). 

Dawson and Ehleringer were one of the pioneers who used of stable water isotopes 
in an ecohydrological context, since stable isotopes allow tracing the water in a 
non-interfering way. Dawson and Ehleringer (1991)  could show, by comparing 
the deuterium composition of the xylem of trees, deep soil water and a close-by 
stream  that trees hardly used the close-by stream water. This approach has become 
an established tool for studies investigating plant-water relations (Asbjornsen et al. 
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2007; Asbjornsen et al. 2008; Limm et al. 2009; Midwood et al. 1998; Nippert and 
Knapp 2007). 

However, this approach assumes that the different sources show a significant dif-
ference in the water isotope signal under natural abundance. Precipitation, for in-
stance, shows an annual oscillation in the δ18O signal but can show strong varia-
tions between single precipitation events (Figure 1; Clark and Fritz 1997; Gat 2010; 
Munksgaard et al. 2011). Precipitation during the warm summer months has in 
general a heavier isotope signal than precipitation during the winter months. The 
δ18O signal of precipitation is reflected in the δ18O signal of the shallow soil water, 
as soil water is recharged by precipitation. The deeper the soil layers, however, the 
less pronounced the imprint of the precipitation and the less pronounced the tem-
poral variations are. Due to this natural variations in the water isotope composition 
of different soil depth and subsequent gradients within the soil water, the stable 
isotope composition of plant xylem water reveals which soil depth is used for water 
uptake. As an example, the δ18O and δ2H signals of the two grassland species Lo-
lium multiflorum and Phleum pratense and the soil water isotope signal of different 
depths indicate that Phleum uses deeper soil layers for water uptake (Figure 1.2).
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Figure 1.1 Temporal and spatial variations of δ18O in precipitation and soil water. 
Rain (n=1) and soil samples (n=7) were taken at the ETH research station Chamau, 
Switzerland (47°12’37” N, 8°24’38” E). Error bars indicate standard deviation.
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Figure 1.2 δ18O and δ2H signals of two grasslands species (root crown; Lolium 
multiflorum, Phleum pratense) and soil water of different depths. All samples 
were taken at 6/7/11 from four different control plots at Chamau, Switzerland. 
The dashed line represents the Global Meteoric Water Line (GMWL) following: 
δ2H=8*δ18O+10

1.3 Stable water isotopes: Some principles

Isotopes are atoms of an element, differing in their mass, due to a different number 
of neutrons in their nucleus. We can distinguish between radioactive isotopes and 
stable isotopes. Radioactive isotopes, such as tritium (3H), undergo a radioactive 
decay whereas stable isotopes, such as deuterium (2H), are stable and do not de-
cay. The most important stable isotopes in ecohydrological studies are 16O, 18O and 
1H,2H. Since water consists of one oxygen and two hydrogen atoms, a stable isotope 
can occupy every position within this molecule, resulting in water molecules with 
different masses. Molecules differing in their isotopic composition are called isoto-
pologues. Water for instance, has three important isotopologues (there are nine in 
total): 1H1H16O, 2H1H16O and 1H1H18O. 

Stable isotopes occur in nature but their natural abundance is relatively low. The 
abundance of the two heavier isotopes 18O and 2H in the Vienna Standard Mean 
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Ocean Water (VSMOW), which is the standard for oxygen and hydrogen isotopes, 
is 18O/16O = 0.002 and 2H/1H = 0.0002, respectively. 

The abundance of the heavy stable isotopes in a sample (any substance) is generally 
expressed in relation to the lighter stable (abundant) isotope (equation 1) and to one 
of the international standards (equation 2) in the delta notation (δ; McKinney et al. 
1950). For 18O and  2H, the VSMOW represents the international reference, which 
is provided by the International Atomic Energy Agency (IAEA).

R = heavy isotope / light isotope   eq.(1)

δX = XRSAMPLE/XRSTANDARD - 1 eq.(2)

The δ value expresses the abundance of isotope X in a sample, where R denotes 
the isotope ratio of the heavier to the lighter isotope (i.e., 18O/16O) in the sample  
(RSAMPLE) or the standard (RSTANDARD), respectively. The result is multiplied by the 
factor 1000 and expressed in per mil (‰).

Stable isotopes of one element have identical chemical properties. However, they 
react distinctly in physical or biological processes, such as phase transitions or ca-
talyse reactions. In case of stable isotopes, the isotope effect is a physical phenom-
enon, due to the higher mass. Heavier isotopes have a lower vibration frequency 
than the lighter isotopes, which results in stronger covalent bindings and different 
intermolecular interactions. Isotope effects can result in fractionation, which is an 
observable change in quantity of the stable isotopes. Fractionation can be quanti-
fied and described by the fractionation factor α (Farquhar et al. 1989; Hayes 2004; 
Mook and Rozanski 2000). 

α = RSUBSTRATE / RPRODUCT eq.(3)

There are several kinds of fractionation processes, which also strongly de-
pend on the system level (open vs. closed) they take place at. However, equi-
librium and kinetic fractionation effects are the most important types for water 
isotopes. In principle, equilibrium fractionation occurs under equilibrium 
conditions, which means forward and reverse reactions have the same reac-
tion rate. The substance which represents the energetically favorable condition 
is usually more abundant, so that the heavy isotope goes preferentially to that 
part of the system (chemical compound) in which the heavy isotope is bound 
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most strongly (Bigeleisen 1965). Equilibrium reactions can be characterized by 
K, the equilibrium constant (product/educt), which depends on temperature. 
A typical example for equilibrium fractionation for the two water isotopologues is 
the phase transition between water and liquid water (droplets) at 100% relative air 
humidity (= equilibrium condition). This phase transition under equilibrium con-
ditions mediates an eight times higher abundance of 2H1H16O than 1H1H18O in the 
evaporated water. This fact is reflected in the Global Meteoric Water Line (GMWL; 
equation 4), the global average relationship of δ2H and δ18O in world-wide surface 
freshwater (Craig 1961; Rozanski 1993).

GMWL: δ2H = 8.13 * δ18O + 10.8‰ eq.(4)

Kinetic fractionation occurs where molecules containing the lighter isotope react 
or diffuse faster than molecules containing the heavy isotope. Kinetic fractionation 
is typical for biological processes mediated by an enzymatic catalysis. In the case 
of water, kinetic fractionation occurs under non-equilibrium conditions, which is, 
for instance, phase transition from liquid to vapor under relative humidity < 100%. 
For evaporation of water, kinetic fractionation becomes more pronounced the lower 
the RH. This relationship is reflected by the deuterium excess (δ-excess), which 
becomes bigger the lower the RH during evaporation (Merlivat and Jouzel 1979). 
A δ-excess of 2H by +10‰ reflects the global average RH of 85% under which the 
majority of global water evaporates (over the oceans). 

Stable isotopes can be measured with isotope ratio mass spectrometry (IRMS). In 
principle, IRMS uses the different inertia of the isotopes. Ionized molecules are ac-
celerated into a magnetic field, which deflects the ions. Due to the different inertia, 
ions have different bends and can thus be separated. Collectors (cups) are oriented 
in respect to the flight path of the different ions (isotopes), counting the bounce of 
the ions.

Stable isotopes have become an established tool in ecological and hydrological 
studies, as they can be used as tracers at various scales. For instance, the isotopic 
composition of a target compartment/organism can reveal information about the 
diet (Peterson and Fry 1987; Post 2002). In ecohydrological studies, the “diet” can 
also be the identification of water sources, i.e. different soil depths used by a plant. 
By means of mixing models the contribution of the different sources can be deter-
mined, assuming a distinct isotopic composition of the sources. 
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Since water isotopes are tightly correlated with meteorological processes and vari-
ables, they can also provide a characteristic fingerprint of climatic conditions (Dan-
sgaard 1964). This relationship between stable isotopes and climate contains the 
potential to reconstruct the climate by use of different natural archives, such as 
glaciers, tree cellulose or leaf alkane waxes (Emiliani 1955; Pagani et al. 2006; 
Schefuß et al. 2011; Schefuß et al. 2005).

1.4 Grasslands and the importance of belowground processes

Grasslands are one of the most important world-wide ecosystems as they cover 
about 40.5% of the total global land area (White et al. 2000). The simplest defini-
tion for grasslands is “a habitat dominated by grasses”, albeit there are various 
definitions and classifications of grassland (Gibson 2009). The classifications con-
sider mainly origin (natural vs. man-made), locality (country, climate regime), and 
management (intensity, grazing vs. cutting). Evolutionary, grasses possess traits, 
such as the so-called C4-pathway for carbon fixation, which allowed them to spread 
during periods of increased aridity (Coughenour 1985). Therefore, natural grass-
lands such as the North American Prairies are drought-driven ecosystems (Axelrod 
1985). However, grasslands of Central Europe are (a) dominated by C3 grasses, (b) 
composed by a high proportion of herbaceous non-gramineae species and (c) main-
ly non-water limited. Moreover, grasslands in Central Europe do not represent the 
natural vegetation and are mainly (d) man-made agroecosystems (semi-natural), 
whose existence depends on regular agricultural management (mowing, grazing; 
Ellenberg 1996). 

The main purpose of grasslands is the production of forage for ruminant livestock, 
transforming the cellulose into meat and milk for human nutrition. Especially in 
areas where the soil, the climate or the topography are not sufficient for arable 
farming, grasslands represent the only way to use the land for food production. In 
Switzerland, for instance, 71% of the total agricultural area are covered by mead-
ows and pastures. Dairy farming is the main agricultural branch in Switzerland, 
showing its economical relevance (Federal Statistical Office 2012).

In the context of current research on climate change and greenhouse gases, grass-
lands were also perceived as potential carbon sink (IPCC 2007). They allocate up 
to 87% of the net primary products belowground and global estimates suggest that 
grasslands contribute >10% to the total biosphere store of carbon (Eswaran et al. 
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1993; Nösberger et al. 2000; Sims and Singh 1978). On the other hand, the re-
lease of CO2 via the soil to the atmosphere (i.e., soil respiration) is estimated to 
contribute about 70% to total ecosystem respiration (Janssens et al. 2001). The 
carbon dynamic of grasslands, however, strongly depends on several factors such 
as management and climate (Jones and Donnelly 2004; Zeeman et al. 2010). Under 
drought, the carbon assimilation is significantly reduced, which underlines the link 
between the carbon and the water cycles (Nagy et al. 2007; Rogiers et al. 2008). 
Drought adaption of plants is strongly driven by the properties and the distribution 
of  roots (Casper and Jackson 1997; Kutschera et al. 1997; Schenk and Jackson 
2002). Hence, understanding interactions between climate and belowground pro-
cesses of grasslands and the functioning of roots are a critical task in research on 
global climate change. 

1.5 Thesis objectives

The thesis objective was to investigate the water uptake depth of drought affected 
grasslands in Switzerland and to improve the understanding of stable water isotopes 
when used as tracers in plant water uptake studies. The specific objectives were:

(1) To test the data quality of a simple rain collector (“ball-in-funnel” type) for 
isotope analysis (i) under field conditions and (ii) quantify the evaporative en-
richment of δ18O in dependency of time, relative humidity and sample volume 
(Chapter 2).

(2) To investigate in two different Swiss grasslands the effects of simulated summer 
drought on (Chapter 3):

a) The water uptake depth throughout the vegetation period by use of stable 
water isotopes

b) The vertical belowground biomass distribution throughout the vegetation pe-
riod

c) The aboveground biomass production (yield)
(3) To investigate if dry soils are (i) able to alter the isotopic composition of extract-

able water and (ii) to identify the responsible soil property and (iii) mechanisms 
driving this alteration (Chapter 4).
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1.6 Thesis Outline

Within this thesis, the natural abundance of stable water isotopes played a central 
role as it was used to address plant water uptake and to improve the process under-
standing of stable water isotopes themselves.

In Chapter 2, we tested the sampling performance of a widely used, self-made 
rain collector (“ball-in-funnel type collector” = BiFC). In a climate chamber ex-
periment, where we investigated the δ18O evaporative enrichment of rain samples 
within the BiFC in dependency of time, relative humidity and sample volume. Ad-
ditionally, we tested the performance of the BiFC in the field, and compared our 
data with the Swiss National Network for the Observation of Isotopes in the Water 
Cycle (ISOT). 

Chapter 3, comprises the results of a three-year precipitation manipulation ex-
periment at two grassland sites in Switzerland where we investigated the effects of 
simmulated summer drought on water uptake depth. Stable water isotopes (natural 
abundance) were used to assess changes in water uptake depth of grassland species 
over the vegetation period. The water isotope data were evaluated by use of two 
different approaches: (a) with linear interpolation method, and with (b) a Bayesian 
calibrated mixing model (SIAR). To test if water uptake depth is correlated with the 
vertical root distribution, the belowground biomass was sampled in the last year of 
the experiment. 

Chapter 4 includes lab experiments on the effect of soil properties on the isotope 
composition of extractable soil water. Oven dried soils were re-wetted with water 
of known isotopic composition (reference water) and subsequently extracted by use 
of cryogenic water distillation. The extracted water was compared to the reference 
water to determine potential alterations in the isotopic composition. Additionally, 
two experiments were performed to reveal (i) if the soils have a memory effect for 
water isotopes (exchange) and (ii) to determine the responsible processes driving 
the alteration.
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2.1 Abstract

Low budget rain collectors for water isotope analysis, such as the “ball-in-funnel 
type collector” (BiFC), are widely used in studies on stable water isotopes of rain. 
To date, however, no experimental quality assessment of such devices exists. We 
quantified the isotopic evaporative enrichment (EE) of reference water under con-
trolled conditions as a function of elapsed time between rainfall and collection for 
isotope analysis, sample volume and relative humidity. Moreover, we tested the 
performance of the BiFC in the field, and compared our data with the Swiss Na-
tional Network for the Observation of Isotopes in the Water Cycle (ISOT). EE in-
creased with time, with a 1‰ enrichment after 10 days (p < 0.001). Sample volume 
strongly affected EE (1.5‰ for 1mm samples; p < 0.001), whereas relative humid-
ity had no effect. Using the BiFC in the field, we obtained very tight relationships of 
δ2H/δ18O (R2 ≥ 0.95) for three sites along an elevational gradient, not significantly 
different from the next ISOT station. The BiFC is a highly reliable and inexpensive 
collector of rainwater for isotope analysis. 

Keywords: rainfall – methodology – hydrogen isotope – oxygen isotope – meteoric 
water line – evaporation – isotopic enrichment

2.2 Introduction

The isotopic composition of precipitation is a key variable in ecohydrological stud-
ies, as it can be used to trace water from the soil through the biosphere into the 
atmosphere and vice versa across multiple scales (Dansgaard 1964; Dawson et al. 
2002; Dawson and Siegwolf 2007; Kendall and McDonnell 1998). A global rep-
resentation of isotopes in precipitation is available from The Global Network of 
Isotopes in Precipitation (GNIP) that was established in 1961, providing isotope 
water data by using standardized sampling methods, central isotope analysis and 
coordinated sampling sites across the globe (Craig 1961; IAEA 2006). However, 
the resolution of GNIP is often too coarse in space and time for ecological studies, 
thus there is a high demand for self-made and low-budget precipitation collectors 
(Asbjornsen et al. 2011).

Several low price and easy to construct rainwater collectors have been developed 
over the last years, but to date, the data quality of such collectors has not been 
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experimentally evaluated (Scholl 2006). An important criterion for the collection 
of rainwater for stable isotope analysis is to avoid fractionation during phase tran-
sition and exchange reactions, e.g. due to evaporative loss of water from the rain 
collector and exchange between the collected sample and atmospheric moisture 
(Clark and Fritz 1997; Majoube 1971; Mook et al. 2000). These processes, which 
we call evaporative enrichment (EE) in the following, will affect the original iso-
topic composition of the collected rainwater sample. They are likely to increase 
with time that a sample remains in the collector, and will particularly affect small 
sample volumes. 

The goal of our study was to assess the quality of water isotope data obtained from 
low-budget self-made rain collectors such as the “ball-in-funnel type collector” 
(BiFC, Figure 2.1). Specifically, we tested under laboratory conditions if EE affects 
water collected in BiFC (i) as function of time elapsed between rain event and sam-
ple recovery from the BiFC, and (ii) as a function of sample volume and relative 
humidity (RH) in the atmosphere surrounding the BiFC. In addition, we deployed 
the collectors under field conditions at three sites in Switzerland between 2006 and 
2011 and compared our data to those provided by the Swiss National Network for 
the Observation of Isotopes in the Water Cycle (ISOT) (Schotterer et al. 2010).

2.3 Material & Methods

2.3.1 BiFC rain collector

The BiFC is composed of a wide mouth bottle (2000 mL; diameter: 11.5 cm) which 
is used as the reservoir and an upside down narrow mouth bottle (1000 mL; di-
ameter: 9.5 cm) with cut-out bottom used as a funnel (Figure 2.1). To connect the 
reservoir and the funnel, a hole is cut in the threaded lid of the reservoir, so that the 
screw thread of the funnel fits into it. Before fixing the connection with hot glue, a 
mesh has to be placed on the bottom of the funnel to prevent solid material such as 
plant residues and insects to drop into the reservoir. A ping-pong ball is placed into 
the funnel to avoid damage of the mesh and to reduce EE.

For the experiments under controlled conditions, rain collectors were additionally 
equipped with an inlet consisting of a PVC pipe closed with a PVC piece at one 
end, fitting into the reservoir’s opening (diameter: 48 mm). This inlet reduces the 
surface of the reservoir by about 70% from 113.1 cm2 to 15.9 cm2, which is meant 
to reduce EE and the opaque property also suppresses the growth of algae. 
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2.3.2 Climate chamber experiments

To test the effects EE as a function of elapsed time after the rain event on the 
isotope composition of water samples collected in the BiFC, we added 35 mL of 
reference water (ultra pure water, Direct-Q3, MILLIPORE) with a known oxygen 
isotope composition (δ18O: -11.2 ± 0.04‰ SD) to 20 BiFCs, which were placed in 
a climate chamber at 25 °C and 25% RH. The climate setting was chosen to simu-
late field conditions that favor evaporative enrichment (Burri et al. 2013; Zeeman 
et al. 2010). The added amount of 35 mL was equal to a 5 mm rain event. After 24, 
48, 72, 120 and 240 h samples were recovered from the BiFCs with a pipette (n = 
4 per time) and the respective collectors were removed from the climate chamber. 
Samples were filled into gas proof 2 mL GC vials (Labco Limited, U.K) and stored 
at 6°C until isotope analysis.

To determine effects of EE as a function of sample volume and RH we simulated 
rain events of 1, 2.5, 5, and 10 mm by adding 7, 17, 35 and 70 mL water, respec-
tively to four BiFCs each (16 BiFC in total). The experiment was performed twice 
under two different climate conditions: 25°C and 31% RH as well as 25°C and 67% 
RH. Samples were collected after 72 h from all BiFCs, filled into gas proof 2 mL 
GC vials (Labco Limited, U.K) and stored at 6°C until isotope analysis.

2.3.3 Field test 

To test the performance of the BiFC in the field, we deployed collectors at three 
sites along an altitudinal gradient from about 400 m a.s.l. (Chamau: 47°12′37′′ N, 
8°24′38′′ E) to 980 m a.s.l. (Früebüel: 47°6′57′′ N, 8°32′16′′ E) to 2000 m a.s.l. (Alp 
Weissenstein: 46°34′60′′ N, 9°47′26′′ E) in the years 2006 and 2007 as well as 2009 
to 2011. To minimize direct radiation on the collectors and thus EE, the BiFCs’ 
reservoirs were placed in the ground. In contrast to the climate chamber experi-
ments, the BiFCs in the field were not equipped with an inlet. Rain samples were 
recovered from the BiFCs generally directly after a precipitation event, but at least 
every second week. Thus, most data points used for the analysis represent single 
precipitation events. Overall, 104 samples were collected at Chamau, 22 samples at 
Früebüel and 90 samples at Alp Weissenstein.



372. Rain collector

2.3.4 Stable isotope analyses

All δ18O and δ2H values are expressed relative to the Vienna Standard Mean 
Ocean Water (V-SMOW) in per mill [‰]:

δ18O and δ2H = (RSample/RStandard - 1)   eq.(5)

Where R is the 18O/16O or 2H/1H ratio of the sample or the standard (V-SMOW). 
The δ18O and δ2H values in samples of the climate chamber experiments were 
analyzed with a L-2120-i Cavity Ring-Down Spectrometer (Picarro L2120i Wave-
length Scanned CRDS, Santa Clara, CA, USA). The precision of the quality control 
standard over 94 measurements (SD) was ± 0.2‰ for δ18O and ± 0.48‰ for δ2H. 
Field rain samples were analyzed with a TC/EA high-temperature conversion/el-
emental analyzer coupled with a DeltaplusXP mass spectrometer via a ConFlo III 
interface (Thermo-Finnigan, Bremen, Germany) (Werner et al. 1999). The long-
time precision of the lab’s quality control standard for δ18O and δ2H in water was 
0.08‰ and 0.36‰, respectively.

2.3.5 Statistical analyses

All statistical analysis were performed using R version 2.14.2 (R Development 
Core Team 2012).

The effects of EE in the climate chamber experiments were analyzed using ANO-
VAs with a subsequent Tukey HSD pairwise comparisons, where the measured 
δ18O values of the BiFC water samples were tested against the δ18O value of the 
reference water (originally added). The effect of elapsed time between simulated 
rain event and sample recovery on EE was tested by a one-way ANOVA. The com-
bined effects of volume and RH on EE and their interactions were tested with a 
two-way ANOVA. 

Field data were evaluated using linear regression analysis between the two iso-
topologues (δ2H and δ18O) for each site separately for all years. To evaluate data 
collected at Chamau, we then compared the δ2H/δ18O relationship with that based 
on data from the ISOT station Buchs-Suhr closeby (47°22’17” N, 8° 4’55” E, data 
from 2006 to 2011) by means of an ANCOVA. For the other two field sites, no 
ISOT stations were available in the direct vicinity. Therefore, we used the mean 
slope of all 20 ISOT stations (δ2H/δ18O: 8.06 ± 0.13‰ (SD), 2002 to 2009) as a 
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reference for field data from Früebüel and Alp Weissenstein. This is feasible as the 
slope of the δ2H/δ18O relationship is relatively constant across sites and over the 
years (Rozanski 1993). Given the different fractionation factors for deuterium and 
18O, slopes of the δ2H/δ18O relationship decline when EE occurs. Thus, we tested if 
slopes of our field data (and their confidential intervals) were significantly smaller 
than the reference, to test for significant EE effects on water collected in the BiFCs 
(Clark and Fritz 1997; Craig and Gordon 1965; Gat 1996; Merlivat and Jouzel 
1979). Furthermore, we used the coefficient of determination (R2), which reflects 
the tightness of the δ2H/δ18O relationship, as indicator for the robustness of the 
water isotope data obtained from BiFCs in the field.

2.4 Results

2.4.1 Evaporative enrichment as a function of elapsed time, sample volume   

and relative humidity

Water samples recovered from the BiFCs showed a trend to more positive δ18O 
compared to the reference water with time (Figure 2.2). However, this effect was 
only significant after 240 h where δ18O values were 0.92 ± 0.19‰ (SD) more posi-
tive than the reference water. Sample volume significantly affected the δ18O values 
of water collected in BiFCs but only for rain events of 2.5 mm or smaller (Figure 
2.3). These were between 0.5 and 1.6 ‰ more positive compared to the reference 
water. RH did not affect EE (p = 0.1) nor did the interactions with sample volume 
(p = 0.08).

2.4.2 Field test

The δ2H/δ18O relationships for all three sites across Switzerland were very strong 
and highly significant (p < 0.001, R2 > 0.95). Neither δ2H/δ18O relationship showed 
significant evidence of EE and the slopes of all three sites were not significantly 
different from each other (p = 0.57, Figure 2.4). Comparing the δ2H/δ18O data col-
lected at Chamau (slope = 7.68 ± 0.11 SE, intercept = 4.4 ± 0.95 SE) with those 
from the ISOT station Buchs-Suhr (slope = 7.9 ± 0.01 SE, intercept = 7.7 ± 0.1 SE) 
we found no significant difference between the two relationships (p = 0.07; Cham-
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au with BiFC vs. Buchs-Suhr with standard gauge). Moreover, the mean slope from 
the 20 Swiss ISOT stations (8.06 ± 0.13‰ (SD)) lies within the 95% confidence 
intervals of the slopes of Früebüel and Alp Weissenstein (FRU: 7.2 - 8.8, AWS: 7.5 
- 8.1) and is therefore not significantly different. D-excess showed a clear spatial 
variation, from 4.4 ± 0.95‰ (SE) at Chamau to 12.8 ± 4‰ (SE) at Früebüel and 
11.8 ± 1.5‰ (SE) at Alp Weissenstein.

Some field data points show a clear deviation to the bulk data (crosses, Figure 2.4). 
These rain events with strong deviation were excluded from the bulk regression 
analysis and analyzed with a separate regression analysis (except one data point 
at CHA).  These separate regression lines continued a parallel shift from the bulk 
regression line with a similar slope: Chamau: slope = 7.56 ± 0.37 (SE), R2 = 0.99, p 
< 0.001; Alp Weissenstein: slope = 8.17 ± 0.96 (SE), R2 = 0.96, p < 0.05.

2.5 Discussion

We tested the effects of EE on the isotope composition of water samples collected 
in the BiFC under controlled and field conditions. Both tests clearly showed that 
the BiFC is an appropriate tool to collect rainwater for isotope analysis. Only when 
samples remained in the collectors for 240 h or longer or when precipitation events 
were small (≤ 2.5 mm; after 72 h), we found significant albeit small (<1.7‰) EE 
effects on the isotope composition of the collected water.  The time and volume 
dependency of EE in 18O can be explained by Rayleigh distillation processes where 
the evaporative 18O enrichment of a water body depends on the amount of water 
evaporated and the volume of the water body (Gat 1996). With increasing time, the 
BiFCs lost increasing amounts of water, thus explaining the continuous increasing 
δ18O values. Likewise, the imprint of EE on the δ18O values of the remaining water 
body becomes stronger the smaller the sample, assuming a similar evaporation for 
all sample amounts. Although our experiments show that isotope values obtained 
from rain samples that were not recovered after one week or from rain events with 
small precipitation amounts must be interpreted with care, we would like to note 
that the climate conditions were chosen in our experiments are on the extreme end 
of conditions that we typically experience in the field (Burri et al. 2013; Zeeman et 
al. 2010). Thus, we designed our experiments to test “worse-case-scenarios” and 
our experimental evaluations of the BiFCs are thus rather conservative. It is thus 
likely that EE is lower than 1‰, even when small samples are collected and recov-
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ered from the BiFCs only after several days. 

δ2H/δ18O relationships for rain collected with the BiFCs at the three field sites 
showed no significant differences in the slopes. Also, the slope of the δ2H/δ18O re-
lationship for rain collected with the BiFCs at the site Chamau were not significant-
ly different from the slope of δ2H/δ18O relationship for rain collected at the ISOT 
network. Moreover, our δ2H/δ18O relationships at all three sites where we had in-
stalled the BiFCs were very strong with a high R2 which was comparable to those 
from GNIP stations (examples: Vienna R2=0.961; Beit Dagan (Israel) R2=0.695) 
(Rozanski 1993). We thus conclude that EE effects on the isotope composition of 
water collected with the BiFCs in the field are negligible. 

In contrast to mean monthly values that are used for the δ2H/δ18O relationships 
in precipitation for GNIP data (i.e., 12 data points per year), single precipitation 
events can show strong short-term variations in the stable isotope composition 
(even within 0.5 h), especially in the d-excess (Coplen et al. 2008; Munksgaard 
et al. 2011). Several meteorological parameters can be responsible for these short-
term variations, such as amount of rainfall, cloud trajectories, droplet evaporation 
and conditions of moisture condensation (Celle-Jeanton et al. 2004; Merlivat and 
Jouzel 1979; Rozanski 1993; Stewart 1975). As we collected mainly single precipi-
tation events, these short-term variations are visible. The parallel shift (change in d-
excess) of these data points to the bulk data (Figure 2.4) gives strong evidence that 
these precipitation events had different conditions (humidity) of primary evapora-
tion and thus different origin of the air masses. 

Even though the rain collectors used in the field were not equipped with the inlet 
as the BiFC used in the climate chamber experiments, the robustness of the slopes 
obtained from the three sites among each other and in comparison to ISOT data 
provides strong evidence that samples collected with these low budget devices pro-
vide good estimates of the stable isotope composition of precipitation events. Thus, 
based on our tests under controlled and field conditions, we conclude that the BiFC 
is a cheap, simple and reliable collector of rain for stable water isotope analysis. 
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2.8 Figures and tables 

Figure 2.1 Schematic drawing (a) of the Ball-in-funnel-rain-collector (BiFC). The 
collector consists of five major components: the reservoir (1), the funnel (2), the 
ping-pong ball (3), the mesh (4) and the inlet (5), which is only used for the lab-
experiments. The technical drawing (b) includes the corresponding measurements 
of the BiFC [mm]. 
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Figure 2.2 Evaporative enrichment of water samples (5 mm*m-2 ) with known 
δ18O signature over time. Rain collectors (n=4) were kept at 25 °C and 25% RH 
(VPD = 2.37 kPa) in the climate chambers. Stars indicate (***: p ≤ 0.001) a sig-
nificant difference to the reference water, SD is given by the error bars. 
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Figure 2.3 Evaporative enrichment (δ18O) in relation to sample volume and RH 
(i.e. VPD). Rain collectors (n=4) were set for 72 h at 25 °C and 31% RH or 67% 
RH in climate chambers. Significant differences in δ 18O value to the reference 
water are indicated as * (p ≤ 0.05 > 0.01) or  *** (p ≤ 0.001) and SD is given by 
the error bars. There was no significant difference between the two VPD treat-
ments at 5 % level and no significant interactions between VPD and sample 
volume. 
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Figure 2.4  δ2H/18O relationship (p < 0.001) of rain collected at Chamau (CHA), 
Früebüel (FRU) and Alp Weissenstein (AWS), Switzerland. Precipitation events 
were collected over several years (CHA: 2007/08 and 2010/11; FRU: 2007/08; 
AWS: 2006/07 and 2010/11. Crosses indicate special precipitation events, i.e. 
snow, very little amounts (< 2 mm) and different origin of the air masses (Mediter-
ranean sea), which were excluded from the regression analyses. The Global Mete-
oric Water Line (GMWL), a reference for meteoric water isotope studies, is defined 
as δ2H=8*δ18O+10.    
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3.1 Abstract

Temperate grasslands are of high agricultural and ecological importance in Central 
Europe. Plant growth and thus grassland yields depend strongly on water supply 
during the growing season which is projected to change in the future. Thus, we 
investigated the effect of summer drought on the water uptake of an intensively 
managed lowland and an extensively managed alpine grassland in Switzerland by 
simulating summer drought with transparent rainout shelters. Standing above- and 
belowground biomass was sampled during three growing seasons. Soil and plant 
xylem waters were analyzed for oxygen and hydrogen stable isotope ratios and the 
depths of plant water uptake were estimated by two different approaches: (1) linear 
interpolation method, and (2) Bayesian calibrated mixing model. 

In contrast to the expected shift to water uptake from deeper soil layers, lowland 
grassland plants subjected to summer drought relied strongly (about 56%) on the 
topsoil (0-10 cm) during the drought, whereas control plants shifted to deeper soil 
layers during the summer months and relied less on the topsoil (about 30%). Alpine 
grassland plants did not differ significantly in uptake depth between drought and 
control plots during the drought period. Both approaches yielded similar results and 
these were supported by increased belowground biomass production in the topsoil 
during the drought period. Although not shifting to deeper soil depths for water 
uptake might make grasslands more vulnerable to prolonged droughts, as projected 
for the future, inherent traits of grassland vegetation, particularly of the dominant 
grasses, seem to successfully counteract or at least reduce this risk..

Keywords: precipitation manipulation experiment – plant-water relations – stable 
water isotopes – Bayesian calibrated mixing model – root distribution
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3.2 Introduction

The distribution and productivity of different vegetation types are strongly driven 
by the availability of water, which is mainly determined by the annual amount and 
seasonal distribution of precipitation. In addition, plants have developed strategies 
to adapt to changing water conditions and climates (Ellenberg 2009; Larcher 2003). 
Grasslands, for instance, are pan-global agroecosystems, which occur under arid, 
semi-arid and humid conditions and cover about 40% of the total global land area 
(without Greenland and Antarctica; White et al. 2000). Most temperate grasslands 
of Central Europe, especially the highly productive ones occur in regions with a 
relatively high annual precipitation (>800 mm year-1) and strongly depend on suffi-
cient water in spring/early summer, when aboveground biomass production reaches 
its maximum (Hopkins 2000). However, the frequency of drought periods is pre-
dicted to increase in Europe, including Switzerland, during the next decades, with 
potentially severe consequences for grassland systems (Christensen et al. 2007; 
Fischer and Schär 2010; Frei et al. 2006; Schär et al. 2004). 

The ecological impact of summer drought on grasslands has been tested in several 
precipitation manipulation experiments so far. However, the majority of these field 
studies were conducted in C4-grass dominated prairies of North America, which are 
already drought-driven ecosystems (Axelrod 1985; Fay et al. 2003; Frank 2007; 
Harper et al. 2005; Knapp et al. 2001; Knapp et al. 2002; Nippert et al. 2009; Suttle 
et al. 2007; Tilman and Haddi 1992), while fewer studies focused on C3-grasslands 
(Beier et al. 2012; Gilgen and Buchmann 2009; Grime et al. 2000; Kahmen et al. 
2005; Van Ruijven and Berendse 2010; Vogel et al. 2012). These studies showed 
that under drought conditions, root growth was reduced less than shoot growth, 
often due to relatively higher carbon allocation belowground (Davies and Bacon 
2003; Marschner 1995; Palta and Gregory 1997). Furthermore, it is usually as-
sumed that roots grow towards deeper soil layers to improve a plant’s access to 
water and to avoid drought-induced low soil moisture in the top soil (Garwood 
and Sinclair 1979; Troughton 1957). However, it is still unclear if these changes 
in root density and distribution also lead to water uptake from deeper soil layers. 
In fact, several studies have shown that the presence of roots does not necessarily 
correlate with water uptake (Dawson and Ehleringer 1991; Kulmatiski and Beard 
2013). Thus, if drought-induced changes in belowground productivity indeed result 
in changing water sources of grassland plants remains unresolved.
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The aim of this study was to investigate if grassland plants access deeper soil layers 
for water uptake when subjected to drought. For our experiment, we established 
transparent rainout shelters in a lowland and an alpine grassland to simulate severe 
summer drought events during three growing seasons. To determine the depth of 
plant water uptake we used the natural abundance of stable oxygen and hydrogen 
isotopes (δ18O and δ2H, respectively) in soil water profiles and related these to δ18O 
and δ2H values of plant xylem water. We also assessed aboveground productivity 
and the vertical distribution of root mass (in the last year of our experiment) to 
relate our stable isotope-derived data for water uptake depth to drought-induced 
changes in belowground carbon allocation. Overall, our study was guided by the 
hypothesis that plants subjected to drought explore deeper soil layers for water up-
take to compensate for the low soil moisture availability in the top soil.

3.3 Material & Methods

3.3.1 Research sites and experimental setup

WeWe performed our study at two grasslands in Switzerland: at Chamau (CHA) 
and at Alp Weissenstein (AWS). CHA represents an intensively managed grassland 
with up to six cuts per year and frequent farm manure inputs, and is located in 
the Swiss lowlands at 393 m a.s.l. (47°12′37′′ N, 8°24′38′′ E). AWS is an alpine 
grassland, characterized by extensive alpine grazing, and is located at 1978 m a.s.l. 
(46°34′60′′ N, 9°47′26′′ E). Both sites are described in more detail by Gilgen and 
Buchmann (2009) and Zeeman et al. (2010).

To test the effects of summer drought on plant water uptake, we established repli-
cated 5.5 x 5.5 m control and drought plots at both sites. Plots were arranged in a 
randomized block design, where one block consisted of a control plot and a drought 
plot each. At CHA, we used seven blocks in 2009 and six blocks in 2010 and 2011. 
At AWS, we used five blocks from 2009 to 2011. The drought plots were covered 
with a 3 x 3.5 m transparent rainout shelter for six to twelve weeks in late spring/
early summer (for exact dates see Table 3.1). The duration of the shelter period 
was designed to reduce mean annual precipitation by approximately 30%, slightly 
more severe than the projected 20% decrease in precipitation for June to August for 
Northern Switzerland (reference period: 1980-2009; CH2011 2011; Fischer et al. 
2012; Table 3.1). The tunnel-shaped shelters were about 2.1 m high at the vertex 
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and had two opposing open sites, oriented in the main wind direction, to minimize 
possible warming (Kahmen et al. 2005).

All soil and plant samples were collected from a 2 x 1 m inner core area in the cen-
ter of each plot, surrounded by a buffering zone to prevent lateral water flow or pre-
cipitation inputs. Samples were collected during the growing season of each year, 
1) before the shelters were installed, i.e., the pre-treatment period (pre-tmt period), 
2) during the drought treatment (tmt period), and 3) after the shelters were removed 
during the recovery period, i.e., the post-treatment period (post-tmt period). 

The differences in air temperatures at 160 cm height under the shelters compared to 
outside were -0.03 °C at CHA and +0.1 °C at AWS (Gilgen and Buchmann 2009). 
However PAR was reduced by about 20% (CHA) and 26% (AWS) as well.

3.3.2 Soil moisture

Volumetric soil water content was measured continuously (EC-5, Decagon De-
vices, Inc., Pullman, WA, USA) in three depths (5, 15 and 30 cm) in at least two 
blocks during all growing seasons. Data were logged every 10 min with a CR10X 
data logger (Campbell Scientific Inc., Logan, UT, USA). We also determined gravi-
metric soil water content at AWS in September 2010. For this purpose, soil samples 
were taken with a soil auger down to 40 cm and separated into 10 cm layers. Soil 
samples were put into sealed plastic bags, weighed in the lab directly after returning 
from the field, oven-dried at 105 °C for 72 h, and weighed again. Gravimetric water 
content was calculated as the difference between fresh and dry weights, divided by 
soil dry weight.

3.3.3 Community aboveground biomass

Aboveground biomass at the community level was harvested each time when farm-
ers of the research stations mowed the respective grasslands. For CHA, this was 
done four times in 2009 and 2010, and five times in 2011. For AWS, this was only 
done once a year in early autumn. Biomass samples were clipped using two ran-
domly distributed frames (20 x 50 cm) and then pooled for each plot. According 
to the farmers‘ practice, the cutting height was approximately 7 cm above ground. 
Biomass was dried at 60 °C and weighed thereafter. 
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3.3.4 Belowground biomass

Belowground biomass was sampled from 0 to 30 cm soil depth in each plot (CHA: 
n=6; AWS: n=5) seven times throughout the 2011 vegetation period at CHA and six 
times at AWS, using a 5.5 cm diameter Eijkelkamp soil auger. Each soil core was 
separated into two layers: 0-15 cm, and 15-30 cm soil depth. Samples were packed 
into zip-lock bags, stored immediately in a cool box, brought to the lab and stored 
in a 4 ºC cool room prior to further analyses. In addition, we sampled belowground 
biomass 0-15 cm at high temporal resolution (n = 3, about weekly) at CHA during 
and after the tmt period in 2011. To separate roots from soil, cores were washed 
over a 1 mm mesh as fast as possible (typically within 24 hrs after sampling), and 
roots were dried at 60 ºC for at least 72 h. Sample dry weights were determined. 

3.3.5 Plant and soil water samples for stable isotope analyses

To determine the stable isotope composition of a plant’s water source, we collected 
its root crown, i.e., the chlorophyll-less transition zone between root and shoot. For 
non-woody, herbaceous plants, the root crown has been shown to best reflect the 
isotopic signal of a plant’s water source (Barnard et al. 2006; Durand et al. 2007). 
We studied the water source of the most abundant species: at CHA, these were Ph-
leum pratense, Lolium multiflorum, Poa pratensis, Taraxacum officinale, Trifolium 
repens, Rumex obtusifolius, and at AWS, Trisetum flavescens, Phleum rhaeticum, 
Carum carvi, Achillea millefolium, Rumex alpestris, Taraxacum officinale, and Tri-
folium pratense. Root crowns of two to ten individuals per species were collected, 
cleaned of remaining soil particles with soft tissue and immediately inserted into a 
gas-tight 10 ml exetainer, stored in a cool box for transportation and kept frozen at 
-18 ºC until further analysis.

To determine the stable isotopic composition of soil water, we collected soil cores 
from the main rooting zone (2 cm in diameter, 0-30 cm soil depth) from all drought 
and control plots at the same time when root crown samples were taken. Three rep-
licate cores per treatment and sampling time were taken in 2009, and four replicate 
cores per treatment and sampling time in 2010 and 2011. In 2009 and 2010, cores 
were separated into three 10 cm layers. In 2011, soil cores were separated with 
higher spatial resolution: 0-2 cm, 4-6 cm, 9-11 cm, 14-16 cm, 19-21 cm, 29-31 cm 
soil depth, and an additional sample below 40 cm (CHA pre-tmt and tmt= 47.5 cm; 
CHA post-tmt and AWS tmt = 42.5 cm; see Appendix 3.1). However, due to the 
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fragility of dry soil, this stratification had to be adjusted for the post-tmt period at 
CHA and the tmt and post-tmt periods at AWS: soil samples were taken in 0-5 cm, 
5-10 cm, 20-25 cm and 30-35 cm soil depth instead. After separation into layers, 
soil samples were transferred to gas-tight 10 ml exetainers and stored at -18 ºC 
until further analysis. Water from all root crown and soil samples was extracted by 
cryogenic vacuum distillation, following the method described in Ehleringer and 
Osmond (1989). 

3.3.6 Stable isotope analyses

The δ18O and δ2H (only in 2011) of extracted water samples were analyzed with 
a high-temperature conversion/elemental analyzer (TC/EA) coupled with a Delta-
plusXP isotope ratio mass spectrometer via a ConFlo III interface (Thermo-Finni-
gan, Bremen, Germany) using the methods described by Werner et al. (1999). All 
δ18O and δ2H values are expressed relative to the Vienna Standard Mean Ocean 
Water (VSMOW) in per mil (‰):

δ18O or δ2H = RSAMPLE/RSTANDARD - 1       eq.(6)

Where R is the 18O/16O or 2H/1H ratio of the sample or the VSMOW, respectively. 
The long-term precision of the lab’s quality control standard for δ18O and δ2H in 
water was 0.08‰ and 0.36‰, respectively. 

3.3.7 Calculation of plant water uptake depth 

We used two different approaches to estimate the depth of plant water uptake, both 
based on stable isotope analyses of soil and plant waters: a linear interpolation 
method (LI) and a Bayesian calibrated mixing model (SIAR).

a) Linear interpolation method (LI) 

The LI approach is based on the assumption that the depth of plant water uptake can 
be estimated by simply comparing the δ18O values of xylem water with the δ18O val-
ues of soil water along the soil profile. Thus, LI does not consider potential mixing 
of several water sources for plant water uptake. While this assumption is clearly an 
oversimplification, it allows estimating single, clearly defined water uptake depths, 
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which can be compared to those from a more sophisticated approach (see below). 
We used the δ18O values of soil water, measured along the entire soil profile but 
stratified into different layers (see above), to establish smoothed (i.e., steady in-
stead of stratified) soil water δ18O profiles per plot, treatment and sampling time by 
linearly interpolating between the averages of all replicates (Appendix 3.1; most 
soil water profiles were unimodal, showing highest values at shallow depth). By 
doing so, we could account for the high spatial variability of soil water δ18O. To 
compare these soil water δ18O profiles to the respective δ18O in plant water, we 
averaged the δ18O values of all sampled plant species from a given plot, treatment 
and sampling time, obtaining one δ18O value at the community level. This plot-wise 
evaluation accounted for differences in root crown volumes across species as well 
as for presence/absence of individual plant species over the entire growing season.

Since we took soil samples in a stratified approach (soil layers, see above) and 
interpolated linearly to establish smoothed soil profiles of soil water δ18O, some 
plant water samples showed a higher δ18O value than the highest soil water δ18O 
value. Most likely, this is due to the fact that the topsoil in the uppermost layer had 
a higher δ18O value than the top soil layer analyzed. In these cases, we assigned the 
δ18O of plant water to that soil depth that resulted in the smallest difference of δ18O 
between plant water and water in the top soil

b) Bayesian calibrated mixing-model (SIAR)

To overcome the limitation of the LI approach mentioned above, we also estimated 
plant water uptake depth using SIAR (siar.package, Version 4.1.2), a R-based pro-
gram (R Development Core Team 2012) that allows solving mixing models for sta-
ble isotope data within a Bayesian framework (Parnell et al. 2010). The Bayesian 
model is based upon a Gaussian likelihood method for a mixture with a Dirichlet 
distributed prior-distribution of the mean. For our study, projections of SIAR were 
based on the measured isotope data of three sources (i.e., soil layers) and the root 
crown δ18O values. The model parameters were set as follows: Trophic Enrichment 
Factor, TEF = 0; iterations = 500000; number of initial iterations to discard, burnin 
= 50000; concentration dependence, concdep = 0. SIAR calculates the density dis-
tributions of the relative contributions of different soil water sources (in our case 
soil layers) to plant water. Due to the higher spatial resolution of the soil sampling 
in 2011, we used these data with the following three water sources for the Bayesian 
approach: top (0-2 cm), intermediate (14-16 cm), and deep (29-31 cm) layers for 
the pre-tmt and tmt periods at CHA and the pre-tmt period at AWS (see Appendix 
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3.1 and 3.2). For the post-tmt period at CHA and the tmt and post-tmt periods at 
AWS, we used slightly different soil depths: top (0-5 cm), intermediate (20-25 cm) 
and deep (30-35 cm). To increase model performance in this Bayesian approach, 
we used data for both water isotopes, δ18O and δ2H, in the last year of our experi-
ment.  

3.3.8 Statistical analyses 

Statistical analyses were performed using R version 2.14.2 (R Development Core 
Team 2012). To test treatment effects on aboveground biomass, we calculated a 
two-way ANOVA for each site, with treatment (drought vs. control) and year as 
main factors as well as their interaction terms (Table 3.2). To test effects of drought 
treatments on belowground biomass, we calculated a three-way ANOVA (linear 
mixed-effects) for each site, with treatment, experimental period (i.e., pre-tmt pe-
riod, tmt period and post-tmt period) and soil depth as main factors as well as their 
interaction terms (Table 3.3). To determine treatment effects on the depth of plant 
water uptake, we calculated a three-way ANOVA for each site, with treatment, ex-
perimental period and year as main factors (Table 3.4). To determine effects on 
plant water uptake depth for the three experimental periods separately, we calcu-
lated additional two-way ANOVAs for each experimental period at the two sites, 
with treatment and year as main factors as well as their interaction (Table 3.5). 

3.4 Results

3.4.1 Soil moisture

Due to the inter-annual variation in precipitation and the different treatment dura-
tions, the amount of excluded rain per year ranged between 21% and 39% (Table 
3.1). Nevertheless, volumetric soil water contents (SWC) at both sites were re-
duced by the drought treatment during the tmt periods in all three years (Figure 
3.1). Even during 2011, a year with an exceptional spring drought, soil moisture 
was significantly reduced in drought plots. Effects of the drought treatment were 
most pronounced in the top soil (5 cm depth), but also could be seen at 30 cm soil 
depth. 
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At CHA, SWC at 5 cm dropped during the tmt periods (2009-2011) on average 
from 26.6% (SD ±2.5%) in the control plots to 13.4% (SD ±3.6%) in the drought 
plots, at 15 cm from 28.5% (SD ±1.7%) to 21.1% (SD ±3.7%), and at 30 cm from 
36.8% (SD ±0.7%) to 32.8% (SD ±2.2%; Figure 3.1). 

At AWS, SWC at 5 cm dropped during the tmt periods (2010-2011) on average 
from 26.8% (SD ±1.1%) in the control plots to <10% in the drought plots (Figure 
3.1; in 2010, the sensors lost contact to the soil, thus no reliable data were available 
later into the tmt period), at 15 cm from 18.1% (SD ±0.3%) to 13.1% (SD ±1.6%), 
and at 30 cm from 18.7% (SD ±0.5%) to 9.3% (SD ±0.7%). Additional gravimetric 
soil water measurements in September 2010 (post-tmt period) confirmed the sig-
nificant soil drying due to the drought treatment, even down to 40 cm depth (data 
not shown). By the end of the treatment, gravimetric soil water contents in the top 
layer (0-10 cm) were reduced from 30.6% (SD ±3.6%) to 13.8% (SD ±2.1%, p 
< 0.001, and in the deeper layer (30-40 cm) from 20% (SD ±2.5%) to 11% (SD 
±2.4%, p = 0.006). 

After removal of the shelters, i.e., during the post-tmt periods, SWC in the drought 
plots recovered to levels observed in the control plots within two to three weeks 
(Figure 3.1).

3.4.2 Community aboveground biomass

At both sites, the drought treatment significantly reduced aboveground biomass 
(Figure 3.2, Table 3.2), without changing species composition. At CHA, aboveg-
round biomass decreased in response to drought by 22.3% (SD ±1%) when averaged 
across all sampling dates in all three years (Table 3.2, factor treatment, p = 0.051). 
This effect did not differ among years (Table 3.2, interaction treatment:year, p = 
0.981). At AWS, aboveground biomass was also significantly reduced by drought 
by 42% (SD ±35%; Table 3.2, factor treatment, p = 0.019) when averaged over all 
three years. However, when analyzed for each site separately, the drought effect 
was absent in 2010, a relatively wet and cool year (Table 3.1). 

3.4.3 Belowground biomass

At both sites, belowground biomass showed a pronounced depth profile (Table 3.3, 
factor depth, p < 0.001). At CHA, root biomass ranged between 200 and 600 g dry 
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weight m-2 in the top layer (0-15 cm) compared to <50 g dry weight m-2 in deeper 
layers (15-30 cm; Figure 3.3). Belowground biomass at CHA in 0-5 cm soil depth 
accounted for 79% (SD ±5%) of total root biomass in control plots and for 89% 
(SD ±7%) in drought plots (data not shown). Roots in 5-15 cm depth accounted for 
about 16% (SD ±4%) and about 8% (SD ±8%) of total root biomass in control and 
in drought plots, respectively. In contrast, roots in the deepest layer only accounted 
for about 5% (SD ±1%) and 3% (SD ±2%) of total root biomass in control and 
drought plots, respectively. During the growing season 2011, root biomass at CHA 
significantly increased (Table 3.3, factor period, p = 0.031) for both treatments 
(Table 3.3, interaction treatment:period, p = 0.945), although the trend of increas-
ing root biomass in the top layer under drought became only significant right after 
the shelters were removed (Figure 3.3). 

At AWS, root biomass at 0-15 cm depth was higher than at CHA, ranging between 
400 and 1200 g dry weight m-2 (Figure 3.3) Similarly to CHA, roots at 0-5 cm depth 
at AWS accounted for the majority of root biomass with 71% (SD ±7%) and 76% 
(SD ±5%) of total root biomass in control and drought plots, respectively (data not 
shown). Less roots were found at 5-15 cm depth (22 ± 7% in control plots, 19 ± 5% 
in drought plots) and even less at 15-30 cm depth (2 ± 6% in control plots, 1 ± 4% 
in drought plots). Compared to CHA, root biomass was less strongly affected by the 
experimental period at this site (Table 3.3, factor period, p = 0.053). The treatment 
had no effect on the root biomass (Table 3.3, factor treatment, p = 0.884).

3.4.4 Plant water uptake depth 

a) Estimates based on LI  

At CHA, the depth of plant water uptake was significantly affected by the drought 
treatment (Table 3.4, factor treatment, p = 0.006; Table 5, factor treatment, p < 
0.001) and changed on the three experimental periods (Table 3.4, factor period, 
p < 0.001; see Appendix 3.2 for δ18O values). Drought affected plants utilized 
water from upper soil layers, while plants from the control plots relied on deeper 
soil layers for their soil water uptake (Figures 3.4 and 3.5). This effect was present 
and identical in all three years of our experiment (Table 3.4, factor year: p = 0.296; 
treatment:year: p = 0.418). 

The depth of plant water uptake did not differ between treatments at AWS (Table 
3.4, factor treatment, p = 0.178), but changed significantly with the experimental 
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periods (Table 3.4, factor period, p < 0.001). Thus, drought affected plants at this 
dry inner alpine valley utilized water from the same soil layer as control plants.

b) Estimates based on SIAR

In order to estimate the contribution of the different soil layers to plant water up-
take and to test the reliability of the LI approach, we used the Bayesian calibrated 
SIAR mixing model. At CHA, before the drought treatments started, i.e., during 
the pre-tmt periods, the top soil layer contributed the most to plant water uptake 
(about 80%, excluding the very dry spring 2011) for both treatments (Figure 3.6). 
The intermediate and deeper soil layers contributed only very little to the total plant 
water uptake (large peaks below 10%, except for 2011). During the pre-tmt period 
in 2011, the top layer contributed about 30% to the water uptake of control plants 
and the other two layers about 40%. During the tmt periods (2009-2011), plants 
growing on the drought and the control plots at CHA used different soil layers: 
while plants on drought-affected plots took up the largest fraction of water in the 
top soil layer (on average about 56%; Figure 3.6), plants on control plots took up 
water in almost equal amounts from intermediate and deep soil layers (~30-40%) 
and used the top layer much less (about 30%). After the removal of the shelters, i.e., 
during the post-tmt periods, plants from all plots and treatments took up again more 
water from the top layer, particularly in the rather wet year 2010 (about 90%). Thus, 
results based on the more sophisticated SIAR approach support results obtained by 
the simple LI approach.

In contrast to CHA, at AWS, the contributions of the three layers to total plant water 
uptake were more variable over time (Figure 3.7). During the pre-tmt period 2010, 
no differences between the treatments were detected, all soil layers contributed 
about 40% each. During the tmt periods in 2010 and 2011, the top layer contributed 
the least to total water uptake (about 10%), while intermediate and deep layers 
contributed more than 40% each, independent of the treatment. The post-tmt pe-
riods were characterized by large inter-annual differences in water uptake depth. 
In 2010, the top layer contributed about 90% to plant water uptake on the drought 
plots, while the intermediate and deep layers contributed only about 10%. Plants on 
control plots took up water from all three layers, with about 30% contribution each 
(Figure 3.7). In 2011, the top layer contributed only about 30% to plant water up-
take on the drought plots, very similar to the other two layers. Plants on the control 
plots took up water preferentially from the top layer (about 70%). Also these results 
again confirm the findings based on LI.



613. Water uptake of grasslands

3.5. Discussion

3.5.1 Drought response of grassland productivity / biomass production

Community aboveground biomass production in both grasslands decreased in re-
sponse to the significantly decreased SWC on drought compared to control plots 
(Figure 3.1). These findings confirm similar patterns from previous studies (Bol-
linger et al. 1991; Fay et al. 2003; Hopkins 1978; Knapp and Smith 2001) also 
from the same sites, where not only community productivity, but also plant gas 
exchange and plant water relations clearly showed the drought stress of the investi-
gated Swiss grasslands (Gilgen and Buchmann 2009; Signarbieux and Feller 2012). 
In contrast, reports on belowground biomass production have been less clear, either 
showing small effects or even increased root biomass under drought conditions as 
plants invest more resources belowground to counteract water and nutrient limita-
tions (e.g., Davies and Bacon 2003; Marschner 1995; Palta and Gregory 1997). 
These findings are consistent with our study since we did not find a treatment effect 
on overall root biomass (Figure 3.3).

In general, grasses are known to be rather shallow rooted, i.e., to allocate their 
belowground biomass preferentially in the topsoil (<30 cm), particularly in arid 
regions (Jackson et al. 1996; Schenk and Jackson 2002). This allocation strategy 
is most likely related to the life form and anatomy of grasses but also to the higher 
concentration of nutrients in the topsoil compared to deeper soil depths, despite 
the concurrently decreasing availability of nutrients when soil moisture becomes 
limiting (Evans 1978; Hopkins 2000; Hu and Schmidhalter 2005). In a savannah 
ecosystem February and Higgins (2010) reported a negative correlation between 
root distribution of grasses and soil moisture, but a positive correlation between 
root distribution and soil nitrogen concentrations, indicating the dominant control 
of nutrient availability rather than soil moisture on root distribution. But also in 
temperate zones, allocation of more root biomass in shallow than in deeper soil 
depths might serve two strategies: access to precipitation water after drought events 
as well as facilitating nutrient uptake if water is available. 

3.5.2 Water uptake during drought periods

to our hypothesis, plants utilized water from the top 10 cm under drought condi-
tions, while plants under control conditions shifted their water uptake to deeper soil 
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layers in summer (Figures 3.4 and 3.5). This behavior was highly consistent across 
all three years (Figure 3.5), and also across the two different approaches used to 
estimate plant water uptake depths (LI and SIAR). Furthermore, the patterns of 
belowground biomass production support these findings, as they show no increase 
of belowground biomass in deeper soil layers, but a trend towards more root bio-
mass in the top 5 cm (Figure 3.3). In contrast to the lowland site, plant water uptake 
depths at the alpine site AWS were not affected by drought during the tmt periods 
(Figures 3.4 and 3.5). Here, treatments differed significantly in plant water uptake 
depths only in the post-tmt periods, although not consistently between years. These 
findings seem to indicate a delayed drought response, affected by overall (dry) en-
vironmental conditions. Also belowground biomass only tended to increase about a 
month after shelter removal (2011, Figure 3.3), when isotope sampling had already 
stopped. Thus, if short-term physiological recovery after natural rain events coun-
teracted longer-term carbon allocation strategies remains unresolved. 

Our study is in agreement with a number of recently published studies in C4-systems 
reporting shallow rooting patterns and water uptake of grassland species affected 
by drought. For example, Nippert and Knapp (2007) used at different time scales 
also an isotope approach and showed that C4-grasses have a greater dependency 
on water from the top 30 cm than on water from “deep soil”, characterized by the 
isotopic composition of winter precipitation. This dependency on the topsoil con-
tinued even during prolonged dry periods, well in accordance with our results in C3-
systems. A recently published tracer (2H) study also showed that grasses of a mesic 
savanna continued to extract water from the top 5 cm soil depth, even when water 
became scarce (Kulmatiski and Beard 2013). Asbjornsen et al. (2007) reported on 
two C4-species, Zea mays and the prairie species Andropogon gerardii, obtaining 
a high proportion (45% and 36%, respectively) of their water from the top 20 cm 
of the soil profile after an extended dry period. Focusing on P uptake Syers et al. 
(1984) showed greatest P uptake of perennial ryegrass and white clover (both C3) 
in surface soil (2.5 cm), especially under non-irrigated conditions. Studying car-
bon allocation of soybean (C3), Benjamin and Nielsen (2006) showed that water 
deficits did not affect plant root distribution, but that approximately 97% of the 
total soybean roots occurred in the top 23 cm of the soil, irrespective of sampling 
time or water regime. In summary, our data from temperate grasslands agree well 
with previously published work on C4 grasslands, which have evolved under more 
arid climates and suggest that also herbaceous grassland species under temperate 
climate rely on water from shallow soil layers, even under drought.
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Thus, the question arises why grassland species use the topsoil for water uptake, 
even though it might be the driest soil layer and even though water available in 
deeper horizons? Why do roots not grow into these deeper soil layers where water 
is more abundant, particularly under drought conditions? Disturbances like high 
grazing pressure, fire, drought, or reoccurring frosts are believed to be responsi-
ble for the evolution and the distribution of grasses (Axelrod 1985; Bond 2008; 
Coughenour 1985; Gibson 2009). The majority of all grassland species are indeed 
grasses (~70%) which possess traits allowing them to survive even extreme habitat 
disturbances. These traits include opportunistic acquisition of resources, such as 
water and nutrients from the topsoil, well-protected meristems close to the ground, 
and the option of dormancy if conditions are less favorable (Gibson 2009; Grime et 
al. 2000; Grubb 1977). For example, drought induced growth of new basal roots at 
shallow depth, as found already by Olmsted (1941) in a pot experiment, results in 
a high hydraulic conductivity of the new/younger roots (Nobel 2002; Tyree 2003). 
Such a young and shallow root system, common for plants adapted to drought 
and arid conditions, allows the use of small rainfall events (Hunt and Nobel 1987; 
Nobel and Alm 1993). Since water uptake mainly takes place close to the root tips, 
grasses are still able to extract water from the soil under extremely dry conditions: 
drought resistant cultivars of cocksfoot (Dactylis glomerata) are able to take up 
water at very low soil water potentials (-4 MPa; Marschner 1995; Volaire and Le-
lievre 2001). Also drought stressed plants at our site were still transpiring, despite 
very low soil water potentials (Signarbieux and Feller 2012). Thus, physiological 
acclimation as well as evolutionary adaptations of the life-form “grasses” seems to 
disfavor the exploitation of deeper soil layers even under drought which would be 
associated with high belowground carbon allocation costs, while at the same time 
possessing many survival traits enabling plant fitness under varying environmental 
conditions. 

3.6 Conclusion

Based on our findings in temperate grasslands, there is indeed evidence that be-
lowground biomass distribution and its highly dynamic changes in response to 
the environment correlate with plant water uptake from depth with highest mass 
of roots. Contrary to our original hypothesis, grassland species generally rely on 
rather shallow soil layers (0-30 cm) for water uptake, and do not grow roots deeper 
under drought conditions to access soil moisture in the lower soil profile, but rather 
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continued or extended water uptake from shallow soil depth (0-10 cm). This behav-
ior has not yet been studied in many other humid/temperate sites, but if confirmed, 
vegetation models used for climate impact studies need to take this behavior into 
account. Although not shifting to deeper soil depths for water uptake makes grass-
lands more vulnerable to prolonged droughts, as projected for future climate condi-
tions, inherent traits of grasses seem to successfully counteract or at least reduce 
this risk.
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3.9 Figures and tables 

Table 3.1  Overview of the annual mean air temperature (Tair), annual precipita-
tion, treatment period (shelter present) and amount of rain excluded during the 
experiments at Chamau (CHA) and Alp Weissenstein (AWS).

      Site Year Annual 
mean Tair 

[°C] 

Annual 
precipitation 

[mm] 

Treatment period Rain 
excluded 

[mm] 

CHA 2009 9.8 1085 28-May – 7-Aug 358 (33%) 

 2010 8.7 1139 20-May – 11-Aug 440 (39%) 

 2011 10.2 1084 5-May – 1-Jul 231 (21%) 

AWS 2010 0.7 993 6-Jul – 27-Aug 253 (25%) 

 2011 2.7 903 22-Jun – 17-Aug 248 (27%) 
	  1	  
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Table 3.2 Effects of simulated summer drought on the community aboveground 
biomass tested by a two-way ANOVA for the two grassland sites Chamau (CHA) 
and Alp Weissenstein (AWS) including all biomass samples from 2009 to 2011 
(CHA: n = 13; AWS: n = 3). Main factors and their interaction were treatment 
(control vs. drought) and year (CHA: 2009-2011; AWS: 2010-2011). Significant 
differences (p ≤ 0.05) are formatted in bold.

      

Site Factor Df Sum Sq Mean Sq F-value P-value 

CHA Treatment 1 92867 92867 3.847 0.051 

 
Year 2 207 104 0.004 0.996 

 
Treatment:Year 2 948 474 0.020 0.981 

  Residuals 158 3814424 24142     
AWS Treatment 1 58542 58542 6.242 0.019 

 
Year 1 244891 244891 26.113 <.001 

 
Treatment:Year 1 22572 11286 1.676 0.989 

  Residuals 26 243833 9378     
	  1	  
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Table 3.3 Effects of simulated summer drought on the community belowground 
biomass for the two grassland sites Chamau (CHA) and Alp Weissenstein (AWS) 
in 2011 tested by an ANOVA (CHA: n = 6, AWS: n = 5). Main factors are treat-
ment (control vs. drought), experimental period (pre-tmt, tmt, post-tmt period), soil 
depth (0-15 cm vs. 15-30 cm) and the respective two- and three-way interactions. 
Significant differences (p ≤ 0.05) are formatted in bold.

Site Factor numDf denDf F-value P-value 

CHA (Intercept) 1 193 77.411 <.001 
 Treatment 1 193 1.078 0.300 
 Period 2 193 3.532 0.031 
 Depth 1 193 98.939 <.001 
 Treatment:Period 2 193 0.056 0.945 
 Treatment:Depth 1 193 0.295 0.587 
 Period:Depth 2 193 2.225 0.111 
  Treatment:Period:Depth 2 193 0.046 0.955 
AWS (Intercept) 1 104 271.310 <.001 

 
Treatment 1 104 0.021 0.884 

 
Period 2 104 3.012 0.053 

 
Depth 1 104 213.606 <.001 

 
Treatment:Period 2 104 0.907 0.407 

 
Treatment:Depth 1 104 0.068 0.796 

 
Period:Depth 2 104 2.436 0.093 

  Treatment:Period:Depth 2 104 0.844 0.433 
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Table 3.4 Effects of simulated summer drought on the water uptake depth as calcu-
lated by the linear interpolation method for the two grasslands Chamau (CHA) and 
Alp Weissenstein (AWS) tested by an ANOVA (n = 4). Main factors were treatment 
(control vs. drought), period (pre-tmt, tmt, post-tmt period) and year (CHA: 2009-
2011, AWS: 2010 and 2011) and the respective two- and three-way interactions. 
Significant differences (p ≤ 0.05) are formatted in bold.

Site Factors numDf denDf F-value P-value 

CHA (Intercept) 1 70 351.963 <.001 

 
Treatment 1 70 7.978 0.006 

 
Period 2 70 12.561 <.001 

 
Year 2 70 1.240 0.296 

 
Treatment:Period 2 70 7.900 <.001 

 
Treatment:Year 2 70 0.883 0.418 

 
Period:Year 4 70 5.642 <.001 

 
Treatment:Period:Year 4 70 2.256 0.072 

AWS (Intercept) 1 33 181.104 <.001 

 
Treatment 1 33 1.893 0.178 

 
Period 2 33 12.946 <.001 

 
Year 1 33 1.579 0.218 

 
Treatment:Period 2 33 0.657 0.525 

 
Treatment:Year 1 33 4.709 0.037 

 
Period:Year 2 33 7.776 0.002 

  Treatment:Period:Year 2 33 2.048  0.145 
	  1	  
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Table 3.5 Effects of simulated summer drought on water uptake depth as calcu-
lated by linear interpolation for the individual experimental periods (pre-tmt, tmt, 
post-tmt period) tested by one-way and two-way ANOVA. ANOVA only included 
significant factors and interactions from the overall model (Table 3.4), i.e. treat-
ment (control vs. drought) for Chamau (CHA) and treatment (control vs. drought), 
year (2010 vs. 2011) and treatment:year interaction for Alp Weissenstein (AWS). 
Significant differences (p ≤ 0.05) are formatted in bold.

Site Period Factor Df Sum Sq Mean Sq F-value P-value 

CHA pre-tmt Treatment 1 0.3 0.284 0.02 0.889 

  
Residuals 30 430.3 14.343 

 
  

 
tmt Treatment 1 629.5 629.5 22.96 <.001 

  
Residuals 28 767.8 27.4 

  
 

post-tmt Treatment 1 1.1 1.15 0.02 0.889 
    Residuals 30 1738.8 57.96     

AWS pre-tmt Treatment 1 29.4 29.4 1.049 0.328 

  
Year 1 642.1 642.1 22.903 <.001 

  
Treatment:Year 1 44.7 44.7 1.594 0.233 

  
Residuals 11 308.4 28 

  
 

tmt Treatment 1 104.8 104.81 1.668 0.217 

  
Year 1 70.4 70.39 1.12 0.308 

  
Treatment:Year 1 0.8 0.82 0.013 0.911 

  
Residuals 14 879.7 62.83 

  
 

post-tmt Treatment 1 0.1 0.08 0.003 0.959 

  
Year 1 2.2 2.22 0.08 0.782 

  
Treatment:Year 1 282 282 10.18 0.008 

    Residuals 12 332.4 27.7     
	  1	  
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Figure 3.1 Volumetric soil water content (SWC) in 5 cm, 15 cm and 30 cm soil 
depths at Chamau (CHA) in 2009-2011 and at Alp Weissenstein (AWS) in 2010 and 
2011. Control plots (n = 2) received natural precipitation, whereas drought plots 
(n = 2) were covered with transparent shelters to exclude the rain for eight to ten 
weeks per year (grey area).  
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Figure 3.2 Aboveground biomass (mean±SE) at the intensely managed grassland 
site Chamau (CHA; 2009: n = 7, 2010 and 2011: n = 6) and the extensive alpine 
site Alp Weissenstein (AWS; n = 5). The grey area represents the period when 
shelters were installed to exclude rain from drought plots. Aboveground biomass 
was sampled in accordance with mowing dates. Significant differences between the 
treatments in a single harvest were tested with a t-test (* 0.05 ≥ p > 0.01; ** 0.01 
≥ p > 0.001, *** p ≤ 0.001). The significance of the drought effect on the overall 
community aboveground biomass reduction can be found in Table 3.2. 
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Figure 3.3 Belowground biomass between 0-15 cm and 15-30 cm (mean±SE) at 
the intensely managed grassland site Chamau (CHA, n = 3, if 15-30 cm present n 
= 6) and the extensive alpine site Alp Weissenstein (AWS, n = 5) in 2011. The grey 
area represents the period when the shelters were installed to exclude the rain on the 
drought plots. The star indicates a significant difference between the two treatments 
(* p ≤ 0.5) as tested by an ANOVA (Table 3.3). 
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Figure 3.4 Water uptake depth at the two grassland sites Chamau (CHA) and Alp 
Weissenstein (AWS) as calculated by linear interpolation over all plots (replicates, 
CHA: n = 4-6, AWS: n = 3-4). Water uptake depths were calculated for three 
experimental periods (pre-tmt, tmt, post-tmt period) for each year (CHA: 2009-
2011, AWS: 2010 and 2011) and the two treatments separately. Statistical ANOVA 
output across all periods and years as well as per period and year can be found in 
Tables 3.4 and 3.5, respectively.



793. Water uptake of grasslands

pre-tmt
period

post-tmt
period

30

20

10

0

So
il 

de
pt

h 
of

 w
at

er
 u

pt
ak

e 
[c

m
] CHA

control

drought

AWS

tmt
period

pre-tmt
period

post-tmt
period

tmt
period

Figure 3.5 Mean soil depth of plant water uptake over all years (CHA: 2009 to 
2011; AWS: 2010 and 2011) and per experimental period (pre-tmt, tmt, post-tmt 
period) for the two sites Chamau (CHA) and Alp Weissenstein (AWS) as calculated 
by the linear interpolation method. Means (CHA: n = 15-16; AWS: n = 7-9) and 
standard errors are given. Statistical output based on an ANOVA can be found in 
Table 3.4.
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Figure 3.6 Density distributions for the contribution of three different soil layers 
(top, intermediate, deep) to plant water uptake at Chamau (CHA) for three differ-
ent years (2009-2011), three experimental periods (pre-tmt, tmt, post-tmt period) 
within a year and two different treatments (control vs. drought). The density dis-
tribution was calculated with a Bayesian calibrated mixing model (SIAR). In 2009 
and 2010 the soil layers include δ18O data of soil water as follows: top = 0-10 cm, 
intermediate = 10-20 cm, deep = 20-30 cm. In 2011, soil layers were: top = 0-2 
cm, intermediate = 14-16 cm, and deep = 29-31 cm for the pre-tmt and tmt peri-
ods; top = 0-5 cm, intermediate = 20-25 cm and deep = 30-35 cm for the post-tmt 
period. To increase model performance in this Bayesian approach, we used data 
for both water isotopes, δ18O and δ2H, in 2011
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Figure 3.7 Density distributions for the contribution of three different soil lay-
ers (top, intermediate, deep) to plant water uptake at Alp Weissenstein (AWS) for 
two different years (2010-2011), three experimental periods (pre-tmt, tmt, post-tmt 
period) within a year and two different treatments (control vs. drought). The den-
sity distribution was calculated with a Bayesian calibrated mixing model (SIAR). 
In 2010 the soil layers include δ18O data of soil water as follows: top = 0-10 cm, 
intermediate = 10-20 cm, deep = 20-30 cm. In 2011 layers were: top = 0-2 cm, 
intermediate = 14-16 cm, and deep = 29-31 cm for the pre-tmt period; top = 0-5 
cm, intermediate = 20-25 cm and deep = 30-35 cm for the tmt and post-tmt. To in-
crease model performance in this Bayesian approach, we used data for both water 
isotopes, δ18O and δ2H, in 2011.
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3.8 Appendix

Appendix 3.1 δ18O data of soil water (natural abundance) from different depth 
used for the linear interpolation method (LI) to estimate water uptake depth. The 
three values (top, intermediate, deep; Appendix 3.2) used for the Baysian calibrated 
mixing model (SIAR; Figures 3.6 and 3.7) are marked with an arrow ( ), if there 
are more than three values per panel (sampling date). Data are given for the two 
grassland sites Chamau (CHA) and Alp Weissenstein (AWS), for each year, experi-
mental period (pre-tmt, tmt, post-tmt period) and treatment (control vs. drought). 
Standard deviations are given (2009: n = 3; 2010 and 2011: n = 4).
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Appendix 3.2 Overview of the δ18O data in soil and vegetation (mean±SE) for the 
two grassland sites Chamau (CHA) and Alp Weissenstein (AWS). Data are given 
for each year, experimental period (pre-tmt, tmt, post-tmt period) and treatment 
(control vs. drought). Soil data are shown for the three soil layers (2009 to 2010: 
top = 0-10 cm, intermediate = 10-20 cm, deep = 20-30 cm), vegetation data for the 
entire plant community. Soil layers in 2011 were: top = 0-2 cm, intermediate = 14-
16 cm, and deep = 29-31 cm (pre-tmt and tmt periods at CHA and pre-tmt period at 
AWS). Post-tmt period at CHA, tmt and post-tmt periods at AWS were: top = 0-5 
cm, intermediate = 20-25 cm and deep = 30-35 cm.

δ18O [‰]

Soil layer

Site Year Period Date Treatment Top Intermediate Deep
CHA 2009 pre-tmt 1-May-2009 control -11.9 ± 0.4 -12.4 ± 0.5 -13.1 ± 0.4 -11.5 ± 0.2

drought -11.3 ± 0.5 -12.5 ± 0.4 -13.2 ± 0.3 -11.6 ± 0.2
tmt 6-Aug-2009 control -6.2 ± 0.3 -7.0 ± 0.5 -8.0 ± 0.5 -7.2 ± 0.3

drought -8.3 ± 0.6 -11.1 ± 0.7 -12.0 ± 0.8 -8.9 ± 0.3
post-tmt 2-Oct-2009 control -4.6 ± 0.4 -5.8 ± 0.2 -7.6 ± 0.3 -6.0 ± 0.4

drought -5.2 ± 0.8 -7.5 ± 0.8 -9.2 ± 0.5 -6.6 ± 0.2
2010 pre-tmt 29-Apr-2010 control -10.8 ± 0.5 -13.5 ± 0.5 -13.8 ± 0.6 -9.7 ± 0.3

drought -10.3 ± 0.6 -13.1 ± 0.2 -13.5 ± 0.6 -10.6 ± 0.3
tmt 31-Jul-2010 control -8.2 ± 0.5 -8.0 ± 0.3 -8.8 ± 0.3 -9.3 ± 0.3

drought -10.7 ± 0.2 -11.5 ± 0.4 -12.2 ± 0.3 -10.9 ± 0.3
post-tmt 10-Sep-2010 control -7.4 ± 0.3 -7.9 ± 0.3 -8.3 ± 0.3 -6.9 ± 0.1

drought -7.8 ± 0.3 -9.1 ± 0.2 -9.9 ± 0.3 -7.6 ± 0.2
2011 pre-tmt 20-Apr-2011 control -9.2 ± 0.6 -12.2 ± 0.6 -11.8 ± 0.5 -11.4 ± 0.3

drought -10.5 ± 0.6 -12.3 ± 0.6 -13.3 ± 0.4 -11.1 ± 0.4
tmt 7-Jun-2011 control -6.5 ± 0.4 -8.9 ± 0.6 -10.8 ± 0.4 -8.2 ± 0.3

drought -9.8 ± 0.5 -12.9 ± 0.5 -13.2 ± 0.5 -11.4 ± 0.3
post-tmt 12-Aug-2011 control -6.0 ± 0.2 -6.8 ± 0.3 -6.9 ± 0.2 -6.4 ± 0.2

drought -6.2 ± 0.5 -7.9 ± 0.4 -8.5 ± 0.4 -7.0 ± 0.3
AWS 2010 pre-tmt 3-Jul-2010 control -13.7 ± 1.1 -12.6 ± 1.0 -12.6 ± 0.6 -12.3 ± 0.3

drought -14.3 ± 0.8 -13.3 ± 0.4 -14.0 ± 0.9 -12.2 ± 0.3
tmt 19-Aug-2010 control -13.6 ± 0.3 -13.7 ± 0.2 -14.1 ± 0.2 -14.2 ± 0.2

drought -13.6 ± 0.3 -14.7 ± 0.4 -15.8 ± 0.3 -15.9 ± 0.3
post-tmt 15-Sep-2010 control -11.0 ± 0.4 -11.0 ± 0.3 -12.0 ± 0.5 -11.2 ± 0.3

drought -11.3 ± 0.5 -12.4 ± 0.4 -14.1 ± 0.6 -10.7 ± 0.2
2011 pre-tmt 21-Jun-2011 control -9.1 ± 0.4 -9.5 ± 0.3 -11.7 ± 0.6 -9.7 ± 0.4

drought -8.8 ± 0.3 -9.7 ± 0.2 -11.3 ± 0.6 -10.5 ± 0.3
tmt 11-Aug-2011 control -7.9 ± 0.2 -8.6 ± 0.2 -9.1 ± 0.4 -8.4 ± 0.2

drought -9.1 ± 0.4 -13.5 ± 0.4 -15.0 ± 0.4 -13.1 ± 0.3
post-tmt 29-Aug-2011 control -6.2 ± 0.5 -8.5 ± 0.4 -8.7 ± 0.3 -6.8 ± 0.2

drought -5.4 ± 0.5 -11.5 ± 0.8 -15.3 ± 0.4 -9.0 ± 0.3

Community  
vegetation
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4.1 Abstract

Stable oxygen and hydrogen isotopes are an established tool to trace water through 
the soil-plant-atmosphere continuum. Up to date, soils have been poorly considered 
as a potential factor influencing the isotopic composition of soil water. Therefore, 
we tested under controlled conditions if soils can alter the isotopic composition 
of water and which soil properties and mechanisms are responsible for the altera-
tion. For that, oven dried soils, differing in their physicochemical properties, were 
re-wetted with water of known isotopic composition which was subsequently ex-
tracted by cryogenic water distillation and analyzed for its isotopic composition. 
Relative to the original water added, extracted soil water was significantly depleted 
in δ18O (up to 1 ‰). In a similar experiment where we separated soils in different 
grain size fractions, we could show that soil texture is the responsible property for 
the alteration in δ18O. Further experiments revealed that soils possess an isotopic 
memory effect and that matrix potential and equilibrium exchange play a central 
role in the isotopic alteration of soil water.

Keywords: isotope effect – oxygen isotopes – equilibrium exchange – cryogenic 
water distillation – soil texture

4.2 Introduction

Soil water plays a central role in research on the soil-plant-atmosphere continuum 
such as groundwater hydrology, micrometeorology (evapotranspiration) and eco-
hydrology. For many of these research areas stable oxygen and hydrogen isotopes 
in water have become an important tool, as they allow to trace water through the 
soil-plant-atmosphere continuum at different scales. In catchment hydrology and 
ecohydrological studies, for instance, the stable isotope composition of soil water 
can be used to characterize the catchment recharge (e.g. summer vs. winter re-
charge), to investigate subsurface water flow or to identify sources used by plants 
for water uptake (Asbjornsen et al. 2011; Clark and Fritz 1997; Kendall and Mc-
Donnell 1998). As the oxygen isotope equilibrates between soil water and CO2, the 
δ18O value of soil water is also important tool for research determining the origin of 
CO2 by means of its oxygen isotopes (i.e. foliar vs. soil respiration; Bowling et al. 
2003; Ciais et al. 1997; Seibt et al. 2006; Stern 2001; Wingate et al. 2008). 
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Therefore, it is critical task to understand the processes driving the isotopic com-
position of soil water.

So far, phase transitions and salinity are often recognized as the only potential 
factors driving the fractionation of soil water (Barnes and Turner 1998). A direct 
effect of soils on the stable isotope composition of water is often assumed to be 
negligible and therefore poorly investigated. There is, however, rising uncertainty 
if soils have truly no direct effect on the isotopic composition of soil water. Hsieh 
et al. (1998) found in an experiment under controlled conditions, that the δ18O of 
water originally added to soil samples was different to the subsequently measured 
δ18O soil water by equilibration with CO2 (up to 12 ‰ δ18O). This alteration effect 
in δ18O was confirmed by other studies, revealing also a relationship between the 
magnitude of alteration in δ18O and the soil water content (Araguás-Araguás 1995; 
McConville 1999; Miller 1999; Scrimgeour 1995). Furthermore, a recently pub-
lished ecohydrological study by Brooks et al. (2010), suggested that different-sized 
soil pores separate soil water into mobile water, and tightly bound water and the 
concomitant separation of oxygen and hydrogen isotopes. 

The findings of these studies give strong evidence that soils have the potential to 
alter the isotopic composition of soil water, but responsible drivers for the altera-
tion of soil water remain still poorly understood. 

Therefore, we performed several experiments under controlled conditions, in order 
to identify potential drivers of the isotopic alteration of soil water. In the study 
we present here we investigated (i) which soil properties are responsible for the 
isotopic alteration of soil extractable water, (ii) whether soils possess an isotopic 
memory effect (exchange reaction) and (iii) which role has the soil water content 
for the alteration effect of soils.

4.3 Material & Methods

4.3.1 General fractionation effect of soils on extractable water

To test whether soils   have a potential influence on the isotopic composition of 
soil water, we used four different soil samples collected in Switzerland and ana-
lyzed them on their physicochemical properties (Table 1). In addition, we used 
pure quartz sand (QS) and cotton wool as control. To minimize the influence of 
soil aggregates, soil samples were homogenized with a ball mill. At the beginning 
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of the experiment, soil samples and pure quartz sand samples were dried at 105°C 
in an oven for at least 16 h. 10 g of each sample (n=4) were filled into a gas proof 
exetainer and re-wetted with 3 g ultra-pure tab water (Direct-Q3, MILLIPORE) 
with an isotopic composition of δ18O = -11.4 ‰ and δ2H = -77.8 ‰. The amount 
of added water (3 g) was equal to 30% of the soil sample mass (10 g). After water 
addition, we shook the samples for 12 h. Following that water was extracted from 
the soil for 1.5 h by cryogenic water distillation (Araguas-Araguas et al. 1995; 
Ehleringer and Osmond 1989; West et al. 2006) and the δ18O values of the extracted 
water analyzed on an isotope ratio mass spectrometer (IRMS; see below). 

In the following, the difference in δ18O between the reference water (δ18ORef) added 
and that of the consequently extracted water (δ18OExt) were expressed as Δδ18O: 

Δδ18O = δ18ORef - δ
18OExt    eq.(7)

4.3.2 Effect of soil grain size 

To test if differences in Δδ18O are based on soil texture, we tested experimentally 
and statistically the relationship between Δδ18O and grain size. For the statistical 
testing we performed a regression analysis with the received Δδ18O values of soils 
A-B and QS, and the corresponding physicochemical properties of the soil (Table 
1).

To test the effect of grain size for Δδ18O we separated two soils (A and B), differ-
ing in Δδ18O (Figure 4.1), into two grain size fractions (0.25 – 0.04 mm and <0.04 
mm). For this purpose, samples from 33 g soils A and B were filled into in 250 mL 
conical flasks and suspended in 200 mL of water. The soil suspensions within the 
conical flasks were then disrupted in an ultrasonic bath for 6.5 min each to break 
soil aggregates. The disrupted soils were then wet-sieved through a 1 mm sieve to 
remove large particles and subsequently wet-sieved through 0.25 mm and 40 μm 
sieves. The remaining soil suspension was allowed to sediment for 12 h and then 
filtered through fluted filter paper. Grain size fractions were oven dried and re-
wetted with 3 g reference water. The water was then extracted as described above 
and the δ18O values of the extracted water analyzed on an IRMS (see below).
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4.3.3 Memory effect using 18O enriched water

To test if the water is reversibly bound to the soil during a drying event, either To 
test if the heavier water (1H1H18O) is reversible bound to the soil and thus soils 
possess a memory effect for, we repeatedly wetted the soil and extracted the water. 
To reveal these memory effects, we added water with different δ18O values at each 
wetting event. For the first wetting, we used water with a δ18O value of 28.6‰ the 
second -11.4‰ and the third re-wetting event again 28.6 ‰. We hypothesized that 
reversible binding of water occurs if the isotopic composition of the added water 
leads to a relative enrichment or depletion of the water of the following re-wetting 
event. 

Before the experiment started, 10 g soil from each soil type (soils A-D, n = 4) were 
saturated with reference water and oven-dried for 16 h at 105 °C to minimize the 
potential isotopic differences in the residual water of the soils. Dried soil samples 
were (1) re-wetted with 3 g 18O-label, and after 24 h cryogenically extracted. The 
extracted soils were subsequently (2) re-wetted with the reference water and again 
extracted after 24 h. After that, soils were (3) re-wetted a third time with 18O-label 
and extracted after 24 h. After every extraction, the extracted water was analyzed 
for its isotopic composition and compared to the originally added water (Δδ18O).

4.3.4 Effect of water amount added

In order to investigate if (a) the memory effect might occur under natural abun-
dance of 18O and 2H in water, and if (b) the memory effect of soils is depended on 
the soil water content (SWC), we re-wetted/extracted soil B twice, with different 
amounts of the same water with identical isotopic composition. If the added volume 
of water has a significant influence on the isotopic composition of extracted water, 
this would (c) indicate equilibrium exchange, as a equilibration of gradients in the 
18O and 2H concentration would lead to higher enrichment in small water volumes.

To minimize the potential isotopic differences in the residual water of the soils, 
samples of soil B were saturated with reference water and dried in an oven for 16 
h at 105 °C before the experiment started. 10 g of dry soil B was re-wetted the first 
time with 1 g (10%), 2 g (20%) or 3 g (30%; each: n = 4) of reference water. After 
12 h samples were extracted. The dry, extracted soil samples were subsequently re-
wetted a second time with either 1 g or 3 g reference water resulting in the follow-
ing volume combinations: 10-10, 20-10, 30-10, 20-30 and 30-30 [%]. After every 
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extraction, water was analyzed for its isotopic composition and compared to the 
reference water. In contrast to the other experiments we analyzed extracted water 
for both δ18O and δ2H.

4.3.5 Stable isotope analyses

All water samples were analyzed for δ18O and δ2H (only experiment 5) with a 
TC/EA high-temperature conversion/elemental analyzer coupled to a DeltaplusXP 
mass spectrometer via a ConFlo III interface (Thermo-Finnigan, Bremen, Germa-
ny) according to Werner et al. (1999). The δ18O- and δ2H-values are expressed rela-
tive to the Vienna Standard Mean Ocean Water (VSMOW) in per mill (‰):

δ18O or δ2H = RSAMPLE/RSTANDARD - 1       eq.(8)

Where R is the 18O/16O or 2H/1H ratio of the sample or the standard (V-SMOW), 
respectively. The long-term precision of the lab’s quality control standard for δ18O 
and δ2H in water was 0.08‰ and 0.36‰, respectively. 

4.3.6 Data analyses and statistics

To test if extracted water was significantly different from the water used to re-
wet the soils (Δδ18O), we used ANOVA models and a subsequent Tukey test 
for multiple comparisons. Depending on the experimental manipulation we 
used either material (soils A–D, QS, control = cotton wool; Figure 4.1), soil 
type (soil A, soil B) and grain size (0.25–0.04 mm, <0.04 mm; Figure 4.3) or 
soil and water type (reference water vs. δ18O-label; (Figure 4.4), as factors.  
Correlations between Δ18O and soil properties were determined by fitting a linear 
model to the data. All data shown in this manuscript are means ± 1 standard devia-
tion (SD). Statistical analyses were performed using R version 2.14.2 (R Develop-
ment Core Team 2012)
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4.4 Results

4.4.1 General effect of soils on δ18O values of extractable soil water

Water extracted from re-wetted soil samples had significantly lower δ18O values 
than the reference water, which was used for re-wetting (Figure 4.1). The magni-
tude of depletion differed significantly among soil types, with a maximum deple-
tion of ~1‰ in soil B. This effect was independent of extraction time, as 5 h extrac-
tion time showed no significant difference to 1.5 h extraction time (data not shown). 
Cotton wool, which was used as a control, and QS, did not show lower δ18O values 
in the extracted water when compared to the water used for re-wetting. 

4.4.2 Effect of soil grain size on δ18O values of extractable soil water 

We found a strong effect of soil texture on Δδ18O values of extractable soil water 
(Figure 4.2). The highest coefficients of determination were found for the soil tex-
tures. Clay (R2 = 0.9; p < 0.01), silt (R2 = 0.97, p < 0.01) and sand (R2 = 0.95, p < 
0.01) showed the highest coefficients of determination. While for clay and silt this 
correlation was positive the correlation between Δδ18O and sand content was nega-
tive. The water holding capacity (WHC), which is strongly influenced by soil tex-
ture,  showed a significant positive correlation with Δδ18O values of extractable soil 
water (R2 = 0.88, p < 0.5) as well. Soil organic matter (SOM) and cation exchange 
capacity (CEC) were not significantly correlated to Δδ18O values of extractable soil 
water.

The strong influence of soil texture on Δδ18O values of extractable soil water was 
confirmed, when soils A and B, which differed significantly in their effect on the 
Δδ18O values of extractable soil water (Figure 4.1), were separated into two grain 
size classes. While both grain fractions, showed significant effects on Δδ18O values 
of extractable soil water, the individual grain size fractions (0.25 – 0.04 mm or 
<0.04 mm) did not differ in their effect on Δδ18O values of extractable soil water 
irrespective which soil they were derived from (Figure 4.3). The Δδ18O was signifi-
cantly more negative in the smaller grain fractions (δ18O = -1‰) compared to the 
bigger grain fractions (δ18O = -0.3‰).
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4.4.3 Memory effect using 18O enriched water 

Addition of 18O-enriched water and subsequent extraction resulted in a similar de-
pletion of soil extractable water in δ18O as we observed in 4.4.1 using regular tap 
water (Figure 4.4). However, when the soils were subsequently re-wetted with the 
reference water and extracted again, the extracted water had on average 1‰ more 
positive δ18O values when compared to the water from the previous extraction. 
When soils were extracted a third time following re-wetting with 18O-enriched wa-
ter, the extracted water showed δ18O values that were comparable to the first extrac-
tion and about 1‰ more negative than the previous extracted water.  

4.4.4 Effect of the water amount added

The isotope data obtained from the experiment were soil B was consequently re-
wetted / extracted twice (section 4.3.4) were combined plotted for δ18O and δ2H.  
To reveal and characterize potential fractionation processes between soil and wa-
ter, the Global Meteoric Water Line (GMWL: δ2H = 8δ18O + 10) was used as a 
reference. Samples of the first re-wetting/extraction procedure fell well below the 
GMWL, which is an imprint of kinetic fractionation processes. δ2H was signifi-
cantly depleted (SWC: 10%, 20%, 30%) and δ18O enriched (only fro SWC: 10%; 
Figure 4.5). Samples from the second re-wetting followed closely the GMWL and 
showed a general relative enrichment compared to reference water when re-wetted 
with 10% water (30%-10% > 20%-10% > 10%-10%, Figure 4.5). Moreover, when 
the second re-wetting was done with 30% water, samples showed almost no dif-
ference (20%-30%) to the reference water or a relative depletion to the reference 
water (10%-30%).

The higher the added amount of water during the first re-wetting/extraction pro-
cedure, the higher was the enrichment when a relatively small amount of water 
(10%) was used for the second re-wetting/extraction procedure. A reverse order in 
the added amounts of water led to the opposite result, a relative depletion after the 
second extraction..
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4.5 Discussion 

Our experiments show clearly that soil texture and soil water content are the re-
sponsible drivers for Δδ18O, becoming more pronounced the higher the clay con-
tent and the drier the soils were (Figures 4.2, 4.3 and 4.5). These results are in line 
with previous studies, showing also an alteration in δ18O of water due to interac-
tions with soils (Hsieh 1998; McConville 1999; Miller 1999; Scrimgeour 1995).

The dependency of Δδ18O on the clay content and the SWC is also in line with the 
theory and closely related to the water retention curve of soils: the matrix potential 
(binding forces) between soil and water increase with decreasing particle size and 
water content (Buckingham 1907; Or and Wraith 2002). Soil-bound water consists 
of two categories: a) adsorbed water, enveloping directly the soil particle and thus 
very tightly bound (van der Waals bond, electrostatic forces, no menisci), and b) 
adhesive water, which is less strongly bound due to adhesive forces (menisci). That 
is, even under very dry soil conditions soils can never become completely water 
free (adsorbed water) since the matrix potential is too high (up to -600 MPa; Blume 
et al. 2010; Tuller and Or 2005). Due to thermodynamic principals, heavy isotopes 
bind under equilibrium conditions to that part of a system, where they can establish 
stronger bounds (Gat 1996). Thus, the heavier water (1H1H18O; 2H1H16O) should 
preferentially bind to the soil rather than the lighter water (1H1H16O), leading to the 
observed depletion in δ18O (δ2H) of re-extracted water (Figure 4.1). 

Moreover, we could show that depending on the “isotopic history” and the “mois-
ture history” (SWC combination of first a second re-wetting) soils inherit an iso-
topic memory effect. The “moisture history” clearly determines the magnitude of 
Δδ18O and whether the  extracted water will be depleted or enriched ( Figure 4.4 
and 4.5). Summarizing these findings  give strong evidence that the mechanism 
responsible for the magnitude of  Δδ18O is the extend of equilibrium exchange be-
tween two different water pools: soil-bound water (adhesive water) and soil-mobile 
water (Gat 1996). 

The ongoing equilibrium exchange between these two water pools becomes visible 
(measurable) when soil-bound water, relatively saturated with heavier water (due 
to the previous re-wetting/extraction under relatively higher SWC (30%)) stays in 
exchange with a relatively smaller volume (10%) of added mobile reference water. 
Due to the isotopic gradient, soil-bound water equilibrates with the added mobile 
water, resulting, in our case, in an enrichment of the added mobile water (30%-
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10%; Figure 4.5). This enrichment effect decreases, the smaller the added amount 
of water of the first re-wetting/extraction (30%-10% > 20%-10% > 30%-10%), 
and thus the saturation of the soil. The exchange reaction can change its direction 
if soil-bound water is relatively more unsaturated (relatively depleted) in heavier 
water than the mobile water. That reverserd exchange reaction  is observable if the 
first amount of added water is relatively smaller than during the second re-wetting/
extraction, resulting in a negative Δδ18O (depletion). 

Moreover, the fact that the δ2H/δ18O relationship of the second extraction followed 
the GMWL indicates that equilibrium processes are crucial. If kinetic processes, 
such as direct interactions with the soil surface, would be crucial, we would expect 
a significant deviation from the GMWL (Gat 1996; Fritz and Clark 1997). The mi-
nor role of kinetic fractionation is also underlined by the non-significant correlation 
between Δδ18O and CEC (Figure 4.4). 

However, direct surface interactions and thus kinetic fractionation  plays very like-
ly a role when soils are oven dried as before the first re-wetting/extraction, resulting 
in a significant deviation from the reference water and the GMWL (Figure 5: open 
symbols). These facts give strong evidence that oven dried soils contain less ad-
hesive water so that the direct bound and interactions to the soil surface (adsorbed 
water; due to the different dipole moments and masses of the two isotopologues) 
becomes relevant (Assafrao and Mohallem 2007; Shostak et al. 1991; Vértes 2010).

Our results are in line with the study by Hsieh et al. (1998), who tested the measure-
ment of soil-water δ18O values by direct equilibration with CO2. They also reported 
that the measured δ18O varies with different soil type, hypothesizing that this ef-
fect might exist due to two different soil water “compartments”, differing in their 
isotopic composition. As Δδ18O was found for both methods used to analyze the 
isotopic composition of soil water (CO2 equilibration method vs. cryogenic water 
distillation), methodological artifacts are very unlikely (Hsieh 1998; McConville 
1999; Scrimgeour 1995). The watershed study by Brooks et al. (2010) confirmed 
the existence of two water pools (mobile soil water and tightly bound water) under 
field conditions. They showed that the isotopic composition of first rain, respon-
sible for the first wet-up of dry soil, persisted throughout the entire rainy season in 
the soil, irrespective of following rain events. This tightly bound water was shown 
to be significant for plant water uptake. 

In respect to our results, we would have expected an isotopic exchange between the 
tightly bound and the mobile soil water and not such a persistent fixation. However, 
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our soil samples are a) only a small part of a complex environmental system, and 
b) we destroyed the soil aggregates in our samples, which might play a central role 
for the (spacial) soil water separation under field conditions.

Our findings and the two waters pools might be strongly connected to the findings 
by Brooks et al. (2010), whereby the relevance of equilibrium exchange and the 
memory under field conditions is  not clear yet. The role of Δδ18O and the memory 
effect for the interpretation of δ18O and δ2H data of soil water, might depend strong-
ly on the scale and needed precision of a study. In comparison to the range of δ18O 
in meteoric water the magnitude of 1 ‰ we found for Δδ18O (and Δδ2H: ~6 ‰;) 
is relatively small, whereas Hsieh et al. (1998) reported a Δδ18O of at least 12 ‰ 
(for soils with SWC<32%). The magnitude and thus the relevance of Δδ18O seem 
to vary between different studies. 

4.6 Conclusion

As the magnitude of Δ18O increases with decreasing SWC, studies using dry and 
clayey soils should particularly account for this effect. However, the relevance of 
Δδ18O should be tested for each study independently and might be also depend 
on the scale of research. Furthermore, it might be useful to establish standardized 
parameters (strength of vacuum, temperature) for soil water extraction used for 
isotope analysis.
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4.9 Figures and tables

Table 1 Properties and composition of soils used in this study. Soils were analyzed 
for their soil organic matter (SOM), soil texture (clay, silt, sand), nitrogen (N) and 
carbon (C) concentrations, potential cation exchange capacity (CEC pot), and pH 
value. Means of three replicates and standard deviations (in parenthesis) are given.

 
         

Soil SOM clay silt sand N C CEC pot pH-CaCl2 

 
[%] [%] [%] [%] [%] [%] [cmol (kg soil)-1] 

A 2.3 16.0 25.6 58.4 0.1 1.4 13.6 5.8 

 
(0.1) (0.8) (1.2) (0.4) (<.01) (0.01) (1.01) (0.61) 

B 2.7 28.9 44.6 26.5 0.2 3.6 23.6 7.2 

 
(0.21) (1.96) (0.40) (2.26) (<.01) (0.03) (2.76) (0.05) 

C 5.0 22.6 41.7 35.7 0.2 3.1 23.2 3.6 

 
(0.20) (0.55) (0.84) (0.40) (<.01) (0.02) (0.33) (0.02) 

D 11.9 24.1 39.3 36.7 0.4 8.3 50.3 6.6 
 (0.31) (0.50) (0.50) (1.07) (<.01) (0.05) (6.17) (0.02) 

  
      

 	  1	  
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Figure 4.1 Difference between the δ18O value of cryogenically extracted soil water 
and that of reference water, used for re-wetting dried soils (Δδ18O). Means and 
standard deviations (n = 4) are given for cotton wool (CW) and  pure quartz sand 
(QS), which were used as controls, and four different soils (soils A-D) differing in 
their properties. Letters indicate significant differences among material type (p < 
0.05). The δ18O value of the reference water was -11.1‰ ± 0.04‰ SD. Error bars 
indicate one standard deviation of the mean.
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Figure 4.2 Linear regression analysis between soil properties of different soil types 
(soils A-D and quartz sand; n=4) and Δδ18O (see Figure 4.1). Δδ18O is the differ-
ence between the δ18O value of the reference water, originally added to the dry 
soils, and the δ18O of the subsequent extracted water. Soil properties considered 
were: soil texture (clay, silt, sand), water holding capacity (WHC), soil organic 
matter (SOM) and cation exchange capacity (CEC). Regression lines are only pres-
ent if p ≤ 0.05. Error bars indicate ±one standard deviation of the mean.
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Figure 4.3 Difference (Δδ18O) in δ18O of cryogenically extracted water to the ref-
erence water, which was added to oven dry soil samples (soils A and B, initially 
significant different in Δδ18O, p = 0.01; see Figure 4.1), separated  into two grain 
size fractions (0.25 – 0.04 mm, < 0.04 mm; n = 4). Not soil type (p =  0.72), but the 
soil fractions showed a significant difference (letters; p < 0.001) in Δδ18O. Error 
bars indicate one standard deviation.
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Figure 4.4 Difference (Δδ18O) in δ18O of cryogenically extracted soil δ18O of wa-
ters with different reference waters. Soil samples (soils A-D; n=4) were re-wetted 
and extracted three times consequently. Stars indicate a significant difference (p < 
0.05) of extracted water (Extraction 1 to 3) to the corresponding reference water 
(independent of soil type). Error bars indicate one standard deviation.
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Figure 4.5 Alteration of the reference water (cross) in δ2H and δ18O after two sub-
sequent re-wetting and cryogenic extraction procedures of dry soil (soil B). Open 
symbols represent the isotopic composition of extracted water after the first re-
wetting with different amounts of water (numbers [%], n=4) and a subsequent 
extraction. The same samples were subsequently re-wetted a second time (closed 
symbols) with different amounts of reference water (number combinations: left 
number=1st re-wetting, right number = 2nd re-wetting), extracted after 24 h and 
analyzed for its isotopic composition. Error bars indicate one standard deviation.
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Chapter 5

Synthesis

5.1 Outcome and general discussion

The isotopic composition of precipitation plays a central role for the interpreta-
tion of isotope data in ecohydrological studies. Therefore, it  is important to col-
lect precipitation in such a way that factors driving alteration in the isotope signal 
are kept at a minimum. For that reason we tested (Chapter 2) a widely used low 
budget rain collector (“ball-in-funnel-type collector” = BiFC) on its sampling per-
formance in dependency on time, sample volume and relative humidity (Scholl 
2006). We could show that the BiFC is an appropriate method to collect rain for 
isotope analysis. Rain samples showed no significant alteration when recovered 
within five days from the BiFC. Our findings reveal that small sample volumes (< 
2.5mm) are more sensitive on the imprint of evaporative enrichment. This implies 
that small rain events should sampled with caution. This is particularly important 
since precipitation can have strong spatial and temporal variations in the δ2H and 
δ18O values (Figure 1.1). Therefore, the volume effect can be relevant for studies 
focusing on single precipitation events (Gat et al. 1996; Munksgaard et al. 2011; 
Rozanski 1993).

The isotopic composition of single precipitation events can also play a central role 
for studies on plant-water relations, when rain is directly taken up by plants (Daw-
son and Pate 1996). Even if not directly taken up, precipitation recharges the soil 
and thus determines the isotopic signal of soil water and thus plants to a large 
extend (Figure 1.1). By means of the isotopic composition of soil water from dif-
ferent depth and xylem water (root crown) from different grassland species, we 
investigated in a three-year precipitation manipulation experiment the contribution 
of different soil layers to plant water uptake. Contrary to our working hypotheis, 
drought-affected plants utilized strongly water from the top 10 cm, while plants 
under control conditions shifted to deeper soil layers in summer (Chapter 3). The 
belowground biomass data supports the water uptake data, since under drought no 
increase in biomass occurred between 15-30 cm, but a trend towards more roots in 
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the top 5 cm. These two findings support that belowground biomass distribution 
correlates with the soil depth contributing most to total plant water uptake. 

However, we found fundamental differences between two sites. The alpine grass-
land plants did not differ significantly in uptake depth between drought and control 
plots during the drought period. Our findigs might indicate a delayed drought re-
sponse at the alpine site. 

There are several recent studies which are in aggrement with our results on shallow 
water uptake but these studies were mainly conducted in semi-arid grasslands and 
did not posses a drought and control treatment at the same time (Asbjornsen et al. 
2007; February and Higgins 2010; Kulmatiski and Beard 2013; Nippert and Knapp 
2007; Syers et al. 2006; Weaver 1966). Hence, we could confirm explicitly by the 
combination of our experimental set up (control vs. drought) and a stable isotope 
approach that drought-affected temperate grasslands did not shift to deeper soil lay-
ers for water uptake, but stayed in the top 10 cm. 

Shallow rooting and shallow water uptake, in general, are a widespread trait of 
plants adapted to drought and dry climates (Axelrod 1985; Gibson 2009; Nobel and 
Alm 1993). A meta-data analysis on the rooting pattern in dependency on climate 
could show that rooting systems in general, tend to be shallower but wider in dry 
and hot climates, and deeper and narrower (exploring a smaller base area) in cold 
and wet climates (Schenk and Jackson 2002). A negative correlation between root 
distribution of grasses and the soil moisture of different depth was found by a study 
in a savannah ecosystem. This study, however, found a positive correlation between 
root distribution and nitrogen concentration  (February and Higgins 2010). That 
gives strong evidence that the nutrient concentration within the soil has a stronger 
effect on root distribution than soil moisture. Therefore, the first precipitation after 
drought period represents the next likely water source, which facilitates nutrient 
availability and nutrient uptake. 

The shallow rooting of plants under dry conditions brings up the question, to which 
extend plants are able to extract water out of dry soil?

Originally, it was assumed that plants could use solely mobile water, defined as 
plant available soil water, which is not strongly bound to the soil matrix and above 
(more positive than) the permanent wilting point. However, a recent ecohydrologi-
cal catchment study using stable water isotopes revealed that trees are able to ex-
tract under dry conditions water that is tightly bound to the soil matrix (Brooks et 
al. 2010). Moreover, the results of that study indicate that soil water is persistently 
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separated, due to different pore sizes, into two distinct and compartments: mobile 
water and tightly bound water. Up to date, the mechanism behind this soil water 
separation and the direct influence of soils on the isotopic composition of soil water 
is poorly understood, but might be important for the interpretation of ecohydrologi-
cal water isotope data. 

Therefore we tested if soils can have an influence on (cryogenically) extractable 
water by several experiments under controlled conditions. We could show that dry 
soils are able to alter the isotopic composition of water by about 1‰ in δ18O and 
7‰ in δ2H. The observed alteration effect (Δδ18O) is driven by soil texture and 
soil water content (SWC). The Δδ18O increased with decreasing particle size and 
decreasing SWC. Soils showed a memory effect for heavier water (2H1H16O and 
1H1H18O) which depended on the “isotopic history” and “moisture history” of the 
soils. Our results give strong evidence, that the mechanism behind the Δδ18O is 
equilibrium exchange between added mobile water and adhesive water of the soil 
under low matrix potential. Direct surface interactions and thus kinetic fraction-
ation processes become only relevant under very dry conditions that normally do 
not occur in the field.  

5.2 Outlook

We could show that grasslands in Switzerland can show a high variability in their 
response and adaption to drought. These results underline the importance of site-
specific studies to make reliable predictions for the ecosystem functioning under 
global climate change. Future ecological research should also address the effect of 
temporal variation in drought spells. In addition, it remains still unclear to which 
extend the shallow water uptake is mediated by mycorrhiza.

Shallow rooting and water uptake might become more pronounced for the produc-
tive lowland grasslands under future climate. This might have a significant impact 
on water and nutrient cycles of grasslands, which will probably underlie an upward 
shift to the very topsoil. A more pronounced shallow rooting might have also im-
plications for the soil organic matter (SOM) and the carbon cycle, as an increasing 
concentration of SOM in the topsoil might lead to more labile carbon in the soil. 
Considering this assumptions, future grasslands might become more vulnerable to 
environmental disturbance, such as nutrient leaching. 
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Up to date, soil properties and their influence on the isotopic composition of ex-
tractable soil water has not been considered in hydrological and ecohydrological 
research. Our findings showed that such influences exist and The observed Δδ18O 
and the memory effect of soils raise several critical questions:

a) To which extend does the soil texture have an influence on the isotopic com-
position of water taken up by plants? Does the isotopic composition of plant 
xylem water differ due a different soil texture the plants are grown on, even 
though they receive water with the same isotopic composition? 

b) To which extend do plants extract tightly bound water and how can this ac-
count for the interpretation of water uptake studies using stable isotopes? 
And how comparable is cryogenic water distillation to the soil water extrac-
tions of plants?

c) Does the observed “memory effect” in terms of a significant alteration of δ18O 
and δ2H (due exchange reactions during changes in soil water content) play 
a role under field conditions?

Our findings imply that the soil, as a part of the soil-plant-atmosphere continuum, is 
a much more complex system, considering the interactions with water isotopes, as 
originally assumed (Barnes and Allison 1983; Barnes and Turner 1998; Gat 2010).



1095. Synthesis

5.3 References

Asbjornsen H, Mora G, Helmers MJ (2007) Variation in water uptake dynamics 
among contrasting agricultural and native plant communities in the Midwestern 
US. Agriculture Ecosystems & Environment 121:343-356

Axelrod DI (1985) Rise of the grassland biome, central North America. Botanical 
Review 51:163-201

Barnes C, Allison G (1983) The distribution of deuterium and 18O in dry soils. Jour-
nal of Hydrology 60:141-156

Barnes CJ, Turner JV (1998) Isotopic exchange in soil water. Elsevier Science Lim-
ited, Amsterdam

Brooks JR, Barnard HR, Coulombe R, McDonnell JJ (2010) Ecohydrologic sepa-
ration of water between trees and streams in a Mediterranean climate. Nature 
Geoscience 3:100-104

Dawson TE, Pate JS (1996) Seasonal water uptake and movement in root systems 
of Australian phraeatophytic plants of dimorphic root morphology: a stable iso-
tope investigation. Oecologia 107:13-20

February EC, Higgins SI (2010) The distribution of tree and grass roots in savannas 
in relation to soil nitrogen and water. South African Journal of Botany 76:517-
523

Gat JR (2010) Isotope hydrology. Imperial College Press, London

Gat JR, Shemesh A, Tziperman E, Hecht A, Georgopoulos D, Basturk O (1996) 
The stable isotope composition of waters of the eastern Mediterranean Sea. 
Journal of Geophysical Research-Oceans 101:6441-6451

Gibson DJ (2009) Grasses and grassland ecology. Oxford University Press Oxford

Kulmatiski A, Beard K (2013) Root niche partitioning among grasses, saplings, and 
trees measured using a tracer technique. Oecologia 171:25-37

Munksgaard NC, Wurster CM, Bird MI (2011) Continuous analysis of δ18O and 
delta δD values of water by diffusion sampling cavity ring-down spectrometry: 
a novel sampling device for unattended field monitoring of precipitation, ground 
and surface waters. Rapid Communications in Mass Spectrometry 25:3706-
3712



110 5. Synthesis

Nippert JB, Knapp AK (2007) Linking water uptake with rooting patterns in grass-
land species. Oecologia 153:261-272

Nobel P, Alm D (1993) Root orientation vs water uptake simulated for monocoty-
ledonous and dicotyledonous desert succulents by a root-segment model. Func-
tional Ecology 7:600-609

Rozanski K (1993) Isotopic pattern in modern global precipitation. Climate change 
in continental isotopic records Geophysical Monograph 78: 1-36

Schenk HJ, Jackson RB (2002) Rooting depths, lateral root spreads and below-
ground/above-ground allometries of plants in water-limited ecosystems. Journal 
of Ecology 90:480-494

Syers JK, Ryden JC, Garwood EA (1984) Assessment of root activity of perennial 
ryegrass and white clover measured using 32phosphorus as influenced by method 
of isotope placement, irrigation and method of defoliation. Journal of the Sci-
ence of Food and Agriculture 35:959-969

Weaver JE (1966) Prairie plants and their environment: a fifty-year study in the 
Midwest. University of Nebraska Press, Lincoln, Neb.



111Appendix 1 – Economic assessment

Appendix 1

An economic assessment of drought effects on three 
grassland systems in Switzerland

Robert Finger1, Anna K. Gilgen3, Ulrich E. Prechsl2, Nina Buchmann2

1Wageningen University, Wageningen, The Netherlands 

2Institute of Agricultural Sciences, ETH Zurich, Switzerland

3Institute of Plant Sciences and Oeschger Centre for Climate Change Research, University of Bern, 

Switzerland

This chapter is published in the peer-reviewed journal:  
Regional Environmental Change, 
April 2013, Volume 13, Issue 2, pp 365-374

Appendix 1 – Economic assessment



112 Appendix 1 – Economic assessment

A1.1 Abstract

This paper analyzes the economic impacts of summer drought on Swiss grassland 
production. We combine field trial data from drought experiments in three differ-
ent grasslands in Switzerland with site-specific information on economic costs and 
benefits. The analysis focuses on the economic implications of drought effects on 
grassland yields as well as grassland composition. In agreement with earlier stud-
ies, we found rather heterogeneous yield effects of drought on Swiss grassland 
systems, with significantly reduced yields as a response to drought at the lowland 
and sub-alpine sites, but increased yields at the wetter pre-alpine site. Relative yield 
losses were highest at the sub-alpine site (with annual yield losses of up to 37%). 
However, because income from grassland production at extensive sites relies to a 
large extent on ecological direct payments, even large yield losses had only limited 
implications in terms of relative profit reductions. In contrast, negative drought 
impacts at the most productive, intensively managed lowland site were dominant, 
with average annual drought-induced profit margin reductions of about 28%. This 
is furthermore emphasized if analyzing the farm-level perspective of drought im-
pacts. Combining site-specific effects at the farm-level, we found that in particular 
farms with high shares of lowland grassland sites suffer from summer droughts 
in terms of farm-level fodder production and profit margins. Moreover, our re-
sults showed that the higher competitiveness of weeds (broad-leaved dock) under 
drought conditions will require increasing attention on weed control measures in 
future grassland production systems. Taking into account that the risk of drought 
occurrence is expected to increase in the coming years, additional instruments to 
cope with drought risks in fodder production and finally farmers’ income have to 
be developed. 

Keywords: drought – grassland, weeds – yield – economic costs and benefits

A1.2 Introduction

Changes in climatic conditions in Europe are projected to include increasing tem-
peratures and decreasing amounts of summer precipitation (Christensen et al. 2007; 
Frei et al. 2006). In line with these effects, the probability of summer drought oc-
currence is expected to increase in the next decades (e.g. Calanca 2007; Sheffield 
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and Wood 2008). However, summer droughts are not only an expected phenom-
enon under future climate, but are already a problem under current climatic condi-
tions. In 2003, a summer drought and heat wave hit large parts of Europe (Schär et 
al. 2004), which is expected to be ‘a shape of things to come’ in the future (Benis-
ton 2004). The 2003 drought led to remarkably large losses in plant productivity 
across Europe (Ciais et al. 2005; EEA 2005; Smit et al. 2008). Consequently, such 
drought events are increasingly expected to affect agricultural production (Fuhrer 
et al. 2006; Hopkins and Del Prado 2007, Brown et al. 2011). 

The drought sensitivity of grasslands is of outmost importance because, in Europe 
at large, grasslands cover one third of the total agricultural area and are the back-
bone for dairy farming and animal husbandry. Furthermore, grasslands provide ad-
ditional ecosystem services ranging from erosion control to landscape esthetics for 
tourism (Smit et al. 2008; Millennium Ecosystem Assessment 2005; Quétier et al. 
2010; Lamarque et al. 2011). In Switzerland, meadows and pastures cover 744000 
ha which represent about 71% of the total agricultural acreage (SBV 2011).

To analyze the effects of drought occurrence on grassland productivity and com-
position, experimental research has been conducted (see Bloor et al. 2010; Gilgen 
and Buchmann 2009 for overviews of current literature). These studies, relying 
on drought simulations, mainly focused on an assessment of drought impacts on 
plant physiology, vegetation performance and grassland composition. However, to 
transform this knowledge into expected implications of summer drought conditions 
for farmers’ income, an economic assessment that takes cost and benefit informa-
tion into account is required, supplementing the existing ecological assessments. 
Against this background, our paper investigates the economic effects of summer 
droughts on grassland production under heterogeneous production conditions. 
More specifically, we assess the impact of summer droughts on farmers’ income 
for three different grassland sites, representing a typical three-stage grassland farm-
ing system in Switzerland. We use long-term field trial data to address three aspects 
of drought impacts important from the farmer’s perspective: First, the farmers’ in-
come losses; second, changes in grassland composition (i.e. species) relevant for 
its fodder value; and third, increased weed occurrence as a consequence of drought, 
crucial for management costs and the monetary value of grassland production.   



114 Appendix 1 – Economic assessment

A1.3 Study sites and experimental setup

The field trials took place between 2005 and 2010 at three agricultural research 
stations of ETH Zurich (Switzerland): Chamau (8°24′38″E, 47°12′37″N) represent-
ing the lowland region, Früebüel (8°32′16″E, 47°6′57″N)  located on a pre-alpine 
mountain, and Alp Weissenstein (9°47′25″E, 46°34′59″N) representing grassland 
production at the sub-alpine level (Table A1.1). 

The three study sites represent contrasting climatic conditions and production sys-
tems: artificial vs. permanent grasslands, intensive vs. extensive management, wet 
pre-alpine (Früebüel) vs. dry sub-alpine (Alp Weissenstein) climate, lowland- vs. 
mountain-agriculture (Table A1.1). The differences across these three study sites 
reflect the actual heterogeneity of Swiss agricultural production. 

Starting field trials with regard to annual biomass production in 2006, seven rain 
shelters were installed at Chamau, six at Früebüel and five shelters at Alp Weissen-
stein. In 2010, the number of shelters was reduced to six at the Chamau site. The 
shelters (3 x 3.5 m area and >2 m at the highest point) were covered with transpar-
ent plastic foils in spring and summer for a period of 50-88 days (depending on site 
and year), starting between May and July (site dependent). The rainfall exclusion 
aimed to simulate a rather extreme drought, reducing annual rainfall by about 30% 
(see Gilgen and Buchmann 2009 for detailed descriptions and set-up dates). The 
simulated drought conditions, based on current climate projections for Switzerland, 
mimic extreme climatic conditions under current climate regimes (e.g. as observed 
in the year 2003), but are in particular expected to occur more frequently within the 
next decades (cp. e.g. Beniston 2004, Frei et al. 2006; Calanca 2007). All measure-
ments were taken on a core area of 2 m2 in the middle of the shelters to minimize 
border effects such as possible soil moisture gradients. The same number of un-
treated control plots was established next to the shelters, receiving ambient rainfall. 

Annual above-ground biomass production (hereafter referred to as yield) was mea-
sured in the years 2006 and 2007 as well as in 2009 and 2010. The year 2005 was 
used to validate the methodology, but was not considered in our analysis because 
data was not available for the full growing season. In the year 2008, plots and ba-
sic measurements were maintained at Chamau and Früebüel. The original plots at 
Alp Weissenstein and Chamau had to be abandoned after some years due to heavy 
damage due to mice infestation, thus new plots were established in 2009 and 2010, 
respectively.
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Dates of biomass harvests mimicked the local management. Samples were taken by 
using two fixed harvest frames within the plots (two subsamples of 0.1 m2 each), 
using a sward height of approximately 7 cm (according to local practice). The har-
vested biomass was separated into plant species or plant functional types (i.e., N2 
fixing legumes, forbs and grasses), before it was oven-dried at 60 °C for about one 
week and its dry weight quantified.

Weeds were originally not a major problem at any of the sites. However, after 
a serious infestation of broad-leaved dock (Rumex obtusifolius L.) at Chamau in 
2006, this species was eradicated in 2007. During the field trial, no fertilizer was 
applied nor grazing allowed. Nevertheless, plant nutrient contents remained at al-
most constant levels over time, supported by constant yield levels at the sites. Thus, 
the management intensities at the three sites were retained during the course of this 
study. Most importantly, all treatments (e.g. harvesting, weed control) were uni-
form among control and treatment plots, enabling the direct comparison between 
both groups. Note that the analysis presented here extends earlier agroecological 
papers about these experiments (Gilgen and Buchmann 2009; Gilgen et al. 2010) 
by taking a longer time horizon into account and, most importantly, by focusing on 
the economic interpretation of field trial results. 

A1.4 Methodology and economic analysis

The analysis is based on biomass measurements from four years: 2006, 2007, 2009 
and 2010. The year 2009 for Alp Weissenstein was not used because the re-estab-
lishment of plots (cp. section 2) led to incomparable yield levels. As individual 
plots (i.e. the locations at the site) have been changed between some experimental 
years, no plot-specific but site-specific (consisting of several plots) analysis is pre-
sented. 

In a first step, annual yields were calculated for each plot. For each study site and 
year, median grassland yields with and without treatment were compared with each 
other, using bootstrapped confidence intervals based on the Yuen-Welch test (Yuen 
1974), i.e. by testing for equality of trimmed means. Bootstrap inference was based 
on 1999 bootstrap samples where both treatment and control samples are generated 
by sampling with replacement. In order to assess the general effect of the drought 
treatment, i.e., over all four years, a Kruskal-Wallis test (a non-parametric analysis 
of variance) was used. These testing strategies have been selected in favor of other 
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alternatives (e.g. Analysis of (Co)Variance, Regression Analysis) because they do 
not rely on distributional assumptions and are robust against outliers within the 
samples (see Finger 2012 for details). 

In a second step, yield observations were combined with information on econom-
ic costs and benefits. To ensure general inference from our analysis, we assumed 
average values for costs and benefits from plots with similar production condi-
tions in Switzerland, taken from profit margin calculations for Swiss agriculture 
(AGRIDEA and FiBL 2010). Thus, the assumed costs are representative for the 
investigated grassland production systems. Financial benefits from grassland pro-
duction in Switzerland consist of (governmental) direct payments and the price 
received for the yield produced. Since forage yields are usually used differently 
at the three sites (e.g. as silage, hay or for grazing), we had to choose a single unit 
to compare the different systems. Thus, all grassland yield is assumed to be sold 
as hay for a price of 300 CHF t-1 (AGRIDEA and FiBL 2010). This single price 
can also be interpreted as the price farmers have to pay to buy additional fodder 
if the own production does not meet on-farm demand. Direct payments consist of 
general direct payments as well as ecological direct payments. All farms in Swit-
zerland have to fulfill cross-compliance obligations to receive general direct pay-
ments (e.g., area-based payments, see El Benni and Lehmann 2010 for details). 
These cross-compliance obligations, which apply for both extensive and intensive 
producers, comprise ecological compensation areas, balanced nutrient budgets, tar-
geted applications of agro-chemicals, soil protection and regulated crop rotations. 
In addition, low-intensive and extensive production systems such as at Früebüel 
and Alp Weissenstein are subject to specific ecological programs, which qualify for 
additional ecological direct payments (BLW 2009). In particular, extensive produc-
tion means that no fertilizer is used, herbicides can only be applied on specific parts 
of the field with weed pressure, and cuts have to be made in specific time windows. 
Low-intensive production has similar criteria as extensive production but allows 
the use of organic fertilizer with a total annual nitrogen application below 30 kg N 
ha-1 (see BLW 2009 for details). 

Costs in grassland production comprise costs for fertilizer and herbicides, insur-
ance and machinery use. Obviously, costs increase with level of intensity and thus 
annual total costs differ considerably among the three sites, ranging from about 
300 CHF ha-1 in the extensive to 1200 CHF ha-1 in the intensive production system 
(Table A1.2). Costs and benefits were calculated for each plot and year, leading to 
so-called profit margins that consider all directly attributable costs. We do not ac-
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count for non-attributable costs (e.g. overhead costs that are necessary to run the 
farm enterprise) in our analysis. Median profit margins and the dispersion measure 
MAD (median of absolute deviations from the sample median), which is corrected 
with a constant (1.4826) to ensure consistency with estimates for the standard de-
viation, are presented for each study site and treatment group. Statistical inference 
is based on bootstrapped Yuen-Welch as well as Kruskal-Wallis tests.

Subsequently, we aim to address drought impacts at the farm- instead of the field-
level. This is motivated by the fact that several farms in Switzerland have grassland 
production taking place in different production zones. Thus, the three production 
sites are considered to belong to a single farm enterprise. The pre-alpine and sub-
alpine sites are typically used for summer grazing in summer and mid-summer, 
respectively, while the lowland site is the backbone of fodder production. We 
use Swiss census data of 2009 (BLW 2012) consisting of data for 52389 farms to 
identify farms with grassland production in all production zones (i.e. valley, hill 
and mountain zones). This selection criterion led to a sample of 11091 farms (i.e. 
21% of all farms), with an average (total) grassland acreage of 18.91 ha. Based on 
these selected farms, we derived three typical distributions of grassland acreage 
across production zones assuming identical total grassland acreage of 18.91 ha. The 
first exemplary farm type represents the average distribution of grassland acreage 
across production zones: 5.54 ha at the lowland site, 5.95 ha at the pre-alpine site 
and 7.42 ha at the sub-alpine site. The second exemplary farm type is rather focused 
on lowland production with a distribution of 12.22 ha at the lowland site, 2.98 ha 
at the pre-alpine site and 3.71 ha at the sub-alpine site. Finally, we consider a farm 
with a higher share of grassland acreage in the mountain zone, comprising grass-
land acreages at the lowland site of 2.77 ha, 2.98 ha at the pre-alpine site and 13.61 
ha at the sub-alpine site. Subsequently, site-specific drought impacts on yields and 
profit margins are combined at the farm-level for these three typical farm types. 
More specifically, grassland acreages in the lowland, hill and mountain zone are 
associated with results for Chamau, Früebüel and Alp Weissenstein, respectively. 
To derive total production and gross margins at the farm level, median values (over 
all years) from the three sites are considered and aggregated using the different area 
distributions described above. 

Impacts of climatic extreme events on fodder values are a further point of economic 
importance. In highly-intensive grass-clover grassland systems, the species compo-
sition (i.e. the fraction of grass and clover) is important because it determines the 
nutritive value of the grassland yield. In particular, clover increases the palatability 
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(and thus total forage intake), but high clover fractions might also lead to excess 
nitrogen and can negatively affect animal health (Schubiger and Lehmann 1994). 
More specifically, Lehmann et al. (1981) and Schubiger and Lehmann (1994) rec-
ommended that clover fractions for optimal animal feeding should be in the range 
of 30-50% for productive grasslands in Switzerland (see e.g. van Dorland et al. 
2007, for further discussions on optimal grass/clover mixtures). Because clover is 
only present to a significant extent at the site Chamau (i.e. the artificial grass-le-
gume mixture), the clover-related analysis focused on this single site. Two aspects 
were considered: First, we investigated if drought decreases/increases the clover 
content. Differences between the two treatment groups in these probabilities and in 
the clover contents were assessed using the bootstrapped Yuen-Welch and Kruskal-
Wallis tests described above. Second, we estimated drought-induced changes in 
the probabilities that the clover content would fall within the ‘optimal’ window of 
30-50%. The effect of the drought treatment on this binary variable (in- or outside 
this range) was tested using a logistic regression with a dummy variable for the 
treatment as explanatory variable. If the latter variable had a significant effect, a 
treatment effect on clover content was concluded. To test for an overall drought 
treatment effect, all observations (i.e. over all years) were used and dummy vari-
ables for the four years were included, in addition to the drought treatment dummy 
in the logistic regression.

Finally, as a proof-of-concept, we assessed and quantified the impact of the drought 
treatment on weed occurrence. In particular, broad-leaved dock, one of the most 
troublesome weeds in temperate grassland and crop systems in Central Europe, be-
came important at the site Chamau in 2006 (Gilgen et al. 2010). The weed reduces 
quality and quantity of yields and is thus removed either manually or chemically 
(see Gilgen et al. 2010; Stilmant et al. 2007, for further references). However, once 
broad-leaved dock is present in a field, it is very difficult to control (Poetsch 2001; 
Cavers and Harper 1964; Zaller 2004). Thus, first, the occurrence probability was 
estimated and compared among treatments, indicating the probability that (costly) 
measures become necessary to prohibit the weed broad-leaved dock spreading even 
further under conditions favorable for this species. The effect of the drought treat-
ment on this binary variable (weed present or not) was tested using logistic re-
gressions for single years and the entire period (as described above for the clover 
content). Second, also the broad-leaved dock biomass, i.e. the strength of infesta-
tion, was analyzed. To quantify the damage from broad-leaved dock, the forgone 
revenue was calculated using the hay price equivalent used above because this frac-
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tion of biomass produced is not usable for animal feeding. This represents a rather 
simplified assessment of damages because in practice the loss due to non-usable 
biomass may be not linearly increasing with the biomass of broad-leaved dock, for 
instance, due to the fact that it may be eaten to some extend (and can have some 
nutritional value) if occurring in low concentrations but will be troublesome for 
animal nutrition and processing of grassland yields if occurring in larger concentra-
tions (see e.g. Hejduk and Doležal 2004; Harrington et al. 2006, for further discus-
sions). Furthermore, the financial loss would be very likely larger due to the labor 
intensive plant protection and the cost for machines and/or pesticides. Again, the 
bootstrapped Yuen-Welch and Kruskal-Wallis tests were used to test for significant 
differences between the two treatment groups.

A1.5 Results

For Chamau and Alp Weissenstein, the drought treatment reduced yields and profit 
margins in all years. Highest absolute yield losses were in the range of 3.53 t ha-1 
(Chamau in 2007; -27%, Table A1.3), while the highest relative yield losses were 
observed at the Alp Weissenstein site in 2007 with -37% (1.85 t ha-1). Though signifi-
cant differences in yields and profit margins were not found for all individual years, 
the overall (i.e. over all years) negative drought effect for the sites Chamau and Alp 
Weissenstein was significant at the 5% level. Thus, these two sites did clearly suffer 
from drought events causing reduced grassland productivity. In contrast, for Früe-
büel, the drought effects were not significant; yields and profit margins actually 
tended to be higher under drought conditions compared to the control in all years. 
This clearly indicated that the reduction of summer rainfall can also have positive 
effects on grassland yields if the production site usually faces high soil moisture, 
e.g. due to about 1600 mm precipitation as measured at Früebüel. Thus, drought 
impacts are expected to be spatially very heterogeneous across Swiss grassland  
production sites, depending on site-specific weather and soil conditions. 

The calculated drought effects on profit margins (Table A1.3) showed that farmers 
can lose up to 1000 CHF ha-1 due to drought events (Chamau in 2007). In relative 
terms, the highest reductions of profit margins due to such a drought were about 
31% (Chamau in 2009 and 2010). On average, the drought treatment induced profit 
margin losses of 28% at the Chamau site and 12% at the Alp Weissenstein site. An 
average profit margin increase of 8% was observed for Früebüel. Thus, even though 
the highest relative yield reductions were observed at the Alp Weissenstein site, 



120 Appendix 1 – Economic assessment

relative reductions of profit margins were highest at the site Chamau. In contrast, 
reductions in profit margins were absent or less pronounced at Früebüel and Alp 
Weissenstein, respectively. At the intensively managed site Chamau, direct pay-
ments did not compensate all costs arising from decreased grassland production 
under drought conditions (cp. Table A1.2). In contrast, for the more extensively 
managed grassland systems, such as Früebüel and Alp Weissenstein, farmers re-
ceive additional ecological direct payments while having lower input and machin-
ery costs. In total, the direct payments received are higher than the production costs 
at these two sites because direct payments compensate for reduced production po-
tentials under ecological production techniques. Thus, the actual reduced grassland 
production (yield) has lower impacts in economic terms (i.e. to cover costs and 
generate income) at the more extensive sites, while intensive grassland produc-
tion requires production to cover its costs and generate income even under drought 
conditions. 

The site-specific drought impacts presented in Table A1.3 were assessed at the 
farm-level using three different exemplary farm types with respect to the distri-
bution of grassland acreage across lowland, pre-alpine and sub-alpine production 
(Table A1.4). For the average farm (farm type 1), drought treatment causes a reduc-
tion of total production of about 9%, while the reduction of profit margins is about 
6%. Similar results (reductions of total yield and profit margins of about 8 and 5%, 
respectively) have been found for the farm type 3 with particular large amount of 
grassland acreage at the sub-alpine location. In contrast, the exemplary farm with a 
high share of grassland acreage in lowlands (farm type 2), faces much higher reduc-
tions of total grassland production (18%) and profit margins (17%). 

Comparing the three exemplary farm types under normal climatic conditions (i.e. 
in the control group), we find that even though total grassland production differs 
largely and total grassland acreages are identical across the here considered exem-
plary farm types, virtually no differences in total gross margins occur. This is due to 
the fact that smaller productivity in higher altitudes is compensated by higher direct 
payments. Under drought conditions, however, in particular farms with especially 
high reliance on lowland production sites suffer from losses in production and gross 
margins. Even though yield losses in lowland production may – in relative terms – 
be smaller than in sub-alpine regions, these losses contribute significantly to sharp 
decreases of grassland production at the farm level, because lowland sites are the 
backbone of the farm operation in terms of fodder production. As direct payments 
may not buffer drought induced income reductions to the same extent as in higher 
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altitude production, drought related yield reductions also lead to sharp decreases in 
total gross margins for farms relying particularly on lowland production. Thus, the 
farm-level results underline the conclusion that in particular grassland production 
focused on lowland sites is more vulnerable to summer droughts from a financial 
point of view. 

The clover content (at the Chamau site) was, on average, slightly higher for the 
drought treatment plots (12%) than for the control plots (5%; Table A1.5). How-
ever, it did not reach the ‘optimal’ window of 30-50% clover fraction in any plot of 
the control group, whereas on average 18% of the drought treatment plots reached 
this value. However, no significant differences were found. Although the frequen-
cies of broad-leaved dock occurrence as well as the observed broad-leaved dock 
biomass did not differ between treatment groups at Chamau (Table A1.5), in the 
year 2006, broad-leaved dock dry-matter biomass tended to be higher for the treat-
ment than for the control group, most likely due to a competitive advantage of this 
weed under drought conditions (Gilgen et al. 2010). The heterogeneity of weed 
occurrence (and biomass) observed over the years considered is on the one hand 
caused by differences in weed management (which was the same for control and 
treatment groups in each year) and on the other hand by overall environmental con-
ditions. On average, an economic burden of about 90 CHF ha-1 and year (0.3 t ha-1 
additional unusable grassland yield times 300 CHF t-1) arose from higher broad-
leaved dock competitiveness under drought conditions over all years. However, 
the economic burden can be as high as 339 CHF ha-1 when weed infestation is at 
its peak, due to less yield being usable for animal feeding. In addition, we expect 
higher costs for weed control under drought conditions. 

A1.6 Discussion 

We analyzed the economic impacts of drought on grassland production at three dif-
ferent sites in Switzerland. Drought impact assessment is of particular importance 
because the frequency of summer drought occurrence is expected to increase in the 
next decades. 

The highest relative yield reductions due to drought conditions were observed at 
the Alp Weissenstein site. However, relative reductions in the profit margins were 
highest at the site Chamau, while only small or no reductions in profit margins were 
observed at Früebüel and Alp Weissenstein. This result is based on the fact that the 
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more extensively managed grassland systems, such as Früebüel and Alp Weissen-
stein, receive additional ecological direct payments (compensating, for instance, 
for lower productivity) while having lower input and machinery costs. Thus, the 
share of the income that is vulnerable to drought conditions, i.e. the actual grass-
land yield, is small. In contrast, intensive grassland production requires production 
to cover its costs and generate income - also under drought conditions. For some 
farmers, direct payments may thus serve as a risk management instrument, i.e. they 
can prevent profits falling below certain thresholds. This is in line with the findings 
of Finger and Lehmann (2012) that the increasing level of direct payments has in-
duced decreasing hail insurance adoption rates in Swiss agriculture (see also Finger 
and Calanca 2011, for discussions). Thus, increasing drought risks may induce risk 
averse farmers’ to switch to ecological programs to increase the non-risky share of 
their income.   

Considering the effects on species composition, we found clover content to be high-
er under drought conditions. This is in contrast to model-based results for Swiss 
grass-clover mixtures which assumed that clover is less tolerant to water stress than 
grasses (see Lazzarotto et al. 2010 for examples and a literature overview). Frame 
and Newbold (1986) summarized empirical literature on this issue, and showed 
that the relationship between rainfall (and drought) and clover competiveness is 
not straight forward but affected by complex interactions. Also the clover varieties 
used affect the competitiveness of clover under stress (e.g. Annicchiarico and Proi-
ett 2010). For instance, if some clover varieties have deeper roots and improve soil 
structure, this could confer an advantage in drought conditions. This also suggests 
that the use of specific varieties could be an adaptation option for farmers to ensure 
desired grassland composition even under drought conditions. The use of field trial 
data is from our point of view a necessary expansion of model-based economic as-
sessments of climate (change) sensitivity of Swiss grassland production (Calanca 
and Fuhrer 2005; Finger et al. 2010; Lazzarotto et al. 2009; 2010). Though field 
trial-based analysis has some limitations (see Finger et al. 2010, for a discussion), 
it has - in contrast to model-based analysis - the key advantage of being based on 
realistic production and environmental conditions. 

Nevertheless, we are aware that the experimental setup presented here focused on 
drought effects and cannot be the only basis for a general climate change impact 
assessment of Swiss grasslands. Three points are expected to be of particular ad-
ditional importance: 
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First, temperature effects and CO2 fertilization are not considered in our analysis. 
CO2 fertilization is often considered an important determinant of grassland produc-
tivity and composition under future climate conditions (Finger et al. 2010; Hebeisen 
et al. 1997). High atmospheric CO2 concentrations increased short-term grassland 
yields on average by about 15 to 20% (Soussana and Lüscher 2007), although long-
term yield increases were lower. In addition, rising CO2 concentrations may also 
increase water use efficiency and thus might reduce drought sensitivity of grassland 
systems (see Soussana and Lüscher 2007 for a literature overview). Increasing tem-
peratures may have ambiguous effects on grassland production. While temperature 
levels exceeding certain thresholds may harm productivity levels, longer growing 
seasons may be beneficial for the farmer (Olesen and Bindi 2002).   

Second, drought effects may depend critically on the actual type of use of grass-
lands. In our experimental setup, all considered grasslands were mown to enable 
biomass measurements. In reality, however, in particular alpine and pre-alpine 
grasslands are mainly used for grazing. Because drought impacts on biomass but 
also indirect effects such as weed infestation may differ across management prac-
tices and intensities (e.g. comparing the different pressure on specific species aris-
ing from mowing and grazing, see e.g. Bütof et al. 2012, for discussions), next 
steps of this research should comprise experimental setups allowing mimicking 
site-specific management practices.  

Third, no changes in grassland management were considered. Thus, potential ad-
aptation responses of farmers to increased drought occurrence are not explicitly 
assessed. We are aware that economic burdens of droughts could be different if 
such adjustments were considered. For instance, machinery costs would be smaller 
if fewer cuts would be necessary under drought conditions. We assumed for this 
study that machinery costs remain constant for small yield reductions, which was 
motivated by the fact that the number of machinery operations remains constant, no 
new equipment is purchased, and transport costs (that could be indeed yield depen-
dent) are not considered in our analysis. Furthermore, farmers may use irrigation 
to deal with the risk of potential drought (or more general: climate) related damage 
in grassland production (Calanca and Fuhrer 2005), as it is particularly common 
in dry inner-alpine valleys of Switzerland (Weber and Schild 2007). Alternatively, 
insurance solutions can assist farmers to cope with risks of yield losses and should 
thus be considered in a climate change adaptation framework (Finger and Calanca 
2011). The financial burden from droughts would be smaller if farmers would adopt 
such adaptation measures to cope with drought risks. Moreover, our approach to 
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specify costs of droughts using an approach consisting of (constant) opportunity 
costs for buying fodder has not considered the systemic nature of drought risks. 
Droughts may affect all farms over a widespread area, reducing the local supply 
of fodder and could thus cause higher prices of fodder (see e.g. Briner and Finger 
2012, for discussions). Taking this potential effect into account, the financial bur-
den from droughts may be higher than indicated by our results. 

Thus, in further research, comprehensive experimental evidence should also ad-
dress such management adaptations and effects on market to allow more realis-
tic modeling of drought and climate change impacts. More general, our economic 
analysis was focused on drought impact on mean profits. However, we are aware 
that also its impacts on production risks expressed as standard deviation or skew-
ness should be addressed in future research (e.g. Finger and Calanca 2011). Fur-
thermore, the role of drought risk in whole farm assessments should be further 
investigated (e.g. Briner and Finger 2012).

A1.7 Conclusion

Linking yield observations with information on economic costs and benefits shows 
that even though relative yield losses for extensively managed sites in higher alti-
tudes may be large, the economic impact of drought may be smaller at these sites 
compared to more intensively managed sites. This is due to the fact that farmers 
using extensive production systems have an additional (financial) buffer from di-
rect payments to cope with extreme climate events. In contrast, small yield losses 
due to a drought can induce large economic damages for an intensive producer. 
Along these lines, we found that in particular farms with high shares of lowland 
production would suffer from droughts due to sharp reductions in farm-level fodder 
production and profit margins. 

Even though the highest yield losses were observed at the extensive sub-alpine site, 
drought impacts are particularly important at intensive lowland production sites. 
Thus, adaptation measures aiming to reduce vulnerability of grassland based farms 
should particularly address lowland production. Furthermore, because droughts 
might increase the competitiveness of broad-leaved dock, (costs for) weed control 
could potentially be considerably more important if droughts occur more frequent-
ly in the future.
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A1.9 Figures and tables

Table A1.1 Characteristics of the three study sites.

 Chamau Früebüel Alp Weissenstein 

Elevation in m a.s.l. 393 982 1978 

Annual Precipitation 

Sum in mm  

1151 1682 877 

Mean Annual 

Temperature in °C  

9.1 6.1 -1.4 

Growing Season 

Length 

Mid-April to October May to mid-October Mid-June to September 

Management Intensity Intensive (4-6 cuts) Low-intensive (1-2 cuts) Extensive (grazing) 

Vegetation Type and 

Dominant Species 

Artificial grass-legume 

mixture: Italian ryegrass 

(Lolium multiflorum), 

smooth meadow-grass 

(Poa pratensis), white 

clover (Trifolium repens) 

Permanent managed 

pasture: meadow foxtail 

(Alopecurus pratensis), 

red fescue (Festuca 

rubra), timothy-grass 

(Phleum pratense), 

sorrel (Rumex acetosa) 

Permanent alpine 

pasture: golden oat grass 

(Trisetum flavescens), 

Alpine cat's tail (Phleum 

rhaeticum), sorrel 

(Rumex acetosa), red 

clover (Trifolium 

pratense) 

	  

Temperature (1961-1990) and precipitation (1971-1990) long-term averages were interpolated from 
“Atlas der Schweiz 3” Sieber et al. 2011. 1Further details, historical facts and literature related to these 
study sites are available at www.chamau.ethz.ch.
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Table A1.2 Assumptions on costs and benefits in the three grassland production 
systems.

 Chamau Früebüel Alp Weissenstein 

Revenue    

Yield Field Trial Data 

Price for Yield (Hay) 300 CHF t-1 

Direct Payments in CHF ha-1 

General Direct 

Payments  

1040 1040 1040 

Ecological Direct 

Payments 

0 300* 450** 

Costs in CHF ha-1    

Fertilizer Costs 175 98 0 

Plant Protection Costs 53 32 0 

Insurance1 72 72 72 

Machinery Costs2  867 600 210 

	  1	  

Source: AGRIDEA and FiBL (2010). *Low-intensive production. ** Extensive production in moun-
tain area.1 This insurance comprises damages from hail and other elementary risks such as flooding or 
storm. A flat rate per hectare insurance premium is paid for grassland, see www.hagel.ch for details. 
2 including interest claim.
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Table A1.3 Yield and profit margin effects of drought treatment at three sites

 Median Values (MADs in parentheses) across Plots 
 2006 2007 2009 2010 Median 

 Chamau 

Yield in dry matter t ha-1      

Control Group 8.35 (3.76) 12.96 (3.11) 8.98 (0.71) 8.33 (1.32) 8.67  

Drought Treatment 6.74 (2.13) 9.44 (0.77) 6.46 (0.78) 6.01 (1.74) 6.60  

Yields Difference in t ha-1 

(in %) 

-1.61 (-19%) 

(n.s.) 

-3.53 (-27%) 

(n.s.) 

-2.52 (-

28%)*** 

-3.31 (-

28%)** 

-2.42 (-27%) 

xx 

Profit Margins in CHF ha-1 
    

Control Group 2257 (1128) 3640 (933) 2446 (212) 2251 (396) 2352 

Drought Treatment 1774 (639) 2584 (230) 1690 (234) 1555 (521) 1732 

Difference of Profit 

Margins in CHF ha-1 (in 

%) 

-483 (-21%) 

(n.s.) 

-1056 (-

29%) (n.s.) 

-756 (-

31%)*** 

-696 (-

31%)** 
-726 (-

28%)xx 

 Früebüel 

Yield in dry matter t ha-1      

Control Group 5.47 (0.53) 5.74 (2.04) 5.61 (0.97) 6.08 (0.64) 5.68  

Drought Treatment 6.16 (2.21) 6.23 (0.79) 6.58 (0.81) 6.48 (0.92) 6.36  

Yields Difference in t ha-1 

(in %) 

+0.69 (+13%) 

(n.s.) 

+0.49 (+9%) 

(n.s.) 

+0.97 (+17%) 

(n.s.) 

+0.40 (+7%) 

(n.s.) 
+0.59 (+11%) 

(n.s.) 

Profit Margins in CHF ha-1 
    

Control Group 2179 (158) 2260 (612) 2221 (290) 2362 (192) 2241 

Drought Treatment 2386 (664) 2407 (238) 2512 (243) 2482 (275) 2445 

Difference of Profit 

Margins in CHF ha-1 (in 

%) 

+207 (+9%) 

(n.s.) 

+147 (+7%) 

(n.s.) 

+291 (+13%) 

(n.s.) 

+120 (+5%) 

(n.s.) 
+177 (+8%) 

(n.s.) 

 Alp Weissenstein 

Yield in dry matter t ha-1      

Control Group 2.83 (0.08) 5.02 (0.15) --- 2.84 (0.04) 2.84 

Drought Treatment 1.98 (0.53) 3.17 (0.79) --- 2.65 (1.22) 2.65 

Yields Difference in t ha-1 

(in %) 
-0.85 (-30%)* 

-1.85 (-

37%)** 
--- 

-0.19 (-7%) 

(n.s.) 
-0.85 (-30%)xx 

*, ** and *** denote significant differences (10, 5 and 1% level) between treatment and control 
groups in a specific year, indicated by a bootstrapped Yuen-Welch test (N=1999). xx denotes sig-
nificant general treatment effects (over all years; at the 5% level) indicated by a Kruskal-Wallis test. 
Numbers in parentheses are MADs.
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Table A1.4 Drought impacts on total farm-level grassland production and profit 
margins for three exemplary farm types.  

 Grassland production in t yr-1 Profit margins in CHF yr-1 

Farm type* Control Group Drought Treatment 

(relative difference 

in %) 

Control Group Drought Treatment 

(relative difference 

in %) 

Exemplary Farm 1 102.90 94.07 (-9%) 41649.23 39005.29 (-6%) 

Exemplary Farm 2 133.41 109.44 (-18%) 43062.22 35882.27 (-17%) 

Exemplary Farm 3 79.59 73.30 (-8%) 41229.82 39344.57 (-5%) 

	  1	  
* A total grassland acreage of 18.91 ha was assumed for all exemplary farms. The distribution across 
lowland, hill and mountain production zone are as follows (in ha). Exemplary Farm 1 – Average 
distribution of production areas across zones: 5.54, 5.95, 7.42; Exemplary Farm 2 – Above average 
lowland production: 12.22, 2.98, 3.71; Exemplary Farm 3 – Above average mountain production: 
2.77, 2.98, 13.61. Areas in these zones are associated with results for the Chamau, Früebüel and Alp 
Weissenstein, respectively. See section 3 for detailed descriptions. Numbers in parentheses are rela-
tive differences between drought treatment and the control group (in %). 
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Table A1.5 Clover and broad-leaved dock contents at the site Chamau

 2006 2007 2009 2010 Mean 

Clover Content (Mean [range] of all plots) 

Control Group 9% [0-20%] 5% [2-8%] 2% [0-3%] 5% [0-12%] 5% 

Drought 

Treatment 
15% [2-35%] 20% [3-50%] 5% [0-9%] 9% [0-34%] 12% 

Difference in 

Clover Content 
+6% (n.s.) +15% (n.s.) +3% (n.s.) +4% (n.s.) +7% (n.s.) 

 

Fraction of Plots with Clover Content between 30% and 50% 

Control Group 0 0 0 0 0 

Drought 

Treatment 

 

0.14 (n.s.)    0.4 (n.s.)    0 (n.s.) 0.17 (n.s.) 0.18 (n.s.) 

Fraction of Plots with Broad-leaved Dock 

Control Group 0.86   0.40 0 n.a. 0.42 

Drought 

Treatment 
0.86 (n.s.)     0 (n.s.)    0 (n.s.)    n.a. 0.29 (n.s.)    

 

Broad-leaved Dock Biomass (Mean (standard deviation) of all plots) 

Control Group 
1.66 (1.96) t 
ha-1 

0.23 (0.49) t 
ha-1     

0 t ha-1 n.a. 0.63 

Drought 

Treatment 

2.79 (3.57) t 
ha-1 (n.s.) 

0 t ha-1 (n.s.) 0 t ha-1 (n.s.) n.a. 0.93 (n.s.) 

Drought Effect 

on Forgone 

Revenue  

-339 CHF ha-1 +69 CHF ha-1 0 CHF ha-1 n.a. -90 CHF ha-

1 

	  1	  
Numbers in square brackets and parentheses indicate ranges and standard deviations, respectively. n.s. 
denotes not significant. Yield values refer to dry matter yields. 
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A2.1 Abstract

Along with predicted climate change, increased risks for summer drought are pro-
jected for Central Europe. However, large knowledge gaps exist in terms of how 
drought events influence the short-term ecosystem carbon cycle. Here, we present 
results from 13CO2 pulse labeling experiments at an intensively managed lowland 
grassland in Switzerland. We investigated the effect of extreme summer drought on 
the short-term coupling of freshly assimilated carbon in shoots and roots as well as 
soil CO2 efflux.

Summer drought was simulated using rainout shelters during two field seasons 
(2010 and 2011). Soil CO2 efflux and its isotopic composition were measured with 
custom-built chambers coupled to a quantum cascade laser spectrometer (QCLAS-
ISO, Aerodyne Research Inc., MA, USA). During the 90 min pulse labeling experi-
ments, we added 99.9 atom% 13CO2 to the grass sward. In addition to the isotopic 
analysis of soil CO2 efflux, this label was traced over 31 days into bulk shoots, roots 
and soil, based on mass spectrometer isotope ratio analyses. 

Drought reduced the incorporation of recently fixed carbon into shoots and in-
creased carbon allocation below-ground relative to total tracer uptake. Contrary to 
our hypothesis, we did not find a change in allocation speed in response to drought, 
although drought clearly reduced soil CO2 efflux rates. 19 days after pulse labeling, 
only about 60% of total tracer uptake was lost via soil CO2 efflux under drought 
compared to about 75% under control conditions. Predisposition of grassland by 
spring drought lead to different responses to summer drought in 2011 compared to 
2010, suggesting increased sensitivity of grassland to consecutive drought events 
as predicted under future climate change.

Keywords: carbon allocation – soil respiration – pulse labeling – quantum cascade 
laser spectroscopy – plant-soil-interactions – climate change –  scarbon isotope

A2.2 Introduction

Models of future climate not only project changes in mean climate, but also chang-
es in occurrence and characteristics of extreme events, thus in climate variability 
(Seneviratne et al. 2012). Extreme events have recently gained importance in the 
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discussion on climatic change and on the need for adaption (IPCC, 2012), par-
ticularly drought events, since precipitation patterns are expected to change in the 
future. For Central Europe, regional climate scenarios project a likely reduction of 
summer mean precipitation and an increased risk of summer drought (Christensen 
et al., 2007). For Switzerland, mean summer precipitation is projected to decrease 
by 18-24% in 2085 (considering the medium estimates of the IPCC A1B emission 
scenario), along with an increased risk of drought (CH2011, 2011). But its impact 
on terrestrial ecosystems is still unclear.

Plant responses to changing climate variability, specifically, to drought, are not 
well understood and are insufficiently represented in global carbon models (van 
der Molen et al., 2011; Reyer et al., 2013) making the projection of future drought 
effects on carbon cycling difficult. This is why Ostle et al. (2009) suggested that in 
order to improve climate change predictions and carbon cycle modelling, plant-soil 
interactions need to be better represented in global carbon models. Especially, the 
complex coupling of above- and below-ground processes (Kuzyakov & Gavrich-
kova, 2010), i.e. mechanisms, speed and potential time lags of carbon assimilation, 
allocation below-ground and finally the release to the atmosphere by soil respira-
tion, still bears many uncertainties (Brüggemann et al., 2011; Epron et al., 2012). 
Moreover, the influence of environmental stresses  as for example drought  on such 
processes is not resolved yet (Brüggemann et al., 2011). 

The remarkable heat wave and drought event in Central Europe in 2003 caused 
a Europe-wide reduction in primary productivity (Ciais et al., 2005). However, 
this study consisted of mainly forest sites, while grasslands were only represented 
by one site. But grasslands are wide-spread in Europe and changes in precipita-
tion patterns potentially have large effects on grassland management and agricul-
ture in general (Hopkins & Del Prado, 2007). On the other hand, grasslands have 
been shown to respond differently to heat-waves than forests: In contrast to forests, 
grasslands increase evaporation under solar radiation and temperature, not altering 
their water use efficiency (WUE), which ultimately leads to soil moisture deple-
tion (Teuling et al., 2010; Wolf et al., in review) and wilting/death of vegetation. 
Thus, it is likely that grasslands also have different responses to drought in terms of 
short-term carbon cycling and below-ground carbon allocation compared to forests. 
While Craine et al. (1998), Wan & Luo (2003) and Bahn et al. (2009) addressed the 
effect of clipping or shading on carbon allocation and found photosynthesis to be 
an immediate source for soil CO2 efflux, none of them has investigated the impact 
of drought so far. Drought-effects on below-ground carbon allocation of grasses 
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have only been studied under laboratory conditions (Huang & Fu, 2000; Sanaullah 
et al., 2012) where a proportionally higher allocation to roots in response to drought 
had been found. If drought effects in the field show the same patterns as under con-
trolled laboratory conditions or are similar to effects of clipping or shading remains 
to be shown. 

Thus, we tested effects of increased summer drought on grassland ecosystems in a 
Swiss ecosystem manipulation experiment. Several aspects of drought stress have 
been investigated in recent years, like the effect on community productivity (Gilgen 
& Buchmann, 2009), species composition (Gilgen et al., 2010), plant ecophysiol-
ogy (Signarbieux & Feller, 2011) or litter decomposition (Joos et al., 2010). In the 
current study, we present results from 13CO2 pulse labeling experiments performed 
in summer 2010 and summer 2011 within the same ecosystem manipulation experi-
ment at an intensively managed, lowland grassland site in Switzerland. The experi-
ment aimed at studying the short-term carbon dynamics and the coupling of photo-
synthesis and soil respiration in response to a simulated extreme summer drought. 
Continuous measurements by quantum cascade laser spectroscopy enabled high 
temporal resolution measurements of soil CO2 efflux and its isotopic composition. 
Combined with isotopic analyses of above- and below-ground biomass, we could 
trace freshly assimilated carbon from photosynthesis to soil CO2 efflux. We hypoth-
esized a tight coupling between above- and below-ground systems under normal 
conditions and expected the coupling to be reduced under drought stress, as it had 
been observed for beech saplings under drought stress (Ruehr et al., 2009; Barthel 
et al., 2011a). 

A2.3 Methods

A2.3.1 Experimental setup

Experiments took place at a grassland in the Swiss lowlands, at Chamau, Switzer-
land (393 m a.s.l 47°12’37’’ N, 8°24’38’’ E). The grassland is intensively managed, 
with up to six cuts per year, and regularly fertilized. It thus represents the wide-
spread agricultural use of Swiss lowlands grasslands which is optimized for high 
fodder production. The original seed mixture consisted of Poa pratensis (smooth 
meadow-grass), Lolium perenne (English ryegrass) and Trifolium repens (white 
clover), however, up to 20 species were found on the experimental plots (Gilgen et 
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al., 2010). The mean annual precipitation sum at Chamau is 1151 mm and the mean 
annual temperature is 9.1 °C (Finger et al., 2013).

Summer drought was simulated by means of rainout shelters which had been in-
stalled for extended periods of time and used for experiments at this site since 2005. 
The experimental setup was organized in a block-design, with each block consist-
ing of a control and a drought plot which was covered by shelters during the treat-
ment period. Plots were managed according to the management of the surrounding 
grassland, however, no fertilizer was applied. Three of the six experimental blocks 
were equipped with sensors for continuously measuring microclimate on control 
and treatment plots. At 5, 15 and 30 cm depth, soil temperature (Precision IC Tem-
perature Transducer AD592AN, Analog Devices, Norwood, MA, USA) and soil 
moisture (ECH2O EC-5, Decagon Devices, Inc. Pullman, WA, USA) were mea-
sured. At 180 cm, photosynthetically active radiation (PAR) was recorded (PAR 
LITE, Kipp & Zonen B. V., Delft, Netherlands). On two of the three replicates, air 
temperature was recorded at 160 cm (ventilated system with the same sensors as for 
soil temperature records), and relative humidity of air was measured at 60 cm on 
one replicate (HC2-S3C05, Rotronic, Bassersdorf, Switzerland). Data were logged 
every 10 minutes with data loggers (Campbell Scientific Inc., Logan, UT, USA). 
Close to the experimental plots, a permanent eddy-covariance station was located 
where precipitation was recorded.

We simulated summer drought for 8-12 weeks during the summer months with 
rainout shelters (Table A2.1), which had an area of 3 x 3.5 m, similar in design to 
Kahmen et al. (2005). The shelters were tunnel-shaped, 2.3 m in height and covered 
with UV-B penetrable, transparent plastic foils (UV B-window, folitec, Westerburg, 
DE). Two sides of the shelters were open to ensure sufficient air circulation. Under-
neath the shelters, core plot areas of 1 x 2 m were set up to avoid edge effects. The 
effect of the shelter on air and soil temperatures was minor and is described in detail 
in Gilgen and Buchmann (2009). 

A2.3.2 13CO2 pulse labeling

Pulse labeling experiments were performed on 19, 20, and 21 July 2010 as well as 
on 7, 9 and 10 June 2011. In each year, three experimental blocks (each consisting 
of a control and a treatment plot) were labeled, with one block being labeled per 
day starting at around 09:30 CET and lasting for 90 min. During pulse labeling, 
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transparent labeling chambers (plexiglas, 1 x 1 x 0.7 m), covering 1 m2 of grass 
sward and built after the design in Bahn et al. (2009), were placed on metal frames, 
reaching around 10 cm into the soil. Pulse labeling was achieved by adding 99.9 
atom% 13C-CO2 (Cambridge Isotope Laboratories, Inc. (CIL), Andover, MA, USA) 
during 90 minutes to the experimental plots. Cooling of the labeling chambers was 
done by ventilation fans and commercial ice-packs. Control and treatment plots 
were labeled in parallel, in order to guarantee pulse labeling of one experimental 
block under identical environmental conditions. CO2 concentrations during pulse 
labeling inside the labeling chambers were kept between 400-600 ppm. To reach 
this goal, CO2 concentrations as well as the isotopic composition of the air inside 
the labeling chambers were monitored by two infrared gas analyzers (Li840 and 
Li6262; Li-Cor Biosciences Inc., Lincoln, NE, USA) that had previously been test-
ed for their 13CO2 sensitivities (Barthel et al., 2011b). As conditions inside only one 
labeling chamber could be monitored at a time, we regularly switched between the 
two labeling chambers (one labeling a control plot, the other labeling a treatment 
plot). We labeled in one chamber headspace up to 600 ppm, then switched measure-
ments to the second labeling chamber, which was labeled as well up to 600 ppm. In 
the meantime, concentrations in the first chamber decreased due to photosynthetic 
uptake. Thus, monitoring was switched back to the first chamber and a new label-
ing pulse was given. During the 90 minutes of labeling, we switched between the 
two chambers about every 5-10 minutes, keeping CO2 concentrations inside both 
labeling chambers relatively constant at around 400-600 ppm. This increase above 
ambient conditions was necessary to assure sufficient tracer uptake to address our 
objectives.

A2.3.3 Sampling procedure

Right after the 90 minutes of pulse labeling, we started a very intensive sampling 
campaign, during the first days after labeling, which was continued on a weekly 
schedule until around 30 days after pulse labeling. The sampling pattern in 2010 
slightly differed from that in 2011, as the sampling scheme was intensified in 2011. 
In 2010, samples were taken 0, 2, 6, 10, 22, 48 h and 4 days (intensive campaign) 
as well as about 10, 17, 24, 31 days after pulse labeling. As the four last samples 
were all taken at the same day for the three experimental blocks, the time difference 
in days after pulse labeling differed slightly among the three replicates. In 2011, 
samples were taken 0, 2, 6, 10, 24, 34, 48 h and 4 days after pulse labeling as well 
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as about 10, 17, 26, 31, 81 and 125 days after pulse labeling. Again, the last (six) 
samples were all taken at the same day. Samples at about 81 and 125 days after 
pulse labeling were taken before the grassland was cut.

First, shoots were cut at ground level, using a small metal frame (with an area of 
5 x 7 cm), and kept cool on ice until microwave treatment (see below). Then, a 
soil sample was taken with a soil core auger (with an inner diameter of 5.5 cm) at 
the place where the shoots had been harvested. The soil was sieved with a 2 mm 
mesh, resulting in a root sample and a root-free soil sample that was frozen and 
later freeze-dried. Thereafter, the roots were carefully washed with a 0.4 mm mesh. 
Shortly after sampling, shoots and roots were put into a microwave in order to 
stop all biochemical processes, before being dried at 60 °C in the drying oven. All 
samples were ground and subsequently analyzed by isotope ratio mass spectrom-
etry for δ13C and C content.

A2.3.4 Measurements of soil CO2 efflux by laser spectroscopy

In order to trace carbon in soil CO2 efflux, soil CO2 efflux and its isotopic composi-
tion were measured by quantum cascade laser spectroscopy (QCLAS-ISO, Aero-
dyne Research Inc., MA, USA) on three blocks in July/August 2010 (17 July-19 Au-
gust) and June 2011 (1-30 June), thus, before, during and after the pulse labeling 
experiments took place. Shallow PVC collars (with an inner diameters of 103 mm), 
reaching around 1-2 cm into the soil, were installed in early spring at each plot, the 
vegetation growing inside the collars was clipped on a regular basis. Steady-state-
flow-through soil efflux chambers, resembling those of Rayment and Jarvis (1997), 
were custom-made and could be fixed to the collars, installed permanently in the 
field. Air was pumped at a continuous flow rate (2010: 0.472 ± 0.005 L min-1; 2011: 
0.536 ± 0.002 L min-1; mean ± SD) from the soil chambers to the laser spectrometer, 
which was installed in a dedicated air conditioned shed nearby. While one chamber 
was measured, the flow rate in the other chambers was maintained by an additional 
purge pump to guarantee steady-state conditions. Switching between the chambers 
was achieved by a valve box steered by a custom-written LabVIEW program (for 
details, see Burri et al. (in preparation)). With this setup, it was possible to calculate 
soil CO2 efflux (F) as well as its isotopic composition continuously as follows:

A
CCf

F inout )( 
       

ep.(A1)
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where f is the flow rate through the soil CO2 efflux chambers (mol s-1), Cout 
(μmol mol-1) the CO2 concentration inside the soil CO2 efflux chambers, Cin 
(μmol mol-1) the CO2 concentration of outside air, and A the ground area of the 
soil CO2 efflux chambers (m2). The 13C concentration of soil CO2 efflux was 
calculated based on an isotopic mass balance approach, resulting in the respective 
δ13C values (δ13CF):
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CCCCC
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eq.(A3)

and R stands for the 13C:12C isotope ratio of the sample and the international V-PDB 
standard (0.0111802), respectively. 

On each labeled plot, one soil CO2 efflux chamber was installed, which was mea-
sured at least hourly over the entire measurement periods (about one month in both 
years), but more frequently in the first hours after pulse labeling. This enabled us 
to measure the tracer release in soil respiration. The laser spectrometer was cali-
brated every hour by a two-point calibration (with two calibration gases of known 
isotopic composition) and a linearity calibration, where another calibration gas was 
dynamically diluted with CO2-free air. In order to check for long-term stability, a 
control standard was measured after each calibration. The estimated uncertainty for 
δ13C was c. 0.33‰ in 2010 and c. 0.21‰ in 2011. For more detailed information on 
the chamber setup refer to Burri et al. (in preparation) and on calibration issues to 
Nelson et al. (2008) and Sturm et al. (2012).

In order to estimate the error of the measurements, the error (standard deviation) 
of each of the measured factors in equations (A1) and (A2) was propagated into 
an overall error of the soil CO2 efflux and of its isotopic composition. Thereafter, 
a filtering was applied, discarding values with propagated errors for CO2 efflux > 
0.9 μmol m-2 s-1 (according to the 95th percentile of the propagated error for control 
chambers in 2011) and values with propagated errors for the δ13C of soil CO2 efflux 
> 35‰ (according to the 80th percentile of the propagated error of the treatment 
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chambers in 2011). The resulting overall data availability in 2010 was 79% and 
80% for control and treatment chambers, respectively, and 72% and 66% for con-
trol and treatment chambers in 2011. 

A2.3.5 Calculation of 13C excess in above- and below-ground biomass and soil 

CO2 efflux

In order to express the amount of 13C label found in above- and below-ground 
biomass above the natural isotopic background, the 13C enrichment or the excess 
atom fraction (xE(13C)plant/reference) was calculated as follows (note: we use the nomen-
clature after Coplen (2011), where for example the term “atom percent excess” is 
deprecated):

)(
1313

/
13 )()()( labpreplantplantlabpreplant

E CxCxCx      eq.(A4)

Where x(13C)plant refers to the atom fraction of the respective labeled plant sample 
and x(13C)plant (pre-lab) to the atom fraction of plant samples taken before pulse labeling 
(in our case: 2011). The atom fraction of the respective plant sample is defined as:
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Where the R(13C/12C)reference is the 13C:12C isotope ratio of the international V-PDB standard. 

δ13Cplant stands for the measured isotope ratio of a plant sample (eq. 3). 
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Where the R(13C/12C)reference is the 13C:12C isotope ratio of the international V-PDB standard. 
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Where the R(13C/12C)reference is the 13C:12C isotope ratio of the international V-
PDB standard. δ13Cplant stands for the measured isotope ratio of a plant sample (eq. 
A3). In a next step, the 13C excess was calculated at the community (sward) level, 
taking biomass pools into account (similar to Ruehr et al. (2009)):
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In a next step, the 13C excess was calculated at the community (sward) level, taking biomass 

pools into account (similar to Ruehr et al. (2009)): 

( ) plantplantlabpreplantplantplant CDWCxCxCexcess ⋅⋅−= − )(
131313 )()(  (7)  

excess13Cplant [mg 13C m-2] is the amount of 13C found in the respective pool of above- or 

belowground standing biomass. DWplant refers to the standing biomass per square meter[g m-2] 

and Cplant to the carbon content of the respective sample [%]. We calculated 13C excess only for 

the first four days after pulse labeling, assuming above- and below-ground biomass pools to be 

relatively constant during these four days. 

Since we could not destructively harvest above- and below-ground biomass at the same high 

temporal resolution as the soil CO2 efflux measurements, we estimated community biomass 

based on anchor point measurements. Community above-ground biomass at the time of pulse 

labeling was estimated by a linear interpolation between the day of the last cut before pulse 

labeling (biomass set to zero) and the above-ground biomass measured (using sampling frames 

of 20 x 50 cm in size) at the first cut after pulse labeling.  

In 2010, the interpolation was carried out for 22.07.2010, based on the cutting dates 01.07.2010 

and 25.08.2010. For 2011, the interpolation was done for 10.06.2011, between the cutting dates 

26.05.2011 and 15.07.2011. 

Similarly, to determine standing below-ground biomass, we first averaged the root masses per 

replicate (only on days when all three plots had been sampled, thus n=3 was available). Then, the 

linear interpolation was performed in the same way as described above: for 22.07.2010 between 

21.07.2010 and 30.07.2010 and for 10.06.2011 between 06.06.2011 and 11.06.2011. 

        

eq.(A7)

excess13Cplant [mg 13C m-2] is the amount of 13C found in the respective pool of 
above- or below-ground standing biomass. DWplant refers to the standing biomass 
per square meter[g m-2] and Cplant to the carbon content of the respective sample 
[%]. We calculated 13C excess only for the first four days after pulse labeling, as-
suming above- and below-ground biomass pools to be relatively constant during 
these four days.

Since we could not destructively harvest above- and below-ground biomass at the 
same high temporal resolution as the soil CO2 efflux measurements, we estimated 
community biomass based on anchor point measurements. Community above-
ground biomass at the time of pulse labeling was estimated by a linear interpolation 
between the day of the last cut before pulse labeling (biomass set to zero) and the 
above-ground biomass measured (using sampling frames of 20 x 50 cm in size) at 
the first cut after pulse labeling. 

In 2010, the interpolation was carried out for 22.07.2010, based on the cutting dates 
01.07.2010 and 25.08.2010. For 2011, the interpolation was done for 10.06.2011, 
between the cutting dates 26.05.2011 and 15.07.2011.

Similarly, to determine standing below-ground biomass, we first averaged the root 
masses per replicate (only on days when all three plots had been sampled, thus 
n=3 was available). Then, the linear interpolation was performed in the same way 
as described above: for 22.07.2010 between 21.07.2010 and 30.07.2010 and for 
10.06.2011 between 06.06.2011 and 11.06.2011.

The amount of 13C label found in soil CO2 efflux [mg 13C m-2 s-1] beyond natural 
abundance values was determined as follows:

  FCxCxCexcess labpreFFF *)()( )(
131313
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Where x(13C)F refers to the atom fraction of the measured soil CO2 efflux. For x 
(13C) flux (pre-lab), a δ13C value of -27‰ was assumed which corresponds to an 
average measured value during the pre-labeling periods.
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In order to obtain the cumulative excess13CF until the end of the one month mea-
surement period, gaps in excess13CF were linearly interpolated, excess13CF aggre-
gated to hourly values and finally summed up. The first 8 h after label stop were 
excluded from the cumulative consideration as they had been shown to be strongly 
influenced by physical back-diffusion of the tracer signal (Burri et al., in prepara-
tion). Thus, the results for the biological 13C flux might be slightly underestimated 
by the exclusion of the first 8 h after pulse labeling. The cumulative 13C excess in 
soil CO2 efflux was calculated until 19 days after pulse labeling (representing the 
longest possible period until measurements ended in 2011). This final analysis is 
based on three drought plots and one control plot in 2010 (two control plots had to 
be excluded due to heavy destruction by mice), and on two control plots and two 
treatment plots in 2011. 

Last, the recovery of 13C in roots and in soil CO2 efflux was estimated in relation to 
the average initial 13C excess (0 h after label stop) found in shoots. The recovery in 
roots and soil CO2 efflux, was calculated as follows: 
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( ) FCxCxCexcess labpreFFF *)()( )(
131313

−−=  (8)  

Where x(13C)F refers to the atom fraction of the measured soil CO2 efflux. For x(13C)flux(pre-lab), a 
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These results recovery rates should be considered as an approximation only, since total recovery 

sometimes summed up to > 100%, most likely related to the uncertainty of the mean values used 

for these calculations. 

3 Results 

3.1 Meteorological conditions and drought treatment 

In 2010, the pulse labeling experiments were conducted during three typical midsummer days 

when PAR reached almost 2000 µmol m-2 s-1. Consequently, air temperatures were very high, 

with maxima around 30°C, and soil temperatures were higher than 25°C. In 2011, the 

meteorological conditions were less stable during the pulse labeling experiments. Nevertheless, 

during two of the three experimental days, the conditions during the whole 90 minutes of pulse 

labeling were comparable to 2010. Overall, daily maxima of air and soil temperatures were lower 

in 2011 compared to 2010 (Fig. 1). 

The duration of the drought treatment was shorter in 2011 compared to 2010 (Table 1), since 

spring 2011 was naturally already very dry (MeteoSwiss, 2012) a "killing" experiment was to be 

avoided. This natural spring drought can be seen in the steadily decreasing soil moisture values 

at 5, 15 and 30 cm depth in April 2011 (Fig. 2). Nevertheless, we succeeded to impose a summer 

drought on our treatment plots. Average soil moisture was reduced in all depths in both years due 

to the shelters (around 30-50% at 5 and 15 cm depth and 5-20% at 30 cm depth ; Table 1). Only 

during one very heavy precipitation event in June 2010, a short rise in soil moisture levels 

occurred, however, soil moisture values dropped to the significantly lower previous levels and 
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These resulting recovery rates should be considered as an approximation only, 
since total recovery sometimes summed up to > 100%, most likely related to the 
uncertainty of the mean values used for these calculations.

A2.4 Results

A2.4.1 Meteorological conditions and drought treatment

In 2010, the pulse labeling experiments were conducted during three typical mid-
summer days when PAR reached almost 2000 μmol m-2 s-1. Consequently, air tem-
peratures were very high, with maxima around 30 °C, and soil temperatures were 
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higher than 25 °C. In 2011, the meteorological conditions were less stable during 
the pulse labeling experiments. Nevertheless, during two of the three experimental 
days, the conditions during the whole 90 minutes of pulse labeling were compa-
rable to 2010. Overall, daily maxima of air and soil temperatures were lower in 
2011 compared to 2010 (Figure A2.1).

The duration of the drought treatment was shorter in 2011 compared to 2010 (Ta-
ble A2.1), since spring 2011 was naturally already very dry (MeteoSwiss, 2012) a 
“killing” experiment was to be avoided. This natural spring drought can be seen in 
the steadily decreasing soil moisture values at 5, 15 and 30 cm depth in April 2011 
(Figure A2.2). Nevertheless, we succeeded to impose a summer drought on our 
treatment plots. Average soil moisture was reduced in all depths in both years due 
to the shelters (around 30-50% at 5 and 15 cm depth and 5-20% at 30 cm depth ; 
Table A2.1). Only during one very heavy precipitation event in June 2010, a short 
rise in soil moisture levels occurred, however, soil moisture values dropped to the 
significantly lower previous levels and stayed lower during the shelter period. In 
general, average absolute remaining soil moisture contents at 5 and 15 cm depth 
were comparable in 2010 and 2011 both under control and drought conditions (Ta-
ble A2.1). However, average soil moisture contents at 30 cm depth clearly reflected 
the dry spring in 2011.

A2.4.2 13C enrichment in shoots and roots

The excess atom fraction, i.e. the 13C enrichment compared to natural background 
levels, of the shoots peaked within the first hours after the labeling experiment in 
both years, in 2010 (ctrl: 0.25 ± 0.04%, 6 h after pulse labeling; trmt: 0.10 ± 0.03%, 
0 h after pulse labeling; mean ± SE) and 2011 (ctrl: 0.12 ± 0.03%, 0 h after pulse 
labeling; trmt: 0.13 ± 0.04%, 0 h after pulse labeling; mean ± SE) (Figure A2.3). 
However, the magnitude of the excess atom fraction in shoots differed between 
the two years, as the control plots showed a much higher enrichment in 2010 com-
pared to 2011. The drought stressed plots, on the other hand, showed comparable 
13C incorporation in shoots in both years. During the first four days after labeling, 
significant differences in the 13C enrichment of shoots between drought and control 
plots were observed in 2010, but not in 2011 (see Figure A2.3 for significance lev-
els). During the full measurement campaign, i.e. 30 days after pulse labeling, the 
13C enrichment in shoots decreased steadily both under treatment and under control 
conditions in both years. In 2010, we even found 13C label in above-ground biomass 
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after the first cut, indicating remobilization of stored carbohydrates for regrowth 
while in 2011 no differences in 13C enrichment were found during our campaign or 
after later cuts (data not shown).

Peak tracer appearance in roots was observed 1 to 2 days after pulse labeling un-
der control conditions in both years, with an observed maximum being higher in 
2010 compared to 2011 (2010: 0.015 ± 0.001%, 22 h after pulse labeling; 2011: 
0.009 ± 0.002%, 34 h after pulse labeling; mean ± SE). Under the drought treat-
ment, a first increase in 13C enrichment of roots in both years occurred already 
two hours after pulse labeling, followed by a second increase 1 day after labeling 
(2010: 0.005 ± 0.003%, 22 h after pulse labeling; 2011: 0.003 ± 0.001%, 24 h after 
pulse labeling; mean ± SE). In general, roots in drought plots tended to show lower 
enrichments compared to those grown under control conditions. This difference 
was highly significant for roots sampled within the first day after pulse labeling 
in 2010, but not in 2011, during which this difference was only significant for the 
peak enrichment on control plots 34 h after pulse labeling. During the full measure-
ment campaign, i.e. up to 30 days, the enrichment in roots did not show the steady 
decrease observed for shoots (only under control conditions in 2011). Instead, it 
strongly fluctuated in 2010 for both treatment and control or stayed relatively con-
stant in 2011 under drought conditions. 13C enrichment in bulk soil samples was 
minor to undetectable, thus the results were excluded from further analyses.

A2.4.3 13C excess in above- and below-ground biomass

In order to calculate the 13C excess at the community level, we took standing above- 
and below-ground biomass at the time of the pulse labeling experiments into ac-
count (Table A2.2). Above-ground biomass 3-6 weeks into the shelter period did 
not show any treatment effect in 2010 (01.07.2010) nor in 2011 (26.05.2011). How-
ever, above-ground biomass was much lower three weeks into the shelter period 
in 2011 than in 2010 on both control and drought plots most likely due to the pro-
nounced spring drought in 2011. In contrast, above-ground biomass grown until 
the first cut, 2 weeks after shelter removal, was significantly reduced under drought 
conditions compared to control conditions both in 2010 (25.08.2010) and 2011 
(15.07.2011). Standing above-ground biomass 5 to 8 weeks into the shelter period 
(during the pulse labeling experiments, approximated by linear interpolation), was 
comparable in 2010 and 2011 for the control plots (about 80 g m-2), but was reduced 
in both years for the drought plots, with a stronger reduction in 2011 (about 76%) 
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compared to 2010 (43%).

Below-ground biomass varied strongly on a weekly to bi-weekly basis, as dis-
cussed in more detail in (Chapter 3). Yet, the effect of the drought treatment on 
standing below-ground biomass was not as consistent as on above-ground biomass. 
While we observed a trend towards increased below-ground biomass in response to 
drought in 2010, no such effect was found in 2011, also reflected in the interpolated 
values of below-ground biomass (Table A2.2).

In both years 2010 and 2011, the effect of drought on above-ground 13C incorpora-
tion became clearer after considering 13C excess (and hence the respective biomass 
pools; Figure A2.4). The differences between drought and control became signifi-
cant for almost all sampling points during the first four days after pulse labeling 
for both years (Figure A2.4). In addition, the 13C excess of control plots in above-
ground biomass was almost twice as high in 2010 than in 2011, despite the estimat-
ed standing above-ground biomass being almost identical (Table A2.2). 13C excess 
peaked at 82.9 ± 15.9 mg 13C m-2 in 2010 and at 39.1 ± 9.3 mg 13C m-2 (mean ± SE) 
in 2011. Under drought conditions, the 13C excess in above-ground biomass was 
only slightly higher in 2010 compared to 2011 and peaked at 19.3 ± 6.9 mg 13C m-2 
in 2010 and at 10.5 ± 3.4 mg 13C m-2 in 2011 (mean ± SE). The Tukey HSD test 
showed no significant change over time for the control plots over the first four days 
after pulse labeling, while the first significant difference from the initial value was 
observed one day after pulse labeling for the drought plots in both years.

The effect of drought on 13C excess in below-ground biomass, was not significant 
in 2010, and only once in 2011, about 1.5 days after pulse labeling (Fig. 4). At the 
control plots, 13C excess in below-ground biomass peaked at 32.8 ± 3.4 mg 13C m-2 
in 2010 and at 12.7 ± 2.8 mg 13C m-2 in 2011 (mean ± SE). At drought plots, the two 
peaks showed up again, while the second peak (1 day after pulse labeling) reached 
maximum values of 18.0 ± 11.5 mg 13C m-2 in 2010 and 3.8 ± 0.8 mg 13C m-2 in 
2011. In general, 13C excess in below-ground biomass was higher in 2010 com-
pared to 2011, and showed no significant change over time.

The tracer recovery rate in roots, indicating allocation below-ground relative to 
total tracer uptake, revealed higher allocation to roots on drought plots compared 
to control plots, especially in 2010 (control: 42% in 2010, 32% in 2011; drought: 
around 80% in 2010, about 40% in 2011). In addition, recovery rates were highly 
variable during the first day after labeling on drought plots in both years, and de-
creased steadily with time in 2010, but stayed relatively constant in 2011. After four 
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days, between 11% (2010) and 16% (2011) of tracer were still found in roots on 
control plots, compared to 62% (2010) and 36% (2011) on drought plots.

A2.4.4 13C excess in soil CO2 efflux

Average soil CO2 efflux was around 5.5 μmol m-2 s-1 under control conditions 
(2010: 5.6 ± 2.3 μmol m-2 s-1, 2011: 5.6 ±3.0 μmol m-2 s-1; mean ± SD) and around 
2 μmol m-2 s-1 under drought conditions (2010: 2.6 ± 2.1 μmol m-2 s-1, 2011: 2.1 ±2.5 
μmol m-2 s-1; mean ± SD) over the whole measurement period (Figure A2.5). Re-
covery of soil CO2 efflux after shelter removal in 2010 (11.08.2010) was very fast, 
within a few days, respiration rates were back to control conditions (no data are 
available after shelter removal in 2011). 

The 13C tracer appeared in soil CO2 efflux immediately after pulse labeling on con-
trol plots as well as on drought plots, while 13C excess in soil CO2 efflux peaked 
during the first night after pulse labeling (Figure A2.6). 13C excess in soil CO2 efflux 
was highest under control conditions in 2010, however, associated with a high vari-
ability due to the fact that two of the three control replicates were heavily impacted 
by mice (Orniplan, 2011). Therefore, they were excluded from further analysis. In 
both years 2010 and 2011, 13C excess in soil CO2 efflux was considerably reduced 
under drought conditions, with lowest 13C excess values on drought plots in 2011. 
Relative tracer recovery in soil CO2 efflux on control plots four days after pulse 
labeling was 48% (2010) and 43% (2011), and 36% (2010) and 27% (2011) on 
drought plots. Summed up with the relative recovery in roots (section ), around 
60% of tracer was recovered on control plots and 60-100% on drought plots after 
four days in both years.

Calculating the cumulative 13C excess for the entire measurement period showed an  
initial steep increase under control conditions, followed by a slow steady rise. 19 
days after labeling, the cumulative 13C excess in soil CO2 efflux on control plots was 
61.9 mg m-2 in 2010 (no SE available as only one replicate could be used) and 
28.5 ± 7.9 mg m-2 in 2011 (mean ± SE), accounting for 80% (2010) and 73% (2011) 
of total 13C recovery. 19 days after pulse labeling, cumulative 13C excess in soil CO2 
efflux on drought plots reached 11.0 ± 2.8 mg m-2 in 2010 and 6.3 ± 3.3 mg m-2 in 
2011 (mean ± SE), accounting for 57% in 2010 and 60% (2011) of total 13C recovery. 
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A2.5 Discussion

A2.5.1 Below-ground carbon allocation under control conditions

13C enrichment as well as 13C excess in shoots and roots on control plots showed 
a fast below-ground allocation of newly fixed photoassimilates, as 13C signals in 
roots were observed within 1-2 days after pulse labeling. Tracer also appeared in 
soil CO2 efflux within the first hours after labeling, while maximum 13C excess was 
observed already in the first night after pulse labeling. These results suggest a fast 
coupling between above- and below-ground systems (reviewed by Kuzyakov & 
Gavrichkova (2010)) and support results from other field experiments on grassland 
(Ostle et al., 2000; Leake et al., 2006; Bahn et al., 2009; De Deyn et al., 2011). 
More recent assimilates were used for soil CO2 efflux than incorporated or stored 
in roots within the first four days after labeling. A rather slow decrease of 13C ex-
cess in shoots suggested that quite a large fraction of fresh assimilates was kept in 
above-ground plant parts. Short-term storage under control conditions might have 
been responsible for this observation, supported by Bahn et al. (2013) who found 
a large and fast 13C incorporation into starch which was subsequently used in the 
following night. Such transitory starch plays a large role as substrate for nocturnal 
respiration, as shown by Barthel et al. (2011a) for beech saplings (Fagus sylvatica) 
and for Arabidopsis (thale cress) in laboratory experiments (Zeeman et al., 2007). 
However in our study, 13C excess in shoots decreased rather slowly during the first 
four days after labeling. This suggested that either a large part of recent assimilates 
were directly used for above-ground growth or that assimilates were incorporated 
into short-term storage pools exceeding the respiratory demand in the first night 
after pulse labeling. The second hypothesis is supported by results from a labora-
tory experiment with Lolium perenne (perennial ryegrass) where short-term storage 
in leaves was much larger than that required to supply dark respiration during the 
night (Lehmeier et al., 2010). 

In addition, during the entire measurement campaign of 19 days, more than 73-80% 
of 13C taken up was lost to soil CO2 efflux in 2010 and 2011, also supporting the 
storage pool hypothesis. No tracer was found in shoots after the 2nd cut in 2011 (125 
days after pulse labeling).
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A2.5.2 Drought effects on below-ground carbon allocation

Although drought stress resulted in a lower 13C excess of shoots in both years, 
in line with lower assimilation rates (Bollig, Uni Bern, pers. comm.), allocation 
below-ground was not negatively affected. On the contrary, the decrease of 13C in 
shoots during the first four days after pulse labeling and the subsequent increase in 
the below-ground 13C signals, showed a proportionally higher allocation of recent 
assimilates to roots under drought compared to control conditions. This effect was 
particularly pronounced in 2010 (see below). Although these findings contradict 
results from beech saplings labeled in the greenhouse where drought stress doubled 
the residence time of fresh assimilates in foliar biomass (Ruehr et al., 2009), higher 
allocation of recent assimilates to roots under drought conditions already have been 
reported for other grassland communities (Sanaullah et al., 2012) and wheat (Palta 
& Gregory, 1997). Differences in plant functional type or severity of the drought 
stress might contribute to these discrepancies. In addition, our results are supported 
by findings of increased standing root biomass under drought conditions at our as 
well as at an alpine grassland site (Prechsl, ETH Zurich, pers. comm.) and find-
ings from extensively managed grasslands where below-ground productivity was 
enhanced under summer drought (Kahmen et al., 2005).

A2.5.3 Drought effects on the use of fresh assimilates in soil CO2 efflux

The use of fresh assimilates for soil CO2 efflux was not delayed under drought 
stress but only reduced in both years (2010 and 2011), both in absolute (excess13CF) 
and relative (RecoveryF) terms. The increase in cumulative 13C excess was slower 
and the recovery four days after labeling lower under drought compared to control 
conditions. Even after 19 days, the contribution of freshly assimilated carbon to soil 
CO2 efflux was only around 60% in both years, compared to about 75% under con-
trol conditions. Thus, despite higher allocation below-ground under drought, recent 
assimilates were not used equally fast for respiration as on control plots. These re-
sults support our findings that proportionally more fresh assimilates were invested 
into root growth under drought, in line with current knowledge that root growth is 
less affected by drought stress compared to leaf growth or that root growth might 
even increase when soil moisture is limiting (Lambers et al., 2006). Moreover, our 
results agree well with results from a mountain grassland where no change in al-
location speed occurred in response to shading, presumably to maintain allocation 
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below-ground under shading at the expense of above-ground carbon pools (Bahn et 
al., 2013). 

Thus in our study, drought-stressed plants seemed rather to invested into root 
growth and keep C loss via root respiration low, while control plants used recently 
fixed carbon rather for root respiration than for root growth.

A2.5.4 Comparison of the two years 2010 and 2011

Comparing our observations of the two years 2010 and 2011, two main aspects 
were strikingly different: First, 13C incorporation into shoots under control con-
ditions differed strongly between the two years. Second, the drought-induced in-
crease in C allocation below-ground was more pronounced for 2010 than for 2011.

As Switzerland was hit by a spring drought in 2011 (MeteoSwiss, 2012), the conse-
quences of this extreme event might have affected the C cycling in our grassland in 
2011. The control plots showed clear signs of drought stress in 2011, although on 
a less severe level than the drought-stressed plots in 2010 and 2011: Control plots 
showed less 13C incorporation into shoots and a lower absolute 13C excess in soil 
CO2 efflux in 2011, but no increased below-ground allocation and no increase in 
standing below-ground biomass. Although environmental conditions were not fully 
comparable between the two years, it is most likely that the plots had not fully re-
covered from the spring drought before the pulse labeling experiments took place. 
Wolf et al. (in review) could show a reduction in gross primary productivity at the 
same site during the spring drought in 2011 by eddy covariance measurements.

Furthermore, the effects of the simulated summer drought were stronger in 2011 
than in 2010 (stronger reduction in above-ground biomass, less 13C incorporation 
into shoots, and slightly less 13C recovery in soil CO2 efflux), which might be a 
consequence of setting up the shelters on plots with already low soil moisture levels 
due to the spring drought. It is well known that growth (and hence growth respira-
tion) is the first physiological process to be negatively affected by drought followed 
by a reduction in photosynthesis, and thereafter by a reduction in maintenance res-
piration, leading to an initial surplus of carbohydrates at the beginning of a drought 
(Lambers et al., 2006; McDowell, 2011; Koerner, 2012). This surplus of carbohy-
drates can induce higher C allocation below-ground  as observed in 2010. However, 
in 2011 drought plots seemed to be more severely hit by our simulated summer 
drought as the increase in allocation below-ground was lower compared to 2010. 
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Thus, comparing the drought responses in 2010 and 2011 suggests that a spring 
drought preceding a summer drought might amplify the impact of summer drought 
on above-ground productivity as well as carbon allocation below-ground, thereby 
increasing the sensitivity of grassland to consecutive or reoccurring drought events 
- as predicted under future climate conditions.
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A2.8 Figures and tables

Table A2.1 Overview of shelter duration and excluded precipitation in 2010 and 
2011 (in brackets percentage of annual rainfall) as well as soil water content (SWC) 
at 5 cm, 15 cm and 30 cm depth under control (ctrl) and treatment (tmt) conditions 
(mean ± SD).

 Above-ground biomass Below-ground biomass 

2010 

Date 

Cut 

01.07. 

Interpol. 

22.07. 

Cut 

25.08. 

Sampled 

21.07. 

Interpol. 

22.07. 

Sampled 

30.07. 

Ctrl [g m-2] 116 (44) 83 218 (21)** 635 (382) 607 386 (57) 

Trmt [g m-2] 114 (24) 47 123 (24) 1357 (595) 1270 572 (64) 

Trmt/Ctrl [%] 98 57 56 214 209 148 

2011 

Date 

Cut 

26.05. 

Interpol. 

10.06. 

Cut 

15.07. 

Sampled 

06.06. 

Interpol. 

10.06. 

Sampled 

11.06. 

Ctrl [g m-2] 44 (11) 79 261 (45)** 225 (67) 335 362 (29) 

Trmt [g m-2] 41 (8) 19 62 (18) 325 (104) 315 313 (92) 

Trmt/Ctrl [%] 89 24 24 144 94 86 
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Table A2.2 Mean standing above-ground biomass (during cuts) and below-ground 
biomass (sampled) for 2010 and 2011 before and after the pulse labeling experi-
ments, as well as the linearly interpolated value (in bold) that was used for calculat-
ing 13C excess. SE is given in brackets (n=3). Stars denote significance levels: * p 
≤ 0.05, ** p ≤ 0.01

Year 2010 2011 

Shelter duration 20.05.-11.08. 05.05.-01.07. 

Number of days 83 57 

Excluded precipitation [mm] 440 (39%) 231 (21%) 

Annual precipitation [mm] 1139 1084 

SWC [Vol%] 

5 cm 

Control 29.8 ± 7.9 26.0 ± 4.2 

Treatment 15.1 ± 8.5 17.0 ± 1.7 

tmt/ctrl [%] 51 65 

15 cm 

Control 33.5 ± 5.9 26.3 ± 4.0 

Treatment 22.5 ± 7.9 18.1 ± 2.0 

tmt/ctrl [%] 67 69 

30 cm 

Control 41.1 ± 2.2 35.5 ± 3.3 

Treatment 38.9 ± 3.9 29.2 ± 1.9 

tmt/ctrl [%] 95 82 
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Figure A2.1 Meteorological conditions during and shortly after pulse labeling 
experiments in 2010 (left) and 2011 (right) under control (black) and treatment 
(grey) conditions. a) Grey shadings mark days of pulse labeling experiments, 
b) Photosynthetically active radiation (PAR) at 180 cm height (mean, n=2), c) 
Precipitation measured at the nearby eddy covariance station, d) Air temperature 
(Tair) at 160 cm height (mean, n=2), e) Relative humidity (RH) above the grass 
sward at 60 cm height (n=1), f) Soil temperature at 5 cm depth (mean, n=3), g) 
Soil water content (SWC) at 5 cm depth (mean ± SE, n=3).
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Figure A2.2 Soil water content from May 2010 to October 2011 in 5 cm (top), 
15 cm (middle) and 30 cm (bottom) soil depth for control (black) and treatment 
(grey) conditions. Lines represent mean, shading shows SE (n=3) in one direction 
only to improve clearness. Lines without shading represent mean values from just 
one replicate (n=1, due to sensor failure). The light grey rectangles and the inserted 
dark lines in the uppermost panel mark the shelter period (continued by vertical 
dashed lines into the other plots) and the days of the pulse labeling experiments, 
respectively.
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Figure A2.3 13C enrichment expressed as excess atom fraction in percent in shoot 
(top) and root (bottom) biomass for 2010 (left) and 2011 (right) until 30 days after 
pulse labeling under control (black) and treatment (grey) conditions (mean ± SE; 
n = 3). Samples of > 4 days after labeling have all been taken at the same day, 
thus axis labels show the shortest time difference between sampling and pulse 
labeling (e.g. 10 days after labeling actually represent 10-12 days after labeling 
in 2010 and 10-13 days after labeling in 2011). Grey areas mark night-time. Stars 
show significant differences between control and treatment: * p ≤ 0.05, ** p ≤ 
0.01. 
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Figure A2.4 13C excess [mg 13C m-2] in shoot (top) and root (middle) biomass at the 
community level as well as recovery rate in root biomass (bottom) for 2010 (left) 
and 2011 (right). Black: control plots; grey: treatment plots (mean ± SE, n=3); for 
Recoveryroots the propagated standard error is shown. Grey areas mark night-time. 
Stars show significance levels: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Letters 
denote results from Tukey HSD Test: Samples with the same letter are not signifi-
cantly different from each other. 

Appendix 2 – Soil CO2 efflux



167

Figure A2.5 Time series of soil CO2 efflux for the measurement periods in 2010 
(top) and 2011 (bottom). Arrow marks shelter removal in 2010. Black: control; 
grey: treatment (mean ± SE), averaged from three replicates. For values with no 
SE, only n=1 was available. 

Appendix 2 – Soil CO2 efflux



168

Figure A2.6 Top panel: 13C excess [mg 13C m-2] in soil CO2 efflux (mean ± SE, n=3) 
during the first four days after pulse labeling. Grey areas mark night-time. Middle 
panel: Recovery rate in soil CO2 efflux at the sampling times of shoot and root bio-
mass (Figure A2.4) during the first four days after pulse labeling (error bars show 
the propagated standard error). Lower panel: Cumulative excess in soil CO2 efflux 
(mean ± SE; control 2010: n=1, treatment 2010: n=3; control and treatment 2011: 
n=2) until 19 days after pulse labeling. Left: 2010, right: 2011. Black: control, grey: 
treatment.
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the SPAC? I see you 
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for neutrons at our last 
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