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1 Summary 

Recent climate models project strong decreases of summer precipitation in Central 

Europe until the end of the 21st century. According to these models, Switzerland is 

facing a 20% reduction of summer precipitation, maybe even 40% in extreme years. 

Since plants are strongly dependent on water availability, such massive changes in 

water supply patterns will clearly affect the functioning of plant systems. Grassland 

ecosystems are a formative element of the landscape in Switzerland, covering 

around 25% of the area and supporting milk and meat production. In order to ensure 

a sustainable development of Swiss agriculture and to develop adaptation strategies 

to climate change, special focus should be given to the effects of future summer 

droughts on grasslands in Switzerland. 

We therefore established a drought experiment at three grasslands at different al-

titudes in Switzerland. We used permanently installed transparent rain shelters to ex-

clude precipitation in summer and thereby simulated an extreme summer drought in 

three subsequent years, 2005-2007. Measurements of biomass productivity, vegeta-

tion structure and stable isotopes were used to assess the effects of drought on tem-

perate grassland productivity and resource use. 

Chapter 4  briefly summarises the effect of drought on above-ground biomass pro-

duction at all three sites, focussing on 2006. The drought reaction depended on the 

grassland type, showing a clear reduction of biomass at the alpine site but less clear 

responses at the two lower sites. At the pre-alpine site, drought tended to increase 

above-ground biomass and at the lowland site, forbs grew stronger in competition 

with grasses under drought, thereby favouring a weed species, Rumex obtusifolius. 

The effect of drought on the performance of Rumex obtusifolius at the lowland site 

is discussed in more detail in Chapter 5 . Stressed ecosystems are more susceptible 

to invasion and drier conditions might thus favour the emergence of weeds in the fu-

ture. R. obtusifolius above-ground biomass indeed increased under drought, some-

times comprising more than half of the total biomass. Additional measurements (pro-

vided by one of the co-authors of the study) indicated that R. obtusifolius was less 

affected by drought than especially grasses. δ13C values and measurements of pho-

tosynthesis and stomatal conductance indicated a higher water use efficiency and 
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δ15N suggested an altered N acquisition in R. obtusifolius, thereby favouring the 

growth of the weed species. 

The effect of drought on biomass productivity and resource use was the focus of 

the measurements described in Chapter 6 . Stable isotope ratios of C were assessed 

as integrators of plant resource use. The response of the three grasslands to drought 

differed between sites and years. There was a significant reduction of above-ground 

biomass production at the alpine site but no reaction at the pre-alpine site and a sig-

nificant reduction of above-ground biomass only in the third year at the lowland site. 

Below-ground biomass productivity was not affected by drought at any of the sites. 

δ13C values indicated an increase in water use efficiency under drought at all sites. 

The response of above-ground biomass productivities was closely related to the an-

nual precipitation sums, productivities clearly being least affected at higher annual 

precipitation. 

Chapter 7  describes a method to assess the 18O signature of plant source water. 

Plant root crown water was found to be best suited to reflect the source of plant water 

uptake in herbaceous species. As a co-author of this chapter, I did the plant sampling 

and water extraction but also contributed to the discussion of the results and review-

ing of the manuscript drafts. The method developed in this study was applied for 

Chapters 8 and 9. 

In Chapter 8 , the effect of drought on the water source of different plant species in 

the three different grasslands was investigated. Root crown and soil water was sam-

pled before, during and after the drought treatment, precipitation was sampled over 

the whole period. We found that although the δ18O values differed between drought 

and control plots, the plant water signature reflected the signature of the respective 

soil background. It is thus concluded that no change in depth of water uptake oc-

curred in response to drought. 

The study reported in Chapter 9 was performed in the Jena Experiment, a large 

biodiversity experiment in Eastern Germany. It is independent of the main thesis 

project and did not focus on the effect of drought but was investigating the effect of 

biodiversity on plant water uptake of a grassland community, testing whether spatial 

niche differentiation for water existed. The results indicate that the contribution of 
18O-enriched water sources increased in more diverse communities. This response 
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was mainly driven by small herbs and suggested that niche differentiation for water 

increased with increasing plant diversity. For this paper, I did most of the statistical 

analyses and invested a lot of time in the reviewing of early manuscript versions. 
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2 Zusammenfassung 

Die Resultate von neuen Klimamodellen deuten an, dass bis Ende des 21. Jahr-

hunderts in Europa mit einer starken Abnahme von Niederschlägen im Sommer zu 

rechnen ist. Auf Grund dieser Modelle ist davon auszugehen, dass in der Schweiz 

der Sommerniederschlag im Durchschnitt um 20% abnehmen wird, in Extremfällen 

vielleicht sogar bis 40%. Da Pflanzen stark von der Verfügbarkeit von Wasser ab-

hängig sind, werden solche massiven Veränderungen in der Wasserversorgung die 

Funktion von pflanzlichen Systemen sicher beeinflussen. Graslandökosysteme sind 

ein prägendes Landschaftselement in der Schweiz, sie bedecken ungefähr 25% der 

Landesfläche und sind zudem die Grundlage für Milch- und Fleischproduktion. Um 

eine nachhaltige Entwicklung der schweizerischen Landwirtschaft zu ermöglichen 

und um Anpassungsstrategien an den Klimawandel zu entwickeln, sollte ein speziel-

les Augenmerk auf den Einfluss von Sommertrockenheit auf Grasland in der Schweiz 

gerichtet werden. 

Aus diesem Grund haben wir ein Trockenheitsexperiment auf drei Graslandstand-

orten in verschiedenen Höhen in der Schweiz eingerichtet. Wir benutzten fest instal-

lierte transparente Regendächer, um den Niederschlag im Sommer auszuschliessen 

und simulierten so eine extreme Sommertrockenheit in drei aufeinanderfolgenden 

Jahren, 2005-2007. Mit Hilfe von Messungen der Biomasseproduktivität, Vegetati-

onsstruktur, sowie stabiler Isotopen untersuchten wir den Einfluss von Trockenheit 

auf die Produktivität und die Ressourcennutzung temperaten Graslands. 

Kapitel 4  fasst den Einfluss von Trockenheit auf die oberirdische Biomasse an al-

len drei Standorten kurz zusammen, wobei der Schwerpunkt auf dem Jahr 2006 liegt. 

Die Reaktion auf die Trockenheit hing vom Graslandtyp ab, wobei das alpine Gras-

land eine klare Abnahme der Biomasse zeigte und die beiden anderen Standorte 

weniger klar reagierten. Der Standort in den Voralpen neigte zu einer leicht erhöhten 

Biomasseproduktion unter Trockenheit während im Flachland die Kräuter unter Tro-

ckenheit gegenüber den Gräsern an Kokurrenzstärke gewannen. Dies führte dazu, 

dass ein Unkraut, Rumex obtusifolius («Blacke»), sich stark ausbreiten konnte. 

Der Einfluss von Trockenheit auf Rumex obtusifolius im Flachland wird in Kapitel 5  

im Detail diskutiert. Gestresste Ökosysteme sind anfälliger auf Invasion und tro-
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ckenere Bedingungen könnten so das Aufkommen von Unkräutern in Zukunft ver-

stärken. Unter Trockenheit nahm die oberirdische Biomasse von R. obtusifolius tat-

sächlich zu, manchmal machte diese Art über die Hälfte der gesamten oberirdischen 

Biomasse aus. Zusätzliche Messungen (die von einem der Mitautoren der Studie 

gemacht wurden) deuten an, dass R. obtusifolius weniger stark unter der Trockenheit 

litt als insbesondere die Gräser. Die δ13C Werte und Messungen von Photosynthese 

und stomatärer Leitfähigkeit deuten zudem auf eine erhöhte Wassernutzungseffi-

zienz und die δ15N Werte lassen Schlüsse auf einer veränderte N Aufnahme von R. 

obtusifolius zu, wodurch das Unkraut in seinem Wachstum gefördert wurde. 

Schwerpunkt der in Kapitel 6  beschriebenen Messungen ist der Einfluss von Tro-

ckenheit auf die Produktion von Biomasse und die Nutzung von Ressourcen. Das 

Verhältnis der stabilen Isotopen von C wurde als Integrator der pflanzlichen Res-

sourcennutzung bestimmt. Die Reaktion der drei Graslandtypen auf Trockenheit un-

terschied sich zwischen Standorten und Jahren. Eine signifikante Abnahme der 

oberirdischen Biomasseproduktion wurde am alpinen Standort verzeichnet, ebenso 

im dritten Jahr im Flachland. Die unterirdische Biomasseproduktivität wurde an kei-

nem der Standorte durch die Trockenheit beeinflusst. Die δ13C Werte deuteten an 

allen Standorten auf eine erhöhte Wassernutzungseffizienz. Es zeigte sich ein klarer 

Zusammenhang zwischen der Veränderung der oberirdischen Produktivität und dem 

Jahresniederschlag. Die Reaktion war bei höherem Jahresniederschlag deutlich am 

geringsten. 

Kapitel 7  beschreibt eine Methode zur Messung der 18O Signatur pflanzlicher 

Wasserquellen. Es stellte sich heraus, dass Wasser aus der Wurzelkrone die Quelle 

der Wasseraufnahme krautiger Pflanzen am besten widerspiegelte. Als Mitautorin 

dieses Kapitels habe ich die Pflanzenbeprobung und die Extraktion der Wasserpro-

ben durchgeführt sowie an der Diskussion der Resultate teilgenommen und die Ma-

nuskriptversionen durchgesehen. Die in dieser Studie beschriebene Methode wurde 

in den Kapiteln 8 und 9 angewandt. 

Der Einfluss von Trockenheit auf die Wasserquelle unterschiedlicher Pflanzenarten 

an den drei Graslandstandorten steht im Zentrum von Kapitel 8 . Pflanzen- und Bo-

denwasserproben wurden vor, während und nach der Trockenheit genommen, Re-

genwasser wurde über die ganze Zeit beprobt. Trotz signifikanter Unterschiede in 
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den δ18O Werten von Trockenheits- und Kontrollflächen unterschieden sich die Sig-

naturen der Pflanzen nicht von jenen des Bodenhintergrundes. Wir schliessen da-

raus, dass die Trockenheit keine Verschiebung in der Tiefe der Wasseraufnahme zur 

Folge hatte. 

In Kapitel 9  wird eine Untersuchung vorgestellt, die im Jena Experiment, einem 

grossen Biodiversitätsexperiment in Ostdeutschland, durchgeführt wurde. Diese Stu-

die ist unabhängig vom Hauptprojekt der Dissertation und konzentrierte sich nicht auf 

Einflüsse von Trockenheit, sondern beschäftigte sich mit dem Einfluss von Biodiver-

sität auf die Wasseraufnahme von Pflanzen einer Graslandgesellschaft und unter-

suchte, ob es eine räumliche Nischendifferenzierung für Wasser gibt. Die Resultate 

deuten an, dass der Anteil von 18O angereicherten Wasserquellen in diverseren 

Pflanzengesellschaften zunahm. Diese Reaktion wurde hauptsächlich durch kleine 

krautige Pflanzen getrieben und legt die Vermutung nahe, dass sich die Nischendiffe-

renzierung für Wasser mit zunehmender pflanzlicher Diversität verstärkte. Für diesen 

Artikel habe ich einen Grossteil der statistischen Analysen durchgeführt und viel Zeit 

in die Durchsicht der Manuskriptversionen investiert. 
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3 General introduction 

3.1 Climate change and climate projections 

The greenhouse gas effect, i.e. the warming of the atmosphere due to reflection of 

radiation, becomes stronger with increasing greenhouse gas concentrations in the 

atmosphere. Climate models thus agree on further increases in global mean surface 

air temperature (range of projected increases between 1 °C and 6 °C depending on 

the scenario) with highest temperature increases over land (Meehl et al. 2007). Cou-

pled to this global warming there will also be changes in precipitation patterns. Over-

all, there will be an increase of precipitation over land of about 5% but there are both, 

regions with increases and regions with decreases in precipitation. Not only will the 

amount of precipitation increase, but also the variability in precipitation will augment 

(Meehl et al. 2007). Recent climate models project an increasing frequency of ex-

treme summers for Europe in the future (Cubasch et al. 1995; Schär et al. 2004). 

Such more extreme summers will cause an increase of the area experiencing 

drought, e.g. an increase of the area subjected to extreme drought from 1% to 30% 

by the end of the century has been proposed (Burke et al. 2006). Any prediction of 

climate change is associated with uncertainties mainly caused by the processes rep-

resented in the climate model, the effect of natural variability and future emissions of 

forcing agents (e.g. CO2, Barnett et al. 2006). However, these uncertainties are ap-

parently still higher for precipitation than for temperature, and the change in fre-

quency of extreme events (e.g. drought or flooding) is difficult to estimate (the range 

of frequencies often being higher than the mean frequency, Barnett et al. 2006). 

For Europe, annual mean temperatures will most likely increase more than global 

temperatures with largest warming in northern Europe in winter and in the Mediterra-

nean in summer (Christensen et al. 2007). Annual precipitation will most likely in-

crease in northern Europe and decrease in the south and remain rather stable in 

Central Europe (Christensen et al. 2007). Although there is no such clear trend as for 

temperatures and atmospheric CO2 concentrations (both increasing), more than two 

thirds of the simulations predict increasing winter precipitation and decreasing sum-

mer precipitation with an increased risk for summer drought in Central Europe 

(Christensen et al. 2007). The increases in temperature will also increase water 
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losses via evaporation, further decreasing available soil moisture (Douville et al. 

2002; Wang 2005). Despite the predicted reduction in summer precipitation and an 

increasing drought risk, also the risk of summer flooding in Europe will probably in-

crease under climate change (Christensen and Christensen 2003). 

In Switzerland, annual mean temperatures have increased by 1.5 °C from 1970 to 

2005 which is one and a half times the increase over the whole northern hemisphere 

land (BAFU/BFS 2007) and more than twice the global mean (Trenberth et al. 2007). 

Until 2050, increases of temperature by about 2 °C in winter, spring and autumn and 

by about 3 °C in summer are expected in whole Switz erland (Frei et al. 2006). Winter 

precipitation will probably increase while summer precipitation will decrease. No con-

siderable changes in spring precipitation and only slight decreases in autumn pre-

cipitation are expected (OcCC 2007). An increase in extreme events is also expected 

for Switzerland. A simulation for northern Switzerland showed that summer precipita-

tion (June to August) will on average be reduced by 20% compared to the long-term 

mean, with extreme maximum reductions of 40% (Frei et al. 2006). The extremely hot 

and dry summer 2003 is considered an example for common summers at the end of 

the 21st century (Beniston 2004; Schär et al. 2004). 

3.2 Grasslands 

Grasslands are a very important ecosystem type worldwide, covering up to 40% of 

the global land area (White et al. 2000). In most western European countries, the 

area used for agriculture is higher than 50% (BFS 2008). Due to a high proportion of 

so called «unproductive areas» (e.g. mountains) in Switzerland (around 20%), the 

agricultural area only covers around 37% of the area at all altitudes (BFS 2008). 

However, the proportion of total area used by agriculture in the lowlands is compara-

ble to the European value (50%, BFS 2001). The contribution of grassland to the total 

agricultural area in Switzerland is 70% (BFS 2008). Grasslands cover the complete 

range of elevations, from the lowlands to the Alps, emphasising the importance of 

grassland ecosystems in Switzerland. 

3.3 Grasslands and climate change 

In many terrestrial ecosystems the impact of climate change has to some extent 

been masked by changes in land-use. Carbon dynamics in intensively managed 
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grasslands seem to be strongly controlled by management (Zeeman 2008). Never-

theless, since grasslands are a major element of the landscape in Switzerland and 

the basis for milk and meat production, it is highly relevant to investigate the per-

formance of grasslands and the reliability of grassland production under climate 

change. The diversity of grassland types in Switzerland, caused by the range of alti-

tudes, bears potential for multiple responses to climate change. Since the political 

and economic situation of Swiss agriculture is special within Europe (higher price 

levels that are controlled by the government), it is not only of economic but also of 

political importance to know how agriculture will develop under future climate condi-

tions. A clear need for long-term strategies decreasing the risk of climate change im-

pacts was demonstrated by Fuhrer et al. (2006). Developing adaptation strategies to 

ensure ecosystem services clearly depends on knowledge about impacts of climate 

change on those ecosystems. The extreme summer in 2003 caused considerable 

losses for Swiss agriculture. The production of animal feed was reduced by up to 

65% in some regions (Keller and Fuhrer 2004). Consequently, Swiss import taxes on 

hay were lifted (BLW 2003a) and legislations on cutting dates and grazing were loos-

ened (BLW 2003b). 

Most research on the effects of climate change on grasslands has up to now fo-

cussed on increasing atmospheric CO2 concentration and increasing temperature (for 

recent reviews see Lüscher et al. 2005; Soussana and Lüscher 2007). Given suffi-

cient water and nutrient supply, grasslands will profit from higher CO2 concentrations, 

higher temperatures and longer vegetation periods (Calanca and Fuhrer 2005; Luder 

and Moriz 2005). However, sufficient supply of water cannot any longer be taken for 

granted under future climate change and increasing frequencies of summer droughts 

might decrease biomass production and favour the emergence of weeds and insect 

pests (OcCC 2007). 

3.4 Grasslands and drought 

In general, the problem of drought has long been ignored, although it was already 

recognised a long time ago (Seifert 1948) and also today, most of the drought studies 

still focus on regions that are already comparably dry (e.g. Martin et al. 1991; 

Mamolos et al. 2001; English et al. 2005; Frank 2007). As water reserves in Switzer-

land are rather high, drought has also not been considered a problem for a long time. 
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In addition, Switzerland is topographically very diverse and dry summers are thus not 

expected to hit the whole area (Schorer 2000). Nevertheless, the Swiss Federal Of-

fice for the Environment (FOEN) defined both water resources and agriculture as 

especially vulnerable to changes in precipitation, and the focus of climate change 

policy has been shifted from reacting to extreme events to preventing such events or 

their negative effects (BAFU/BFS 2007). 

Precipitation and productivity are often highly correlated (e.g. Knapp and Smith 

2001), thus it can be expected that biomass productivity decreases under drought. 

However, not only the average precipitation but also the timing and intervals of 

drought are of importance (Knapp et al. 2001; Fay et al. 2003; Heisler-White et al. 

2008). Nevertheless, there is lots of evidence on negative effects of drought on 

vegetation productivity. The natural drought in summer 2003 reduced primary pro-

duction in Europe by 30% (Ciais et al. 2005) and data for grassland have shown that 

these losses can even be higher (Tilman and El Haddi 1992; Keller and Fuhrer 

2004). Yet, the generally rather wet pre-alpine area might even profit from drier 

summers at least short-term (Schorer 2000; Rogiers et al. 2008). 

Drought can also indirectly affect different plant properties and thereby reduce pro-

ductivity. Drought causes early senescence of the vegetation and typically sup-

presses carbon uptake more than ecosystem respiration (Nagy et al. 2007; Rogiers 

et al. 2008). In more extreme cases, summer drought can cause the die-off of whole 

ecosystems, as was found for forest in Northern America (Breshears et al. 2005). As 

a consequence of drought, the carbon cycle can be altered considerably. The combi-

nation of heat and drought in 2003 turned European forests from a C sink into a C 

source (Ciais et al. 2005). In the same year, semi-arid grasslands in Hungary turned 

into a weak C source while they were a sink in 2004, a year without extreme summer 

drought (Nagy et al. 2007). 

Productivity levels of temperate grasslands are not only dependent on manage-

ment intensities but are also linked to species composition. Higher numbers of plant 

species or plant functional types (i.e. higher diversity) are thought to stabilise eco-

system functioning (MacArthur 1955; Pimm 1984). Diversity often increased grass-

land resistance to drought (Frank and McNaughton 1991; Tilman and Downing 1994; 

Tilman et al. 2006) or invasion (Hector et al. 2001; Tracy and Sanderson 2004). 

However, most grasslands, at least the intensively managed ones in temperate re-
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gions, are rather species poor and thus less buffered against fluctuations in climate. 

Climate change and extreme events in particular are disturbances to ecosystems, 

which generally reduce the stability of a system and increase invasibility (Burke and 

Grime 1996; Dukes 2001). Drought might cause an increase in occurrence of vege-

tation gaps that can be colonised by weeds (as suggested by Lüscher et al. 2005; 

Vittoz et al. 2009). In addition, plant functional types might be differently affected by 

drought, thereby causing altered competition and in the long-run a change in species 

composition. For example, C3 forbs in a tallgrass prairie were in advantage over 

grasses during drought (Briggs and Knapp 1995). 

3.5 Stable isotope analysis 

One of the approaches often used to investigate the effect of environmental factors 

on ecosystems are stable isotopes. In this thesis, four different stable isotopes were 

analysed, δ13C, δ15N, δ18O and δ2H (hereafter called δD because 2H is also called 

deuterium), the latter two providing complementary information when studied in water 

(Dawson et al. 2002). Many chemical elements exist in different forms, so called iso-

topes, varying in their mass. Many of these isotopes are radioactive, e.g. 14C or 32P, 

while only 10% are stable, e.g. 13C or 15N (Fry 2006). Stable isotopes of an element 

share the same chemical properties but physical and biological processes generally 

fractionate against them based on isotope effects. Due to its slightly higher mass, the 

heavier isotope is normally discriminated against, e.g. a certain enzyme preferentially 

reacts with the lighter isotope or the molecule containing the lighter isotope (e.g. 
12CO2 over 13CO2). These fractionation processes can be used to improve the under-

standing of ecosystems (Ehleringer et al. 2000). 

As one isotope of an element is generally much more abundant than all other iso-

topes, the abundance of the different isotopes is not given in absolute values but as 

relative values. This relative value is called the isotope ratio R and is defined by the 

ratio of the heavy to the light form in a sample (Rsample) or the ratio of the heavy to the 

light form in an international standard (Rstandard). The isotopic signature of a given 

sample is then calculated as 

 1
R
R

X
standard

sample −=δ . (Eq. 3.1) 

This ratio is expressed in per mill (‰), i.e. the value obtained by the above equation 
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is multiplied by 1000. For the investigation of plant interactions with the environment 

and resource use, stable isotopes are a powerful tool offering new options for re-

search on different scales (Dawson et al. 2002). 

One of the options stable isotopes provide is the possibility to follow the global 

water cycle. Ocean water is used as international standard (V-SMOW, Vienna-Stan-

dard Mean Ocean Water) and thus has isotope values of 0‰ for both, δ18O and δD. 

When evaporating from the ocean, water becomes more and more depleted in the 

heavier isotopes (Craig and Gordon 1965). Continued depletion of water from the 

coast to the inland creates variation in precipitation signatures and can finally also be 

recorded in the soil moisture profiles. Upper soil and leaf water are generally en-

riched compared to the source (e.g. precipitation or groundwater) because the lighter 

isotope evaporates more readily (e.g. Allison et al. 1983). Under certain conditions, 

signatures recorded in plants or soil can be traced back to the original source. δ18O 

and δD are thus useful tools to identify the partitioning of water sources (i.e. rooting 

depth patterns) among plants and thereby helping to explain patterns of plant species 

coexistence. δ18O can also be determined in solids (e.g. leaves or cellulose) or in 

gaseous samples (e.g. CO2) but this approach was not used in this thesis (for more 

details see Ehleringer et al. 2000; Dawson et al. 2002). 

Stable isotope ratios of C have often been used to study the photosynthetic path-

ways or water use efficiency (WUE) of plant species (Farquhar and Richards 1984). 

During photosynthesis in C3 plants, the heavier C isotope, 13C, is discriminated 

against (e.g. during diffusion, solution, fixation or photorespiration), especially when 

stomata are wide open and stomatal conductance (gs) is high, leading to a depleted 

δ13C value compared to ambient air (Farquhar et al. 1989). The original model devel-

oped to describe the C isotopic composition of leaves linked the discrimination of 13C 

by Rubisco (the main carboxylating enzyme in C3 plants) to the ratio of intracellular to 

ambient CO2 concentrations (ci/ca, Farquhar et al. 1982). This ratio in turn often re-

lates to A/gs (photosynthesis to stomatal conductance) and thus to water use effi-

ciency (WUE, Farquhar et al. 1989). However, the close relationship of WUE and 

δ13C has recently been challenged due to a variety of factors affecting WUE (Seibt et 

al. 2008). In addition, post-carboxylation discrimination was detected, further compli-

cating the use of δ13C values as a direct indicator for WUE (Salmon 2008). 
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The stable isotope ratio of nitrogen, δ15N, is influenced by N sources with differing 

signatures, mycorrhizal associations of plants, temporal and spatial variations in N 

availability and also by the plant demand for N (Dawson et al. 2002). No fractionation 

of N isotopes during the transport within the plant has been found so far, thus the 

differences in δ15N are caused by enzymatic reactions discriminating against 15N and 

different N sources (Handley and Raven 1992). δ15N has mostly been used to inves-

tigate resource acquisition and partitioning in plant communities (e.g. von Felten 

2008). Recently, δ15N was shown to represent the ratio of nitrate to ammonium up-

take in grasslands (Kahmen et al. 2008). 

3.6 Thesis project 

Given the predictions outlined above, we therefore conducted a drought experi-

ment in Swiss grasslands within the NCCR Climate (National Centre of Competence 

in Research on Climate; www.nccr-climate.unibe.ch). The experiment was carried out 

at three research stations of ETH Zurich at Chamau (lowland), Früebüel (pre-Alps) 

and Alp Weissenstein (Alps). These three grasslands differed in several aspects, 

most importantly in elevation and management intensity but also in botanical compo-

sition. Using transparent rain shelters (Fig. 3.1), we excluded rainfall in 

spring/summer thereby producing a pronounced drought. The drought we applied 

was comparable to that observed in 2003 (Bader 2004) in one year of the experiment 

(2006) and stronger in 2005 and 2007. Both regions, around Zug (Chamau and 

Früebüel) and in the eastern Central Alps (Alp Weissenstein) were similarly affected 

by the drought in 2003 (around 30% less precipitation from April to September, Bader 

2004). Rain shelters have widely been used to alter soil moisture conditions (Ries 

and Zachmeier 1985; Foale et al. 1986; Kvien and Branch 1988; Martin et al. 1988; 

Svejcar et al. 1999; Yahdjian and Sala 2002). Most of the shelter designs included 

mechanisms to automatically open and close the shelters if there was no rain to 

minimise side effects by the shelters (e.g. increases in temperature or reductions of 

light). However, the permanent setup used in this thesis has successfully been used 

in an experiment in Central Germany (Kahmen et al. 2005). 
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3.7 Thesis aims and hypotheses 

The aims of the thesis were the following: (1) Assess the effects of summer 

drought on above- and below-ground biomass productivity, community leaf area in-

dex (LAI) and vegetation height of three grasslands at different altitudes in Switzer-

land (Chapters 4, 5 and 6). (2) Assess the changes in C and N pools of above-

ground bulk biomass under drought. (3) Assess changes in water resource use under 

drought as indicated by the 13C signature of above-ground bulk biomass (Chapter 6) 

and δ18O in root crown water (Chapter 8). (4) Assess changes in nitrogen sources 

using δ15N values of above-ground bulk biomass (Chapter 5). (5) Identify plant func-

tional types or plant species in Swiss grassland communities at different altitudes that 

might be especially vulnerable or especially resistant to future summer drought 

(Chapters 5 and 6). 

The hypotheses were: (1) Above-ground biomass productivity is reduced under 

drought because water is one of the key resources limiting plant growth, while below-

ground productivity increases in response to drought because roots forage larger soil 

volumes for water. LAI and vegetation height were expected to follow the develop-

ment of the above-ground biomass because both measures are closely related to 

productivity. (2) There are no major changes in C concentrations in above-ground 

biomass but C pools decrease due to decreasing above-ground biomass productivity. 

N concentrations and thus N pools in above-ground biomass decrease under drought 

because the uptake of N from the soil is coupled to the availability of water. (3) An in-

crease in water use efficiency (WUE) under drought is indicated by increasing δ13C 

values because stomatal conductance is reduced to prevent water loss (thereby de-

creasing the discrimination of 13C) and plant species shift their water uptake to 

deeper soil layers when suffering from drought. (4) δ15N and uptake of N are altered 

by drought but no particular direction can be predicted since the distribution of N in 

the soil is not known. However, it is expected that plants tend to take up N from 

deeper soil layers under drought. (5) Deep-rooted forbs increase under drought while 

especially shallow-rooted grasses suffer from drying of the top soil. 
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3.8 Supplementary investigations 

In addition to the study on drought effects in Swiss grasslands, I contributed to two 

studies on δ18O in plants. The aim of the first study was to develop and test a method 

to sample plant source water in herbaceous, non-woody vegetation (Chapter 7). The 

second study aimed at investigating the effect of biodiversity on plant water sources 

and water partitioning (Chapter 9). 
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Figure 3.1: Rain shelter used in this thesis. This picture was taken in July 2006 at Alp 

Weissenstein, the alpine site in the experiments. A control plot can be seen behind 

the shelter. The poles in the middle of the plots were used to install microclimatic 

sensors (air temperature and relative humidity at two heights and PAR on top). 
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4 Effects of summer drought on temperate grassland 

performance 

Anna K. Gilgen & Nina Buchmann 
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Sweden: Gilgen A.K. and Buchmann N. (2008) Effects of summer drought on tem-

perate grassland performance. Grassland Science in Europe 13, 913-915. 

4.1 Abstract 

Climate models predict that summers in temperate regions will be drier in the fu-

ture. The prognosis for Switzerland is for about 20% less summer precipitation in 

2050. Since about a quarter of the Swiss area is covered by grasslands, we need 

detailed information about the consequences of such summer droughts to be able to 

develop adaptation strategies that ensure ecosystem services. Using transparent 

rain-out shelters, we simulated pronounced summer droughts in three Swiss grass-

lands at different altitudes and assessed the impacts on productivity, community 

structure and plant ecophysiology. We found that the reaction to drought was 

strongly dependent on grassland type. While reducing precipitation created water 

stress for the alpine grassland site, the effects were less clear in pre-alpine and low-

land grasslands. At the pre-alpine site, a positive effect of drought on biomass pro-

ductivity was observed. At the lowland site, grasses were more affected by drought 

than forbs, leading to a change in competitive interactions between plant functional 

types, favouring the weed species Rumex obtusifolius. Thus, our results indicate 

relevant consequences of climate change for grassland management, particularly in 

terms of productivity and weed pressure. 
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4.2 Introduction 

The extraordinarily dry summer in 2003 caused losses in grassland yield up to 65% 

in some regions of Switzerland (Keller and Fuhrer 2004). Political actions had to be 

taken to react to a fodder shortcoming, e.g. cutting dates were shifted and the import 

taxes on hay were reduced (BLW 2003a, b). As Switzerland holds large water re-

serves in the Alps, drought has not been considered a problem for a long time. Addi-

tionally, due to the topographic diversity of the country, drought might be a regional 

rather than a national problem (Schorer 2000). However, climate models predict that 

the frequency of extremely dry summers will increase in the future (Cubasch et al. 

1995; Schär et al. 2004; Frei et al. 2006). Simulations for northern Switzerland 

showed that precipitation between June and August will decrease to around 80% of 

today’s values by 2050 (OcCC 2007). The consequences such a decrease in pre-

cipitation has on temperate grassland ecosystems have not been studied very much 

and are not very well understood, yet. To be able to develop adaptation strategies 

and act in advance we need a better understanding of the reaction of grasslands to 

drought. 

We therefore set up a drought experiment in three Swiss grasslands and investi-

gated the effects of extreme summer droughts on the ecosystem. We hypothesised 

that drought would decrease above-ground biomass productivity of Swiss grass-

lands. However, different grasslands might be variously vulnerable to drier condi-

tions. 

4.3 Materials and methods 

The study was conducted in three grasslands at different altitudes across Switzer-

land: Alp Weissenstein (alpine, 1900 m a.s.l., Bergün GR), Früebüel (pre-alpine, 

980 m a.s.l., Walchwil ZG) and Chamau (lowlands, 400 m a.s.l., Hünenberg ZG). 

These three grasslands are representative for Swiss agriculture at the respective al-

titude. In June 2005, we installed five transparent rain-out shelters (3 × 3.5 m base 

area and 2.1 m high) at each of the three sites. In 2006, we added another shelter at 
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Früebüel and two more at Chamau. During seven to eleven weeks in summer we ex-

cluded precipitation by covering the steel frames with transparent plastic foils, 

thereby producing a pronounced summer drought (Table 4.1). Control plots received 

the natural amount of rainfall. 

Biomass was harvested at the respective cutting dates of the sites using fixed 

20 x 50 cm collection frames. The cutting regime added up to one single cut at the 

alpine site, two cuts at the pre-alpine site, and six cuts at the lowland site. According 

to the common practice at the field sites, cutting height was approximately 7 cm. 

Biomass was separated into species, oven dried at 60 °C for one week and then 

weighed. Dry matter was used as an estimate of above-ground biomass productivity. 

Two biomass samples per plot were collected and pooled for analysis. Datasets were 

analysed using t-tests. 

4.4 Results and discussion 

The effect of drought on biomass productivity depended on grassland type 

(Table 4.2). The only decrease in biomass productivity under drought was observed 

at the alpine site, as found in other studies (Tilman and El Haddi 1992; Keller and 

Fuhrer 2004; Ciais et al. 2005). However, it is not unusual that rather wet grassland, 

typical for the Swiss pre-Alps, profits from drier conditions, since plant growth can be 

restricted by wet soils. Nevertheless, the regrowth of the vegetation was much slower 

under drought than under control conditions at the pre-alpine site. This resulted in no 

significant difference between biomass produced on drought plots compared to con-

trol plots at the second harvest after the treatment (data not shown), while we had 

observed a clear trend at the first harvest. 

The trend towards more biomass produced under drought compared to control 

conditions at the lowland site was caused by the weed species Rumex obtusifolius L. 

increasing biomass production under drought conditions (Fig. 4.1). In addition, pho-

tosynthesis of Rumex plants was much less reduced by drought than that of grasses 

(C. Signarbieux, pers. comm.). This resulted in a competitive advantage for Rumex 

over the grasses under drought, as reflected in the grass biomass being slightly less 

under drought. Although there was no significant reduction of total biomass due to 

drought, the amount and quality of the agricultural yield decreased due to the high 

contribution of Rumex. 
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4.5 Conclusions 

Our results show that climate change and especially changing summer precipita-

tion will have differing effects on grasslands at different altitudes in Switzerland. It 

should thus be considered to develop specific adaptation strategies for different 

grassland types. Increasing weed pressure should be one main focus of future ad-

aptation. 
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Table 4.1. Duration of drought treatment and amount of precipitation excluded at the 

three grassland sites.  

 
 

Alp Weissenstein Früebüel Chamau 

Duration of drought [dates] 6.7. - 25.8.2006 31.5. - 17.8.2006 31.5. - 17.8.2006 

Precipitation excluded [mm] 234a 371b 254 b 

                                                 
a Unpublished data provided by Rebecca Hiller (University of Bern, now ETH Zurich). 
b Unpublished data provided by Matthias J. Zeeman (ETH Zurich). 
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Table 4.2. Effect of drought on biomass yield (mean and standard error) at the three 

sites in 2006. ns P>0.1. 

 Alp Weissenstein (alpine) Früebüel (pre-alpine) Chamau (lowlands)a 

Biomass in g m-2 Control Drought P Control Drought P Control Drought P 

Total above-ground 284 (9) 184 (26) 0.02 330 (18) 406 (29) 0.06 271 (33) 353 (69) ns 

Total green 180 (11) 55 (7) <0.001 297 (14) 349 (24) 0.10 264 (33) 331 (70) ns 

 Grasses 129 (10) 36 (3) <0.001 223 (18) 299 (34) 0.09 146 (34) 99 (18) ns 

 Forbsb 47 (12) 19 (6) 0.08 66 (18) 46 (15) ns 72 (29) 168 (77) ns 

 Legumes 3 (0.5) 0.4 (0.2) 0.002 8 (4) 4 (2) ns 45 (22) 64 (22) ns 

Total dead 104 (2) 128 (24) ns 33 (7) 57 (10) 0.08 7 (1) 22 (7) 0.07 

                                                 
a Sum of the two harvests that fully grew under drought conditions. 
b Including Rumex obtusifolius. 
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Figure 4.1: Mean dry matter yields (in g m-2) of total above-ground and Rumex obtu-

sifolius biomass harvested at the lowland site Chamau in 2006. The shaded area 

represents the period of the drought treatment, bars indicate standard errors. 

* P≤0.05, n=5-7. 
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5.1 Abstract 

Climate models predict decreasing amounts of precipitation for future summers in 

Switzerland. Since grasslands cover about one quarter of the area, severe conse-

quences might be expected for Swiss agriculture, ranging from loss of grassland pro-

ductivity to changes in vegetation composition. Since stressed ecosystems are also 

more susceptible to invasion, future drier conditions might favour the emergence of 

weeds. However, the response of temperate grasslands to drought has not been in-

vestigated in great detail so far. Using transparent rain shelters, we simulated ex-

treme summer drought conditions in intensively managed temperate grassland in the 

Swiss lowlands and studied the drought response of Rumex obtusifolius, one of the 

most troublesome weeds for forage production. We quantified above-ground biomass 

and assessed the resource use in terms of carbon, nitrogen and water. R. obtusi-

folius increased its above-ground biomass production in response to drought, com-

prising up to 80% of the total community biomass in 2006. Highest pre-dawn leaf 

water potentials, high values for midday leaf water potentials, stomatal conductance 

and assimilation clearly indicated that R. obtusifolius was much less affected by 

drought than other plant species. In addition, typically no significant differences were 

found for these variables between drought and control R. obtusifolius plants. Higher 

water use efficiency together with a change in N acquisition patterns (δ15N values of 
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plants from drought plots increased by around 3‰ compared to plants from control 

plots) resulted in a competitive advantage of R. obtusifolius over other species, fa-

vouring the spread of this weed. Thus, our results suggest a potential increase of 

weed pressure by R. obtusifolius under future climatic conditions, demanding addi-

tional management measures to limit its success. 

Key words: Climate change, drought, gas exchange, δ15N, weed, invasion 

5.2 Introduction 

Recent climate models predict that until the end of the 21st century the climate in 

Central Europe will be characterised by further increasing temperatures, changing 

precipitation patterns and more frequent extreme events such as heat waves and 

droughts (Schär et al. 2004). Although the projections for precipitation still show 

much larger uncertainties than those for temperature, most models agree on the 

general trend of decreasing summer precipitation in Central Europe (Christensen et 

al. 2007). The very hot and dry summer 2003 is considered a good example of an 

average future summer until 2100 (Beniston 2004; Schär et al. 2004). Projections for 

Switzerland indicate that in 2070, the mean decrease of summer precipitation (June 

through August) might be around 20% with a maximum decrease of 40% compared 

to 1990 (Frei et al. 2006), thus strongly affecting terrestrial ecosystems (e.g. produc-

tivity of managed systems). 

Although water is one of the main resources to plants, most studies investigating 

the impact of climate change on plant systems focused on increasing atmospheric 

CO2 concentrations (e.g. Leadley et al. 1999; Daepp et al. 2000) or increasing tem-

peratures (e.g. Tungate et al. 2007). In contrast, only little is known about the re-

sponse of temperate ecosystems to the projected changes in precipitation, although 

the problem has been recognised a long time ago (Seifert 1948). Furthermore, 

drought effects have rarely been studied in the field, despite their prominent impacts 

on plant composition, productivity and forage quality. Most of the studies were either 

model based (e.g. Armstrong and Castle 1992; Mangan et al. 2004) or small-scale 

pot experiments performed in a greenhouse (e.g. Patterson 1988; Karsten and 

MacAdam 2001). In addition, the focus was often on semi-arid (e.g. Whitford et al. 

1995) but not on temperate ecosystems, since the problem of drought is more obvi-
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ous and urgent in those regions that experience water deficits already today. Some 

long-term studies benefited from naturally occurring droughts and compared the re-

sponse of the ecosystem in those years to years with average precipitation (e.g. 

Hopkins 1978; Silvertown et al. 1994; Buckland et al. 1997; Stampfli and Zeiter 2004; 

Hobbs et al. 2007). However, experimental field studies in temperate grasslands 

seem virtually lacking (but see Kahmen et al. 2005; Mikkelsen et al. 2008). 

Temperate grasslands are spread over a broad range of management intensities 

and productivity levels that are closely linked to species composition. More diverse 

ecosystems (higher number of species or functional types) are thought to stabilise 

ecosystems functioning (MacArthur 1955; Pimm 1984). For example, more diverse 

grasslands were found to better resist drought (Frank and McNaughton 1991; Tilman 

and Downing 1994; Tilman et al. 2006) and invasion (Hector et al. 2001; Tracy and 

Sanderson 2004), but also conflicting evidence exists (e.g. Levine and D'Antonio 

1999; Pfisterer and Schmid 2002; Fargione et al. 2003). Nevertheless, meta-studies 

generally support this diversity-stability hypothesis (Tilman 1999; Balvanera et al. 

2006). However, the majority of intensively managed temperate grasslands are artifi-

cial and species-poor ecosystems. They might thus be less buffered against fluctu-

ating climate and invasion by unsown, i.e. weed species. While studies on the effects 

of drought on weeds in cropping systems are abundant (for a review see Patterson 

1995), studies on the effects of drought on temperate grassland weeds are lacking, a 

logical consequence of the missing drought experiments in temperate grasslands. 

Successful weeds and invaders are generally associated with certain traits (fast 

establishment and rapid growth, early reproduction, large number of offspring, 

Rejmanek and Richardson 1996). A species combining many of these traits is broad-

leaved dock (Rumex obtusifolius L.), an erect perennial forb. It is one of the most 

troublesome weeds in temperate grassland and crop systems in Central Europe. It 

can grow 40-150 cm tall and persist for several seasons (Cavers and Harper 1964). 

R. obtusifolius is typical in resource rich meadows and pastures under intermediate 

moisture conditions (Landolt 1977; Lauber and Wagner 1998). R. obtusifolius 

strongly competes for different resources (i.e. nutrients, water, space and light) with 

the agriculturally more valuable plant species, and it is toxic for most livestock ani-

mals (due to its high content of oxalic acid), thereby reducing quality and quantity of 

rough forage or silage (Hejduk and Doležal 2004). Consequently, R. obtusifolius is 
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not welcomed in grasslands and is typically removed either manually or chemically. 

However, once present, the species is very difficult to control or even eliminate in the 

field (Cavers and Harper 1964). Many efforts have been made to find management 

options to control R. obtusifolius (Niggli et al. 1993; Hopkins and Johnson 2002; 

Zaller 2004b; Gebhardt et al. 2006; Zaller 2006b), but the best recommendations 

seem to be avoiding its establishment or removing single plants manually early. De-

spite being such a vigorous agricultural weed, only very little is known on how the 

performance of R. obtusifolius is affected by climate change and drought in particular 

(e.g. Niggli 1985) and about the physiological and ecological strategies of mature 

plants to withstand severe drought (Cavers and Harper 1964). 

Thus, the aim of the present study was to assess the response of R. obtusifolius to 

experimental drought in intensively managed temperate grassland in Switzerland. 

Using transparent rain shelters, we addressed the following objectives: (1) To quan-

tify the response of R. obtusifolius to a prolonged spring/summer drought as well as 

the contribution of Rumex to the above-ground biomass production of the whole 

grassland community, and (2) to assess the ecophysiological controls of the drought 

response of R. obtusifolius, focusing on carbon, nitrogen and water use. 

5.3 Material and methods 

5.3.1 Sites 

The experiment was conducted in intensively managed temperate grassland at 

Chamau (political community of Hünenberg, ZG) in the Swiss lowlands at around 

400 m a.s.l. (47°12’37’’N, 8°24’38’’E). Mean annual  temperature between 1961 and 

1990 at Lucerne (closest meteorological station that had norm values available, 

about 20 km away) was 8.8 °C, average May to July t emperature for the same period 

was 15.3 °C. Yearly precipitation sum between 1961 and 1990 was 1171 mm, aver-

age precipitation sum for May to July was 419 mm (Begert et al. 2003). The soil type 

is described as a cambisol (Roth 2006). The site has been used for grass silage be-

tween 1998 and 2001, when it was turned into a temporary maize crop for one 

growing season. The meadow was re-established in 2002. The grassland was re-

seeded every year with a seed mixture containing Trifolium repens L. (white clover), 

Lolium perenne L. (perennial ryegrass), and Poa pratensis L. AGG. (smooth meadow-

grass). Despite this regular reseeding of only three different species, there was a to-
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tal of around 20 species present in the experimental plots. The grassland was inten-

sively managed with six cuts per year and sheep grazing in autumn in some years. 

Between 2002 and 2005, the meadow was fertilised with slurry after each cut (but not 

during this experiment from 2005 to 2007). Before cutting, mean leaf area index (LAI) 

of the meadow was 3.54 at a mean vegetation height of 30.1 cm (data for 2006 from 

Stohler 2006). 

5.3.2 Experimental design 

The drought experiment was established end of June 2005 and continued over 

three growing seasons (2005-2007). Five portable rain shelters were installed to ex-

clude rainfall in spring/summer and to simulate a pronounced drought. The tunnel-

shaped rain shelters were 3 × 3.5 m of base area and around 2.1 m high at the peak. 

They consisted of steel frames that were covered with 200 µm thick transparent plas-

tic foils (Gewächshausfolie UV 5, folitec Agrarfolien-Vertriebs GmbH, Westerburg, 

Germany) during the entire drought treatment period. A core area of 1 × 2 m below 

the rain shelters was established to avoid any direct input of rainfall on the plots. The 

same setup had been successfully used in an earlier experiment in Central Germany 

(Kahmen et al. 2005). Control plots receiving natural rainfall amounts were estab-

lished next to the sheltered plots. Care was taken that the rainfall removed by the 

shelters was lead away from the respective plots. In 2006, two additional rain shel-

ters and control plots were installed to better cover the site’s heterogeneity. 

Using regional climate model projections (Frei et al. 2006), we estimated the best 

start date and duration of an experimental rainfall exclusion for our site. Accumulated 

precipitation was simulated for the period 1901 to 2000 at grid point Zurich (the 

model grid point closest to our site) over a period of six to twelve weeks depending 

on the start date (J. Schmidli, ETH Zurich, pers. comm.). The model results sug-

gested a rainfall exclusion of 8 to 10 weeks beginning in May to achieve a rain exclu-

sion of 200 mm. To represent an extreme future summer drought, we thus decided to 

exclude precipitation for about 10 to 12 weeks. During the study period (2005 to 

2007), weather was rather exceptional. While in 2005, very high precipitation oc-

curred in summer (during the exclusion period), 2006 was a record warm year with 

very low precipitation in June/July (as seen in the precipitation excluded) but high 

precipitation in August. 2007 was also a record warm year in Switzerland, with very 

early and dry spring and early summer, followed by frequent rains in June, July, Au-
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gust and later in fall. Thus, the fraction of total precipitation actually excluded varied 

between 24 and 42% of annual precipitation (Table 5.1). 

Soil moisture was monitored continuously at three depths (5, 15 and 30 cm) below 

two rain shelters (close to the centre) as well as on two control plots using 20 cm 

long ECH2O probes (EC-20, Decagon Devices, Inc., Pullman, WA, USA). Measure-

ments were made every 10 seconds and ten minute averages were logged with a 

CR10X data logger (Campbell Scientific Inc., Logan, UT, USA). Soil moisture was 

drawn down almost instantaneously after set-up of the shelters, and stayed low until 

the rain shelters were removed (Fig. 5.1). 

5.3.3 Above-ground productivity 

Above-ground biomass was harvested at the cutting dates of the surrounding farm 

six times per year (three times in 2005). Biomass was collected in 20 × 50 cm collec-

tion frames (n=2 per plot). While the frames were randomly placed on the plots in 

2005, they were installed at fixed locations starting spring 2006. After cutting the 

vegetation at approximately 7 cm above the soil according to the common manage-

ment practice on the farm, the two samples were pooled (representing 0.2 m2) for 

further analysis. Biomass was stored in plastic bags at 4 °C for a maximum of one 

week until further processing. Total community biomass was separated into species, 

dried at 60 °C until weight constancy (a couple of days) and dry matter was then de-

termined for each species sample separately. Due to the low biomass production of 

R. obtusifolius in 2005, two additional leaf disc samples per treatment, originally 

taken for physiological analyses (see below) in October 2005, were analysed for C 

and N isotopes and concentrations (see below). In September 2007, few individuals 

of R. obtusifolius were analysed separately to gain information on root/shoot alloca-

tion patterns. 

5.3.4 Isotope and concentration measurements 

Bulk above-ground biomass samples of the most abundant species (Agrostis 

stolonifera L., Alopecurus pratensis L., Dactylis glomerata L., Lolium multiflorum 

LAM., Phleum pratense L. AGG., Poa pratensis L. AGG., Poa trivialis L. S.L., Rumex 

obtusifolius L. and Trifolium repens L.) were ground to a fine powder. Carbon and ni-

trogen isotope ratios (δ13C and δ15N, respectively) as well as concentrations of these 

two elements were determined in a combined measurement using a Flash EA 1112 
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Series elemental analyser (Thermo Italy, former CE Instruments, Rhodano, Italy) 

coupled to a Finnigan MAT DeltaplusXP isotope ratio mass spectrometer (Finnigan 

MAT, Bremen, Germany) via a 6-port valve (Brooks et al. 2003), a ConFlo III (Werner 

et al. 1999) and an additional Nafion-trap backed by a conventional Mg(ClO4)2-trap 

followed by a 4-port valve (Werner 2003) between reduction tube and GC column. 

Post-run off-line calculations (blank, offset and possibly drift corrections) were per-

formed to assign the final δ-values on the V-PDB and AIR-N2 scales according to 

Werner and Brand (2001). The long-time precision for the lab’s quality control stan-

dard tyrosine (~ 2.5 years) was 0.05‰ for δ13C, and 0.04‰ for δ15N. 

5.3.5 Plant physiology 

In 2006, four abundant species were selected for physiological measurements: 

Phleum pratense L. AGG. and Lolium multiflorum LAM. (grasses), Trifolium repens L. 

(legume) and Rumex obtusifolius L. (forb). For each species, four to five leaf repli-

cates (youngest fully expanded leaves) from four to five different plots were ana-

lysed. Pre-dawn leaf water potential (Ψp) was measured in the early morning before 

sunrise (between 4 and 5 a.m.), while all other physiological measurements were 

performed between 11 a.m. and 1 p.m. on sunny days. Pre-dawn (Ψp) and midday 

(Ψm) leaf water potentials were measured using a Scholander pressure chamber 

(SKPM, Skye Instruments Ltd, Powys, UK). Photosynthetic gas exchange measure-

ments were performed using an infrared gas analyser (IRGA) system (CIRAS-1, PP-

Systems, Hitchin, UK). Stomatal conductance (gs) and net rate of CO2 uptake per unit 

leaf area (An) were measured in saturating light conditions. 

5.3.6 Statistics 

Statistical analyses of all biomass-related variables were performed using R 2.5.0 

(R Development Core Team 2007). Simple one-way analyses of variance (ANOVA) 

were used to test the effect of the drought treatment on community and R. obtusi-

folius biomass, isotopic signatures, C and N concentrations of R. obtusifolius. To 

compare isotopic signatures as well as C and N concentrations of R. obtusifolius with 

the other plant species, ANOVA models were used. A «dummy» variable assigning 

all samples into two categories (R. obtusifolius vs. all other species) was introduced 

to test differences in the response of R. obtusifolius vs. all other species. The treat-

ment was fitted first and tested against the plot residuals. Then, the contrast factor 
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(R. obtusifolius vs. all other species) and the interaction term treatment×contrast 

were fitted and tested against the model residuals. A significant effect of the contrast 

on the tested variables points to a difference between R. obtusifolius and all other 

species, independent of the treatment (drought or control). A significant interaction of 

the contrast with the treatment indicates a contrasting drought response of R. obtu-

sifolius compared to the other species. For all physiological parameters (Ψp and Ψm, 

An and gs), statistical analyses were performed using ANOVA models in SAS 8.1 

(SAS Institute Inc., Cary, NC, USA), testing the treatment effect for each species 

separately. TukeyHSD was used for a multiple comparison of means for the different 

species within a treatment. 

5.4 Results  

5.4.1 Above-ground productivity 

Above-ground biomass production of the intensively managed grassland commu-

nity after the harvests steadily decreased during the 2005 growing season, from 

245 g m-2 in June (control plots) to 86 g m-2 in September (drought plots). The 

drought treatment did not significantly reduce community above-ground biomass 

production, despite the exclusion of almost 500 mm of rain in 2005 (Fig. 5.2a), re-

sulting in average above-ground production of drought plots (142 g m-2 ± 23 g m-2) 

being only slightly smaller than that of control plots (181 g m-2 ± 30 g m-2, P=0.32). 

Similar community drought responses were observed in 2006 (Fig. 5.2b). During the 

course of the year, average community above-ground productions after the harvests 

were almost identical for drought and controls plots (146 g m-2 vs. 147 g m-2 ± 

15 g m-2, respectively, P=0.98), ranging between 232 g m-2 in June (drought plots) 

and 71 g m-2 in October (control plots). However, the community drought response 

changed completely in the third year of the experiment (Gilgen and Buchmann in 

prep.), when average community above-ground production was significantly lower on 

drought plots (148 g m-2 ± 16 g m-2) than on control plots (202 g m-2 ± 21 g m-2, 

P=0.04). Consequently, also total annual community above-ground biomass produc-

tion did not differ between drought and control plots in 2005 (three harvests only, 

P=0.53) nor in 2006 (P=0.89). Only in 2007, annual biomass production on drought 

plots was reduced by over 300 g m-2 a-1 compared to that on control plots (P=0.06). 
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These unexpected drought responses in 2005 and 2006, particularly the high 

above-ground biomass production during the drought in 2006 (Fig. 5.2b), as well as 

the change in drought response in 2007, were accompanied by considerable 

changes in above-ground biomass production of one plant species, Rumex obtusi-

folius (Fig. 5.2d, Gilgen and Buchmann 2008). While there was hardly any R. obtusi-

folius present in 2005, R. obtusifolius contributed up to 80% to community above-

ground biomass in some plots in 2006. Due to this unusually high abundance of R. 

obtusifolius on our experimental plots, the species had to be removed manually from 

the managed grassland plots in October 2006 based on Swiss legislation. This very 

labour intensive manual removal of individual R. obtusifolius plants was very suc-

cessful, and regeneration of R. obtusifolius in 2007 was very sparse (data not 

shown). 

5.4.2 Isotope and concentration measurements 

To gain more insight into the resource use of R. obtusifolius, we analysed the car-

bon and nitrogen isotope ratios (δ13C and δ15N, respectively) as well as C and N con-

centrations. During 2005, when R. obtusifolius was still scarce on control and drought 

plots, δ13C values averaged -29.6‰ (± 0.3‰ SE) under control conditions, which dif-

fered marginally (P=0.09) from the average value of -30.7‰ (± 0.5‰ SE) under 

drought conditions (Fig. 5.2e). However, in 2006, when R. obtusifolius gained in im-

portance, δ13C values in early summer (May and June, before the rain shelters were 

installed or shortly afterwards) were significantly higher for R. obtusifolius plants 

growing on drought plots (-27.1‰ ± 0.1‰ in May and -27.0‰ ± 0.2‰ in June) than 

on control plots (-28.1‰ ± 0.2‰ in May and -28.0‰ ± 0.1‰ in June). Later in the 

season (i.e. July and August), δ13C values of R. obtusifolius tissues regrown com-

pletely during drought conditions decreased, converging with (-27.7‰ ± 0.2‰ vs. -

27.7‰ ± 0.4‰ in July) or even being lower (-28.9‰ ± 0.2‰ vs. -28.4‰ ± 0.1‰ after 

10 weeks of drought in August) than the δ13C values of tissues regrown under control 

conditions. After the rain shelters were removed, no differences in δ13C between 

treatments were observed any longer (Fig. 5.2f). 

In contrast, δ15N values of R. obtusifolius revealed a much clearer picture. While 

average δ15N values were similar for plants on drought and control plots in 2005 

(11.6‰ ± 1.7‰ and 9.2‰ ± 0.5‰, respectively, P=0.1; Fig. 5.2g), the average δ15N 
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values for R. obtusifolius plants on drought plots were typically significantly higher 

than those on control plots throughout 2006 (annual averages 10.7‰ ± 0.4‰ vs. 

7.8‰ ± 0.5, respectively, P<0.001; Fig. 5.2h). The additional sampling of R. obtusi-

folius in September 2007 allowed us to follow the development of N isotopic signa-

tures and N concentrations also into the third year (Fig. 5.3). Here δ15N values of R. 

obtusifolius above-ground biomass regrown under drought conditions (14.8‰ ± 

2.3‰) were not only significantly higher (by about 7‰ in 2007 compared to about 3‰ 

in 2006) than for those plants regrown under control condition (7.2‰ ± 0.4‰, 

P<0.001), but the average δ15N value in September 2007 (14.8‰ ± 2.3‰) was also 

higher than in September 2006 (10.3‰ ± 0.5‰, P=0.05). In contrast, no such change 

in the 15N signature could be observed for R. obtusifolius plants regrown under con-

trol conditions during the two seasons (7.8‰ ± 0.3‰ in 2007 vs. 7.3‰ ± 1.0‰ in 

2006, respectively, P=1.0). Also for root tissues, a large difference in δ15N of around 

6‰ was found between treatments in 2007, with higher δ15N values under drought 

than under control conditions (11.5‰ ± 2.0‰ vs. 5.5‰ ± 0.4‰, respectively, 

P=0.01). These overall patterns observed in R. obtusifolius plants regrown under 

drought conditions in 2007 did not just mirror the δ15N of bulk soil, which had an av-

erage δ15N values of 7.6‰ ± 0.1‰ (drought and control plots), quite close to the 15N 

signature of control plants (Fig. 5.3). 

Carbon and nitrogen concentrations in above-ground biomass of R. obtusifolius 

plants varied between 41% and 45% for C and between 2.5% and 6% for N, but did 

typically not differ significantly between drought and control treatments (Fig. 5.2i to l), 

despite the quite high N concentrations for plants under drought conditions in Octo-

ber 2006 (Fig. 5.2l). Similar patterns were also observed for above- and below-

ground tissues of R. obtusifolius in 2007, with N concentrations in above-ground 

biomass of around 4% and in below-ground biomass of around 1.3%, independent of 

the treatments (Fig. 5.3). Throughout the experiment, the ratio of carbon to nitrogen 

in R. obtusifolius above-ground biomass (data not shown) was between 7.4 and 17.0, 

but unaffected by drought (except for May 2006). Moreover, C and N pools in R. ob-

tusifolius biomass were not affected by drought in 2005 (P=0.6 for both pools), while 

in 2006 both C and N pools tended to be higher under drought compared to control 

conditions (32.8 g C m-2 ± 7.4 g C m-2 vs. 22.9 g C m-2 ± 7.4 g C m-2, P=0.4 and 

2.3 g N m-2 ± 0.5 g N m-2 vs. 1.5 g N m-2 ± 0.4 g N m-2, P=0.2, respectively). 
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Comparing R. obtusifolius to all other plant species present in the plots (Table 5.2; 

contrast) and testing for treatment differences (Table 5.2; treatment) revealed that 

the treatments typically explained the observed differences in N concentration and 

C/N ratio of the total plant community but not in their C concentration nor carbon and 

nitrogen isotopic signatures (except for September 2006). Particularly for the latter 

three variables, the different response to drought of R. obtusifolius compared to all 

other species was quite pronounced (Table 5.2; P values of treatment×contrast for C 

concentration, δ13C and δ15N). Average C concentrations were slightly lower in R. 

obtusifolius than in the rest of the plant community, independent of the treatment 

while N concentrations were slightly higher in R. obtusifolius, except for July and Au-

gust 2006, i.e. during the drought treatment when values were similar. The average 

δ13C values in above-ground biomass of R. obtusifolius were generally less negative 

than those of all other species, independent of the treatment (except for August 

2006). The average δ15N values of R. obtusifolius were always higher than the δ15N 

values of all other species in the community, independent of treatment and harvest. 

On the other hand, δ15N values of R. obtusifolius growing in drought plots differed 

from those growing in control plots (except for October 2006), while no such differ-

ences between treatments were apparent for the other plant species in the grassland 

community. 

5.4.3 Leaf water potentials 

In addition to these resource-related variables, we also measured plant water rela-

tions and gas exchange of R. obtusifolius plants. Pre-dawn leaf water potentials (Ψp) 

of R. obtusifolius varied between -0.25 MPa and -0.06 MPa when the rain shelters 

were installed in 2006. During the drought treatment, Ψp on drought plots dropped to 

significantly lower levels than on control plots (Fig. 5.4a), but this drought response 

disappeared again quite fast during the recovery phase following the removal of the 

rain shelters. In contrast to pre-dawn leaf water potentials, midday leaf water poten-

tials (Ψm) were always considerably lower than Ψp, varying between -1.17 MPa and -

1.52 MPa (Fig. 5.4a, b), but no drought effect could be observed for R. obtusifolius 

(Fig. 5.4b). Similar drought responses in Ψp and Ψm were measured at the end of the 

drought treatment in 2006 for selected grass and legume species (P. pratense, L. 

multiflorum and T. repens), although their Ψp and Ψm values were typically signifi-
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cantly lower than those of R. obtusifolius in both control and drought treatments 

(Table 5.3). 

5.4.4 Stomatal conductance and carbon assimilation 

Stomatal conductance values (gs) of R. obtusifolius varied between 

333 mmol H2O m-2 s-1 and 937 mmol H2O m-2 s-1 but no significant drought effects 

could be observed for R. obtusifolius plants on drought plots during summer 2006 

(Fig. 5.4c). In contrast, very pronounced drought responses in gs were measured for 

the two grasses (P. pratense and L. multiflorum), but not for T. repens at the end of 

the drought treatment (Table 5.3). 

Net carbon assimilation rate (An) of R. obtusifolius was quite stable at around 

20 µmol CO2 m
-2 s-1 throughout the growing season in 2006, and no major differ-

ences between drought and control treatments were measured between June and 

September when the rain shelters were up or shortly after they were removed 

(Fig. 5.4d). In contrast, An rates in grasses (P. pratense and L. multiflorum) were sig-

nificantly lower on drought than on control plots, while T. repens again showed a very 

similar response with no pronounced drought behaviour like R. obtusifolius at the end 

of the 2006 drought period (Table 5.3). 

5.5 Discussion 

Since water is an important resource limiting plant growth, above-ground biomass 

productivity of grasslands is typically expected to decrease under drier conditions, 

which is supported by findings of many studies on experimental and natural droughts 

(e.g. Tilman and El Haddi 1992; Fay et al. 2003; Keller and Fuhrer 2004; Kahmen et 

al. 2005). However, our results did not follow this expected pattern. Although we 

found a trend of decreasing community above-ground productivity under drought 

conditions in 2005, there was no significant reduction in 2006 but instead a slight in-

crease in community above-ground productivity under drought conditions. This trend 

could be attributed to a combination of R. obtusifolius productivity increasing and that 

of all the other species decreasing (average non-Rumex biomass harvested was 

96 g m-2 ± 9 g m-2 on drought plots vs. 117 g m-2 ± 9 g m-2 on control plots). Support-

ing our findings, an increase in biomass of a single species (Microseris douglasii, an 

annual forb) after drought was also found by Hobbs et al. (2007) in a Californian 
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grassland system. Such behaviour is typically known for alien species which act as 

invaders and increase community above-ground biomass (Dassonville et al. 2008). 

However, R. obtusifolius is a native, although unwanted, species in managed Swiss 

grasslands. 

It is well known that non-optimal management of meadows and pastures (e.g. too 

long cutting intervals that enable R. obtusifolius to flower and shed seeds or distur-

bance of the vegetation cover due to trampling damage by animals) can lead to 

spread of R. obtusifolius in existing grassland communities. Although we observed 

no apparent drought effect on R. obtusifolius in the first year of the study (2005), the 

drought treatment had reduced the cover of the total vegetation in spring 2006 quite 

considerably (reduction to an average vegetation cover of 75% on drought plots 

compared to 92% on control plots, P=0.02, Stohler 2006), thereby creating gaps in 

the vegetation similar to those created by mismanagement. R. obtusifolius is a gap 

filler depending on bare vegetation patches for seedling emergence (Cavers and 

Harper 1964) and its initial growth is strongly suppressed by root and shoot competi-

tion (Jeangros and Nösberger 1990; Zaller 2004a). It therefore probably benefited 

from the increased gap space in drought plots in spring 2006, establishing preferen-

tially on previously drought treated plots and further expanding during the drought 

treatment period in 2006. In a regrowth experiment, R. obtusifolius grew highest and 

quickest under drought compared to well-watered or waterlogged conditions, and the 

number of shoots and leaves was highest under drought (Pino et al. 1995). Following 

the fluctuation resource theory of Davis et al. (2000), the gaps created by drought 

can be considered as patches with unexploited resources and therefore increased 

invasibility. Such higher invasibility of grasslands under drought was indeed found by 

Dukes (2001), while Burke and Grime (1996) showed that invasibility of communities 

was correlated to the availability of bare ground. 

Plant-water relations also typically play an important role for competition within 

plant communities. Tap roots reaching down to 2.5 m have been reported for R. ob-

tusifolius in temperate grasslands (Kutschera et al. 1992), a further advantage over 

other species. Under drought, these tap roots might allow access to water sources 

that were not available to shallow rooted species, especially grasses, as shown by 

Zaller (2007). This assumption is strongly supported by the fact that leaf water poten-

tials (both Ψp and Ψm) were less negative, and stomatal conductance was higher in 



54  Rumex obtusifolius 

R. obtusifolius compared to other species, especially grasses, indicating that R. ob-

tusifolius was less affected by the drought treatment. Many studies have shown that 

multiple factors (e.g. light, temperature, VPD, intercellular CO2 concentration and 

water flow from the soil to the plant) influence stomatal conductance (Larcher 2003; 

Tuzet et al. 2003), but that different species can respond differently (e.g. Henson et 

al. 1989; Tardieu and Simonneau 1998). Thus, better access to water might also ex-

plain why no major differences were found in photosynthesis between R. obtusifolius 

plants on drought and control plots, much in contrast to the other species. Similar ob-

servations were reported by Funk and Vitousek (2007) with higher carbon assimila-

tion rates of invasive compared to native species. Further evidence for less water 

stress can be provided by the 13C data. Higher δ13C values in R. obtusifolius above-

ground biomass under drought compared to control conditions, which in turn relate to 

lower carbon discrimination, lower mesophyll to ambient air CO2 concentrations and 

to higher A/gs (Farquhar et al. 1989), indicated higher water use efficiency (WUE) of 

R. obtusifolius. Although recently, the use of 13C signatures as direct indicators for 

WUE were discussed in great detail due to a variety of factors affecting WUE (Seibt 

et al. 2008), in our case direct gas exchange measurements of R. obtusifolius show-

ing similar An rates but lower gs values under drought conditions pointed to higher 

WUE under drought as well. 

The measurements reported here thus indicate that the performance of R. obtusi-

folius was less affected by drought than that of other species (e.g. the grasses P. 

pratense and L. multiflorum), favouring R. obtusifolius in competition with other spe-

cies. As a result, R. obtusifolius increased its cover and its biomass production, out-

competing other plant species (Oswald and Haggar 1983) or suppressing growth of 

other species allelopathically (Carral et al. 1988; Zaller 2006a). Our findings also cor-

respond to observations from the extremely dry and hot summer 2003 in Switzerland 

showing that the amount of Rumex pollen did not change compared to «normal» 

years during this very special period, while grass pollen decreased (Gehrig 2006). 

R. obtusifolius did not only alter its water relations but also its nitrogen dynamics. N 

concentrations of R. obtusifolius were similar to the other species, except on drought 

plots at the beginning of the growing season. Here, significantly higher N concentra-

tions of R. obtusifolius vs. other species might have stimulated photosynthesis, initi-

ating the positive drought response of R. obtusifolius biomass production observed in 
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May and June 2006. Although this difference in N concentrations between drought 

and control plots disappeared quite fast later in the season, the high productivity 

rates resulted in large amounts of N taken up by R. obtusifolius on drought plots, 

thereby depleting the soil N pool for the other species. Moreover, completely different 

drought response patterns of R. obtusifolius vs. other species were reflected in the 

δ15N values. While no difference in 15N signature between drought and control plots 

was observed in the other species, higher δ15N values were observed for R. obtusi-

folius in general and especially for plants on drought plots. The lack of mycorrhizal 

associations in R. obtusifolius (Cavers and Harper 1964) could explain why this spe-

cies behaved completely different compared to other species. Any influence of fertili-

sation on the δ15N values can be excluded because our experimental plots were not 

fertilised and in the years prior to the experiment all plots were treated the same way. 

Furthermore, δ15N of the soil in autumn 2007, after three years of drought, was simi-

lar on drought and control plots (7.56‰ in both treatments). We thus assume there 

was no confounding of the plant’s signature due to changing background 15N signa-

ture of the bulk soil, nor of changed allocation to different tissues nor changes in leg-

ume presence with related differences in depleted N from symbiotic fixation. Conse-

quently, the difference in δ15N in R. obtusifolius above-ground biomass on drought 

and control plots might reflect a change in N source as a response mechanism to 

drought. Just recently, the difference between δ15N values of plant leaves and soil 

(i.e. ∆15N) was found to be positively related to the ratio of −
3NO  to +

4NH  uptake of 

different species (Kahmen et al. 2008). Assuming that this relationship also applies to 

bulk above-ground biomass, we can directly relate the (high) δ15N values to (high) 
+−
43 /NHNO , with the result that R. obtusifolius seems to prefer nitrate over ammonium 

compared to the other species, particularly on drought plots. In fact, it was suggested 

earlier that R. obtusifolius might be able to take up nitrate more efficiently than other 

species (Melzer et al. 1984). As shown above, we can assume that R. obtusifolius 

was able to reach deeper water sources and thereby probably also a different, more 

nitrate rich, N source. 

In summary, the interactions of weed and forage species will be influenced by any 

environmental factor that influences growth and nutrient relations, particularly under 

future climatic conditions. However, these changes seem difficult to predict because 
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they might differ from site to site. Our results support the idea that the competition 

between temperate grassland species and R. obtusifolius, a well-known weed in 

Swiss managed grasslands, might increase in a future drier climate and thereby im-

pact forage composition and quality of intensively managed grasslands, the extent 

being dependent on site-specific conditions. Thus, extra adaptive management 

measures will then be needed to avoid an increased spread of R. obtusifolius in tem-

perate grasslands. 
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Table 5.1: Timing of the drought treatment and amount of precipitation excluded at 

Chamau during the three years of treatment. 

 2005 2006 2007 

Duration of drought treatment 24.6.–19.9. 31.5.–17.8. 2.5.–10.7. 

Days of treatment 87 78 69 

Annual precipitation [mm]a 1170b 1136 1232 

Precipitation excluded [mm] a 491 b 271 403 

Fraction of annual precipitation excluded [%] 42 24 33 

                                                 

a Precipitation data (unpublished) provided by Matthias J. Zeeman, ETH Zurich. 
b Precipitation data from Chamau is only available from 15.7.2005 onwards. The data was therefore 
completed using data from the MeteoSwiss precipitation station Zwillikon (around 10 km away from 
Chamau) for the period 24.6.–14.7.2005. The two stations showed very good measurement agree-
ment (R2=0.78). 
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Table 5.2: Results of the ANOVA models fitted for stable isotope ratios and concen-

trations of carbon and nitrogen, respectively, as well as C/N ratios in bulk above-

ground biomass in 2006. The factor contrast assigns the data into two categories, 

Rumex obtusifolius vs. all other species. Fndf,ddf indicates the F value with ndf and ddf 

degrees of freedom for the numerator and the denominator, respectively. Significant 

values are given in bold, marginally significant values (0.1>P≥0.05) are in italics. 

* 0.05≥P>0.01, ** 0.01≥P>0.001, *** P≤0.001. 

δδδδ13C δδδδ15N C concentration N concentration C/N

Treatment F1,8=0.47 F1,8=0.00 F1,8=1.77 F1,8=10.5 * F1,8=8.81 *

Plot F8,30=1.56 F8,30=0.68 F8,30=0.75 F8,30=0.37 F8,30=0.56

Constrast F1,30=48.0 *** F1,30=5.67 * F1,30=0.15 F1,30=2.26 F 1,30 =3.08

Treatment×Contrast F1,30=4.61 * F1,30=0.77 F1,30=0.52 F1,30=0.64 F1,30=0.21

Treatment F1,10=1.30 F1,10=0.00 F1,10=0.41 F1,10=5.30 * F 1,10 =4.16

Plot F10,48=3.41 ** F10,48=1.12 F10,48=0.71 F10,48=0.74 F10,48=1.51

Constrast F1,48=27.4 *** F1,48=18.4 *** F1,48=0.82 F1,48=5.43 * F1,48=7.37 **

Treatment×Contrast F1,48=1.89 F1,48=1.22 F1,48=4.63 * F1,48=0.15 F1,48=0.35

Treatment F1,12=2.19 F1,12=0.18 F1,12=0.00 F1,12=0.05 F1,12=0.00

Plot F12,59=1.42 F12,59=1.94 * F12,59=1.52 F12,59=2.11 * F12,59=2.45 *

Constrast F 1,59 =3.84 F1,59=32.7 *** F1,59=18.9 *** F1,59=0.27 F1,59=0.86

Treatment×Contrast F1,59=0.79 F1,59=0.56 F 1,59 =3.54 F1,59=0.20 F1,59=0.00

Treatment F1,12=0.25 F1,12=1.77 F1,12=0.46 F1,12=13.7 ** F1,12=8.79 *

Plot F12,58=1.08 F12,58=1.37 F12,58=2.19 * F12,58=0.62 F12,58=0.90

Constrast F1,58=4.16 * F1,58=36.0 *** F1,58=8.22 ** F1,58=1.35 F1,58=0.26

Treatment×Contrast F1,58=1.04 F1,58=6.65 * F1,58=0.05 F1,58=1.49 F1,58=1.43

Treatment F1,12=6.70 * F1,12=0.02 F1,12=2.68 F1,12=26.2 *** F1,12=26.0 ***

Plot F12,58=1.24 F12,58=1.16 F12,58=0.30 F12,58=1.40 F12,53=1.11

Constrast F1,58=9.40 ** F1,58=42.8 *** F1,58=19.0 *** F1,58=17.4 *** F1,53=15.1 ***

Treatment×Contrast F1,58=1.85 F1,58=6.76 * F1,58=0.44 F1,58=0.73 F1,53=1.61

Treatment F 1,12 =3.32 F1,12=0.07 F1,12=0.26 F 1,12 =4.55 F1,12=7.39 *

Plot F12,55=0.58 F12,55=0.76 F12,54=2.40 * F 12,55 =1.87 F12,54=1.33

Constrast F1,55=0.01 F1,55=4.43 * F1,54=0.21 F1,55=29.5 *** F1,54=16.5 ***

Treatment×Contrast F1,55=6.30 * F1,55=0.25 F1,54=5.96 * F1,55=11.6 ** F1,54=2.69

Chamau 2006

6. harvest
19 October

1. harvest
4 May

2. harvest
9 June

3. harvest
10 July

4. harvest
8 August

5. harvest
5 

September
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Control Drought Control Drought Control Drought Control Drought

Phleum pratense -0.22 ± 0.01a -0.78 ± 0.03a *** -2.17 ± 0.14a -2.42 ± 0.03a ns 325 ± 31a 224 ± 17a * 17.2 ± 1.3a 11.9 ± 1.3a *

Lolium multiflorum -0.21 ± 0.03a -0.70 ± 0.05a *** -1.94 ± 0.08a -2.20 ± 0.10ab ns 373 ± 34ab 216 ± 38a * 18.8 ± 0.9a 12.6 ± 0.6a ***

Trifolium repens -0.13 ± 0.02b -0.26 ± 0.01b *** -1.88 ± 0.14ab -1.96 ± 0.03b ns 799 ± 195b 402 ± 71ab ns 21.5 ± 2.3a 18.5 ± 1.4b ns

Rumex obtusifolius -0.07 ± 0.01b -0.25 ± 0.01b *** -1.44 ± 0.06b -1.52 ± 0.08c ns 797 ± 120b 515 ± 54b ns 19.8 ± 1.1a 18.8 ± 1.4b ns

An [µmol CO 2 m
-2s-1]Chamau

15 August 2006

Ψp [Mpa] Ψm [Mpa] gs [mmol H 2O m-2s-1]

Table 5.3: Effect of drought on pre-dawn leaf water potential (Ψp), leaf water potential at midday (Ψm), stomatal 

conductance at midday (gs), and CO2 assimilation rate at midday (An) of four selected species (at the end of the drought 

treatment on 15 August 2006). Means and standard errors are given (n=4-5). Significant differences between treatments 

are given in bold. Species sharing the same letter are not significantly different within the treatment (TukeyHSD). 

* 0.05≥P>0.01, *** P≤0.001. 
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Figure 5.1: Volumetric soil water content [%] at 30 cm depth at Chamau in 2006. 

Measurements from two plots were averaged for both curves. The grey area indi-

cates the period of the drought treatment. 
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Figure 5.2: Effect of drought on (a, b) total community above-ground biomass, (c, d) 

Rumex obtusifolius above-ground biomass as well as (e, f) δ13C, (g, h) δ15N, (i, j) C 

concentration and (k, l) N concentration in bulk above-ground biomass of R. obtusi-

folius in 2005 and 2006. Grey areas indicate the periods of the drought treatment. 

Means and standard errors (n=1-8) are given. . 0.1≥P>0.05, * 0.05≥P>0.01, 

*** P≤0.001. R. obtusifolius had to be removed manually from the managed grass-

land plots in October 2006 (see text for details). 
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Figure 5.3: Nitrogen isotope ratios (δ15N) and N concentrations of Rumex obtusifolius 

above- and below-ground biomass in September 2006 and 2007 (5th harvest in both 

years). The δ15N value of bulk soil is given as for 2007 (dashed line). Means and 

standard errors (n=3-6) are shown. Bars sharing a letter are not significantly different 

from each other (TukeyHSD, confidence level=95%). All means were compared to 

each other. 
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Figure 5.4: Effect of drought on (a) pre-dawn leaf water potential (Ψp), (b) leaf water 

potential at midday (Ψm), (c) stomatal conductance at midday (gs), and (d) CO2 as-

similation rate at midday (An) of Rumex obtusifolius during the growing season 2006. 

The grey area indicates the period of the drought treatment. Means and standard 

errors (n=4-5) are given. ** 0.01≥P>0.001, *** P≤0.001. 
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6.1 Abstract 

Water is an important resource for plant live. Since climate projections indicate 

major changes in precipitation patterns, understanding ecosystem response to water 

shortage is important. For Switzerland, an average reduction of 20% in summer pre-

cipitation until 2070 is predicted. Such tremendous decreases in precipitation will 

clearly affect ecosystem functioning, e.g. plant productivity that strongly depends on 

availability of water. We tested the effects of experimental summer drought on three 

temperate grasslands in Switzerland from 2005 to 2007. The three sites were located 

along an altitudinal gradient and differed in management intensity, thereby repre-

senting typical grassland systems at the respective altitude. We assessed the effects 

of drought on productivity, stand structure (LAI and vegetation height) and resource 

use (carbon and water). We found different drought responses of community above-

ground biomass at the three sites over the three years that scaled positively with total 

annual precipitation at the sites. Annual community above-ground biomass produc-

tion was significantly reduced by summer drought at the alpine site receiving the 

least amount of annual precipitation, while no significant decrease (rather an in-

crease) was observed at the pre-alpine site receiving highest precipitation amounts in 

all three years. At the lowland site (intermediate precipitation sums), biomass pro-

duction significantly decreased in response to drought only in the third year, after 

showing increased abundance of a drought tolerant weed species in the second 

year. No significant change in below-ground biomass production was observed at 
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any of the sites. Community δ13C increased under drought indicating an increase in 

water use efficiency. We conclude that there is no general drought response of Swiss 

grasslands, but that sites with lower annual precipitation seem to be more vulnerable 

to summer drought than sites with higher annual precipitation, and thus site-specific 

adaptation measures will be needed especially in regions with low annual precipita-

tion. 

Keywords: climate change, rain shelters, stable isotopes, biomass, plant functional 

types 

6.2 Introduction 

Water availability is probably the strongest limitation to plant productivity globally, 

even in temperate or boreal regions (Lambers et al. 1998). Since annual above-

ground production of vegetation strongly depends on mean annual precipitation (for 

grassland: Paruelo et al. 1999; Knapp and Smith 2001), water stress for plants can 

arise from low precipitation inputs, high rates of water loss due to high atmospheric 

vapour pressure deficit (VPD) or from drying soil, all mechanisms ultimately reducing 

plant productivity. Such effects might become more pronounced since water stress is 

predicted to increase in the future in certain regions due to climate change, e.g. in 

Central Europe, for which decreasing summer precipitation is expected (Christensen 

et al. 2007). Projections for Switzerland indicate that by 2070 the mean decrease of 

summer precipitation (June through August) might be around 20% compared to 1990 

with a maximum decrease of 40% (Frei et al. 2006). Thus, we expect ecosystem 

processes, from microbial activities to plant performance, to be strongly affected, at 

the same time, the response to drought of terrestrial ecosystems might vary depen-

dent on vegetation composition and local environmental conditions. 

While research on drought effects on grassland species has often been carried out 

under controlled conditions (e.g. Arp et al. 1998; Karsten and MacAdam 2001), re-

search at the ecosystem level in the field used two approaches: (1) naturally occur-

ring droughts and their impact on the long-term field trials (Weaver et al. 1935; 

Gibbens and Beck 1988; Bollinger et al. 1991; Stampfli and Zeiter 2004) and (2) field 

experiments manipulating rainfall amounts. Such manipulation studies have been 

carried out in arid or semi-arid regions where drought is occurring frequently (e.g. 
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Sternberg et al. 1999; Greco and Cavagnaro 2003; Köchy and Wilson 2004; English 

et al. 2005; Schwinning et al. 2005; Heisler-White et al. 2008; Sherry et al. 2008) but 

also in temperate grasslands where drought is not a severe problem today (e.g. 

Grime et al. 2000; Morecroft et al. 2004; Kahmen et al. 2005; Mikkelsen et al. 2008). 

In most of these manipulation studies, productivity of common grassland species was 

greatly reduced, C allocation to below-ground parts increased and deep rooted spe-

cies were more drought resistant, supporting studies carried out with single species 

under controlled conditions. However, detailed information on the drought response 

of grasslands along an altitudinal gradient is not available. 

This study therefore aimed to assess the responses to extreme summer drought of 

three temperate grasslands at different altitudes in Switzerland. We excluded pre-

cipitation with transparent rain shelters and focussed on the following questions: (1) 

How does community above-ground biomass production of these three grasslands 

respond to drought? (2) Does vegetation structure (i.e. LAI and vegetation height) re-

act in accordance with biomass production? (3) Is community below-ground biomass 

production affected by drought as well? (4) Do different plant functional types re-

spond differently to drought? (5) How is resource use of grassland species affected 

by drought? We hypothesised that (1) drought decreases community above-ground 

production because water is one of the key resources for plant growth, (2) vegetation 

structure reacts similarly as community above-ground biomass, (3) root biomass pro-

duction increases with drought because of increased foraging for water, (4) different 

plant functional types differ in their response to summer drought due to their different 

rooting patterns, and (5) drought increases the efficiency of plant water use. 

6.3 Material and methods 

6.3.1 Experimental sites and setup 

The study was conducted at three different temperate grassland sites across Swit-

zerland, representing Swiss grassland systems at the respective altitudes 

(Table 6.1). During the three years of the experiment, no fertiliser was applied to the 

plots and no grazing was allowed on the plots. In autumn 2006, the weed species 

Rumex obtusifolius L. had to be removed manually from the experimental plots at 

Chamau due to Swiss regulations (Gilgen et al. submitted), overseeding took place in 

early March 2007 to re-establish a closed vegetation cover. 
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The experiment was established end of June 2005 at the two lower sites, Chamau 

and Früebüel, and in July 2006 at the alpine site, Alp Weissenstein, and was contin-

ued until 2007, thus during three and two growing seasons, respectively. Five por-

table rain shelters were installed at each site to exclude rainfall in spring/summer, 

thereby simulating a pronounced drought. In 2006, two additional rain shelters and 

control plots were installed at Chamau and one each at Früebüel. The tunnel-shaped 

rain shelters had a base area of 3 × 3.5 m and were around 2.1 m high at the peak. 

During the entire drought treatment period, the steel frames were covered with trans-

parent plastic foils (200 µm; Gewächshausfolie UV 5, folitec Agrarfolien-Vertriebs 

GmbH, Westerburg, Germany). Based on regional climate model projections (e.g. 

Frei et al. 2006), we determined that reducing May to August precipitation by 45% 

compared to today would simulate an extreme summer drought in the future. A pe-

riod of 8 to 10 weeks beginning in May at Chamau and Früebüel and 6 to 8 weeks at 

Alp Weissenstein was required to achieve this target reduction. Due to the very vari-

able weather conditions, the amounts of precipitation excluded varied over the three 

years of treatment but relative amounts at the three sites were comparable within 

years (Table 6.2). A core area of 1 × 2 m below the rain shelters was established to 

avoid any direct input of rainfall on the plots. Care was taken that the rainfall removed 

by the shelters was lead away from the respective plots. Control plots receiving natu-

ral rainfall amounts were established next to the sheltered plots. The same plots 

were used throughout the three years of the experiment. 

6.3.2 Micrometeorological measurements 

Microclimatic variables were continuously monitored close to the centre of two 

drought and control plots per site, starting in autumn 2005 at Früebüel, spring 2006 

at Chamau and summer 2006 at Alp Weissenstein. Soil temperature (Precision IC 

Temperature Transducer AD592AN, Analog Devices, Norwood, MA, USA), soil 

moisture at three soil depth (5, 15 and 30 cm) using 20 cm long ECH2O probes (EC-

20, Decagon Devices, Inc., Pullman, WA, USA) and soil heat flux (HFP01, Hukseflux 

Thermal Sensors B.V., Delft, Netherlands) close to the soil surface were recorded. 

We also monitored air temperature at 60 and 160 cm (using the same sensors as for 

soil temperature but with ventilation) and photosynthetically active radiation (PAR 

LITE, Kipp & Zonen B.V., Delft, Netherlands). The air temperature sensors were dis-

connected in winter and spring 2006/07 due to technical modifications in the same 
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setup. After mid-October 2007, the air temperature sensors were not ventilated any 

more to save battery lifetime. Measurements were made every 10 seconds while ten 

minute averages were logged with a CR10X data logger (Campbell Scientific Inc., 

Logan, UT, USA). 

To validate volumetric soil moisture measurements, we took few additional mea-

surements of gravimetric soil water content in 2007. We therefore sampled 15 cm 

deep soil cores from the centre of the plots and divided them into three 5 cm pieces. 

Samples were stored in tightly sealed plastic bags and fresh weight was distin-

guished immediately after returning from the field. The soil cores were dried to weight 

constancy at 100 °C (some days) and dry weight was measured afterwards. Gravi-

metric soil water content was then calculated as the difference of the dry and the 

fresh weight (weight of the water) divided by the dry weight (weight of the soil). 

6.3.3 Above-ground productivity 

Above-ground biomass was harvested at the cutting dates of the surrounding farm, 

i.e. six times per year at Chamau (three times in 2005), two times per year at Früe-

büel (once in 2005) and once at the end of the growing season (end of September) at 

Alp Weissenstein. Biomass was collected in 20 × 50 cm frames that were randomly 

placed on the plots in 2005 and installed at fixed locations starting spring 2006. The 

vegetation was cut at approximately 7 cm above the soil according to the common 

management practice on the farms. Two samples per plot were taken and then 

pooled for the analyses (representing 0.2 m2). Biomass was stored in plastic bags at 

4 °C for a maximum of one week until it could be se parated into species (plant func-

tional types for Alp Weissenstein) and dried at 60 °C until weight constancy. Dry 

matter was then determined for each species sample, and the sum of all samples 

from the same plots was used as an estimate for total community above-ground bio-

mass productivity. Each species was assigned a plant functional type (grass, forb 

(i.e. non-leguminous forb) or legume). The dead biomass was considered an own 

plant functional type and was never separated by species (i.e. biomass of the other 

three functional types was alive by definition). It was however included in total com-

munity above-ground productivity estimates. 
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6.3.4 LAI and vegetation height 

During the growing seasons 2006 and 2007 (only 2007 for Alp Weissenstein), leaf 

area index (LAI) was measured approximately 7 cm above soil (cutting height) using 

an LAI-2000 Plant Canopy Analyzer (LI-COR Biosciences, Lincoln, NE, USA). Five 

measurements distributed over the plot were averaged to represent the plot LAI. A 

270° view cap was used to reduce plots size require d for measurements, i.e. only 90° 

of the sensor view were used for measurements. Vegetation height was estimated at 

the same dates as LAI using a stick and a falling styrofoam plate (0.5 × 0.5 m, 1 cm 

thick). Two to four measurements were averaged for each plot. 

6.3.5 Root biomass productivity 

Root biomass productivity at the community level over the complete growing sea-

son was determined at Chamau and Früebüel in 2007 and over nearly two growing 

seasons (2006 and 2007) at Alp Weissenstein using ingrowth cores (4.4 cm diame-

ter, 30 cm length). Cores were positioned in an angle of approximately 45°. All in-

growth cores were filled with root-free, sieved (2 mm) soil from the corresponding 

site. Ingrowth cores were installed from 13 March 2007 to 5 December 2007 at 

Chamau (267 days), from 15 December 2006 to 5 December 2007 at Früebüel (355 

days), and from 14 July 2006 to 25 September 2007 at Alp Weissenstein (438 days). 

One ingrowth core per plot was buried at Alp Weissenstein while two cores per plot 

were used at the two other sites. After removal from the soil, cores were stored at 

4 °C until further analysis. The ingrown roots were  washed from the soil cores in the 

laboratory, roots were dried to weight constancy at 60 °C and the dry weight was 

determined. Where two ingrowth cores had been installed and recovered, root bio-

mass of two cores was pooled to calculate root productivity of the plot. In some 

cases, part of the soil was lost when taking out the ingrowth cores. Therefore, the 

actual length of the soil core was used to calculate the amount of roots per unit soil 

depth. As the ingrowth cores remained in the field for different time periods at the 

three sites, the root weight was divided by the number of days that roots had been 

allowed to grow into the cores and then multiplied by 365 to represent the root mass 

per m2 and year. 
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6.3.6 Carbon isotope measurements 

To determine carbon isotope ratios (δ13C), the most abundant species were sam-

pled at Chamau (Agrostis stolonifera L., Alopecurus pratensis L., Dactylis glomerata 

L., Lolium multiflorum LAM., Phleum pratense L. AGG., Poa pratensis L. AGG., Poa 

trivialis L. S.L., Rumex obtusifolius L., and Trifolium repens L.) and Früebüel (Agrostis 

capillaris L., A. stolonifera, A. pratensis, Anthoxanthum odoratum L., P. pratense, P. 

pratensis, P. trivialis, Rumex acetosa L., R. obtusifolius, and T. repens), while the 

four plant functional types were analysed at Alp Weissenstein. Biomass was ground 

to a fine powder and analysed using a Flash EA 1112 Series elemental analyser 

(Thermo Italy, former CE Instruments, Rhodano, Italy) coupled to a Finnigan MAT 

DeltaplusXP isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany) via a 

6-port valve (Brooks et al. 2003), a ConFlo III (Werner et al. 1999) and an additional 

Nafion-trap backed by a conventional Mg(ClO4)2-trap followed by a 4-port valve 

(Werner 2003) between reduction tube and GC column. Post-run off-line calculations 

(blank, offset and possibly drift corrections) were performed to assign the final δ-val-

ues on the V-PDB and AIR-N2 scales according to Werner and Brand (2001). The 

long-time precision for the lab’s quality control standard tyrosine (~ 2.5 years) was 

0.05‰ for δ13C. For statistical analyses, isotope data were weighted by biomass to 

calculate a community and functional group mean for each plot. 

6.3.7 Statistics 

Due to the rather small number of replicates (five to seven), all biomass, vegetation 

height and δ13C data were included in the statistical analyses. LAI values were ex-

cluded only if the standard error of the five measurements per plot was higher than a 

third of the mean LAI of the plot or if MTA (mean tilt angle) was below 30% (criteria 

used for 2007 since this information was not available for 2006). 

Statistical analyses were performed using R 2.5.0 (R Development Core Team 

2007). Community above-ground and functional type biomass, LAI, vegetation height 

and isotope signatures were generally all analysed with the same ANOVA model. In 

a first step, the datasets were analysed (all sites over all years), using an ANOVA 

model considering site, harvest date, treatment (control vs. drought treatment) and all 

interactions, including the triple interaction. In a second step, datasets were analysed 

for each year separately using the same model. In a third step, the dataset was ana-
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lysed for each site separately and finally for each harvest date separately. The model 

structure remained the same but the terms site and then also harvest date were re-

moved. Root biomass data were analysed using an ANOVA model testing site, 

treatment and their interaction. 

6.4 Results 

6.4.1 Micrometeorological measurements 

Annual precipitation sums were quite similar in 2005 (1170 mm and 1481 mm at 

Chamau and Früebüel, respectively) and 2006 (1136 mm, 1649 mm and 867 mm at 

Chamau, Früebüel and Alp Weissenstein, respectively), but around 100 mm higher at 

all three sites in 2007 (1232 mm, 1765 mm and 969 mm at Chamau, Früebüel and 

Alp Weissenstein, respectively, Zeeman et al. submitted adjusted with data from 

nearby MeteoSwiss stations). While in 2006 July was naturally dry, spring 2007 

started with very low precipitation but was followed by a rather wet summer 2007 

(Fig. 6.1A). 

No impact of the rain shelters was seen on average daily air temperatures at 

160 cm that were quite similar for drought and control plots of all drought treatments 

(shown for Chamau; Fig. 6.1B): at Chamau, the average difference between drought 

and control plots was -0.03 °C, 0.2 °C at Früebüel and 0.1 °C at Alp Weissenstein. 

The plastic foils reduced daily PAR sums by 20% at Chamau and Früebüel and by 

26% at Alp Weissenstein (Fig. 6.1C). The effect of the shelters on soil temperature 

was also small: in general, there was an increase of less than 1 °C (but a decrease of 

0.3 °C at Alp Weissenstein) in soil temperature und er the shelters compared to un-

sheltered periods (Fig. 6.1D). However, the rain shelters had the desired effect on 

soil moisture. Maximum reduction of soil moisture was around 83% at Chamau, with 

soil moisture being reduced by 20 to 60% during the drought treatment. Additional 

measurements of gravimetric soil water content showed a similar pattern as the con-

tinuous measurements (Fig. 6.1E). At Früebüel, the effect of the shelters on soil 

moisture was smaller than at Chamau because the site was generally much wetter: 

soil moisture was reduced on average by 30% at 30 cm soil depth during the drought 

treatment. At Alp Weissenstein, no data from continuous measurements were avail-

able due to technical problems, but gravimetric soil water contents at the end of the 
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drought treatment showed a significant reduction of soil moisture in 0-5 cm depth on 

drought compared to control plots (absolute reduction of 41%, P<0.001). 

6.4.2 Above-ground productivity 

Across all sites and all three years of the experiment, total community above-

ground productivity was driven by site and harvest date (P<0.001) as well as drought 

treatment (P=0.04), with significant site×treatment interactions (P=0.006), indicating 

differing grassland drought responses at the three sites. Including year in the analy-

sis did not change significance levels and was thus omitted. Analysing these treat-

ment effects on total above-ground productivities (i.e. dead and alive biomass at time 

of harvest) in more detail revealed that the three sites differed drastically (Table 6.3). 

At Chamau, total annual community above-ground productivities were similar in 2005 

and 2006 for both treatments, and tended to be lower on drought than on control 

plots in 2007. We did not find a treatment effect at Früebüel in any of the three years, 

while total annual community above-ground productivity at Alp Weissenstein was 

significantly lower on drought than on control plots in both years. However, the total 

above-ground productivities at Chamau were strongly influenced by one weed spe-

cies, Rumex obtusifolius, which gained competitive advantage over all other species 

in 2006 (Gilgen et al. submitted). We therefore excluded Rumex biomass at Chamau 

from all further above-ground productivity analyses. As a result, the overall drought 

effect across all sites and all three years became clearer (P=0.003). 

When analysing the three years separately (Table 6.4), site and harvest date ex-

plained most of the variation in productivity in 2005, while the overall treatment effect 

was marginally significant in 2006 (P=0.06) and significant in 2007 (P=0.01). There 

were significant site×treatment interactions in 2006 and 2007, indicating differences 

in the drought responses at the different sites. The factor harvest date was highly 

significant for all sites, indicating quite different regrowth patterns among the three 

sites during the growing season. The drought treatment showed no effects on above-

ground productivities at Früebüel (P=0.5), but highly significant effects at Chamau 

(P=0.001) and Alp Weissenstein (P<0.001). The date×treatment interaction term was 

never significant, indicating that the direction of the drought response of the respec-

tive grasslands did not change over time. Also focussing on single harvests revealed 

no treatment effects at Früebüel and in the two first years at Chamau (except for the 

fifth harvest in 2006), while total community above-ground productivities were signifi-
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cantly reduced by the treatment at Chamau in the third year (first, third and fourth 

harvest) and clearly at Alp Weissenstein. 

Focussing on plant community composition by analysing the drought responses of 

the four plant functional types (PFT) separately (Table 6.4) revealed only slight dif-

ferences of annual above-ground productivities between treatments. Overall, produc-

tivities differed among sites (with highest annual sums at Chamau and lowest sums 

at Alp Weissenstein, P<0.001), except for forbs that were not significantly affected by 

site. The drought treatment decreased grass and forb above-ground biomass pro-

ductivities (P=0.08 and P=0.06, respectively). A significant site×treatment interaction 

for grasses pointed towards differing biomass responses at the different sites (in 

contrast to the other sites, grass biomass responded positively to drought at Früe-

büel). When analysing the years separately, site was the only factor influencing an-

nual above-ground biomass productivities in most cases. The treatment significantly 

affected the amount of dead biomass in 2006 (P=0.05) and grass biomass in 2007 

(P=0.03). Annual above-ground productivities of forbs and legumes were not affected 

by the drought treatment in any of the three years. When concentrating on the differ-

ences within years by analysing the harvest biomass (Table 6.4), it became clear that 

grasses resembled the drought response of total above-ground community produc-

tivity best (independent of Rumex). Overall, grass productivity differed among the 

three sites and grass regrowth changed during the growing season (site and harvest 

date effects: P<0.001). The drought treatment was clearly decreasing grass regrowth 

above-ground (P=0.001), but this response differed among sites (drought strongly 

decreased grass productivities at Chamau and Alp Weissenstein but no effect was 

observed at Früebüel; site×treatment interaction: P<0.001). Similar patterns for total 

and grass above-ground productivity were also found when analysing the years 

separately (except site effect in 2005). Also forb productivity differed among sites and 

regrowth changed during the season (site and harvest date effects: P<0.001) with 

differing effects of the harvest dates at the different sites (site×harvest date interac-

tion: P<0.001). During the course of the experiment, forb productivity differed among 

sites (Chamau > Früebüel > Alp Weissenstein; site effect: P<0.001), but remained 

relatively stable during the years (harvest date effect: P>0.05, except 2006). Fur-

thermore, legumes were generally positively affected by the drought treatment (over-

all: P=0.005), which was mainly driven by their response in 2007. In contrast, the 
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amount of dead biomass differed significantly across sites and harvest dates, but 

was not affected by the drought treatment (only significant in 2006). 

At Alp Weissenstein, annual grass and legume productivities were significantly re-

duced by the drought treatment (with differing responses in legumes in the two years; 

harvest date×treatment interaction: P<0.001) but no effect on forbs and dead bio-

mass was seen. Also the amount of dead biomass was differently affected by the 

treatment in the two years, showing an increase in 2006 and a decrease in 2007 

(year×treatment interaction: P=0.03). Biomass of all PFT differed between years at 

Früebüel (P<<0.05) and only legume productivity was slightly reduced by the drought 

treatment (P=0.07) while all other PFT did not respond to drought. At Chamau, 

grasses and dead biomass responded differently in the three years (P<0.001) and 

were significantly affected by the treatment. No change in forb and legume productiv-

ities was found. 

6.4.3 LAI and vegetation height 

LAI measurements during 2006 and 2007 (Fig. 6.3) represented above-ground 

biomass regrowth patterns in higher temporal resolution than total community above-

ground productivity and varied significantly during the growing seasons (P<0.001). 

Similar to productivity measurements, we did not find significant differences in LAI 

between drought and control plots at Chamau in 2006 (except very early in the sea-

son), probably confounded by Rumex abundance. In contrast, the drought response 

of LAI in 2007 was stronger than that of above-ground productivity, with much lower 

LAI values for drought than for control plots (P<0.001). At Früebüel, LAI was nega-

tively affected by drought in both years (P<0.001) although there was no such effect 

on total above-ground biomass. At Alp Weissenstein, the LAI values were lower on 

drought compared to control plots (P=0.02), but despite the large decrease in bio-

mass under drought conditions this trend was not significant at the different mea-

surement dates. No relation of LAI before the cut with harvested community above-

ground biomass was found at any of the three sites (R2≤0.1, P>0.2 but P<0.001 for 

Chamau). 

Vegetation height (data not shown) developed similar to LAI but was not as 

strongly affected by the drought treatment as LAI (except for Alp Weissenstein where 

vegetation height was significantly lower on drought compared to control plots). 
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Vegetation height before the cuts was not related to total community above-ground 

biomass at Chamau and Alp Weissenstein, in contrast to Früebüel (R2=0.4, 

P<0.001). 

6.4.4 Root biomass 

Root biomass production differed significantly among sites (P=0.01), with produc-

tivities being almost twice as high at Alp Weissenstein compared to Früebüel and 

Chamau (Fig. 6.4). However, below-ground productivity was not affected by the 

drought treatment (P=0.9). In addition, the site×treatment interaction term was not 

significant (P=0.9), indicating that the response of below-ground productivity to 

drought was similar across all three sites. 

6.4.5 Carbon isotope measurements 

Bulk above-ground carbon isotope ratios (δ13C) ranged between -31.3‰ and 

-26.7‰ for the grassland communities (Fig. 6.5), with significant differences among 

sites (P<0.001). δ13C values were highest for Alp Weissenstein and varied over the 

course of the growing season (P<0.001). In addition, we found positive effects of the 

drought treatment at all sites (P<0.001). While the drought response in δ13C was 

positive in 2005 and 2007, there was a response only after the treatment in 2006 

(date×treatment interaction: P<0.001; Fig. 6.5A-C). This was controlled by the 

drought response of grasses that contributed most to community biomass. Legumes 

on the other hand did not react to drought in 2005 and 2007 but significantly de-

creased their δ13C in 2006. At Früebüel, the community δ13C drought response dif-

fered throughout the experiment but a non-significant harvest date×treatment inter-

action indicated no change in the direction of the drought effect (Fig. 6.5D-F). 

Grasses were the only functional group displaying an overall drought response but 

forbs also showed slightly decreasing δ13C values in response to drought in 2007. 

The drought response of δ13C at Alp Weissenstein was mainly driven by a very 

strong positive drought effect in the first year (significant date and date×treatment 

interaction effects; Fig. 6.5G-H). The community drought response was dominated by 

grasses that showed highest increases in δ13C in response to drought and the posi-

tive drought effect on δ13C of forbs in 2006. Interestingly, δ13C values of legumes 

were not significantly affected by drought, although legume biomass had been re-

duced significantly. 
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On the single species level, no clear patterns could be detected. Grass species 

showed clear drought responses but no species differed strikingly from the others. An 

outstanding drought response was observed in R. obtusifolius at Chamau (excluded 

from all analyses, for detailed results see Gilgen et al. submitted). 

6.5 Discussion 

6.5.1 Above-ground productivity 

Drought typically reduced above-ground biomass production in grasslands 

(Hopkins 1978; Bollinger et al. 1991; Kahmen et al. 2005). In contrast to these find-

ings, no consistent decrease in total community above-ground biomass under 

drought was observed in our experiment. As the characteristics of the three sites 

were considerably different, not surprisingly, the site explained most of the differ-

ences in community above-ground biomass production. Also the significant effect of 

the harvest date can be expected since there is a seasonal course in biomass pro-

duction. However, it was rather unexpected that drought did not reduce total commu-

nity above-ground biomass at all sites in all years. The fraction of yearly precipitation 

excluded was not related to the above-ground biomass reduction under drought and 

would also not explain why there was a drought response in 2007 but not in the two 

other years at Chamau because the fraction was highest in 2005. However, there 

were large rainfall spells end of August 2005 causing a sharp increase in the amount 

of precipitation excluded by the shelters. If we consider the annual precipitation sum 

instead of the fraction of annual precipitation excluded, there was a clear relation of 

average above-ground biomass change with annual precipitation (R2=0.73, P=0.004; 

Fig. 6.6). Sites with lower annual precipitation thus seem to be more vulnerable to 

summer drought than sites with higher annual precipitation. If annual precipitation is 

very high (probably above 1500 mm), drought can even generate a beneficial effect 

on annual above-ground biomass productivity. A dependence of biomass production 

on soil moisture at drier sites but not at wetter sites was found for shrublands 

(Penuelas et al. 2007). 

Grasses contributed most to community biomass (generally more than 50%, ex-

cept for Chamau in 2006), thus reflecting the response of the community or rather, 

shaping the response of the community. Although grasses are generally deep rooted 

(Bessler et al. 2009), their resistance to drought seems to be rather small. Also Grime 
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et al. (2000) had found that perennial grasses were particularly vulnerable to climate 

change in a limestone grassland. Indeed, we found only slight effects of drought on 

forbs (except for R. obtusifolius at Chamau in 2006). Trifolium repens, the most 

abundant leguminous species in our study, has been shown to be drought sensitive 

(Foulds 1978; Stevenson and Laidlaw 1985). In our study, the fraction of T. repens 

on total biomass was not significantly affected by drought (except on Alp Weissen-

stein in 2006). However, at Chamau and Früebüel, the effect of drought on T. repens 

biomass was rather the opposite of what we would have predicted since there was a 

trend to higher contribution of legume biomass to total biomass on drought plots. The 

clonal growth of legumes could have favoured their performance by enabling growth 

of stolons outside the drought plots, something that is not possible in controlled 

growth chamber experiments. The amount of dead biomass was slightly increased 

under drought. Again, the strongest effect was found at the driest site, Alp Weissen-

stein, in 2006. The increase in dead biomass on drought plots was probably caused 

by earlier senescence as has been found in other studies (Volaire 2002; Monti et al. 

2007). 

Other factors than water can also limit plant productivity. N has been shown to be 

co-limiting grassland production (Harpole et al. 2007). However, we can assume that 

the three grasslands studied here were not subjected to N limitation throughout the 

experiment. The two lower sites had been fertilised for years, at Chamau, the high 

fertilisation level was even shown to control the C cycle more than climate (Zeeman 

et al. submitted). Also at the alpine site we can assume that no N limitation occurred 

since biomass production was higher in the second year than in the first year of the 

experiment. 

6.5.2 LAI and vegetation height 

LAI and vegetation height responded similarly to biomass. Previous studies have 

shown that LAI and/or vegetation height can be used as estimates for biomass 

(Geyger 1977). However, although the drought response of biomass, LAI and vege-

tation height pointed into the same direction, the weak correlation with biomass indi-

cates that maybe both LAI and vegetation height are not the best estimates for bio-

mass after all. The lack of interaction of date and treatment at Alp Weissenstein 

might have resulted from the management applied to that grassland. Since there was 

only one cut at the end of the season, the structure of the standing biomass did 
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probably not change too much after a certain moment and only senescence started 

earlier under drought than under control conditions. At Früebüel, we were able to 

detect a drought effect on plant regrowth after the first cut. LAI reduction was highest 

after the first cut while the first growth period did not seems to be affected too much. 

As part of the biomass of the first harvest had been growing before the drought, the 

effect of drought on vegetation could be shifted to regrowth. At Chamau, the signifi-

cantly lower LAI values on drought plots at the beginning of 2006 were consistent 

with lower plant cover on drought plots compared to control plots (Stohler 2006) and 

might have resulted from a carry-over effect of the drought in 2005 that might then 

also have resulted in the spread of R. obtusifolius (see Gilgen et al. submitted). 

6.5.3 Root biomass 

Plants are able to sense the water available in soils and when the soil dries out, 

abscisic acid (ABA) accumulates in roots and is then transported to the leaves 

(Davies and Zhang 1991; Tardieu et al. 1992). ABA was shown to maintain or in-

crease root growth while shoot growth is inhibited (Saab et al. 1990). This adaptation 

to drought allows plants to better explore dry soils. Indeed, increased root growth un-

der drought was found in other studies (Jupp and Newman 1987; Field et al. 1992). 

However, in our study, no change in below-ground biomass production was found at 

any of the three sites. Roots of different grass species react differently to drought 

(Molyneux and Davies 1983) and can thus probably counteract in community root 

biomass. Since our ingrowth cores remained in the field for a whole season or longer 

and not only during the drought period, the normal conditions during most of the sea-

son might have dampened the drought effect. Still, on an annual basis, constant be-

low-ground biomass compared to decreasing above-ground biomass resulted in a 

higher root/shoot ratio of total plant biomass, thus indicating an increased allocation 

of resources to root growth. Indeed, it was shown that plants invested more into root 

than into shoot growth under drought (Kalapos et al. 1996; van den Boogaard et al. 

1996). However, not only the mass of the roots is important also the length of the 

roots determined the capability to take up water (Newman 1966). 

6.5.4 Carbon isotope measurements 

According to theory, δ13C of plants can be used as an estimate for water use effi-

ciency (WUE) because the 13C signature depends on the ratio of intercellular to am-
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bient CO2 concentrations (ci/ca, Farquhar et al. 1982) and an increase in δ13C is thus 

coupled to a decrease in ci/ca, which can either be caused by a higher photosynthetic 

demand or decreasing stomatal conductance (Farquhar et al. 1989). Although this is 

increasingly doubted and has recently been discussed critically (Seibt et al. 2008), 

our data still met the predictions made based on those earlier assumptions, i.e. an 

increase in δ13C under drier condition due to decreased stomatal conductance. In-

deed, community δ13C was less negative on drought plots than on control plots at all 

sites in all years. Community δ13C was mainly controlled by grass δ13C that was 

higher on drought plots than on control plots while forb and legume δ13C was not af-

fected by drought indicating no change in WUE efficiency in these two plant func-

tional types. However, calculating WUE from actual measurements of photosynthesis 

and stomatal conductance of some species in the same experiment (Signarbieux and 

Feller in prep.) revealed that the interpretation of 13C signatures is indeed not that 

straight forward. While measured WUE and δ13C of two grass species pointed into 

the same direction, the clear increase in WUE measured was not reflected in δ13C of 

Trifolium repens at Früebüel in 2006. In 2007, the results did not any longer fit in any 

of the species. Following the common assumption of increasing WUE with decreas-

ing δ13C, δ13C values of the respective species often showed the opposite response 

pattern to drought than did the measured WUE at Chamau. This was especially 

striking for T. repens that had achieved a clearly higher WUE under drought (Signar-

bieux and Feller in prep.) but did not respond in above-ground biomass δ13C. This 

discrepancy adds support to recent findings of postcarboxylation fractionation of 13C 

(Salmon 2008). These findings would thus explain the observed pattern in drought 

response of biomass productivity better than what we would conclude from δ13C sig-

natures. It should also be kept in mind that the reduction of growth by water stress is 

mainly caused by other physiological processes than photosynthesis, e.g. cell elon-

gation and protein synthesis that seem to be much more sensitive to drought than 

photosynthesis (Lambers et al. 1998). 

6.5.5 Perspectives 

Extrapolating results of the present study to the future is difficult, since not only 

summer precipitation is changing under climate change but also winter precipitation. 

Future winters are predicted to be wetter than today in Central Europe (Frei et al. 

2006). Higher winter precipitation will therefore probably recharge water reservoirs 
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regularly, thereby buffering drought effects. However, it has been shown that winter 

precipitation had no effect on biomass production, it was rather controlled by summer 

precipitation of the previous and the current year (Morecroft et al. 2004). This indi-

cates that even if community above-ground biomass production recovered quickly 

after the removal of the rain shelters in our experiment, a long-term effect could still 

have been preserved. In addition, not only the amount of precipitation but also timing 

and variability of rainfall were shown to be important for grassland production 

(Nippert et al. 2006; Heisler-White et al. 2008). 

Under future climate change drier summers will also be accompanied by higher 

atmospheric CO2 concentrations. These have been shown to lead to water savings 

due to a reduced stomatal opening (Campbell et al. 1997; Volk et al. 2000). Thus, 

even the relatively strong reductions of biomass production at Alp Weissenstein and 

at Chamau in 2007 might be offset by water saving effects under increasing CO2. as 

observed in Swiss forest (Leuzinger et al. 2005) and grassland sites (Volk et al. 

2000). 

In any case, results from this study indicate that there is no uniform grassland re-

sponse to drought in Switzerland. Different grassland types as well as different plant 

functional types vary in their response to drought. Sites with higher annual precipita-

tion seem to be better buffered against disturbance by summer drought than are sites 

with lower annual precipitation, emphasising the highest need for adaptation mea-

sures in the drier parts of Switzerland. 
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Table 6.1: Description of the three experimental grassland sites in Switzerland.abcd 

                                                 
a according to Roth (2006) 
b according to Schärer (2003) 
c data from Zeeman (2008) adapted with data from MeteoSwiss 
d according to Keller (2006) and Sutter (1993) 

Chamau Früebüel Alp Weissenstein

Hünenberg, ZG Walchwil, ZG Bergün, GR

47°12'37" N, 8°24'38" E  47°6'57" N, 8°32'16" E 46°34 '60"N, 9°47'26" E

393 982 1978

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

cambisola gleysola (slightly) humous sandy loamb

1179 1632 918

9.8 7.7 2.3

grass-legume mixture
(Trifolium repens  L., Lolium 

perenne  L., Poa pratensis L.)
permanent managed pasture

Deschampsio cespitosae-

Poetum alpinid

Number of species (approx.) 20 > 30 around 20

type of usage silage; sheep grazing in autumn silage/hay; cattle grazing in autumn cattle and horse grazing

intensity intensive intermediate extensive

number of cuts per year 6 1-2 0

type of fertiliser liquid manure solid manure none

Annual precipitation sum [mm]c

Mean annual temperature [°C] c

Management

Political community

Elevation [m above sea level]

Growing season length

Soil type

Coordinates WGS84

Vegetation type
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Table 6.2: Dates of rain exclusion and amounts of precipitation excluded at all sites 

during the three years of experiment. The proportion of annual precipitation is given 

in brackets. 

 2005 2006 2007 

 Duration 
Amount 

[mm] Duration 
Amount 

[mm] Duration 
Amount 

[mm] 

Chamau 24.6.–19.9. 491 (42%) 31.5.–17.8. 271 (24%) 2.5.–10.7. 403 (33%) 

Früebüel 23.6.–19.9. 763 (52%) 31.5.–17.8. 388 (24%) 7.5.–20.7. 589 (33%) 

Alp Weissenstein - - 6.7.–24.8. 248 (29%) 20.6.–23.8. 311 (32%) 
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Table 6.3: Effect of drought on total, alive and dead annual community above-ground 

biomass production at Chamau, Früebüel and Alp Weissenstein. Means and stan-

dard errors are given (n=5-6). Significantly different means (P≤0.05) are given in 

bold, marginally significant differences (0.1≥P>0.05) in italics. 

 Chamau Früebüel Alp Weissenstein 

 control drought P control drought P control drought P 

2005a          

total 477 ± 53 425 ± 60 0.5 248 ± 40 260 ± 53 0.9 - - - 

alive 457 ± 55 398 ± 60 0.5 220 ± 35 235 ± 49 0.8 - - - 

dead 20 ± 4 26 ± 5 0.3 28 ± 6 26 ± 4 0.7 - - - 

2006          

total 931 ± 174 895 ± 185 0.9 590 ± 77 607 ± 69 0.9 284 ± 9 184 ± 26 0.007 

alive 909 ± 173 862 ± 181 0.9 535 ± 76 531 ± 61 0.9 180 ± 11 55 ± 7 <0.001 

dead 22 ± 2 33 ± 4 0.1 55 ± 6 76 ± 12 0.1 104 ± 2 128 ± 24 0.3 

2007          

total 1211 ± 134 887 ± 56 0.06 616 ± 77 676 ± 57 0.5 487 ± 30 338 ± 45 0.02 

alive 1160 ± 130 820 ± 52 0.04 416 ± 64 477 ± 30 4.0 191 ± 34 119 ± 28 0.1 

dead 52 ± 6 67 ± 6 0.08 200 ± 25 199 ± 38 1.0 296 ± 23 218 ± 29 0.07 

                                                 
a Annual biomass production sum based on only three (instead of six) and one (instead of two) har-

vests at Chamau and Früebüel, respectively. 
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Table 6.4: Results of the ANOVA models for annual sums and harvest yields of total and plant functional type above-

ground biomass (excluding Rumex obtusifolius). Main factors are site (Chamau, Früebüel or Alp Weissenstein), harvest 

date and treatment (drought vs. control). Significant P values (P≤0.05) are given in bold, marginally significant values 

(0.1≥P>0.05) in italics; n=5-6. 

Total Grass Forb Leg. Dead Total Grass Forb Leg. Dead Total Grass Forb Leg. Dead Total Grass Forb Leg. Dead

Annual above-ground biomass sums

Site <0.001 <0.001 0.2 <0.001 <0.001 0.002 <0.001 0.01 0.07 0.4 <0.001 <0.001 0.3 <0.001 <0.001 <0.001 <0.001 0.2 0.006 <0.001

Treatment 0.1 0.08 0.06 0.2 1 0.7 0.7 0.3 0.2 0.7 0.1 0.2 0.1 0.99 0.05 0.05 0.03 0.6 0.2 0.4

Site×Treatment 0.2 0.05 0.7 0.1 0.6 0.6 0.1 0.2 0.04 0.4 0.3 0.4 0.7 0.9 0.8 0.05 0.004 0.4 0.2 0.2

Above-ground biomass per harvest

Site <0.001 <0.001 <0.001 <0.001 <0.001 0.02 0.5 <0.001 0.7 <0.001 <0.001 <0.001 <0.001 0.003 <0.001 <0.001 <0.001 <0.001 0.002 <0.001
Harvest date <0.001 <0.001 <0.001 0.05 <0.001 0.01 0.004 0.9 0.5 <0.001 <0.001 <0.001 <0.001 0.02 0.003 <0.001 <0.001 0.8 0.2 0.05

Treatment 0.003 0.001 0.006 0.005 0.8 0.6 0.5 0.2 0.1 0.7 0.06 0.05 0.01 0.4 0.01 0.01 0.002 0.5 0.01 0.3

Site×Harvest date 0.2 0.3 <0.001 0.09 <0.001 - - - - - - - - - - - - - - -

Site×Treatment 0.001 <0.001 0.7 0.03 0.01 0.6 0.2 0.002 0.06 0.4 0.06 0.07 0.3 0.5 0.1 0.006 0.005 0.2 0.1 0.001
Harvest date×Treatment 0.6 0.6 0.6 0.7 0.02 0.97 0.9 0.9 0.2 0.6 0.3 0.5 0.8 0.7 0.3 0.2 0.2 0.9 0.6 1

All years 2005 2006 2007
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Figure 6.1: Micrometeorology during the experiment at Chamau: daily precipitation 

sum (A), daily means of air temperature at 160 cm (B), photosynthetically active ra-

diation (PAR, C), soil temperature at 5 cm depth (D), and soil moisture at 15 cm 

depth (E). Solid lines: control plots, dashed lines: drought plots. Measurements of 

gravimetric soil water content in soil cores from 10-15 cm are given as points (open 

symbols for drought plots). The periods of drought treatment are shaded in grey. Av-

erages of two plots per treatment are shown. 
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Figure 6.2: Effect of summer drought on total community above-ground biomass at 

Chamau (excluding R. obtusifolius biomass, A-C), Früebüel (D-F) and Alp Weissen-

stein (G-H) during the experiment. Means and standard errors are given (n=5-7). Pe-

riods of drought treatment are shaded in grey. * 0.05≥P>0.01, ** 0.01≥P>0.001. 
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Figure 6.3: Effect of summer drought on community leaf area index (LAI) at Chamau 

(A, B), Früebüel (C, D) and Alp Weissenstein (E) during the experiment. Means and 

standard errors are given (n=3-7). Periods of drought treatment are shaded in grey. 

. 0.1≥P>0.05, * 0.05≥P>0.01, ** 0.01≥P>0.001, *** P≤0.001. 
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Figure 6.4: Effect of summer drought on annual above- and below-ground biomass 

production at the three sites. Below-ground biomass was estimated using ingrowth 

cores. Means and standard errors are given (n=3-6). . 0.1≥P>0.05, ** 0.01≥P>0.001. 

No significant treatment effects on the below-ground biomass production were found. 
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Figure 6.5: Effect of summer drought on community δ13C at Chamau (excluding Ru-

mex obtusifolius, A-C), Früebüel (D-F) and Alp Weissenstein (G-H) during the ex-

periment. Means and standard errors are given (n=5-7). Periods of drought treatment 

are shaded in grey. * 0.05≥P>0.01, ** 0.01≥P>0.001, *** P≤0.001. 
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Figure 6.6: Relationship of annual precipitation sums and average change in annual 

above-ground biomass productivities in response to the drought treatment. R2 and P 

values for the regression of annual above-ground biomass excluding Rumex obtusi-

folius at Chamau are given in grey (open symbols, dashed line). 
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Romain L. Barnard, Francesco de Bello, Anna K. Gilgen, Nina Buchmann 

Institute of Plant Sciences, ETH Zurich, 8092 Zurich, Switzerland 

This chapter has been published as: Barnard R.L., de Bello F., Gilgen A.K. and 
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20, 3799-3802. 

7.1 Introduction 

Understanding ecosystem water fluxes is becoming increasingly important, given 

the modifications of the global water cycle predicted by climate models (IPCC 2001). 

The oxygen stable isotope ratio (δ18O) provides insight into the use of water re-

sources from plant to ecosystem levels (Dawson et al. 2002). The identification of the 

soil volume from which plants can potentially extract water and nutrients is thus cru-

cial for developing climate impact and hydrological models (Schulze et al. 1996). 

The assessment of plant source water is typically based on the comparison of the 

δ18O of water extracted from plant tissues with that of soil or rain water (Dawson and 

Ehleringer 1991; Flanagan and Ehleringer 1991; Brunel et al. 1995; Jackson et al. 

1995; Le Roux et al. 1995). While uptake and xylem transport of water are known to 

have no fractionation effects (White et al. 1985), evaporation during plant transpira-

tion results in an enrichment of plant water 18O with respect to source water 

(Gonfiantini et al. 1965). In woody plants, this complicating effect for water sourcing 

studies, i.e. the post-uptake fractionation in transpiring tissues, is circumvented by 

measuring δ18O in stem xylem water, which provides a satisfactory proxy for the δ18O 

of source water, integrated over the whole root system (Flanagan and Ehleringer 
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1991; Brunel et al. 1995; Jackson et al. 1995; Schulze et al. 1996; Williams and 

Ehleringer 2000). However, in herbaceous plants, stem anatomy hinders sampling 

xylem independently of phloem, and transpiration occurs in most above-ground or-

gans (Wang et al. 1998; Ehleringer et al. 2000). Therefore, the δ18O of water ex-

tracted from most green above-ground tissues may not reflect that of the source wa-

ter in herbaceous plants. 

To estimate source water in herbs or grasses, different sampling strategies have 

been suggested by different authors and applied in several studies, e.g. the inner leaf 

sheaths in grasses (Ehleringer et al. 2000), or the root crown (the connection be-

tween above- and below-ground tissues, also called the collet or root collar, Boutton 

et al. 1999). Due to the changes in soil water δ18O with depth, root water δ18O in a 

specific root will not be representative of the entire root system and therefore not 

necessarily reflect δ18O of a plant’s source water, as opposed to integrative mea-

surements at the above-ground level (Thorburn and Mensforth 1993; Bariac et al. 

1994). In other studies, stem water has been sampled (Schulze et al. 1996; Williams 

et al. 2005). Williams et al. (2005) for example, focusing on the 18O signature of cob 

cellulose in maize, measured δ18O in basal stems, leaves, and cobs, in comparison 

with source water. Bariac et al. (1994) studied common bean grown in hydroponics 

conditions, and validated their conclusions with pot-grown maize. Both studies 

showed a progressive enrichment in δ18O from source water to leaf water, and a 

good agreement for those two species between δ18O of source water and that of the 

plant root crown or basal stem. However, to our knowledge, no study so far has 

tested the applicability of all these tissues for a range of different herbs, legumes, C3 

and C4 grasses growing under the same environmental conditions, to also test for 

species-specific effects. Consequently, the validation of a standard sampling meth-

odology that could be applied to herbaceous communities such as grasslands is still 

lacking. 

7.2 Material and methods 

The objective of the present study was to determine the most suitable plant tissue 

to sample in order to estimate the δ18O of source water for different types of herba-

ceous species. In a pot experiment under controlled conditions, we tested the hy-

pothesis that the δ18O signature of water extracted from the root crown would be the 
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best proxy for source water δ18O. Two C3 grasses (Lolium perenne L. and Dactylis 

glomerata L.), a C4 grass (Zea mays L.) and a dicotyledonous C3 legume (Trifolium 

pratense L.) were sown as monocultures on 10 February 2006, in 5 l monospecific 

pots (18 × 18 × 18 cm) filled with sieved (1 cm mesh) clay loam soil. The texture was 

28% sand, 30% clay and 42% silt. Three individuals were sown per pot for Z. mays; 

20 individuals were sown per pot for the other species. Four replicate pots were used 

for each species. The plants were grown in growth chambers with a 14 h photoperiod 

(photosynthetically active radiation of ca. 375 µmol m-2 s-1), and day and night tem-

peratures of 20 and 15 °C, respectively. Irrigation  was carried out daily with tap wa-

ter. The week before harvest, irrigation was applied every second day until saturation 

and the δ18O value of the irrigation water was monitored. Since evaporative enrich-

ment of soil water is likely to take place under field conditions, we decided not to 

suppress it and therefore did not cover the soil. 

All plants were harvested on 3 May 2006 in the afternoon, between 14:30 and 

16:30 in the chambers, when the isotopic fractionation associated with transpiration 

is expected to strongly affect plant water δ18O. The following plant tissues were sam-

pled for each replicate of each species (Fig. 7.1): (i) fully developed non-senescent 

upper leaf lamina of all species; (ii) lower 10 cm of the stems of T. pratense, and of 

the pseudo-stems of Z. mays, L. perenne and D. glomerata (after removal of the 

outer sheath, i.e. the basal part of the older leaves that embrace the inner parts of 

the pseudo-stem); (iii) root crown of all species (Cornelissen et al. 2003). For L. per-

enne, D. glomerata and T. pratense, the samples from ca. ten individuals growing in 

the same pot were pooled. The bulk soil of the entire pot was collected for further 

analysis, after removal of the roots. 

Plant and soil samples were transferred into glass tubes and immediately frozen in 

liquid nitrogen. Water was extracted from the samples by cryogenic vacuum distilla-

tion (Ehleringer et al. 2000): the tubes containing the frozen samples were placed in 

a 80 °C water bath, connected to a vacuum system (c a. 4·10-2 mbar) including water 

traps that were cooled with liquid nitrogen. The water was then transferred into 2 ml 

vials and kept frozen until δ18O analysis. The δ18O values of the water samples were 

determined using a TC/EA high-temperature conversion/elemental analyser coupled 

with a DeltaplusXP mass spectrometer via a ConFlo III interface (all from Thermo-

Finnigan, Bremen, Germany, Werner et al. 1999). The precision was 0.2%. The 
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18O/16O oxygen stable isotope ratio is expressed using the small delta notation in 

parts per thousand, relative to the international Vienna Standard Mean Ocean Water 

(VSMOW) as 

 δ18O= 1
R
R

standard

sample − , (Eq. 7.1) 

where the Rsample and Rstandard refer to the isotope ratios of the substance of interest 

and of the standard, respectively. The oxygen isotope ratio in the substance of inter-

est can also be expressed using the big delta notation (‰), as the enrichment above 

the water source: 

 ∆18O= 1
R
R

source

sample − . (Eq. 7.2) 

Both the enrichment above soil-extracted water (∆18Osoil) and that above irrigation 

water (∆18Oirrigation) are given in the present study. The source water in our pots was 

irrigation water but the source water for the plants was soil water, which is subjected 

to evaporative enrichment of 18O, since the lighter water isotopologue evaporates 

more readily than the heavier one. Irrigation water had a very stable 18O signature, 

with a mean and standard error of -11.08‰ ± 0.07‰ (n=3). 

Analyses of variance (ANOVAs) were carried out using the statistical software R 

2.0.1 (R Development Core Team 2004). We analysed our split-plot design with an 

ANOVA, in which the plant tissues were nested within the different species. We 

found highly significant effects of plant species, plant tissues and a highly significant 

species×tissues interaction (P<0.001), which was driven by leaf δ18O. To investigate 

this interaction further, the data were separated by plant tissues and species. One-

way ANOVAs were performed to determine the effect of species on each of the dif-

ferent plant tissues; TukeyHSD tests were run to compare tissue and soil water, for 

each plant species separately. 

7.3 Results and discussion 

We found no significant effect of species on the 18O signal in root crown water 

(P=0.23) and stem water (P=0.07). However, significant species effects on the 18O 

signals in the leaf water (P=0.002), and also in the soil water (P=0.015), were de-

tected (Table 7.1). In each species, leaf water δ18O was significantly more enriched 
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than soil water and than water in the other tissues sampled (Table 7.1, Fig. 7.2a). 

Moreover, we found no significant differences between δ18O values in soil water, δ18O 

in root crown and that in stem tissues in any species. For all species, variability 

around the species mean, i.e. standard error, was smallest for the δ18O values of root 

crowns. Since leaf water δ18O is clearly a poor indicator of plant source water, we 

performed TukeyHSD tests again on a reduced dataset for each species without leaf 

data. The δ18O in root crown and soil water were similar in all species, while the dif-

ferences in the 18O signal between stem and soil water were significant for two spe-

cies (L. perenne and T. pratense) out of the four. These results support our hypothe-

sis that root crown is an adequate – if not the best – plant tissue to sample for as-

sessing plant source water in different functional types of herbaceous species. Our 

results also showed a general progressive enrichment of plant water 18O from the 

root crown to the leaves (Table 7.1, Fig. 7.2a, b), with the degree of enrichment in 
18O of potentially transpiring plant tissues being species-dependent (Table 7.1), 

probably due to species-specific physiological and morphological traits (Wang et al. 

1998). 

We found no significant difference between the 18O signal in irrigation water and in 

soil water in the pots with the C3 species. However, in the Z. mays pots, we mea-

sured a significant difference (P=0.016) between the δ18O of soil water and that of irri-

gation water (Fig. 7.2a), probably due to higher evaporative enrichment of 18O in the 

soil of Z. mays pots (soil ∆18Oirrigation mean and standard error of 2.1‰ ± 0.5‰ for Z. 

mays, against 0.3‰ ± 0.2‰ for the average of the other three species; Fig. 7.2c). 

This could be explained by higher transpiration rates, since Z. mays showed the 

smallest difference between root crown water δ18O and stem water δ18O, or by the 

architecture of Z. mays, which resulted in more bare ground under this species than 

for the other species of our experiment, enhancing soil evaporation. Bariac et al. 

(1994) limited evaporation of the plant nutrient solution by covering the pots, thereby 

greatly reducing the difference between soil water δ18O and root crown water δ18O 

(average difference of 0.1‰). In the field, soil water typically becomes more 18O-en-

riched closer to the soil surface, creating an 18O gradient with soil depth (Mathieu and 

Bariac 1996; Schulze et al. 1996; Boutton et al. 1999). For the C3 species, the 18O 

signal in root crown water was significantly more enriched than in soil water 

(P=0.004), with a mean difference and standard error of 1.5‰ ± 0.04‰ (n=11). Root 
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distribution might have contributed to this observation: The majority of the roots were 

found in the upper parts of the pots where soil water is more enriched in 18O than the 

bulk soil water, due to evaporation. This could result in a more enriched 18O signal in 

the root crown, compared with the water extracted from the soil of the entire pots. 

The existence of soil δ18O gradients stresses the validity of root crown δ18O as an in-

tegrative measure of plant source water δ18O. In addition, our results illustrate the 

importance of species-specific traits on the hydrological cycle in terrestrial ecosys-

tems, particularly relevant in biodiversity and ecosystem functioning studies. 

This study has shown that the root crown is the least variable and most adequate 

plant tissue among many green plant parts to sample for assessing 18O of plant 

source water in different functional types of herbaceous species. It represents a sat-

isfactory proxy for source water δ18O and allows for comparisons among species in 

ecosystem functioning studies. 
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Table 7.1: Oxygen isotopic composition (δ18O) of water extracted from different plant 

tissues and from the soil of four different herbaceous crop species. Means and stan-

dard errors are given. Differences among species (P values, species; for each plant 

tissue separately) and among soil water and plant tissues (P values, tissues; for each 

plant species separately) were tested with univariate ANOVAs. For each plant 

species, tissues or soil water sharing a letter are not significantly different (P≤0.05, 

TukeyHSD test). 

Dactylis glomerata Lolium perenne Trifolium pratense Zea mays
P  value,
species

Leaf -4.61 ± 1.51a -7.08 ± 1.15a 0.07 ± 0.94a -0.27 ± 0.94a 0.002

Stem -10.32 ± 0.45b -9.28 ± 0.44ab -8.12 ± 0.75b -9.46 ± 0.37b 0.07

Root crown -9.76 ± 0.19b -9.52 ± 0.06ab -8.79 ± 0.56b -9.73 ± 0.26b 0.23

Soil -10.88 ± 0.04b -10.64 ± 0.04b -10.85 ± 0.50b -9.03 ± 0.51b 0.015

P  value, tissues <0.001 0.016 <0.001 <0.001
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Figure 7.1: Location of the sampled tissues for forb and grasses. 
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Figure 7.2. Oxygen isotopic composition (δ18O) of irrigation water and of water ex-

tracted from soil and from different plant tissues of four herbaceous species (a, refer 

to Table 1 for statistical analysis); isotopic enrichment of plant tissues relatively to soil 

water (∆18Osoil; b) and to irrigation water (∆18Oirrigation; c). Means and standard errors 

are given. The dashed line indicates the mean value of irrigation water δ18O (mean 

and standard error of -11.08 ± 0.07‰). 
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8 Effect of drought on 18O ratios of water sources of 

herbaceous plants 

This chapter is a summary of results from a study with pilot character. Publication is 

not intended. 

8.1 Abstract 

Climate models project a pronounced decrease in summer precipitation in Central 

Europe for the future. Since plants are heavily dependent on water availability, 

changes in future precipitation amounts as well as patterns are highly relevant for 

ecosystem functioning. Using transparent rain shelters we excluded summer pre-

cipitation in three grasslands along an altitudinal gradient in Switzerland, thereby 

simulating an extreme future summer drought. Using an isotopic approach, we as-

sessed the water sourcing of herbaceous plants and its response to drought. We 

sampled root crown water of different grassland species as well as soil water and 

precipitation before, at the end and after the drought treatment. The isotope signa-

tures of precipitation showed clear seasonal cycles. In general, δ18O of soil and root 

crown water from drought plots was significantly more depleted in 18O than that from 

control plots during the drought treatments. However, no difference in the origin of 

the root crown water was found at the two lower sites while plants might have used 

water from shallower soil layers on drought plots at the end of the drought treatment 

at Alp Weissenstein. We conclude that plants were suffering from drought because 

they were not able to sufficiently shift their water uptake to different soil volumes. 

Keywords: Water source, oxygen isotope, deuterium, precipitation, drought 

8.2 Introduction 

Water is a very important resource to plants, strongly limiting growth (Lambers et 

al. 1998). Climate models predict that summers in Central Europe, including Swit-

zerland, will be drier in the future (Frei et al. 2006; Christensen et al. 2007). Maximal 
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reductions of precipitation by 40% compared to today are likely to happen, thus 

clearly affecting plants. One of the most immediate reactions of plants to water stress 

is the production of abscisic acid (ABA) in roots (Hubick et al. 1986). ABA mediates 

the closure of stomata and generally maintains or stimulates root growth and de-

creases shoot growth (Saab et al. 1990). Roots might thus grow towards the water 

under drier conditions, thereby foraging different volumes of the soil as compared to 

well watered conditions. Measurements of stable carbon isotope ratios (more pre-

cisely, the measurement of the deviation of a sample’s isotope ratio from a stan-

dard’s isotope ratio), δ13C, have long been used to investigate water use efficiency 

(Farquhar and Richards 1984). However, δ13C does not only depend on the water 

status of the plant but also on photosynthesis and there are also processes leading 

to post-carboxylation discrimination involved that make it more difficult to infer water 

use efficiency from δ13C (Seibt et al. 2008, Salmon et al. in prep.). 

Direct assessment of plant water use is thus needed which can be achieved by 

measuring oxygen or hydrogen signatures of source and plant water (Dawson et al. 

2002). Since there is no isotope fractionation during water uptake by plant roots and 

the transport in the xylem (Wershaw et al. 1966; White et al. 1985), it is possible to 

relate the plant water isotope signature to the water source. Good agreement of 

source water δ18O and root crown water has been found in several studies (e.g. 

Bariac et al. 1994; Barnard et al. 2006). In brief, plants can rely on water from two 

origins, recent precipitation or groundwater (Flanagan and Ehleringer 1991). These 

different sources of water normally have different δ18O values, e.g. ground water 

generally has rather stable δ18O values while precipitation 18O ratios vary consider-

ably over the year (Flanagan and Ehleringer 1991), enabling the distinction of the 

source of water taken up by plants. In addition, there is a distinct depth profile in soil 

water δ18O, with decreasing δ18O values with increasing depth due to evaporative en-

richment of water closer to the surface (this also applies to δD, e.g. Allison et al. 

1983; Meinzer et al. 1999). Generally, evaporation and transpiration favour the lighter 

isotopologue, H2
16O, thereby discriminating against the heavier isotopologue and 

leading to 18O enrichment in the soil or in the transpiring tissues of plants (Craig and 

Gordon 1965; Gonfiantini et al. 1965; Dongmann et al. 1974; Allison et al. 1983). This 

soil water δ18O profile allows vertical partitioning of the source water by comparing 

plant water to soil water signatures. 
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The existence of hydrological niches was shown by Silvertown et al. (1999) and the 

division of soil space and its resources explains part of the competitive relationships 

between plants. This will be of increasing importance when determining community 

responses to changing climate. Using δ18O or δD to study water sourcing and poten-

tial seasonal changes in water origin is now a very common method that has been 

applied in a wide range of ecosystems. The inter-specific differences in water uptake 

within plant communities have been investigated in tallgrass prairie (Nippert and 

Knapp 2007b), shortgrass steppe (Dodd et al. 1998), savanna (Weltzin and 

McPherson 1997), seasonally dry tropical forest (Meinzer et al. 1999) or desert 

(Ehleringer et al. 1991). Stable water isotopes were also used to determine the con-

tribution of deep and shallow water sources to plant water uptake (Dawson 1993) 

and to reveal the relevant contribution of fog to plant water uptake in Californian red-

wood forest (Dawson 1998). However, to our knowledge, there are no studies inves-

tigating soil water uptake in temperate grasslands or how this is affected by drought 

(but see Barnard et al. in prep.). 

The aim of the present study was therefore to (1) assess if species change their 

water source in response to drought, and (2) if these changes differ between grass-

lands at different altitudes. It is hypothesised that (1) plants change to deeper water 

sources under drought due to ongoing soil drying from the soil surface, and (2) that 

grasslands differ in their response to drought because of differing soil conditions. 

8.3 Material and methods 

8.3.1 Experimental sites and setup 

The study was conducted at three grassland sites at different altitudes across 

Switzerland. These grasslands were located at Chamau (lowlands on the Swiss Pla-

teau; 393 m a.s.l.; 47°12’37’’N, 8°24’38’’E), Früeb üel (pre-alpine; 982 m a.s.l.; 

47°06’57’’N, 8°32’16’’E) and Alp Weissenstein ((sub -) alpine; 1978 m a.s.l.; 

46°34’60’’N, 9°47’26’’E) representing typical grass lands at their respective altitude in 

Switzerland. A drought experiment was established in 2005 at Chamau and Früebüel 

and in 2006 at Alp Weissenstein and maintained during three years until end of 2007. 

At each site, five rain shelters were installed to simulate extreme summer drought by 

excluding precipitation. Next to the rain shelters, control plots receiving ambient pre-

cipitation were established. Two additional rain shelters and control plots were in-
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stalled in 2006 at Chamau and one each at Früebüel. The tunnel-shaped rain shel-

ters (3 × 3.5 m in base area and around 2.1 m in height) were covered with 200 µm 

thick transparent plastic foils (Gewächshausfolie UV 5, folitec Agrarfolien-Vertriebs 

GmbH, Westerburg, Germany) during the drought treatment period. Gutters were 

used to carry the precipitation removed by the shelters away from the plots and only 

a core area of 1 × 2 m was used for sampling to avoid any direct input of precipita-

tion. Based on regional climate model projections (Frei et al. 2006) we decided to ex-

clude precipitation during 10 to 12 weeks at the two lower sites and during 10 weeks 

at the alpine site. Weather was rather exceptional during the study period (2005 to 

2007), resulting in variable fractions of total precipitation actually being excluded from 

the plots. 

8.3.2 Water sampling and isotope ratio analyses 

At all three sites, precipitation was collected throughout the season using a simple 

construction. A 2 l plastic bottle was buried in the soil with an upside down 1 l plastic 

bottle without bottom on top of it. An insect net protected the opening of the bottle 

against insects and plant seeds, and a table tennis ball was used to prevent evapo-

ration. Sampling was independent of precipitation events and intervals were gener-

ally between one and three weeks. The precipitation from two bottles (at distant ends 

of the experimental fields) were pooled, well mixed and a subsample was filled into 

1.5 ml glass vials with a silicon/PTFE seal in the field and then stored at 4 °C until 

analysis. 

Three sampling campaigns were carried out at all three grassland sites in 2007, 

the first one before the drought treatment, a second one during the drought treatment 

(preferentially at the end of the drought treatment) and the third one after the treat-

ment when vegetation was recovering from the drought (Fig. 8.1). A preliminary sam-

pling was done at Alp Weissenstein in 2006 covering only two of these periods (dur-

ing and after the drought treatment). The first sampling at Alp Weissenstein in 2007 

only took place after already four weeks of drought, thus rather representing the mid-

dle of the drought treatment than the period before the drought treatment. According 

to a recent lab study root crown water is the best representation of plant source water 

in herbaceous plants (Barnard et al. 2006). Three to five abundant species per site 

were sampled. Due to the different grassland types and the therefore changing spe-

cies abundance pattern and identity, most species were not present at all three ele-
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vations and the seasonal course of species abundance made it impossible to collect 

the same species at all three sampling dates at Früebüel (Table 8.1). Root crowns of 

three to eight individuals per species (depending on the size of the root crown) were 

collected per plot, carefully cleaned from soil with a toothbrush, pooled in a glass vial 

and immediately frozen in dry ice. Three replicates per species were taken. Soil wa-

ter was collected by obtaining soil cores of the top 15 cm of the soil. The cores were 

then divided into three 5 cm sections and also frozen in dry ice. Two replicates were 

sampled. The samples were all kept at -18 ° C until  extraction. 

Water was extracted from root crown and soil samples using cryogenic vacuum 

distillation (Ehleringer et al. 2000). The glass vials containing the frozen root crown 

and soil samples were heated in an 80 °C water bath  and connected to U-shaped 

glass tubes cooled with liquid N2 where the evaporated water was frozen and thereby 

trapped. A vacuum of around 4·10-2 mbar was applied to facilitate water evaporation 

from the sample. After extraction, water was transferred into 1.5 ml glass vials with a 

silicon/PTFE seal and stored at 4 °C until analysis . A small experiment comparing 

isotope signatures of tap waters measured directly and of tap waters from the same 

origin being distilled before measurements showed that the isotope fractionation as-

sociated with the distillation setup used was within the measurement error of the 

mass spectrometer (Gilgen unpubl. data). 

All samples were analysed for δ18O, precipitation samples also for δD, using a 

high-temperature reactor (TC/EA) coupled to a DeltaplusXP isotope ratio mass spec-

trometer via a ConFlo III interface (all from Finnigan MAT, Bremen, Germany). The 

set-up and the analysis method followed the «MPI-BGC method» described by 

Gehre et al. (2004). Small volumes of water (0.5 µl) were injected automatically with 

a GC PAL autosampler (CTC, Zwingen, Switzerland) equipped with a gas-tight sy-

ringe. The syringe needle was left in the hot septum for 16 s without injection delay 

for δ18O measurements, while fast removing of the needle was necessary for δD 

measurements. The two isotope signatures were measured in two separate runs with 

three and four replicate measurements for δ18O and δD, respectively. Post-run off-

line calculations (offset, memory effect and possibly drift corrections) assigning the fi-

nal δ-values on the V-SMOW scale were performed according to Werner and Brand 

(2001) and results were then normalised to V-SMOW/SLAP (consensus values of 

0‰ and -55.5‰ for δ18O and 0‰ and -428‰ for δD to V-SMOW and SLAP reference 
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waters, respectively, Coplen 1988). The long-time precision (all water measure-

ments) of the lab’s quality control water for δ18O and δD were 0.08‰ and 0.36‰, re-

spectively. 

8.3.3 Statistics 

Statistical analyses were done in R 2.5.0. (R Development Core Team 2007). One 

rainfall event (2 August 2007 at Früebüel) was excluded from analyses of the regres-

sion of δ18O and δD values of precipitation samples since it was very enriched in δD. 

Excluding this measurement from the linear regression did not considerably change 

the slope but mainly decreased the intercept. For statistical analyses involving soil 

water δ18O values, the three sampling depths on each plot were used as if they were 

independent replicates. Since they are in fact pseudoreplicates, this is statistically not 

completely correct but we nevertheless did so in order to be able to perform a statis-

tical test despite of only two replicates. Soil water and root crown water samples were 

analysed for each site separately, using ANOVA models describing sampling period 

(before, during or after the drought treatment), species (or soil depth), treatment 

(control vs. drought treatment) and their interactions. For each site, a TukeyHSD 

(Honest Significant Difference) test was used to compare plant and soil δ18O values 

within the sampling period. 

8.4 Results 

8.4.1 Isotope signatures in precipitation 

The δ18O and δD values of the precipitation samples from all three sites scattered 

very close to the global meteoric water line (Craig 1961, Fig. 8.2). The local meteoric 

water lines were δD=8.15*δ18O+13.1 (R2=0.98, P<0.001) at Alp Weissenstein, 

δD=7.54*δ18O+7.06 (R2=0.98, P<0.001) at Früebüel and δD=7.54*δ18O+5.38 

(R2=0.97, P<0.001) at Chamau. δ18O values of precipitation (δ18Oprecip) ranged be-

tween -16.3‰ and -2.49‰ (δD between -117.6‰ and -12.4‰), showing a distinct 

seasonal pattern with highest δ18Oprecip values during summer (Fig. 8.3). In general, 

δ18Oprecip were not different between sites but tended to be highest (i.e. most enriched 

in δ18O) at Chamau. The seasonal pattern was more distinct at Chamau than at 

Früebüel where variations in δ18Oprecip were slightly smaller. Due to the rather short 

field season, no seasonal pattern was apparent at Alp Weissenstein. The patterns 
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observed in δ18Oprecip were mirrored in δDprecip (data not shown). d-excess (δD-

8*δ18O) varied between 0.88‰ and 16.5‰ (outlier 53.6‰) and was generally lower at 

Chamau than at Früebüel while d-excess at Alp Weissenstein was not determined 

because of the low sampling number in 2007. No clear seasonal pattern in d-excess 

was observed but lowest d values were found in July and August at Chamau. 

8.4.2 Soil water δ18O 

Soil water δ18O (δ18Osoil; Table 8.2) averaged over the whole 15 cm was more de-

pleted in 18O on drought than on control plots at Alp Weissenstein in 2007. δ18Osoil 

decreased from -11.4‰ (± 0.7‰ SE) in the middle of the drought treatment to 

-12.6‰ (± 0.4‰ SE) at the end of the drought treatment (after 9 weeks of drought) on 

drought plots compared to -8.9‰ (± 0.1‰ SE, P=0.03) in the middle and -8.3‰ 

(± 0.1‰ SE, P<0.001) at the end on control plots. Only after the removal of the rain 

shelters, the 18O ratios of soil water were no longer significantly different on drought 

and control plants (-11.0‰ ± 0.4‰ vs. -12.2‰ ± 0.7‰). Data from the single sam-

pling taking during the drought treatment in 2006 (data not shown) were consistent 

with the findings in 2007. δ18Osoil values during the drought treatment were signifi-

cantly lower on drought plots than on control plots in 2006 (-13.2‰ ± 1.4‰ vs. -8.0‰ 

± 0.05‰, P=0.04). δ18Osoil at Alp Weissenstein differed between treatments and 

sampling periods (treatment effect: P<0.001, sampling period effect: P=0.04) with 

differing treatment effects in the different sampling periods (sampling pe-

riod×treatment interaction: P<0.001), while there was no significant difference of δ18O 

at the three soil depths (soil depth effect: P=0.3). 

At Früebüel, δ18Osoil averaged over the whole 15 cm was similar on drought and 

control plots before (-13.4‰ ± 0.3‰ vs. -13.5‰ ± 0.2‰) and after (-9.4‰ ± 0.1‰ vs. 

-9.1‰ ± 0.2‰) the drought treatment. However, after 10 weeks of drought, soil water 

δ18O was clearly more depleted on drought plots than on control plot (-12.0‰ ± 0.5‰ 

vs. -9.4‰ ± 0.4‰, P=0.07). As at Alp Weissenstein, the sampling period, the treat-

ment and their interaction explained most of the variation in δ18Osoil but soil depth did 

not. 

At Chamau, soil water samples were only available for the two periods before and 

after the drought treatment but not during the drought treatment. When averaged 

over the whole sampling depth, there was no significant difference in δ18Osoil on 
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drought and control plots before (-10.6‰ ± 1.1‰ vs. -11.1‰ ± 0.6‰) or after the 

treatment (-6.8‰ ± 0.2‰ vs. -7.3‰ ± 0.1‰). At Chamau, soil water measurements 

for the drought period were lacking which might explain that, unlike the two other 

sites, soil depth explained part of the variation in δ18Osoil (together with the sampling 

period, the treatment and the period×soil depth interaction). 

Soil water δ18O on drought plots generally got more depleted in 18O with depth 

while there was no such pattern on control plots and under ambient precipitation in-

put (before and after the treatment), except for the control plots at Chamau at the be-

ginning of the treatment when they also displayed a decreasing δ18Osoil with depth 

(most likely because of the drought period just before the start of the treatment). 

8.4.3 Plant source water δ18O 

Root crown water δ18O (δ18Oplant; Table 8.2) averaged over all species was con-

sistently more depleted in 18O on drought plots than on control plots at Alp Weissen-

stein. While this difference was significant during the drought treatment in 2006 

(-13.7‰ ± 0.9‰ vs. -10.0‰ ± 0.5‰, P=0.01), no significant difference occurred at 

the end of the growing season, four weeks after the removal of the shelters (-11.2‰ 

± 0.4‰ vs. -11.0‰ ± 0.2‰, P=0.7). The treatment effect on δ18Oplant was even more 

pronounced in 2007. The 18O signature of root crown water on drought plots devel-

oped from -10.8‰ (± 0.6‰ SE) at the beginning of the treatment to -11.3‰ (± 0.2‰ 

SE) at the end of the drought treatment while δ18Oplant on control plots was rather 

stable at around -8.8‰ during this time. Like in 2006, δ18Oplant on drought plots was 

not significantly different from that on control plots around six weeks after the end of 

the drought treatment in 2007, although it still tended to be a bit lower (-11.3‰ ± 

0.5‰ vs. -10.2‰ ± 0.4‰). 

As δ18Osoil, also the 18O signature of root crown water at Alp Weissenstein was 

mainly controlled by the sampling period, the treatment and their interaction but also 

the species tended to affect δ18Oplant (P=0.09). Despite the significant treatment dif-

ferences in both δ18Oplant and δ18Osoil in the middle of the drought treatment, no sig-

nificant difference between the background soil water signature and the plant water 

signature were observed at that date, i.e. plant water 18O signatures on drought plots 

and on control plots were different but they both reflected δ18O of their respective soil 
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water background. However, δ18Oplant significantly differed from the background soil 

water signature on drought plots at the end of the drought treatment (P=0.003) and 

on control plots after the drought treatment (P=0.04), indicating a shift in water 

sources in response to drought. 

At Früebüel δ18Oplant was similar on drought and control plots before (-14.1‰ ± 

0.2‰ vs. -14.2‰ ± 0.1‰) and after the drought treatment (-9.4‰ ± 0.2‰ vs. -9.0‰ ± 

0.2‰), but δ18Oplant values tended to be more negative on drought than on control 

plots during the treatment (-10.7‰ ± 0.7‰ vs. -9.4‰ ± 0.3‰, P=0.07). Plant root 

crown 18O ratios significantly differed between sampling periods (P<0.001) and 

treatments (P=0.04) but the treatment affected δ18Oplant similarly in all sampling peri-

ods (sampling period×treatment interaction: P=0.2). No difference in δ18Oplant of the 

different species was found. Also at Früebüel, δ18Oplant was not significantly different 

from δ18Osoil during and after the drought treatment, but plant root crown signatures 

tended to be more depleted in 18O than soil water before the drought treatment. 

No significant difference in δ18Oplant on drought and control plots was found at 

Chamau. δ18Oplant was rather stable around -9‰ before and during the drought 

treatment and close to -6.5‰ after the treatment on both, drought and control plots. 

The δ18O value of root crown water was most influenced by the sampling period, the 

species and their interaction. No significant effect of the treatment on δ18O in plant 

root crown water was found. While there was neither a treatment difference in 

δ18Oplant nor in δ18Osoil before the drought treatment at Chamau, the root crown water 

signatures at that date were significantly enriched in 18O compared to the soil water 

background on drought (-9.1‰ ± 0.2‰ vs. -10.6‰ ± 1.1‰, P=0.06) as well as on 

control plots (-9.1‰ ± 0.1‰ vs. -11.1‰ ± 0.6‰, P=0.008). 

8.5 Discussion 

As the isotope values of the precipitation samples were very close to the global 

meteoric water line and there was no relationship between the length of the sampling 

interval and δ18Oprecip, it can safely be assumed that the sampling technique applied 

for precipitation did not allow systematic evaporation from the bottles. The observed 

spread of the isotope signatures thus reflected natural variations. Indeed, the range 

of isotope values observed is comparable to the spread in precipitation isotope sig-
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natures found in other regions of the world. δD varied between -153‰ and -10‰ in 

southern Utah (Flanagan and Ehleringer 1991), between -151‰ and -21‰ in a tem-

perate savanna ecosystem in Arizona (Weltzin and McPherson 1997) and δ18O be-

tween -1.3‰ and -11‰ in a shortgrass steppe (Dodd et al. 1998). Seasonal cycles in 

precipitation isotope signatures are caused by the so called «temperature effect» de-

scribed by Dansgaard (1964) resulting in lower isotope signatures in winter precipita-

tion and higher isotope signatures in summer precipitation. Indeed, such a seasonal 

cycle was observed in the Swiss National Network for Isotopes in the Water Cycle 

(Schürch et al. 2003). A similar pattern was also indicated in our precipitation data 

although samplings in winter were scarce. Higher latitudes and altitudes have more 

depleted δ18O values (Dansgaard 1964; Clark and Fritz 1997). A correlation of δ18O 

in precipitation with both, temperature and altitude has been found before in Swit-

zerland (Siegenthaler and Oeschger 1980) which is also supported by our findings 

that δ18Oprecip tended to be lowest at Alp Weissenstein and highest at Chamau. 

d-excess is an indicator for the initial isotopic composition of the air mass (Gat 

1996) and mainly depends on the relative air humidity during formation over the 

ocean, resulting in a negative correlation of d-excess and relative air humidity, i.e. 

lower d-values reflect slow evaporation at high relative humidity (Merlivat and Jouzel 

1979). Especially at Chamau, d-excess values were lower than 10‰ which probably 

resulted from secondary evaporation during precipitation and not only from high air 

humidity (Clark and Fritz 1997). However, maximum d was 53.61‰ on 2 August 

2007 at Früebüel (the sample displayed an average δ18O value but a remarkably high 

δD value). Precipitation from 20 July to 1 August had been pooled in this sample. As-

suming the negative relationship of d-excess and relative humidity stated above, 

such a high d-excess would indicate very dry air at the site where precipitation origi-

nated, most likely lower than 20%. Running a backward trajectory of the air masses 

arriving at Früebüel in this period using the NOAA HYSPLIT model (Draxler and 

Rolph 2003; Rolph 2003) showed that the air masses originated over the Atlantic 

Ocean. However, relative air humidity was never lower than 60% and we therefore 

assume that this sample was subjected to evaporation in the sampling bottle. The 

extremely positive δ18Oprecip values measured on 20 July 2007 at Chamau and Früe-

büel were related to a thunderstorm (MeteoSwiss 2007a) that brought air masses 

that had not rained out previously and were thus comparably less depleted in 18O 
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than other air masses. The most depleted rainfall event was sampled at Früebüel 

beginning of May 2007. This was a comparably cold period with high amounts of pre-

cipitation (MeteoSwiss 2007b). Air masses with low δ values are either of convective 

(very high in the atmosphere) origin or come from the north of Europe. Running a 

back-trajectory of the air masses showed that indeed these air masses originated in 

the high north, probably even north of Spitsbergen (Fig. 8.4). 

Based on findings by Nippert and Knapp (2007a) who showed that under sufficient 

water supply, all plant species relied on the same source, it could be expected that 

no differences occur before and after the drought treatment when both treatments 

were subjected to the same precipitation regime. Although plant and soil δ18O were 

significantly different before the drought treatment (independent of the treatment) at 

Chamau and Früebüel, there was no treatment difference in plant root crown or soil 

water δ18O, indicating that plants from drought and control plots were most likely re-

lying on the same volume of soil but not on the top 15 cm. Since the month before 

sampling was already very dry, plants at Früebüel had probably shifted to lower soil 

layers that had still some more 18O-depleted winter precipitation available, while it is 

unclear where the more enriched water at Chamau was taken from. Results from 

Früebüel indicate that the alternative water source was probably used up by the end 

of the drought treatment because neither plants on drought plots nor on control plots 

seemed to rely on water from other soil regions than the top soil. At Chamau, plant 

root crown δ18O values remained rather stable during the drought treatment and were 

similar to the precipitation signature at that date (-9.47‰). Since it is unlikely that soil 

water signature (lacking measurements at that date) on drought plots was similar to 

precipitation, there might have been a difference in depth of water uptake at 

Chamau. However, this is highly speculative and cannot be decided based on the 

thin database provided by this study. The significant differences between drought 

and control plots at Alp Weissenstein in the first sampling period can be explained 

with the fact that this sampling took place after four weeks of drought in the middle of 

the drought treatment and not before the treatment. The sampling taken for the 

before period at Alp Weissenstein was set too far into the drought period, as was 

shown with the already significantly more negative δ18O on drought plots. 

After the drought treatment, soil and root crown water δ18O were slightly more en-

riched in 18O than precipitation at all three sites, which is in agreement with evapora-
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tive enrichment of the surface soil water. Evaporation of water from the soil has been 

shown to result in evaporative enrichment of soil water δ18O (Allison et al. 1983). Un-

der drought, evaporation from the soil is expected to be stronger on drought plots 

than on control plots (because of the smaller water pool in the soil). We thus ex-

pected higher δ18O values in drought plot soil water than in control plot soil water. 

However, this pattern was exactly reversed in our experiment. At the two sites that 

had soil water measurements available for the end of the drought treatment, we 

found significantly lower δ18O values in drought plot soil water than in control plot soil 

water. Also δ18Oplant was lower on drought plots than on control plots during drought. 

As plant and soil δ18O values were generally not significantly different within the 

treatment, indicating that plant 18O signatures reflected soil water δ18O values at all 

sites and over the whole sampling phase, we can assume that grassland species 

took up water from the same soil volume independent of the treatment and did thus 

not adapt to the drier conditions by shifting the zone of water uptake at Chamau and 

Früebüel. These findings are in agreement with findings of no increase in root growth 

under drought at these two sites (Gilgen and Buchmann in prep.). However, signifi-

cant differences of plant root crown and soil water 18O ratios at the end and after the 

drought treatment at Alp Weissenstein pointed towards a change in water sources in 

response to drought. In response to soil drying, a shift of water uptake to deeper soil 

layers can be expected, as was observed in tallgrass prairie (Nippert and Knapp 

2007b). However, as plant signatures were more enriched in 18O than soil signatures, 

water from shallow soil layers (that generally display highest δ18O values) might have 

contributed more to plant water uptake. At Alp Weissenstein, plants were thus able to 

adapt to the ongoing drying of the soil, although this adaptation could not prevent a 

pronounced decrease in above-ground biomass productivity (Gilgen and Buchmann 

in prep.). 

However, this still leaves the question where the more negative soil and root crown 

water δ18O values on drought plots originated from. The precipitation δ18O values 

showed that values of drought plots resembled those of precipitation from before the 

drought treatment, while values of control plots lay close to values observed in recent 

precipitation. However, although plants on drought plots were still relying on residual 

soil moisture during the treatment, it is rather surprising that even within 10 weeks of 

drought in summer and concurrent decrease of the soil water pool, evaporative en-
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richment did not cause an increase in δ18Osoil. This is supported by measurements of 

soil moisture, showing that there was not much water left on drought plots, i.e. the 

precipitation was already used up (Gilgen and Buchmann in prep.). It is thus possible 

that 18O-depleted water was somehow transported to higher soil layers. One possible 

mechanism would be hydraulic lift of 18O-depleted water from deeper soil or ground-

water via roots (Caldwell et al. 1998). It has been observed that plant roots can 

transfer water to soil with lower water potential (Burgess et al. 1998). It was also 

shown that this was especially the case in drought stressed plants and not in control 

plants for different crop species (Zegada-Lizarazu and Iijima 2004). However, al-

though plant and soil signatures on drought plots were more negative than on control 

plots during the drought treatment, it is rather unlikely that hydraulic lift of groundwa-

ter and thus access to groundwater were the cause of these signatures because 

there was no change in root productivity in response to drought (Gilgen and 

Buchmann in prep.). Thus, it is probably safer to assume that plants on drought plots 

just relied on water from older precipitation events or that 18O-depleted water was 

moved upwards without involving roots, a process that has been found in Amazonian 

forest (Romero-Saltos et al. 2005). The δ18O values of groundwater is rather stable 

over the season since it represents an average of all water input into the system (this 

also applies to δD, Flanagan and Ehleringer 1991; Dodd et al. 1998). In summer, 

groundwater (if only fed by precipitation input) is generally more negative than pre-

cipitation because it also contains winter precipitation that is more negative than 

summer precipitation. Upwards transport of groundwater would thus be in agreement 

with our observations of decreases in δ18Osoil. 

We therefore conclude that the vegetation on drought plots suffered from water 

limitation because plants were not able to adequately forage for alternative water 

sources. The isotopic signatures of water under drought could not fully be explained 

with common knowledge and some unknown mechanism must be in involved in cre-

ating the more negative isotope signatures under drought. 

8.6 Perspectives 

The study presented here does not comprise enough data to derive final conclu-

sions about the effect of drought on water sources of herbaceous plants. Further 

analysis of the different species and the three soil depth separately should be made. 
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And the study is also not complete in terms of determining the signature of all possi-

ble sources. However, δ18O of plant root crown water is certainly a useful tool to as-

sess the water sources of plant species and how they change in response to different 

environmental factors. Some perspectives are therefore given here. 

If this approach is to be used further, high priority should be given to the thorough 

assessment of δ18O values of all possible sources, e.g. the seasonal pattern in pre-

cipitation, groundwater and the soil profile. The soil profile should be sampled to 

lower depth, not just the top 15 cm, although the dataset presented here suggests 

that this is where plants mainly got their water from. This information on source sig-

natures should be collected with high temporal resolution, which would probably re-

quire an event driven sampling of precipitation water. Given the experimental setup 

at the three grassland sites throughout Switzerland, catching all rain events is virtu-

ally impossible and help from personnel at the stations would be needed. 

Once the 18O ratios of the possible sources are known, determining their contribu-

tion to plant water uptake should be simple. Unfortunately, the signatures of the dif-

ferent sources are often not as distinct in nature as they are in theory and the soil 

profile will most likely display more than one soil layer with the same isotopic compo-

sition. It would thus be helpful to not only sample plant root crown water but to also 

investigate the response of root growth to drought in detail to be able to define spe-

cific expectations for the change in water sources. Higher root growth under drought 

would most likely also cause a different δ18O of plant root crown water due to contri-

bution of new water sources to plant water uptake. Then again, no change in root 

biomass production in response to drought does not directly imply no change in wa-

ter sources. It is possible that, despite a lacking drought response of root biomass, 

the spatial distribution of roots in the soil profile changes, thereby altering the contri-

bution of different sources to total plant water uptake. 

The data presented in this study could also imply that the main assumption used 

for studies of plant water sources using stable isotopes, that no isotope fractionation 

occurs during uptake of water from the soil by roots, is not generally valid. This as-

sumption should be validated under different environmental conditions. The most of-

ten cited studies (Wershaw et al. 1966; White et al. 1985) were performed in water 

saturated environments and surprisingly, none of the two papers concludes that there 
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is no isotope fractionation during uptake of water from the soil. The authors present 

data supporting this idea but their focus is not to show a lack of isotope discrimination 

during root water uptake. Although widely cited, those studies should be reviewed 

carefully to determine whether they really showed what they are cited for. If we as-

sume that there is a mechanism causing plants to favour uptake of lighter water iso-

topologues, this would leave the soil more enriched in heavier isotopologues. Under 

drought, plant roots would discriminate less against the heavier isotope (according to 

the smaller discrimination of 13C under lower gs), thereby enriching the soil less in 

comparison to well watered control conditions. However, this does not fully agree 

with the findings reported here, because in case of isotope discrimination during root 

water uptake, plants should have a different signature than soil. To rule out the pos-

sibility of isotope discrimination a careful reassessment of root water uptake from the 

soil should especially test whether the present assumption is also true under water 

limiting conditions. However, even in the climate chamber the identification of the 

original soil signature is difficult once the soil starts to dry out. Evaporation from the 

pots would have to be prevented, e.g. by covering the soil with plastic. First indica-

tions for an isotope discrimination of deuterium during root water uptake from the soil 

have already been found in halophytic and xerophytic plants (Lin and Sternberg 

1993; Ellsworth and Williams 2007). Ellsworth and Williams (2007) found that root 

water uptake via the symplastic pathway probably fractionated hydrogen isotopes. 

However, no such fractionation was observed in 18O and interpretation of water 

sources may depend on whether δ18O or δD is considered (Lin and Sternberg 1993). 

Although fractionation of water isotopes during root water uptake from the soil would 

not explain the results observed in this study, this problem should be addressed, es-

pecially the discrepancy of δ18O and δD. 

It should also be tested whether soil particles (e.g. clay) bind water that closely that 

it cannot be extracted by cryogenic vacuum distillation. Water that is very closely 

bound to soil particles is normally also not available to plants and would thus not be 

seen in the root crown water signature. This would still be in agreement with the 

findings that there was no difference in soil and plant water signature under drought. 

The heavier water molecules are more closely bound to soil particles, meaning that 

following this theory, the soil water signature measured would be more depleted than 

it actually is because part of the heavy isotopes are not extracted. This would fit the 
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findings of this study, however, it was so far assumed that all water is extracted from 

samples by cryogenic vacuum distillation. 

In summary, using stable isotopes in water is a helpful tool to identify changes in 

plant water sources in response to drought. However, ample time has to be invested 

in not only sampling plant root crown water but in particular to the assignment of iso-

tope signatures to all possible sources of plant water uptake. Probably concentrating 

on less species that are very distinct in their root morphology (e.g. a species with a 

tap root and a stoloniferous species or a shallow rooted species) could help to spot 

changes in water sourcing in response to drought. Analysing water samples for δD 

instead of δ18O might highlight changes in water sources better because absolute 

differences are larger in δD than in δ18O. However, the possible discrepancies in 

water sourcing results using δ18O or δD should be kept in mind. Although there is no 

explanation of more depleted soil water signatures under drought yet, the reproduci-

bility of the results in this study indicates that there is most likely some process (of yet 

unknown nature) behind this, that needs to be investigated further. 

8.7 Acknowledgements 

I gratefully acknowledge the NOAA Air Resources Laboratory (ARL) for the provi-

sion of the HYSPLIT transport and dispersion model and READY website 

(http://www.arl.noaa.gov/ready.html) used in this chapter. I would also like to thank 

Roland A. Werner from the Grassland Isolab (ETH Zurich) for the water isotope 

analyses, his support with writing the method description, fruitful discussions on the 

subject and his comments on an earlier manuscript draft. I am grateful to Rolf Sieg-

wolf and Matthias Saurer (PSI Villigen) for the possibility to use their water extraction 

line facility, Werner Eugster (ETH Zurich) for his help with the interpretation of the 

precipitation data and Matthias J. Zeeman, Rebecca Hiller (ETH Zurich) and Pavel 

Michna (University of Bern) for sharing their precipitation data. This study was fi-

nanced by the NCCR Climate and a grant by the Walter Hochstrasser-Stiftung to 

AKG. 

8.8 References 

Allison G.B., Barnes C.J. and Hughes M.W. (1983) The distribution of deuterium and 18O in dry soils. 

2. Experimental. Journal of Hydrology 64, 377-397. 



Water sourcing  127 

Bariac T., Gonzalezdunia J., Tardieu F., Tessier D. and Mariotti A. (1994) Spatial variation of the iso-

topic composition of water (18O, 2H) in organs of aerophytic plants. 1. Assessment under laboratory 

conditions. Chemical Geology 115, 307-315. 

Barnard R.L., de Bello F., Gilgen A.K. and Buchmann N. (2006) The δ18O of root crown water best re-

flects source water δ18O in different types of heraceous species. Rapid Communications in Mass 

Spectrometry 20, 3799-3802. 

Burgess S.S.O., Adams M.A., Turner N.C. and Ong C.K. (1998) The redistribution of soil water by tree 

root systems. Oecologia 115, 306-311. 

Caldwell M.M., Dawson T.E. and Richards J.H. (1998) Hydraulic lift: Consequences of water efflux 

from the roots of plants. Oecologia 113, 151-161. 

Christensen J.H., Hewitson B., Busuioc A., Chen A., Gao X., Held I., Jones R., Kolli R.K., Kwon W.-T., 

Laprise R., Magaña Rueda V., Mearns L., Menéndez C.G., Räisänen J., Rinke A., Sarr A. and 

Whetto P. (2007) Regional Climate Projections. In: Climate Change 2007: the Physical Science 

Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental 

Panel on Climate Change (eds. Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, 

Tignor M and Miller HL). Cambridge University Press, Cambridge, UK, pp. 847-940. 

Clark I.D. and Fritz P. (1997) Environmental isotopes in hydrogeology. Lewis, New York, USA. 

Coplen T.B. (1988) Normalization of oxygen and hydrogen isotope data. Chemical Geology 72, 293-

297. 

Craig H. (1961) Isotopic variations in meteoric waters. Science 133, 1702-1703. 

Craig H. and Gordon L.I. (1965) Deuterium and oxygen 18 variations in the ocean and the marine at-

mosphere. In: Stable isotopes in oceanographic studies and paleotemperatures (ed. Tongiorgi E). 

V. Lischi e F., Pisa, Italiy, pp. 9-130. 

Dansgaard W. (1964) Stable isotopes in precipitation. Tellus 16, 436-468. 

Dawson T.E. (1993) Water sources of plants as determined from xylem-water isotopic composition: 

Perspecitves on plant competition, distribution, and water relations. In: Stable isotopes and plant 

carbon-water relations (eds. Ehleringer JR, Hall AE and Farquhar GD). Academic Press, San 

Diego, USA, pp. 479-496. 

Dawson T.E. (1998) Fog in the California redwood forest: ecosystem inputs and use by plants. 

Oecologia 117, 476-485. 

Dawson T.E., Mambelli S., Plamboeck A.H., Templer P.H. and Tu K.P. (2002) Stable isotopes in plant 

ecology. Annual Review of Ecology and Systematics 33, 507-559. 

Dodd M.B., Lauenroth W.K. and Welker J.M. (1998) Differential water resource use by herbaceous 

and woody plant life-forms in a shortgrass steppe community. Oecologia 117, 504-512. 

Dongmann G., Nürnberg H.W., Förstel H. and Wagener K. (1974) Enrichment of H2
18O in leaves of 

transpiring plants. Radiation and Environmental Biophysics 11, 41-52. 

Draxler R.R. and Rolph G.D. (2003) HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Tra-

jectory) Model access via NOAA ARL READY Website (http://www.arl.noaa.gov/ready/ 

hysplit4.html). NOAA Air Resources Laboratory, Silver Spring, MD, USA. 

Ehleringer J.R., Phillips S.L., Schuster W.S.F. and Sandquist D.R. (1991) Differential utilization of 

summer rains by desert plants. Oecologia 88, 430-434. 



128  Water sourcing 

Ehleringer J.R., Roden J. and Dawson T.E. (2000) Assessing ecosystem-level water relation through 

stable isotope ratio analyses. In: Methods in ecosystem science (eds. Sala OE, Jackson RB, 

Mooney HA and Howarth RW). Springer, New York, USA, pp. 181-198. 

Ellsworth P.Z. and Williams D.G. (2007) Hydrogen isotope fractionation during water uptake by woody 

xerophytes. Plant and Soil 291, 93-107. 

Farquhar G.D. and Richards R.A. (1984) Isotopic composition of plant carbon correlates with water-

use efficiency of wheat genotypes. Australian Journal of Plant Physiology 11, 539-552. 

Flanagan L.B. and Ehleringer J.R. (1991) Stable isotope composition of stem and leaf water - applica-

tions to the study of plant water-use. Functional Ecology 5, 270-277. 

Frei C., Scholl R., Fukutome S., Schmidli R. and Vidale P.L. (2006) Future change of precipitation ex-

tremes in Europe: Intercomparison of scenarios from regional climate models. Journal of Geo-

physical Research-Atmospheres 111, D06105, doi:10.1029/2005JD005965. 

Gat J.R. (1996) Oxygen and hydrogen isotopes in the hydrologic cycle. Annual Review of Earth and 

Planetary Sciences 24, 225-262. 

Gehre M., Geilmann H., Richter J., Werner R.A. and Brand W.A. (2004) Continuous flow 2H/1H and 

and 18O/16O analysis of water samples with dual inlet precision. Rapid Communications in Mass 

Spectrometry 18, 2650-2660. 

Gonfiantini R., Gratziu S. and Tongiorgi E. (1965) O isotope composition of water in leaves. In: Iso-

topes and radiation in soil-plant-nutrition studies. IAEA, Vienna, Austria, pp. 405-410. 

Hubick K.T., Taylor J.S. and Reid D.M. (1986) The effect of drought on levels of abscisic acid, cyto-

kinins, gibberellins and ethylene in aeroponically-grown sunflower plants. Plant Growth Regulation 

4, 139-151. 

Lambers H., Chapin F.S. and Pons T.L. (1998) Plant physiological ecology. Springer, New York, USA. 

Lin G.H. and Sternberg L.S.L. (1993) Hydrogen isotopic fractionation by plant roots during water up-

take in coastal wetland plants. In: Stable isotopes and plant carbon-water relations (eds. Ehleringer 

JR, Hall AE and Farquhar GD). Academic Press Inc., New York, USA, pp. 497-510. 

Meinzer F.C., Andrade J.L., Goldstein G., Holbrook N.M., Cavelier J. and Wright S.J. (1999) Partition-

ing of soil water among canopy trees in a seasonally dry tropical forest. Oecologia 121, 293-301. 

Merlivat L. and Jouzel J. (1979) Global climatic interpretation of the deuterium-oxygen 18 relationship 

for precipitation. Journal of Geophysical Research-Oceans and Atmospheres 84, 5029-5033. 

MeteoSwiss (2007a) Witterungsbericht Juli 2007. MeteoSwiss, Zurich, Switzerland. 

MeteoSwiss (2007b) Witterungsbericht Mai 2007. MeteoSwiss, Zurich, Switzerland. 

Nippert J.B. and Knapp A.K. (2007a) Linking water uptake with rooting patterns in grassland species. 

Oecologia 153, 261-272. 

Nippert J.B. and Knapp A.K. (2007b) Soil water partitioning contributes to species coexistence in tall-

grass prairie. Oikos 116, 1017-1029. 

R Development Core Team (2007) R: A language and environment for statistical computing. R Foun-

dation for Statistical Computing, Vienna, Austria. 

Rolph G.D. (2003) Real-time Environmental Applications and Display sYstem (READY) Website 

(http://www.arl.noaa.gov/ready/hysplit4.html). NOAA Air Resources Laboratory, Silver Spring, MD, 

USA. 



Water sourcing  129 

Romero-Saltos H., Sternberg L., Moreira M.Z. and Nepstad D.C. (2005) Rainfall exclusion in an east-

ern amazonian forest alters soil water movement and depth of water uptake. American Journal of 

Botany 92, 443-455. 

Saab I.N., Sharp R.E., Pritchard J. and Voetberg G.S. (1990) Increased endogenous abscisic acid 

maintains primary root growth and inhibits shoot growth in maize seedlings at low water potentials. 

Plant Physiology 93, 1329-1336. 

Schürch M., Kozel R., Schotterer U. and Tripet J.P. (2003) Observation of isotopes in the water cycle - 

the Swiss National Network (NISOT). Environmental Geology 45, 1-11. 

Seibt U., Rajabi A., Griffiths H. and Berry J.A. (2008) Carbon isotopes and water use efficiency: sense 

and sensitivity. Oecologia 155, 441-454. 

Siegenthaler U. and Oeschger H. (1980) Correlation of 18O in precipitation with temperature and 

altitude. Nature 285, 314-317. 

Silvertown J., Dodd M.E., Gowing D.J.G. and Mountford J.O. (1999) Hydrologically defined niches re-

veal a basis for species richness in plant communities. Nature 400, 61-63. 

Weltzin J.F. and McPherson G.R. (1997) Spatial and temporal soil moisture resource partitioning by 

trees and grasses in a temperate savanna, Arizona, USA. Oecologia 112, 156-164. 

Werner R.A. and Brand W.A. (2001) Referencing strategies and techniques in stable isotope ratio 

analysis. Rapid Communications in Mass Spectrometry 15, 501-519. 

Wershaw R.L., Freidman I., Heller S.H. and Frank P.A. (1966) Hydrogen isotope fractionation of water 

passing through trees. In: Advances in organic geochemistry (eds. Hobbson G and Spear G). 

Pergamon, New York, USA, pp. 55-67. 

White J.W.C., Cook E.R., Lawrence J.R. and Broecker W.S. (1985) The D/H ratios of sap in trees - 

implications for water sources and tree-ring D/H ratios. Geochimica et Cosmochimica Acta 49, 237-

246. 

Zegada-Lizarazu W. and Iijima M. (2004) Hydrogen stable isotope analysis of water acquisition ability 

of deep roots and hydraulic lift in sixteen food crop species. Plant Production Science 7, 427-434.



130  Water sourcing 

Table 8.1: Species selected for root crown sampling at the three sites. Before, 

during and after refers to the period of sampling, i.e. before, during and after the 

drought treatment. 

 Chamau Früebüel Alp Weissenstein 

 2007 2007 2006 2007 

 all campaigns before during after during/after before/during after 

Alopecurus pratensis  x  x  x x 

Anthoxanthum odoratum  x x      

Holcus lanatus    x      

Phleum pratense x   x x    

Phleum rhaéticum       x x  

Plantago lanceolata    x x    

Poa pratensis x         

Rumex alpestris        x x 

Rumex acetosa  x  x    

Rumex obtusifolius x         

Taraxacum officinale x      x x x 

Trifolium repens x x x x x x x 
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Table 8.2: Effect of drought on soil and plant water δ18O ratios at all three sites in 

2007. Means and standard errors are given (n=2-6 for soil and n=6-15 for plants). P 

values for differences between treatments and between soil and plant water were 

calculated using TukeyHSD (confidence level=95%). Significant P values (P≤0.05) 

are given in bold, marginally significant values (0.1≥P>0.05) in italics. 

Control Drought P Control Drought P Control Drought P

Soil water δ18O

before -11.09‰ ± 0.6‰ -10.57‰ ± 1.08‰ 0.89 -13.52‰ ± 0.18‰ -13.4‰ ± 0.27‰ 0.98 -8.89‰ ± 0.09‰ -11.44‰ ± 0.72‰ 0.03

during - - - -9.35‰ ± 0.43‰ -11.97‰ ± 0.45‰ 0.07 -8.26‰ ± 0.1‰ -12.55‰ ± 0.39‰ <0.001

after -7.27‰ ± 0.12‰ -6.78‰ ± 0.23‰ 0.51 -9.14‰ ± 0.24‰ -9.39‰ ± 0.1‰ 0.88 -12.17‰ ± 0.68‰ -10.96‰ ± 0.37‰ 0.45

Plant root crown water δ18O

before -9.12‰ ± 0.13‰ -9.08‰ ± 0.25‰ >0.99 -14.18‰ ± 0.12‰ -14.15‰ ± 0.19‰ >0.99 -8.88‰ ± 0.14‰ -10.81‰ ± 0.58‰ 0.008

during -9.52‰ ± 0.12‰ -9.21‰ ± 0.15‰ 0.12 -9.37‰ ± 0.28‰ -10.7‰ ± 0.66‰ 0.19 -8.76‰ ± 0.16‰ -11.29‰ ± 0.19‰ <0.001

after -6.65‰ ± 0.13‰ -6.44‰ ± 0.2‰ 0.78 -9.02‰ ± 0.15‰ -9.36‰ ± 0.18‰ 0.42 -10.19‰ ± 0.37‰ -11.26‰ ± 0.45‰ 0.26

P  soil vs . plant

before 0.008 0.06 0.09 0.05 >0.99 0.83

during - - >0.99 0.46 0.43 0.003

after 0.17 0.65 0.98 >0.99 0.04 0.97

Alp WeissensteinChamau Früebüel
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Figure 8.1: Overview of the sampling dates for soil water and plant root crown water 

at the three grassland sites in Switzerland. Grey bars indicate the periods of drought 

treatment, symbols the sampling campaigns. AWS: Alp Weissenstein, FRU: Früe-

büel, CHA: Chamau. 
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Figure 8.2: δ18O and δD of precipitation samples from Alp Weissenstein (�), Früe-

büel (�) and Chamau (�). The solid line describes the linear regression of δD vs. 

δ18O, the regional meteoric water line (equation, R2 and P values are given above the 

line). For reference, the global meteoric water line (GMWL, δD=8*δ18O+10, dotted 

line, Craig 1961) is given. 



134  Water sourcing 

Figure 8.3: Daily precipitation (grey bars) and δ18O values of precipitation at Alp 

Weissenstein (A-C), Früebüel (D-F) and Chamau (G-I) from 2006 to 2008. Note that 

precipitation readings for Alp Weissenstein are lacking in 2008. Precipitation data 

provided by Matthias J. Zeeman, Rebecca Hiller (both ETH Zurich) and Pavel Michna 

(University of Bern) and adjusted with data from MeteoSwiss. 
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Figure 8.4: Backward trajectory of the air masses arriving at Früebüel on 5 May 2007 

at noon calculated using the NOAA HYSPLIT MODEL (Draxler and Rolph 2003; 

Rolph 2003). 
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9.1 Abstract 

Diversity effects on plant source water have rarely been studied, despite the grow-

ing need for better understanding the generally positive diversity-productivity rela-

tionship. We addressed the effect of plant diversity on plant water uptake at both the 

community and the functional group levels, testing the hypothesis of water-related 

spatial niche differentiation in temperate grassland communities of varying plant di-

versity, using an isotopic approach during peak biomass period. The oxygen isotopic 

signature of water (δ18O) was measured in plant xylem and soil water at different 

depths. Soil water δ18O values generally decreased with increasing plant diversity, 

while the δ18O signature of water taken up by plant communities did not change. Our 

results show that plant water from more 18O-enriched sources likely contributed in-

creasingly to plant xylem water in more diverse communities, indicating changes in 

water uptake patterns in grassland communities with increasing plant diversity. Fur-

thermore, we could show that the community-level effect of increased plant diversity 

on plant water uptake was mainly driven by the response of small herbs (and to a 
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lesser extent, legumes) to plant diversity. Our results suggest that water-related niche 

space differentiation increased with increasing diversity, and support the comple-

mentarity theory for water use. 

Key words: 18O, biodiversity, complementarity, deuterium excess, Jena Experiment, 

niche differentiation, soil water, xylem water 

9.2 Introduction 

Quantifying the significance of biological diversity for ecosystem processes and 

services has become a major research effort in ecology (Balvanera et al. 2006; Díaz 

et al. 2007), resulting in a number of biodiversity experiments (sensu Schmid et al. 

2002) where diversity is treated as an independent variable and ecosystem process-

es as dependent variables. In a majority of these experiments, plant diversity – 

measured as species or functional group richness – positively affected biomass pro-

duction (e.g. Hector et al. 1999; Reich et al. 2001; Tilman et al. 2001; van Ruijven 

and Berendse 2003; Roscher et al. 2005). This has often been associated with in-

creased resource use and subsequent depletion of soil nutrient pools in highly di-

verse communities (e.g. Hooper and Vitousek 1998; Scherer-Lorenzen et al. 2003; 

Palmborg et al. 2005; Oelmann et al. 2007). Both this complementarity effect and the 

sampling or selection effect (i.e. diverse mixtures have a higher probability of con-

taining certain species with key traits that strongly influence the process of interest) 

are the two main underlying mechanisms for diversity impacts on ecosystem func-

tioning (Loreau and Hector 2001). Complementarity describes a greater community 

resource use in more diverse communities, due to niche differentiation between co-

existing species and functional groups (Hooper and Vitousek 1998). Complementar-

ity has been shown to be a relevant underlying mechanism of plant diversity effects 

on ecosystem functioning for nutrients (Fargione et al. 2007; Roscher et al. 2008) 

and light (Naeem et al. 1994; Yachi and Loreau 2007), however experimental studies 

on complementarity for plant water uptake are still scarce. 

Niche differentiation related to water use among coexisting plant species (Silver-

town et al. 1999) is a major ecological mechanism underlying water use comple-

mentarity. Water-related niche differentiation has been documented using stable 

isotopes in a variety of ecosystems (e.g. tallgrass prairie, Nippert and Knapp 2007; 
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shortgrass steppe, Dodd et al. 1998; savanna, Weltzin and McPherson 1997; sea-

sonally dry tropical forest, Meinzer et al. 1999; desert, Ehleringer et al. 1991). To our 

knowledge, however, water-related niche differentiation and potentially associated 

complementarity have rarely been assessed along gradients of plant diversity under 

similar environmental conditions. Using a model in experimental temperate grass-

lands in the field, Verheyen et al. (2008) found that more diverse communities 

showed higher evapotranspiration, suggesting complementary water use. In experi-

mental grasslands under controlled conditions, De Boeck et al. (2006) proposed that 

below-ground complementarity and selection of water-efficient species might have 

allowed multi-species communities to extract more water from the soil than mono-

cultures. Under a dry Mediterranean climate, Caldeira et al. (2001) measured lower 

leaf carbon isotopic signature (δ13C) in mixtures than in monocultures and concluded 

that plants in species-rich communities had more water available in the upper soil 

where roots were most abundant. Stable carbon isotope analysis can be a powerful 

tool for investigating plant water use integrated over longer time spans (Farquhar and 

Richards 1984). However, δ13C values also reflect photosynthetic capacity (and 

therefore depend on leaf nitrogen concentrations) as well as post-carboxylation dis-

crimination, which may well change with changing diversity (Spehn et al. 2002; 

Temperton et al. 2007; Seibt et al. 2008). 

Thus, a more direct assessment of plant water use is needed, such as the mea-

surement of 18O/16O or D/H ratios of source water and plant xylem water (Dawson et 

al. 2002). Since no fractionation occurs neither during water uptake by roots nor dur-

ing transport via the xylem (White et al. 1985), the oxygen or hydrogen isotopic sig-

nature (δ18O or δD, respectively) of xylem water reflects the water source of a par-

ticular plant. Moreover, soil water is typically more enriched in the heavier isoto-

pologues (18O and D) closer to the surface compared to the deeper layers, because 

the lighter isotopologues evaporate more readily at the soil surface (Allison et al. 

1983). Thus, vertical partitioning of source water can be assessed by comparing the 
18O signature of plant xylem water and of soil water. 

The present study addressed the effect of plant diversity on plant water uptake at 

both the community and the functional group levels. We tested the hypothesis of 

water-related spatial niche differentiation among coexisting plants in temperate 

grasslands of varying diversity, during the period of peak biomass, when the plant 
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demand on soil water is highest. Using an isotopic approach, we studied the effects 

of plant diversity on plant water uptake in the Jena Experiment, a large-scale inte-

grated biodiversity experiment that manipulates both plant species richness and 

functional group richness (Roscher et al. 2004). In that experiment, plant productivity 

(log)-linearly increased with increasing plant diversity due to both selection and com-

plementarity effects (Roscher et al. 2005). Moreover, since water availability at the 

field site is quite contrasted over the year, diversity-driven changes in plant water 

uptake may play a role in this positive diversity-productivity relationship. Comple-

mentarity (calculated by partitioning the net biodiversity effect into its two compo-

nents, complementarity and selection) increased over time and was larger for spe-

cies belonging to different functional groups than for species belonging to the same 

functional group (Marquard et al. in revision). Complementarity is also presumed to 

play a key role in plant resource use in the Jena Experiment: soil inorganic nitrogen 

pools actually decreased with increasing species richness (Oelmann et al. 2007). 

Therefore, we expected that (i) at the community level, plant water uptake would 

change along the diversity gradient because of increased spatial niche differentiation 

among species, and (ii) at the functional group level, plants belonging to different 

functional groups would use different water sources to meet their demand. 

9.3 Methods 

9.3.1 Study site 

This study was conducted on the plots of the Jena Experiment, a large grassland 

biodiversity experiment near Jena, Germany (50°57’N , 11°37’E, elevation 130 m), 

established in spring 2002. A detailed description of the experimental setup and man-

agement is given by Roscher et al. (2004). The site is located on the floodplain of the 

Saale river, where an eutric fluvisol developed from up to 2 m thick loamy fluvial 

sediments. It has a subcontinental climate with rather dry and warm summers; mean 

annual precipitation amounts to 587 mm only (1961-1990). Based on a pool of sixty 

species belonging to four different functional groups (grasses, small herbs, tall herbs, 

and legumes), the experimental design was intended to vary species number and 

number of functional groups as independently as possible. Plant communities of dif-

ferent species richness levels (one, two, four, eight, 16 and 60 species) were assem-

bled by randomly selecting species from the species pool, with the constraint that 
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each functional group was equally represented at each species richness level. This 

means that functional group richness varied from one to two functional groups in the 

two-species communities, from one to four in the four-, eight- and 16-species com-

munities, the 60-species community including all four functional groups. The func-

tional groups were defined based on phenological, physiological and morphological 

plant traits, the latter including root system depth and type (Roscher et al. 2004). Plots 

were arranged in four blocks, of which only the plots in block two were sampled in the 

present experiment, since they were best equipped with soil water suction plates at 

four depths (see below). The sampled plots included four plots (20 × 20 m) with a 

sown plant diversity of one, two, four, and eight species, three plots with a diversity of 

16, and one plot with 60 species. We will refer in this study to sown species richness, 

which was maintained by weeding the plots twice a year. The experimental plant 

communities were mown twice per year and were not fertilized or irrigated. 

Micrometeorological data (including air temperature, photosynthetically active ra-

diation and precipitation) were determined continuously at a measurement tower in 

the centre of the field. Data were recorded every 30 s and averaged over 30 min pe-

riods. Meteoric water was sampled at three locations distributed in the field, from 15 

May to 6 June 2006, i.e. covering rain events over two weeks prior to plant and soil 

water collection, and the sampling campaign. The water was collected according to 

IAEA (International Atomic Energy Agency) recommendations, in the morning fol-

lowing each rain event and pooled over the three locations and kept at -20°C until 

δ18O and δD analyses (see below). 

9.3.2 Soil water and plant xylem water sampling 

Soil water was extracted from glass suction plates. The plates were installed in the 

soil at 10, 20, 30 and 60 cm depths in each plot in April 2002 (12 cm diameter, 1 cm 

thickness, 1 to 1.6 µm pore size; UMS GmbH, Munich, Germany). The suction plates 

were sealed with Teflon® on the bottom, to collect only water percolating from the soil 

above them. The plates were directly connected with Teflon® tubing to 1 l glass bot-

tles. In order to collect only free-draining soil solution, the bottles were continuously 

evacuated to a pressure between 10 and 100 mbar below the soil matrix potential. 

The volume of water collected was recorded and used as a proxy for soil water con-

tent (Landon et al. 1999). Due to the small volumes extracted, the soil water δ18O 
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data presented in this study are averaged from soil water δ18O collected from 24 May 

to 6 June 2006, i.e. starting one week before plant water collection. 

Plant sampling took place between 2 and 5 June 2006, corresponding to the period 

of peak biomass at the experimental site. A pot-experiment carried out beforehand 

under controlled conditions showed that the δ18O of plant xylem water measured at 

the root crown (the connection between above- and below-ground plant parts) best 

reflected the δ18O of plant source water in different types of herbaceous species 

(Barnard et al. 2006). We will hereafter refer to plant xylem water measured at the 

root crown as plant xylem water. In a given plot, species covering more than 10% of 

the plot were harvested, which represents 60% of the plant species present on plots 

that were sown with more than one species, and an average of 81% of the plant 

community above-ground biomass. For each species sampled in each plot, the root 

crowns of three to five individuals were collected (depending on species root size), 

carefully cleaned, pooled together and immediately transferred in one sealed glass 

tube per species. The tubes were kept in the field at 5 °C for less than two hours, 

then frozen at -20 °C. Water was extracted from the  root crowns by cryogenic vacu-

um distillation (Ehleringer et al. 2000): the tubes containing the root crowns were 

placed in an 80 °C water bath, connected to a vacuu m system (ca. 4·10-2 mbar) in-

cluding cryogenic water traps that were cooled with liquid N2. The trapped water was 

then transferred into 2 ml sealed vials and kept frozen at -20 °C until δ18O analysis 

(see below). 

Above-ground plant biomass was harvested at 3 cm above ground between 6 and 

12 June 2006. In each plot, four subplots of 0.2 × 0.5 m were randomly selected and 

harvested. The legume Onobrychis viciifolia (Scop.) displayed an outstanding growth 

in monoculture and was therefore removed of all analyses, graphs and regressions. 

Removal of this outlying plot did not change the direction and magnitude of our re-

sults. The plant material was sorted into species, dried (48 h at 70 °C) and weighed. 

Species and soil cover were estimated visually in one 3 × 3 m subplot within each 

plot during the same time period. Leaf area index (LAI) was measured on 29-30 May 

2006 with a plant canopy analyser (LAI-2000, LI-COR Biosciences, Lincoln, NE, 

USA): 10 single measurements were taken at 5 cm above ground along a 15 m long 

transect and averaged to provide one mean LAI value per plot. 
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9.3.3 Isotope ratio mass spectrometry measurements 

Plant xylem δ18O as well as soil water and precipitation δ18O and δD values were 

determined according to (Gehre et al. 2004), using a TC/EA high temperature con-

version/elemental analyser (Thermo Finnigan, Bremen, Germany) coupled with a 

DeltaplusXP mass spectrometer. The precision was 0.2‰ for δ18O and 1‰ for δD. 

Isotopic ratios are expressed using small delta notation in parts per thousand, rela-

tive to the Vienna Standard Mean Ocean Water (VSMOW) international standard, as 

 [ ] 1
R
R

‰
standard

sample
sample −=δ  (Eq. 9.1) 

where Rsample and Rstandard refer to the oxygen and hydrogen isotopic ratios 

(R=18O/16O and R=D/H, respectively) of the substance of interest and of the stan-

dard, respectively. 

Deuterium excess (d) corresponds to the y-intercept of the global meteoric water 

line δD=8*δ18O+10.8 (Craig 1961; Rozanski et al. 1993), and is calculated as d=δD-

8*δ18O (Dansgaard 1964). Soil water d may be lower than the original precipitation 

water due to evaporative enrichment, which increases δ18O and δD (Allison et al. 

1983; Kendall and McDonnell 1998). Thus, d represents a valuable tool to assess 

evaporation at the soil surface. 

9.3.4 Statistical analysis 

Soil water δ18O and δD, percent bare ground, above-ground biomass and LAI data 

were analysed with multiple linear regression and results summarised in analysis of 

variance (ANOVA) tables, using R 2.6.1 (R Development Core Team 2004). Given 

the large effect of soil depth on soil water isotopic signatures, we analysed soil water 

δ18O and δD data for each measurement depth separately (Table 9.1). Plant diversity 

treatment was fitted first, with the initially sown species richness considered as a 

continuous log-transformed variable and a factorial variable, followed by the initial 

number of functional groups sown. The presence of one of the four functional groups 

was fitted before the diversity terms in additional analyses. Moreover, to investigate 

the effect of plant cover parameters on soil water δ18O and δD, we fitted each of the 

three plant cover variables (percent bare ground, above-ground biomass and LAI) in 

first position in the models. Soil water δ18O and δD at 60 cm depth could not be ana-
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lysed with multiple regression analysis because the small amounts of water collected 

did not provide enough replicates. 

For the analysis of plant xylem water δ18O data, temporal variation due to sampling 

time was eliminated by fitting first the date and within-day period of measurement. 

The diversity terms were fitted next, and tested against the plot residuals. Finally, the 

species identity factor and the interactive terms were fitted and tested against the 

model residuals. The presence of one of the four functional groups was fitted before 

the diversity terms in additional analyses. 

We tested whether changes in the δ18O of plant xylem water at the species level 

only mirrored changes in the δ18O of soil water (based on the average 18O signature 

of water collected at 10, 20 and 30 cm depth) as follows. The δ18O of plant xylem 

water and of soil water was explained with a linear model fitting species richness, 

followed by a factorial variable coding soil depth and functional group, and finally 

their interaction (δ18O ~ log(sowndiversity)×factorial_variable). The interactive term 

determined whether the difference between the response of soil water δ18O and xy-

lem water δ18O of a given functional group significantly depended on species rich-

ness. 

9.4 Results 

Over the sampling period in June 2006, mean day and night temperatures at 2 m 

height were 13.8 and 10.2 °C, respectively, with ma ximum and minimum half-hourly 

averages of 19.0 and 4.9 °C during daytime, and 14. 2 and 4.4 °C during nighttime, 

respectively. Mean daytime vapour pressure deficit was 7.1 mbar, with minimum and 

maximum half-hourly averages of 0.9 and 14.2 mbar. Light rainfall occurred during 

the afternoon and the night of 3 June, with a cumulated value of 1.24 mm and aver-

aged δ18O signature of -4.56‰. During the week prior to sampling, cumulative pre-

cipitation was 25.9 mm, with a weighted δ18O signature of -6.6‰. Isotopic signatures 

of the precipitation samples collected during that period were very close to the global 

meteoric water line (δD=8.5*δ18O+9.8, R2=0.94, n=21). 

Above-ground community biomass significantly increased with increasing plant di-

versity (Fig. 9.1a, multiple regression model: P=0.01), while the percentage of bare 

ground significantly decreased with diversity (Fig. 9.1b, multiple regression model: 
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P=0.01). Increasing plant diversity significantly increased LAI (Fig. 9.1c, multiple re-

gression model: P=0.04), but had no significant effect on the volume of water col-

lected by the suction cups from 10 to 30 cm depth (Fig. 9.1d). 

At each species richness level, soil water δ18O profiles showed the typical pattern 

of evaporative enrichment closer to the surface compared to the deeper layers 

(Fig. 9.2). Less water could be collected from the deeper depths, which are therefore 

not as well represented as the more shallow depths. Both plant diversity and soil 

depth significantly affected soil water δ18O (P<0.001 and P=0.013, respectively), but 

the depth×species richness interaction was not significant (P=0.92). Soil water δ18O 

at each measurement depth was therefore analysed as a separate variable. At all 

four measurement depths, simple log-linear regressions showed that soil water δ18O 

decreased with increasing plant diversity (Fig. 9.3a). In the multiple regression model 

analyses, increasing species richness significantly decreased soil water δ18O at 

20 cm but had no significant effect on the 18O signature of soil water at 10 or 30 cm 

depth (Table 9.1). Moreover, the significant effects of species richness on soil water 

δ18O at different depths were conserved even after fitting the values of percent bare 

ground, above-ground biomass or LAI of each plot before the diversity terms in the 

model. Of these three plant cover variables, only percent bare ground showed a sig-

nificant positive effect on soil water δ18O when fitted before the diversity terms, but 

only at one depth (20 cm depth; F1,11=5.39* for percent bare ground and F1,11=14.39** 

for the log-transformed species richness term). 

To gain further insights into the response of soil water δ18O to plant diversity, we 

calculated soil water deuterium excess d, indicative for evaporation at the soil sur-

face. Soil water d at 10 and 20 cm depths significantly increased with species rich-

ness, and d at 30 cm depth increased with the number of functional groups 

(Table 9.1, Fig. 9.3b). The legume and small herb contrasts were both significant at 

10 cm depth, the presence of both of these functional groups significantly increasing 

soil water d. When fitting the values of percent bare ground, above-ground biomass 

or LAI before the diversity terms in the model, the significant diversity effects were 

conserved. When fitting these three plant cover variables before the diversity terms in 

the model, we found that at 10 cm depth, soil water d significantly decreased with in-

creasing percent bare ground (percent bare ground: F1,11=15.85**, log(sown diver-
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sity): F1,11=14.46**), and significantly increased with increasing above-ground 

biomass (above-ground biomass: F1,11=30.44***, log(sown diversity): F1,11=12.88**) 

and LAI (LAI: F1,11=18.49** for LAI, log(sown diversity): F1,11=16.28**). 

In contrast to soil water δ18O, plant xylem water δ18O was neither affected by spe-

cies richness nor by the number of functional groups (Fig. 9.3c, see results of the 

multiple regression analysis in Appendix). In order to estimate community-level xylem 

water δ18O, plant xylem water δ18O of each sampled species was weighted by the 

contribution of the sampled species to the above-ground community biomass, but did 

also not change along the diversity gradient (Fig. 9.3d). Moreover, multiple regres-

sion analyses showed no significant effects of percent bare ground, above-ground 

biomass or LAI on community xylem water δ18O (data not shown). Testing the re-

sponse of δ18O in soil and plant xylem waters to plant diversity for the four different 

functional groups revealed that the change in xylem water δ18O along the biodiversity 

gradient for small herbs differed from that of soil water δ18O averaged over the 10, 20 

and 30 cm soil depths (P=0.02). As diversity increased, the plant xylem water of 

small herbs became more enriched in 18O than soil water (Fig. 9.4). Legumes 

showed a similar trend, but only marginally significant (P=0.09). Grasses and tall 

herbs did not differ from soil water in their response to increased plant diversity. 

9.5 Discussion 

9.5.1 Diversity and plant xylem water 

Plant xylem water δ18O represents an integrated measurement of the δ18O of the 

water taken up over its whole root system (on average, 81% of the standing root 

biomass in 0-1.5 m depth is located in the upper 30 cm of the soil in the Jena Ex-

periment, Bessler et al. in press). We found that the δ18O value of water taken up by 

plant communities was not significantly affected by plant diversity. Meanwhile, our re-

sults showed that increasing plant diversity generally decreased soil water δ18O. The 

shape of the soil water δ18O profile precludes inferring the relative contribution of 

water of a given depth to plant xylem water using a mixing model. However, if the 

contribution of different soil layers to total plant water uptake had remained the same 

over the plant diversity gradient, the response patterns of plant xylem water δ18O 

should have closely followed the response pattern of soil water δ18O in the main 
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rooting horizon (0 to 30 cm) to plant diversity. But this was not the case, indicating 

that uptake patterns indeed changed with diversity. Our argumentation is based on 

the assumption that plants relied on water from the top 30 cm soil. Since water col-

lected from 10 cm depth did not show a clear-cut response to plant diversity (signifi-

cant log-linear regression but non-significant multiple regression, this discrepancy 

being due to the small size of our data set), another hypothesis could be that all spe-

cies from the plant communities may have taken up water only from the 0-10 cm soil 

layer. However, we believe this is not likely, because most roots are present in the 0-

30 cm soil layer (Bessler et al. in press) and top soil (0 to 10 cm) often dries out very 

rapidly during warm and dry summers in Jena (pers. obs.). Therefore, we conclude 

that contribution of different soil layers to total plant water indeed changed along the 

plant diversity gradient, which, to our knowledge, has never been shown before. 

The entire soil water δ18O profile generally shifted towards more depleted 18O val-

ues as plant diversity increased. Based on the difference between the response of 

plant xylem water and soil water 18O signatures, our results thus indicate that as plant 

diversity increased, the relative contribution of 18O-enriched soil water to plant xylem 

water increased. Since most of the root biomass is located in the upper 30 cm of the 

soil (Bessler et al. in press), most of the water uptake probably also takes place in 

that soil layer. In our plots, soil water δ18O indeed showed the overall typical pattern 

of decreasing δ18O values with increasing depth. The high evaporation rate very 

close to the surface typically results in stronger evaporative enrichment of soil water 

as it is closer to the soil surface. Our most superficial measurements were made at 

10 cm, however, the water in the 0-10 cm soil layer is typically expected to be even 

more enriched than the soil water collected at 10 cm depth (Allison et al. 1983). 

Thus, based on the soil water δ18O depth profiles, one would expect a larger contri-

bution of shallow water with increasing plant diversity. 

Not all plant functional groups showed the similar xylem water δ18O response to 

plant diversity. When comparing the xylem water δ18O response of different functional 

groups to the response of soil water 18O signature averaged over 10, 20 and 30 cm 

depth to diversity, we found that as plant diversity increased, water from more 18O-

enriched sources must have contributed increasingly to the source water of small 

herbs. The same trend was found for legumes, while the response patterns of xylem 

water 18O signatures to increasing diversity for grasses and tall herbs did not differ 
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significantly from that of soil water in the main rooting horizon (0 to 30 cm). As a con-

sequence, small herbs (and to a certain extent also legumes) seem to have altered 

the contributions of soil depths to their total water uptake with increased plant diver-

sity. In addition, the presence of small herbs and legumes significantly decreased 

evaporation in the topsoil, as shown by increased soil water d at 10 cm depth, which 

further suggests that these functional groups may play a key role in the ecosystem 

water balance. In summary, our results point towards the hypothesis of the existence 

of water-related niches (Silvertown et al. 1999) and of increased spatial niche differ-

entiation in water uptake in more diverse plant communities. 

9.5.2 Diversity and soil water 

Increasing plant diversity affected the isotopic signature of soil water, showing that 

plant diversity could alter soil water dynamics. Measured variables that likely mediate 

evaporation (i.e. plant cover, above-ground biomass and LAI) increased with plant 

diversity, in line with results generally reported in experimental grassland diversity 

studies (e.g. Tilman et al. 2001, Roscher et al. 2005, Spehn et al. 2005). Of these 

variables, only percent bare ground was correlated (positively) with soil water δ18O, 

but only at 20 cm depth. This is the same and only depth at which species richness 

significantly affected soil water δ18O, increasing the latter. Moreover, 20 cm is within 

the main rooting horizon of these grasslands (Bessler et al. in press). One might be 

surprised that percent bare ground affects soil water δ18O at 20 cm but not at 10 cm 

depth. Our hypothesis is that at 10 cm depth, strong evaporative enrichment of soil 

water close to the soil surface may mask any influence of bare ground or species 

richness on soil water δ18O. In contrast, at 20 cm depth, evaporative enrichment is 

not as strong as closer to the soil surface (Allison et al. 1983) and the influence of 

bare ground and species richness may thus be expressed more clearly. 

Soil water d is more indicative of evaporation than δ18O alone. It is more sensitive 

to the fractionation that occurs during evaporation, because d includes the larger 

relative mass difference between D and H compared to 18O and 16O. We found that 

soil water d increased with diversity at 10 and 20 cm depths (but not at 30 and 60 cm 

depths), indicating decreased evaporative enrichment of water in the upper soil pro-

file with increasing plant diversity compared to the deeper soil profile. In addition, soil 

water d was correlated with percent bare ground, above-ground biomass and LAI 
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only at 10 cm depth, but no relationship was found with any of these evaporation-re-

lated physical cover variables in the deeper soil layers. This decoupling of the deeper 

soil is consistent with the larger responses of xylem δ18O to biodiversity for small 

herbs and legumes, both functional groups with more shallow rooting systems com-

pared to grasses and tall herbs (Pearson and Ison 1997). Thus, our soil water iso-

tope results indicate that increased plant cover with diversity resulted in decreased 

evaporative enrichment in the shallow soil water, suggesting that plant diversity ef-

fects during peak biomass under non-limiting water conditions might be rather due to 

water-related niches in the top soil than in the deeper soil. 

9.5.3 Diversity and niche differentiation 

What is the relevance of our findings for the understanding of the effect of plant di-

versity on ecosystem functioning in terms of water use? The few studies that have 

addressed this issue have found evidence for increased extraction of soil water in 

more diverse grassland communities (in the field: Verheyen et al. 2008, under con-

trolled conditions: De Boeck et al. 2006) and have proposed complementarity as one 

of the most probable mechanisms underlying their results. Water-related comple-

mentarity occurs when a more diverse plant community uses a larger resource niche 

space, enabling greater or more efficient community resource use. While these 

studies were able to document increased community resource use by assessing 

evapotranspiration, they included little evidence about water-related niche differentia-

tion. In contrast, the present study is the first one to address the effect of plant diver-

sity on water-related niche differentiation within a plant community in the field by di-

rect measurements of plant water uptake. We found no particular species that could 

dominate the xylem water δ18O signature of the plant communities, indicating that 

selection effect may not be a main mechanism at play in this study. Our results indi-

cate that plant diversity likely affected water uptake patterns of plant functional differ-

ently, suggesting increased water-related niche space differentiation of the plant 

community along the diversity gradient. 

Although we did not measure evapotranspiration, our study nevertheless points 

towards more efficient resource use, in line with the results of Verheyen et al. (2008), 

De Boeck et al. (2006) and Caldeira et al. (2001). First, transpirational surfaces in-

creased in our experiment, which will increase water demand of the plant community. 

It must be noted, however, that this increased water demand does not scale linearly 



150  18O and diversity 

with transpirational surfaces, because of feedback effects such as decreased canopy 

temperature due to increased latent heat flux or decreased canopy conductance with 

higher LAI (McNaughton and Jarvis 1991). Second, based on the volume of water 

collected from the suction plates between 10 and 30 cm depth, we have indication 

that plant diversity had no significant effect on soil water content in the top soil. This 

is consistent with previous measurements at the same experimental site (Oelmann et 

al. 2007) and other studies in temperate grasslands (Spehn et al. 2000; Niklaus et al. 

2007). Taken together, with the well-based assumption of increased evapotranspira-

tion due to higher standing biomass at higher biodiversity levels and the fact that soil 

moisture remained relatively stable, our results not only suggest increased water-re-

lated niche differentiation, but also higher community resource use efficiency. Further 

detailed studies on evaporation fluxes and their partitioning will help to better ascer-

tain this hypothesis. 

Finally, the responses that we could unveil during our field campaign under non 

water-limiting environmental conditions are likely to increase with increasing water 

limitation (van Peer et al. 2004). Under future climate, such diversity-water patterns 

may become even more crucial for the stability and water balance of plant communi-

ties, as proposed by several field studies (Pfisterer and Schmid 2002; Kahmen et al. 

2005) in line with the insurance hypothesis (Yachi and Loreau 1999). 
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Table 9.1: Summary of ANOVA results of the multiple regression models fitted for soil 

water δ18O and deuterium excess at 10, 20 and 30 cm depth. Fndf,ddf indicates the F-

value with ndf and ddf degrees of freedom for the numerator and the denominator, 

respectively. Significance levels: • 0.1≥P>0.05, * 0.05≥P>0.01, ** 0.01≥P>0.001, 

*** P≤0.001. Significant values (P≤0.05) are in bold.a 

                                                 
a The presence of each one of the four functional groups was fitted before the diversity terms but after 

the time of sampling terms in additional analyses. Since fitting the functional groups before the diver-

sity terms did not change the significance level of any other term in the models, only the results of the 

functional group identity contrasts are given. 

10 cm 20 cm 30 cm 10 cm 20 cm 30 cm

Species richness (log) F1,12=1.36 F1,12=18.28** F1,5=4.93• F1,12=32.18*** F1,12=8.54* F1,5=0.33

Species richness (factorial) F4,12=0.87 F4,12=2.64 F4,5=0.63 F4,12=3.66* F4,12=2.38 F4,5=0.74

Number of functional groups F1,12=0.64 F1,12=0.23 F1,5=0.01 F1,12=2.48 F1,12=0.01 F1,5=7.02*

Functional group contrasts a

     Legumes vs others F1,11=0.15 F1,11=1.72 F1,4=0.74 F1,11=22.15*** F1,11=2.92 F1,4=4.72•

     Grasses vs others F1,11=0.02 F1,11=4.32• F1,4=5.07• F1,11=4.73• F1,11=0.43 F1,4=3.88

     Small herbs vs others F1,11=0.14 F1,11=3.44• F1,4=0.04 F1,11=20.56*** F1,11=2.17 F1,4=3.11

     Tall herbs vs others F1,11=0.18 F1,11=0.01 F1,4=0.65 F1,11=3.52• F1,11=0.66 F1,4=6.75•

Source of variation
Soil water δ18O Deuterium excess
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Figure 9.1: Above-ground community biomass (a), percent bare ground (b), leaf area 

index (c) and soil water volume collected with suction cups (d) for six levels of plant 

diversity in June 2006. Linear regressions were significant for above-ground commu-

nity biomass (a; R2=0.23, P=0.046) and percent bare ground (b; R2=0.35, P=0.01) 

and marginally significant for LAI (c; R2=0.21, P=0.056), but not for collected soil wa-

ter volumes. 
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Figure 9.2: Depth profiles of oxygen isotopic signature (δ18O) of soil water for plant 

species richness levels (SR) of 1, 2, 4, 8, 16 and 60 species (n=3, 4, 4, 3 and 1, re-

spectively). Bars represent ± 1 SE. Note that less water could be collected from the 

deeper depths, which are therefore less well represented: data points with n=1 are 

connected with a dashed line. 



158  18O and diversity 

−10

−8

−6

−4

S
oi

l w
at

er

δ18
O

 (
‰

)

10 cm
20 cm

30 cm
60 cm

(a)

2

4

6

8

10

S
oi

l w
at

er
de

ut
er

iu
m

 e
xc

es
s 

(‰
)

(b)

10 cm
20 cm

30 cm
60 cm

−10

−8

−6

−4

P
la

nt
 x

yl
em

 w
at

er

δ18
O

 (
‰

)

(c)

−10

−8

−6

−4

C
om

m
un

ity
 x

yl
em

 w
at

er

δ18
O

 (
‰

)

(d)

1 2 4 8 16 60

Species richness (log scale)

Figure 9.3: Oxygen isotopic signature (δ18O, a) and deuterium excess (b) of soil 

water at different depths, plant xylem water measured at the species level (c, each 

point represents a sampled species) and calculated at the community level (d, each 

point represents a plot) for six levels of plant diversity. Community xylem water δ18O 

is based on species xylem water δ18O, scaled with relative biomass up to the plot 

level. Deuterium excess was calculated as d=δD-8*δ18O, based on the global 

meteoric water line. Linear regressions were significant for δ18O of soil water (a) at 

10 cm (R2=0.29, P=0.02), 20 cm (R2=0.45, P=0.002), 30 cm (R2=0.40, P=0.03) and 

60 cm depth (R2=0.79, P=0.02), and deuterium excess of soil water (b) at 10 cm 

(R2=0.53, P<0.001) and 20 cm (R2=0.28, P=0.02), but not at 30 or 60 cm depth. 
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Figure 9.4: Oxygen isotopic signature (δ18O) of plant xylem water for different func-

tional groups: legumes, small herbs, grasses and tall herbs, for six levels of plant di-

versity. The dashed line indicates the linear regression of soil water δ18O (based on 

measurements at 10, 20 and 30 cm depth) across diversity levels. The response of 

xylem water δ18O to increasing plant diversity differed from that of soil water δ18O 

only for small herbs (P=0.02) and legumes (P=0.09). 
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Appendix 

Summary of ANOVA results of the multiple regression models fitted for plant xylem 

water δ18O. Fndf,ddf indicates the F value with ndf and ddf degrees of freedom for the 

numerator and the denominator, respectively. Note that plot-level factors were tested 

against plot-level residuals, while plot and within-plot factors (species identity and 

interactive terms) were tested against the model residuals. No value was significant. 

Source of variation  

Date F3,8=2.37 

Period of day F1,8=1.84 

Species richness (log) F1,8=0.98 

Species richness (factorial) F4,8=1.02 

Number of functional groups F1,8=0.66 

Plot F8,2=5.44 

Species identity F27,2=6.47 

Species richness (log)×Species id. F22,2=2.68 

Species richness (fact.)×Species id. F8,2=1.64 

Functional group contrastsa  

Legumes vs. others F1,7=0.42 

Grasses vs. others F1,7=0.22 

Small herbs vs. others F1,7=1.43 

Tall herbs vs. others F1,7=0.02 

 

                                                 
a The presence of each one of the four functional groups was fitted before the diversity terms but after 

the time of sampling terms in additional analyses. Since this did not change the significance level of 

any other term in the model, only the results of the functional group identity contrasts are given below 

the original model. 
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Biomass estimates from control plots were used to calculate the harvest output from 

the system and to dedicate annual CO2 fluxes from measured data. 

This chapter has been submitted to Agricultural and Forest Meteorology. 

10.1 Abstract 

In Switzerland, the traditional three-stage grassland farming system consists of 

grazed or cut grasslands along a gradient from lowland to alpine elevations. We 

measured carbon dioxide (CO2) fluxes at three grassland sites (400, 1000, 2000 m 

elevation) and estimated carbon sequestration for two years (2006 and 2007). 

Grasslands at higher elevations (>1000 m), managed at lower intensities, exhibited a 

larger net CO2 uptake compared to intensively managed grasslands at lower eleva-

tions (400 m). Nevertheless, net CO2 uptake rates during optimal growth were very 

similar for all three sites. Taking into account harvest outputs as well as manure in-

puts, we calculated the carbon stocks and their changes for grasslands at 400 m and 

1000 m during two years. Similar to the cumulative net ecosystem CO2 fluxes, the 

seasonal course of carbon stock changes was strongly driven by management inten-

sity, in particular by timing and amount of manure applications. Despite differences in 

environmental and management conditions with elevation, both grassland sites were 

carbon sinks during 2006 and 2007 (between 60 and 150 g C m-2 a-1). 
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Key words: net ecosystem exchange, eddy covariance, mountain agriculture, Swiss 

Alps 

10.2 Introduction 

Global observations and climate model predictions describe a changing climate 

with rising temperatures and changes in the hydrological cycle (IPCC 2007). For 

Europe, these changes are expected to be largest in the Alpine region, with an in-

crease of weather extremes, such as droughts and floods (OcCC 2008). For Swit-

zerland, in the central Alps, the predicted changes in climate raise questions (a) on 

the reliability of fodder production with current agricultural practices, and (b) whether 

continued sustainable management can be achieved in agronomic (Calanca and 

Fuhrer 2005; Fuhrer et al. 2006) as well as environmental terms. Closely linked to 

climate is the carbon cycle, with carbon dioxide (CO2) as its largest atmospheric frac-

tion. Atmospheric CO2 is fixed by the biosphere via photosynthesis, released via res-

piration back to the atmosphere, while at the same time organic matter is added to 

the soil. The carbon stocks in grassland biomass and particularly in grassland soils 

are significant (≈11% of total C stock for Switzerland, Bolliger et al. 2008), and any 

changes of the environmental conditions can potentially change their role in the car-

bon cycle, i.e. carbon sink or source. 

Grasslands in Switzerland occupy about 20-30% of the land surface (depending on 

classification, FAO 1997; Jeangros and Thomet 2004; Hotz and Weibel 2005; Leifeld 

et al. 2005), and cover a large range in elevations in the Swiss Alps (Boesch 1951; 

Jeangros and Thomet 2004). The assessment of carbon stocks in these grasslands 

has received attention recently (Leifeld et al. 2005; Bolliger et al. 2008), but the to-

pographic complexity introduces a large heterogeneity in the response of grasslands 

to climate and land use change for which the necessary process understanding is still 

lacking. Process studies on the exchange of CO2 of alpine grassland ecosystems 

with the atmosphere are limited (Graber et al. 1998; Rogiers et al. 2005; Hammerle 

et al. 2007; Ammann et al. 2007; Soussana et al. 2007; Gilmanov et al. 2007; 

Cernusca et al. 2008) and have not yet been integrated over an elevational range 

that follows the traditional three-stage grassland farming system (“Alpage” in French 

or “Alpwirtschaft” in German, combined mountain agriculture; see Boesch 1951; 

Ehlers and Kreutzmann 2000) applied in the Alps. In contrast to nomadism and 
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transhumance, this is a form of agricultural economy where the pastures, meadows, 

and croplands at various elevations are strongly connected in an economic unit of a 

farmer or group of farmers (Boesch 1951; Weiss 1959). Alpine pastoralism is another 

term found in the scientific literature (Potthoff 2004). The terminology is not very 

strict, and in reality there is a large diversity of such production systems, for instance 

in the Alps (Boesch 1951), in Norway (Potthoff 2004) and in other mountainous parts 

of Europe, including the Caucasus (Weiss 1941). In Switzerland, the animals are 

kept at the lowest elevation in the valleys in winter time, and the cattle is fed mostly 

with hay and grains that are kept in the main farm buildings (Michna et al. in review; 

Boesch 1951). Where possible, the area around the farm houses is also used as 

winter pasture. When the growing season starts, the fodder stocks from the previous 

year typically come to an end and the cattle are driven up to the second level of 

pastures and meadows, the so-called Maiensäss elevational belt. When the snow 

has disappeared from the higher areas, the cattle are moved to the Alpine pastures 

where they stay during the short summer (roughly three months in Switzerland, 

Michna et al. in review). The key distinction from nomadism and transhumance is the 

relevance of the Alpine summer pastures in the overall agronomic production system 

as an important fodder base of the farm (Weiss 1959; Boesch 1951). Without the 

seasonal movement of cattle from the farms in the valley bottom up the mountains, 

the local climate would not allow to support the livestock in such Alpine areas (Weiss 

1959, p. 218). 

Our goals were thus (a) to quantify and compare the response of grassland eco-

system CO2 exchange to the change in environmental conditions with elevation; (b) 

to investigate the influence of weather changes, in particular weather extremes, on 

the grassland ecosystem CO2 exchange; and (c) to quantify the change in carbon 

balance of these grasslands in relation to the Swiss farming practice. In order to 

achieve these goals, we investigated the net ecosystem exchange of CO2 of three 

managed agricultural grasslands along an elevational gradient from pre-alpine farm-

lands to alpine pastures in Switzerland. 
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10.3 Methodology 

To address these goals, three research locations have been identified covering the 

traditional three-stage grassland farming system of Swiss managed grasslands (400–

2500 m). 

10.3.1 Field sites 

At ETH Zurich, the traditional Alpine farming system is represented by three agri-

cultural research stations: Chamau (CHA, 400 m a.s.l.) represents the valley bottom 

winter location, Früebüel (FRU, 1000 m a.s.l.) the Maiensäss belt and Alp Weissen-

stein (AWS, 1950–2400 m a.s.l.) represents the alpine level (Eugster and Zeeman 

2006; Eugster and Leuenberger 2007; Hiller et al. 2008). These locations lie on a 

geographic transect from central Switzerland to the Swiss canton Grisons 

(Graubünden in German) in the south-east of Switzerland and follow an elevational 

gradient. Chamau (8°24'38' E, 47°12'37'' N) is loca ted in a pre-Alpine broad river 

valley of the Reuss river, Früebüel (8°32'16'' E, 4 7°6'57'' N) is situated on an undu-

lating plateau of the Zugerberg, a sub-Alpine mountain east of lake Zug, and the site 

at Alp Weissenstein (9°47'25'' E, 46°34'59'' N) is situated on a south slope of an Al-

pine dry valley in the Albula mountain range, close to the Albula pass. The research 

stations have been assigned by the Swiss government for research, and have been 

under ETH management since 1954, 1989 and 1967 for Chamau, Früebüel and Alp 

Weissenstein, respectively. The dominant vegetation for Chamau is a mixture of Ital-

ian ryegrass (Lolium multiflorum) and white clover (Trifolium repens), predominantly 

used for fodder production and occasional winter grazing by sheep. At Früebüel, the 

species mixture consists of ryegrass (Lolium sp.), meadow foxtail (Alopecurus prat-

ensis), cocksfoot grass (Dactylis glomerata), dandelion (Taraxacum officinale), but-

tercup (Ranunculus sp.) and white clover (Trifolium repens), which cover up to 90% 

of the surface (Sautier 2007). The alpine pastures of the Alp Weissenstein site are 

classified as Deschampsio cespitosae-Poetum alpinae community with red fescue 

(Festuca rubra), Alpine cat’s tail (Phleum rhaéticum), white clover (Trifolium repens) 

and dandelion (Taraxacum officinale) as dominant species (Keller 2006). 

10.3.2 Instrumentation 

At each of these sites, a micrometeorological tower has been set up with the pur-

pose of measuring environmental variables and carbon dioxide fluxes by applying the 
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Eddy Covariance (EC) method (Kaimal and Finnigan 1994; Aubinet et al. 2000; 

Baldocchi et al. 2001). The setups at Chamau and Früebüel have been established 

in early summer 2005 using the same instrumentation at both sites. The EC mea-

surement setup consisted of a three dimensional sonic anemometer (model Solent 

R3, Gill Instruments, UK) and an open path Infrared Gas Analyzer (IRGA, Li-7500, Li-

Cor, Lincoln, NB, USA). The EC sensor separation was 0.25 m, and the IRGA was 

tilted to the north to prevent incidence of direct solar light. The centre of the sonic 

anemometer axis was at 2.41 m and 2.55 m for Chamau and Früebüel, respectively. 

The 20 Hz time resolution data were stored on a field PC for post-calibration and 

later analysis. Measurements of environmental variables have been made each 10 

seconds for air temperature and relative humidity (at 2 m, a shaded, sheltered and 

ventilated HydroClip S3, Rotronic AG, Bassersdorf, Switzerland), photosynthetic 

photon flux density (PPFD, at 2 m, PAR LITE, Kipp & Zonen B.V., Delft, Nether-

lands), incoming and outgoing short and longwave radiation (at 2 m, a ventilated 

CNR1, Kipp & Zonen B.V., Delft, Netherlands), soil heat flux (at -0.03 m, n=2, model 

HFP01, Hukseflux B.V., Delft, Netherlands), soil temperature (installed horizontally at 

-0.01, -0.02, -0.04, -0.07, -0.10, -0.15, -0.25, -0.40 and -0.95 m, TB107, Markasub 

AG, Olten, Switzerland), soil humidity (installed horizontally at -0.05, -0.15, -0.25, -

0.40 and -0.75 m, ML2x, Delta-T Devices Ltd., Cambridge, United Kingdom) and sum 

of precipitation (Type 10116, Toss GmbH, Potsdam, Germany). These environmental 

variables were processed into 30 minute averages (or sums for precipitation) and 

stored on a field logger (CR10X-2M, Campbell Scientific Inc., Logan, USA) and a 

field computer. A wire fence (about 1 m high) perimeter of 5 × 5 m was placed 

around the instrumentation to prevent access to grazing livestock. A ventilated metal 

cabinet (about 1.3 m high) gave shelter to field logger, field computer and communi-

cation controllers for the EC system, access to mains power supply and the internet. 

The cabinet was located orthogonal to the main wind direction and to the north side 

of the fence to minimise disturbance of the wind field and to prevent influences 

through shading. 

The EC setup at Alp Weissenstein has been run on campaign base (Hiller et al. 

2008) as the site becomes inaccessible in winter due to snow and avalanches. The 

EC instrumentation at Alp Weissenstein consisted of a three dimensional sonic ane-

mometer (model Solent R2, Gill Instruments, UK) and an open path IRGA (Li-7500, 
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Li-Cor, Lincoln, NB, USA). The EC data was stored using a portable digital assistant 

(PDA, a handheld computer), a similar system as described by van der Molen et al. 

(2006). The environmental conditions have been measured at Alp Weissenstein with 

two different sets of instruments in 2006 and 2007. In 2006, the instruments were in-

stalled between 23 June and 21 September. Environmental variables were measured 

each 10 seconds for air temperature and relative humidity (at 2 m, a shaded, shel-

tered HydroClip S3, Rotronic AG, Bassersdorf, Switzerland), photosynthetic photon 

flux density (at 1 m, PAR LITE, Kipp & Zonen B.V., Delft, Netherlands), incoming and 

outgoing short and longwave radiation (at 1 m, heated in morning hours with high 

relative humidity to evaporate dew, CNR1, Kipp & Zonen B.V., Delft, Netherlands), 

soil heat flux (at -0.02 m, n=3, model CN3, Middleton Solar, Melbourne, Australia,), 

soil temperature (at -0.05 m, TBMS1G, Campbell Scientific Inc., Loughborough, UK) 

and sum of precipitation (TE225-LC, Texas Electronics, Dallas, TX, USA). These en-

vironmental variables were processed into 10 minute averages (or sums for precipi-

tation) and stored on a field logger (CR10X-2M, Campbell Scientific Inc., Logan, UT, 

USA). In 2007, the setup was installed between 25 April and 6 November, and 

measurements of environmental variables were made each 30 minutes for air tem-

perature and relative humidity (TRH-100, Pace Scientific Inc., Mooresville, NC, USA), 

soil temperature (0.05 m, PT940, Pace Scientific Inc., Mooresville, NC, USA) and 

PPFD using a solar cell (as described by Vonlanthen et al. 2006). An alternative 

meteorological measurement setup, installed at about 980 m distance east and at 

approximately 45 m higher elevation, was operational during the whole 2006 and 

2007 seasons. This additional setup provided alternative 30 minute means of air 

temperature (at 2.50 m), incoming shortwave radiation (at 2.50 m, SP Lite, Kipp & 

Zonen B.V., Delft, Netherlands), soil temperature (at -0.05 m, TB107, Markasub AG, 

Olten, Switzerland) and sums of precipitation (not heated LC, Texas Electronics, 

Dallas, USA), which were used for comparison and post-calibration. The PPFD 

measurements for Alp Weissenstein in 2007 are post-calibrated based on a regres-

sion of PPFD data with pyranometer measurements from the setup ≈980 m east of 

the EC setup. The regression between the PPFD and the pyranometer measure-

ments of 2006 is used as a conversion factor of 1.95 to PPFD. No correction was 

made to compensate for the difference in measurement height above the surface 

between 2006 and 2007 at Alp Weissenstein (e.g. for air temperature). 
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10.3.3 Flux calculations and corrections 

The EC method combines high time resolution wind vector and scalar (e.g. a con-

centration) measurements to calculate period averaged turbulent fluxes and has a 

proven robustness for intercomparisons across climate zones and biomes (Baldocchi 

et al. 2001). The net CO2 flux (FN) calculation by EC is defined as 

 cwρF a ′′=N  (Eq. 10.1) 

where the overbar denotes temporal averaging (typically 30 minutes), the primes de-

note the variation from the mean, and ρa, w and c denote the air density, the vertical 

wind speed and the CO2 concentration, respectively. In the derivation through Rey-

nold’s Decomposition the assumption is made that the mean vertical flow and density 

changes are negligibly small. 

The net CO2 flux can also be expressed as the sum of the assimilation flux (FA) 

and total ecosystem respiration (FR) and becomes 

 FN=FA+FR. (Eq. 10.2) 

On a diurnal scale, nighttime FR can be estimated from FN measurements by EC, 

while FR occurs together with FA during the day. Here we use a light-response func-

tion (Falge et al. 2001) to model FA and a respiration-temperature function (Lloyd and 

Taylor 1994) to model FR for the different harvest intervals over a season (Ammann 

et al. 2007). 

The respiration-temperature model for FR is defined as (Eq. 11 in Lloyd and Taylor 

1994) 

 








−
−

−
⋅⋅=

0soil0ref
0refR,R

11
exp

TTTT
EFF  (Eq. 10.3) 

where FR,ref is the respiration at a reference temperature Tref (Tref=283.15 K), Tsoil is 

the soil temperature in K (typically at 5 cm depth), T0 is a temperature between Tsoil 

and 0 K (e.g. T0=227 K), and E0 is a fit parameter for the activation energy (i.e. 

308 K). The model is parametrised using only nighttime data for Tsoil and FN (as 

FN,night=FR,night). Besides FR,ref and T0, E0 can also be included in the optimization of 

the model. 



168  Appendix A 

The light-response model for daytime assimilation is defined as (Eq. A.9 in Falge et 

al. 2001) 
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where α denotes the ecosystem quantum yield (i.e. the flux of CO2 per flux of pho-

tons, µmol m-2 s-1 · (µmol m-2 s-1)-1), QPPFD denotes the photosynthetic photon flux 

density (µmol m-2 s-1), and FA,opt represents the assimilation rate at optimal light con-

ditions. The model is parametrised for α by determining FA from Eq. 10.2 using 

measurements of FN and model estimates for FR in daytime conditions using 

Eq. 10.3. From this FA also FA,opt is determined for optimal daytime conditions with a 

clear sky (QPPFD>1200 µmol m-2 s-1) and a well developed canopy (i.e. the days just 

before a harvest). 

Post-calibration of the IRGA CO2 and H2O concentrations was performed based on 

periodic measurements of standards. Fluxes of CO2 and H2O were calculated for 30 

minute periods using the eth-flux flux analysis tool (Eugster and Senn 1995; Mauder 

et al. 2008) and R for statistical analysis (R Development Core Team 2008). We ap-

plied a 2-dimensional coordinate rotation for the wind vector for each averaging pe-

riod, for a rotation into the mean stream line and an alignment of the vertical to yield 

0=w . The time series for the sonic anemometer and IRGA were shifted for each cal-

culated mean to correct for timing differences between the EC sensors and the sen-

sor separation. Post-calibration of the flux data consisted of a dampening loss cor-

rection (following Eugster and Senn 1995) and a correction for the effects of water 

vapour transfer (Webb et al. 1980). 

The resulting CO2 flux data was screened for conditions with high window dirtiness 

of the IRGA sensor (>70%), for out of range flux values (|FN|>50 µmol m-2 s-1), for 

wu ′′ <0 m s-1 and for low friction velocity (u*<0.08 m2 s-2). We further tested stationar-

ity and turbulent conditions following Foken and Wichura (1996). The stationarity test 

was based on a comparison of the 30 minute averages for CO2 and H2O fluxes with 5 

minute averages of the fluxes for the same period. The turbulent conditions were 

tested by comparing a theoretic value for flux similarity (using Obhukov length) with 

empirical values. The flux similarity was calculated as dimensionless number from 
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the square root of vertical wind speed variance (σw) and the friction velocity (u*) as 

1

*
−uwσ . For both the stationarity and similarity test, the data were kept if <30% (high 

quality) or 30–100% (good quality) deviation is encountered from the respective ref-

erences. For the assessment of FA (Eq. 10.4) and FR (Eq. 10.3), only data flagged as 

high and good quality were used. 

Data coverage of the environmental variables required for the gapfilling procedure 

was required, at all sites (>99% of the time covered) and therefore provided a good 

base for the models used for FA, FR and the gapfill procedure for FN. The missing val-

ues for the soil temperature and PPFD were gapfilled in two steps. We applied a lin-

ear interpolation for gaps ≤4 values (≤2 hours). Then we applied a gapfilling through 

diurnal (per time of day) averaging within a four day moving time window for each 

time of day. Data coverage of the CO2 exchange data after omission of bad data is 

57%, 59% and 41% for Chamau, Früebüel and Alp Weissenstein, respectively. The 

lower data coverage at Alp Weissenstein can be explained by the use of a less re-

fined data rejection procedure for these data, due to the absence of digital status in-

formation of the open path IRGA for post processing. On the other hand, most of the 

rejection for Chamau and Früebüel was related to low turbulence conditions, specifi-

cally with low u*. 

The gapfilling procedure for missing values of the net CO2 flux is based on applica-

tion of the temperature-respiration (Eq. 10.3) and light-response (Eq. 10.4) functions. 

Missing data were gapfilled in three time steps, from parametrisation in a four day 

moving window to a periodic parametrisation to a parametrisation based on seasonal 

values. To achieve this, first the model parameters for FR,ref were determined for a 

whole period (typically seasonal) and per harvest interval. These parameter values 

were used as initial values for a four day moving window model parametrisation for 

FR,ref and subsequent prediction of missing values for FN, nighttime FR and daytime 

FR. If no suitable model could be determined from the four day moving time window, 

the harvest interval parameter values were used, and if necessary, followed by sea-

sonal predictions. Second, the FR data were combined with the available FN data to 

calculate FA, α in low to moderate light conditions (10<QPPFD<400 µmol m-2 s-1) and 

FA,opt in high light conditions (QPPFD>1200 µmol m-2 s-1), considering only the last 

eight days before the grass cut for each harvest interval. Again, model parametrisa-
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tion was based on a four day moving time window to predict FA values, and – where 

required – harvest interval or season parameters were used for the light-response 

function. The approach resulted in a gapfilled time series for FN, a partly measured 

and partly modelled time series for FR and a modelled time series of for FA, which 

were adapted to rapidly changing conditions during the harvest intervals throughout 

the season. Soil moisture did not add an obvious constraint to FN and this adding 

support to use of a temperature-respiration model that did not include soil moisture 

as an explicit variable, in contrast to Reichstein et al. (2003). This was in line with the 

findings by Wohlfahrt et al. (2005) for respiration fluxes of an Austrian alpine 

meadow. 

The closure of the energy budget was used as a quality measure of the EC mea-

surements, based on the comparison (see e.g. Aubinet et al. 2000; Foken 2008) 

 HEG* QQQQ +=−  (Eq. 10.5) 

in which net radiation influx (Q*) minus soil heat flux (QG) are related to the compo-

nents latent heat flux (QE) and sensible heat flux (QH). Soil heat flux was corrected for 

the storage of heat above the sensor using an adaption of the method suggested by 

Oke (1987), 
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cS −⋅⋅=  (Eq. 10.6) 

where Tsoil is the average soil temperature above the soil heat flux sensor (n=3), t is 

time, zd is the sensor depth, z0 is the surface (z0=0). Here, the volumetric heat ca-

pacity cv is estimated following De Vries (1963), using the volumetric soil moisture at 

0.05 m depth and the fraction of bulk density over particle density as mineral fraction. 

Bulk density values at the field sites are 1.0·10-3 kg m-3 for Chamau and Früebüel 

based on laboratory estimates (Roth 2006). Particle density is taken as 

2.65·10-3 kg m-3 (White 2005), resulting in an estimate for mineral fraction of 37%. 

The energy budget closure calculated for the whole measurement period for Chamau 

and Früebüel were 81% and 78%, respectively. These results were comparable with 

other eddy covariance measurement sites on less complex terrain (e.g. Wilson et al. 

2002). The applicability of the eddy covariance method at the complex terrain of the 

alpine sites was facilitated by a strongly developed valley wind system, as has been 

shown by Hiller et al. (2008) for Alp Weissenstein. 
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10.3.4 Management data 

To quantities the volume of harvested biomass and applied manure, the official 

farm management “LBL Feldbuch” data were used. The carbon content of harvested 

biomass was determined for each harvest using sample plots at the same study area 

near the EC setups (Gilgen and Buchmann 2008). The harvest biomass was aver-

aged for five or more replicates of 0.20 m2 sample plots and was considered repre-

sentative for the respective reference field, which is FG5 at Chamau and Schutz-

wiese at Früebüel (Fig. 10.1). In addition, slight differences between the fields in the 

footprint area needed to be taken into account for the determination of the carbon 

amounts per unit area (g C m-2). Therefore, a scaling factor was determined combin-

ing amounts of carbon per biomass and the reported volume of the harvest for the 

reference fields, or in case of the second harvest interval of Früebüel 2007, a scaling 

factor per grazing cow was calculated. From these scaling factors, the field sizes and 

the harvest volumes (or cattle numbers) reported by the farmer, the carbon content 

per harvest (in g C m-2) was determined for the other fields in the EC footprint. 

The amount of carbon in the applied manure was calculated based on the average 

dry weight (DW) and organic carbon content (Corg) of samples from Chamau taken in 

2007 (liquid manure, DW=3.85 ± 0.95%, Corg=461 ± 21 g kg-1, n=8) and from Früe-

büel in 2006 (dung, DW=27.82%, Corg=451 g kg-1, n=1). The method for sampling of 

the liquid manure and solid manure differed. Liquid manure was sampled directly 

from the supply tube running into the field, just before application of the manure. This 

was possible by using an automated system that briefly diverted the manure flow to a 

10 l container in regular intervals during the application process. From the collected 

manure in the container, a well mixed sub-sample was taken. By using this sampling 

procedure a representative sample was assured for the manure applied to each 

separate management field (Fig. 10.1), which would not have been possible by tak-

ing samples from the manure storage depot. The solid manure was sampled from the 

supply just before application. Both liquid and solid manure samples were analysed 

in an external, specialised laboratory. At Chamau, predominantly liquid manure was 

applied, except for one occasion on 6 March 2007. At Früebüel, one of the fields re-

ceived lime mixed with soil on 15 October 2007, for which the organic carbon content 

was considered as carbon input. 
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10.3.5 Carbon budget 

The carbon balance not only contains turbulent flux components, but also man-

agement inputs and outputs. The change in the carbon balance of a site due to tur-

bulent exchange and management can thus be written as 

 oiN/∆∆ FFFtC ++=  (Eq. 10.7) 

where Fi represents the carbon inputs through management (i.e. application of ma-

nure, fertilizer or lime), and Fo represents the carbon outputs through harvest (i.e. 

grass biomass, and biomass increase of grazing livestock). For an accurate compari-

son of carbon input from manure and carbon output through harvested biomass to 

FN, the values were weighted by percentage of time each field in the footprint con-

tributed to the FN measurements. This percentage was determined from the wind di-

rection data of the EC setup. 

10.4 Results and discussion 

The three sites differed strongly in their overall climatic conditions as well as in the 

seasonal course of climatic parameters. With increasing elevation, the average tem-

perature decreased and the growing season became shorter (Table 10.1). The pe-

riod 2005–2008 included two exceptionally warm years, namely 2006 and 2007, but 

also exceptionally cold and mild winters, 2005–2006 and 2006–2007, respectively. 

The cold winter of 2005–2006 was followed by a record warm July 2006. The warm 

winter 2006–2007 was followed by an early spring and summer in 2007, and with 

frequent precipitation in summer and autumn, 2007 became a record warm year 

(MeteoSwiss 2006, 2007, 2008). 

At Chamau, this weather pattern resulted in high levels of available light (PPFD) 

and dry soil conditions in July 2006, which also dramatically affected mean soil tem-

perature and the amplitude of soil temperature until a cool period with precipitation 

came in August 2006 (Fig. 10.2). The temperatures in winter 2006–2007 were on av-

erage well above freezing for both air and soil. In April 2007, soil conditions were 

again dry but contrary to July 2006, temperatures did not rise as high. The pre-alpine 

region is known for fog conditions, which created a difference in available light 

(PPFD) compared to higher elevations, but predominantly in the months outside the 

growing season (Fig. 10.2e). 
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At Früebüel, the conditions in July 2006 resulted in a temperature rise and steep 

decline in soil moisture, but these were moderated by elevation and higher amounts 

of precipitation in the month before. Soil moisture recovered in the months thereafter 

with higher levels of precipitation compared to the other sites (Fig. 10.2). The air and 

soil temperatures during the 2006–2007 winter at Früebüel are distinctly different 

from the other winters, which is especially clear from the course of soil temperatures. 

The course of the soil temperature in the 2006–2007 winter is also a clear indication 

that a snow cover was only present intermittently and for short periods. 

At Alp Weissenstein, soil temperatures were influenced by snow cover and in-

creased rapidly after snow melt. Nevertheless, snow cover influenced growing sea-

son length. Due to the elevation, warm periods such as in July 2006 did not cause 

high temperatures in air and soil, but cool periods such as in August 2006 brought 

critically cold conditions during the growing season, with temperatures close to 

freezing and snowfall. The orographic locality in a dry alpine valley can be recog-

nised from the precipitation amounts, which were generally lower than those at the 

sub-alpine site Früebüel, despite its higher elevation. 

If we compare the conditions between the year 2006 and 2007 for all three sites, 

the difference in mean annual temperature changed the most for Chamau. At 

Chamau, the number of days with average temperature above 5 °C increased by 19 

days to 264 days (Table 10.1), which is high compared to the reported average of a 

grassland site at comparable elevation and latitude (244 days for Oensingen, Swit-

zerland, 450 m a.s.l. according to the GREENGRASS synthesis Soussana et al. 

2007). At Früebüel and Alp Weissenstein, this increase was only 3 and 5 days, while 

for instance at Früebüel the increase in average air temperature was the same 

(0.5 °C, Table 10.1) as for Chamau. For all three s ites, there was ≈100 mm more 

precipitation recorded in 2007 compared to 2006 (Table 10.1). 

This pronounced difference between 2006 and 2007 can also be seen in the net 

CO2 exchange of our sites (Fig. 10.3). The start of the growing season differed be-

tween the two years: the turning point when daily uptake of CO2 exceeded daily re-

lease started about 65 and 15 days earlier in 2007 compared to 2006 for Chamau 

and Früebüel, respectively. At Chamau, this early start in 2007 already in July was 

followed by a period with continuous net CO2 release. This resulted in nearly the 

same annual sum of FN in 2007 compared to 2006 (Table 10.2). For Früebüel, the 
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shape of the seasonal pattern in cumulative carbon exchange for 2006 were compa-

rable to 2007, but due to the early start of the growing season resulted in a larger 

sum of annual CO2 uptake (Table 10.2). 

In the periods of overlapping data coverage for all three sites, the cumulative car-

bon uptake was higher at Alp Weissenstein and similar to that of Früebüel 

(Table 10.2). For 2007, the comparison was made based on modelled FN for 45 con-

secutive days during the season (6 April to 15 September 2007). The sums of FN 

were nevertheless in the same order of magnitude as in 2006 for which a shorter, but 

continuous dataset was available for Alp Weissenstein. Taken altogether, we ob-

served that with increasing elevation the relative decrease in FR was stronger than 

the relative increase in FA, hence the sum of FN showed an increased CO2 uptake 

with elevation (Table 10.2). 

In mid-season (July and August), the daily cumulative fluxes were similar on all 

three sites after the initial recovery following harvest and manure application, as can 

be seen from the slope of the curves for cumulative flux at the end of each harvest 

interval (Fig. 10.5). This is supported by the cumulative sums of fluxes for overlap-

ping measurement periods in summer of the years 2006 and 2007, but contradicting 

to the annual sums of net CO2 fluxes (Table 10.2). This indicates that management 

intensity has a strong effect on FR and therefore also on the cumulative FN, especially 

when integrated over longer periods (e.g. several harvest intervals). 

The three sites are located along an elevational gradient where not only climatic 

but also management factors differ substantially. While Chamau is harvested 6-7 

times, Früebüel is harvested 2-4 times, and Alp Weissenstein is harvested 1-2 times. 

For all three sites, the management decisions and thus the timing of harvest, manure 

application or grazing, is clearly influenced by climate, e.g. by the early season start 

of the growing season and its length, as can be seen in the occurrences of manage-

ment over the course of both years (Fig. 10.4a). At Chamau, manure is applied 

throughout the season, typically within days after harvest and whenever possible 

during winter to ascertain that the manure stock does not reach the farm’s storage 

limits (Fig. 10.4b). In the winter of 2006–2007, more grazing was required to manage 

the farmland at Chamau, as harvest was not feasible due to the wet soil conditions 

(Hans Leuenberger, ETH Chamau, pers. comm.), while high temperatures were fa-

vourable for growth. The intensity of manure application during the 2006–2007 winter 
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was also higher than in the 2005–2006 and 2007–2008 winters. For Früebüel, the 

intensity of the manure application was much lower, typically only 1 to 2 times per 

year, as less manure was available. Although the number of harvests was the same 

for 2006 and 2007, the difference in duration of the harvest intervals was increased 

by a factor of about 2 from 2006 to 2007. At Alp Weissenstein, no manure was 

added, and only one harvest was made as late in the season as possible. For 2006, 

the occurrence of a cold period with snow fall required a harvest in late July, while in 

2007 this harvest was delayed until October. 

At each event of grass cut and subsequent manure application, the balance in cu-

mulative (and thus diurnal) FN shifted towards CO2 release. This is clearly seen for 

example at Chamau, where it takes up to two weeks for the ecosystem to recover, 

thus before the net cumulative loss changed back to a net cumulative (and diurnal) 

uptake of CO2 (Fig. 10.4), while at Früebüel assimilation typically was equal to or ex-

ceeded respiration within days after the harvest (Fig. 10.6). Although these patterns 

were variable over the growing season, they did not follow a temporal trend. How-

ever, the expected increase of respiration due to manure inputs is not visible in the 

ratios of FA over FR after application. Manure application is often made when light 

rain is forecasted, hence coincides with conditions where EC data are poor and thus 

need to be discarded. We therefore suspect that the gap filling for the period of ma-

nure application introduced a smoothing that masked the short term response of FR 

to manure input, even if a small moving window of four days was used. Summarising, 

management strongly influenced the annual balance of net CO2 fluxes. Particularly 

the intensity of manure application is highly relevant as observed most clearly at the 

intensively managed lowland site Chamau. 

Based on those strong implications of management on net CO2 fluxes, budget cal-

culations need to take into consideration the timing of management practices as well 

as inputs of carbon (Fi; manure inputs) and outputs of carbon (Fo; harvest output) for 

each management interval separately (Eq. 10.7). During the period of 2006–2007 

carbon stocks increased by ≈220 g C m-2 and ≈120 g C m-2 for Chamau and Früe-

büel, respectively (Fig. 10.7). However, while the increase in carbon stock for 2006 

was ≈60 g C m-2 for Chamau and Früebüel, the increase in 2007 was 150 g C m-2 

and 60 g C m-2 for Chamau and Früebüel, respectively. At Chamau, manure inputs 

and application intensity were high as application occurred after most harvests and 
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during winter. These inputs did not respire immediately and were not converted into 

the biomass of the next following harvest, but showed a timelag within the year and 

to the next year. For Chamau the differences in management between the fields ad-

jacent to the measurement setup were minimal and the carbon fluxes should there-

fore be a good representation. At Früebüel, management within the EC footprint was 

very heterogeneous, but at the same time, this site represents typical conditions in 

mountain grassland ecosystems, where management practices are generally 

adapted to small-scale variations in topography, microclimate and soil fertility condi-

tions. Less manure was applied due to the dominance of pastoral grazing, and ma-

nure was applied in solid form for which it was more difficult to obtain representative 

estimates of C contents compared to liquid manure. In addition, the fields border a 

natural reserve, for which by recent legislation a perimeter of land was required (a so 

called «Ökologische Ausgleichsfläche», a zone assigned to an agri-environmental 

scheme of reduced management intensity) where no management was allowed until 

July (2006) or until mid July (2007). The values are however the best available esti-

mates. If we examine the information on carbon fluxes, changes in carbon stock, the 

management patterns and weather changes, we see that farmer’s management 

strongly adapts to any changed weather situation. By doing so, management strongly 

influences the resulting patterns in the carbon flux and stock. This is inherent to the 

timing of management and practice of the farmer, who will prefer to harvest in good 

weather and apply manure when rainy weather is expected. 

While the harvest output flux (Fo) is well constrained by measurements, additional 

output fluxes such as DOC loss, non-CO2 greenhouse gas fluxes (e.g. VOC, CH4) 

and harvest losses are not. However, DOC and non-CO2 greenhouse gas losses are 

expected to be small (Rogiers et al. 2008). The loss through leaching of dissolved 

organic carbon (DOC) between October 2006 and May 2008 was estimated for Früe-

büel to be about 5 g m-2 a-1
 for the A+B horizon (Kindler, Siemens, Heim, Schmidt 

and Zeeman, unpubl. data). Similarly, bias due to harvest loss seems negligible as 

well. The amount of biomass per unit area sampled by us might differ from the 

amount of biomass per unit area harvested by the farmer, due to the lack of harvest 

losses in the biomass samples taken manually. Thus, the difference in harvest meth-

odology might introduce inaccuracies in the overall carbon balance, but the carbon of 

the decomposing harvest is already accounted for with our measurements of net 
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ecosystem CO2 flux. Furthermore, since harvest loss is controlled by the efficiency of 

farm machinery and this machinery was not changed or modified during our mea-

surement period, we can assume harvest loss to be similar for each harvest. Thus, 

we conclude that the carbon stock changes estimated for the two sites are based on 

the best information available. 

This conclusion is supported by the fact that our results for FN and C compare well 

with other recent studies of managed grasslands in Switzerland. At the CarboEurope 

site Oensingen (OEN-1), an intensively managed grassland at 450 m a.s.l. in north-

ern Switzerland, Ammann et al. (2007) found a net sequestration of 147 ± 

130 g C m-2 for the years 2002 to 2004. Although the Oensingen grassland is inten-

sively managed, it receives less manure inputs (about 21 and 59 g C m-2 during 

2002–2004) than the Chamau site (319 and 417 g C m-2 in 2006 and 2007) at com-

parable elevation (Ammann et al. 2007), i.e. only about 15% of the amount applied at 

Chamau. The higher manure input at Chamau also explains the differences in annual 

sums of FN, which are in the range of -215 to -669 g C m-2 for Oensingen (Ammann 

et al. 2007), about a factor of 2 to 7 larger compared to Chamau (Table 10.2). 

Comparing an extensively managed grassland at Rigi Seebodenalp (1025 m a.s.l., 

approximately 7 km south-east of Früebüel) points at the importance of soil carbon. 

The Rigi Seebodenalp site showed a significant carbon loss during the years 2002 to 

2004 (Rogiers et al. 2005, 2008), much in contrast to the carbon uptake at Früebüel 

in 2006 and 2007. This difference is not primarily a result of the summer 2003 heat 

wave, but mainly explained by the difference in soil properties between the two sites. 

Rigi Seebodenalp is located on a rich organic soil of a former lake bottom (Rogiers et 

al. 2008) with large CO2 flux driven by peat decay (Leifeld et al. 2005), while Früe-

büel is located on a mineral soil (Roth 2006). 

Finally the question arises, where does the carbon go? In grassland ecosystems, 

any carbon sequestration can only occur in the soil compartment. The soil organic 

carbon (SOC) stocks at Chamau and Früebüel are 55.5–69.4 t C ha-1 (n=2) and 

39.4–60.4 t C ha-1 (n=2), respectively (Roth 2006). This is within the range deter-

mined for favourable grassland sites (50.7 ± 12.2 t C ha-1) in Switzerland, as shown 

in an earlier national survey by Leifeld et al. (2005, n=544) for soil depth 0–0.20 m. 

The SOC stocks in the top soil (0–0.10 m) within the footprint area of Chamau and 

Früebüel have been determined as 32.9 ± 2.2 t C ha-1 (n=41) and 38.9 ± 5.7 t C ha-1 
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(n=44), respectively (Roth 2006). When we assume that most of the estimated car-

bon sequestration of the grassland ecosystems must be found in the soil, in particular 

in the Ah horizon, then the annual increase in carbon stocks for Chamau and Früe-

büel are on the order of 1–2% of top soil carbon. 

10.5 Conclusions 

Based on our measurements of FN and our estimates of carbon sequestration of 

three grasslands within the traditional three-stage grassland farming system in Swit-

zerland, we conclude that management practices strongly influence the carbon fluxes 

and the carbon budgets of these grasslands, with strong interactions with climatic 

conditions triggering management decisions. Carbon stock changes were similar for 

Früebüel and Chamau in 2006, but higher for Chamau in 2007, while both systems 

clearly were carbon sinks during 2006 and 2007, two very different but warm years. 

This provides also strong evidence that C stock can and must be managed ade-

quately in the future, when climatic conditions not only affect carbon dynamics in 

soils and vegetation but also adaptive management of Swiss grasslands. 
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Table 10.1: Climate variables for Alp Weissenstein, Chamau and Früebüel in 2006 

and 2007, consisting of the sum of precipitation (P), mean annual air temperature 

(Tair) and days with average temperature above 5 °C as i ndicator for growing season 

length. For Alp Weissenstein, the rain gauge was not heated, causing an underesti-

mation of the annual sum of precipitation for the period with snowfall. 

  
∑P 

[mm] 
Mean 

Tair [°C] 
Mean Tair > 5 °C 
[days per year] 

2006 Alp Weissenstein (2000 m) 609a 2.4 149 

 Früebüel (1000 m) 1649 7.2 231 

 Chamau (400 m) 1136 9.5 246 

2007 Alp Weissenstein (2000 m) 756 a 2.2 142 

 Früebüel (1000 m) 1764 7.7 234 

 Chamau (400 m) 1232 10 265 

                                                 
a Only liquid precipitation (during the warm season, April–November). 
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Table 10.2: Cumulative sums of net ecosystem exchange (FN), the modelled compo-

nents of ecosystem assimilation (FA) and ecosystem respiration (FR), application of 

manure or liming (Fi) and harvest output (Fo) for Chamau, Früebüel and Alp Weis-

senstein. Annual sums are given only for Chamau and Früebüel. The 46 day gap in 

summer 2007 for the FN of Alp Weissenstein were been modelled using a light-re-

sponse and a temperature-response function that are parametrised using available 

FN data, soil temperature and PPFD (see text). 

  Flux sums [g C m-2] 

Annual  FN FA FR Fi Fo 

2006 Früebüel (1000 m) -165 -1756 1591 -108 208 

 Chamau (400 m) -81 -2304 2222 -256 326 

2007 Früebüel (1000 m) -300 -1796 1496 -167 414 

 Chamau (400 m) -94 -2566 2472 -408 372 
       Periodab  FN FA FR   

2006a Alp Weissenstein (2000 m) -134 -500 366   

Früebüel (1000 m) -134 -750 616   (n=79 
days) Chamau (400 m) -51 -874 823   

2007b Alp Weissenstein (2000 m) -488c -1171c 679c   

Früebüel (1000 m) -314 -1292 977   (n=139 
days) Chamau (400 m) -9 -1470 1461   

                                                 
a Only time period 2006-06-24 to 2006-09-11. 
b Only time period 2007-04-26 to 2007-09-15. 
c Modelled values for time period 2007-05-29 to 2007-07-14. 
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Figure 10.1: Flux footprint areas of the research sites at Chamau (top left), Früebüel 

(top right) and Alp Weissenstein (bottom). At Chamau, the EC setup (star) is located 

about 150 m north-northeast of the farm buildings complex, and the grass pastures 

are bordered to the east by forested area. The Früebüel EC setup is located about 

200 m north east of the farm complex, and the managed pastures are bordered by 

forested peatlands to the west. The Alp Weissenstein EC setup is located about 

500 m west of the Crap Alv farm complex, just north of the road to the Albula pass. 

The maps further show the location of the biomass sample plots (rectangle), the 

managed pastures adjacent to the setup (outlined with dashed lines) with their re-

spective names, the contours of percentage influence for the calculated footprint 

(light gray areas, calculated with the Kljun et al. (2004) footprint model), roads and 

buildings (dark gray), trees (gray circles) and elevation (black lines). For Chamau, a 

small drainage canal with reed and bushes is marked east of the setup (light gray). 
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Figure 10.2: Summary of the environmental conditions at the three grassland sites 

Chamau (CHA), Früebüel (FRU) and Alp Weissenstein (AWS) in the period Septem-

ber 2005 to July 2008. The variables shown are (a) the weekly sum of precipitation 

(∑P), the two week averages (b) of soil humidity (θsoil), (c) of air temperature (Tair) 

and (d) of soil temperature (Tsoil), and (e) the two week averaged daily (24 hour) 

mean PPFD (QPPFD). For Alp Weissenstein, seasonal air temperature and PPFD 

measurements are given for a measurement location about 980 m east of the EC 

setup, at approximately 45 m higher elevation (dashed lines). 
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Figure 10.3: Comparison of the seasonal dynamics in cumulative turbulent flux of 

CO2 for the three grassland sites (a) Alp Weissenstein, (b) Früebüel and (c) Chamau 

for 2006 and 2007. Each season starts with a positive flux (net respiration) and pro-

ceeds with a negative flux when assimilation exceeds respiration, until the ecosystem 

respiration exceeds assimilation again, close to the end of the growing season. The 

rate of net ecosystem exchange fluctuates throughout the season as a result of 

changes in environmental conditions and management events (e.g. grass cuts, appli-

cation of manure, grazing) and hence also differs from one season to the next. The 

growing season in 2007 started earlier than in 2006. 
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Figure 10.4: Seasonal dynamics of the cumulative net ecosystem flux of CO2 (cumu-

lative FN) for the three grassland sites in relation to management events in the period 

September 2005 to July 2008. (a) The timing and duration of harvest intervals 

change from year to year as the farmer follows the environmental conditions and re-

growth cycles, and adapts the intensity of management accordingly. These man-

agement events can be correlated with fluctuations in (b) the seasonal course of the 

cumulative FN. Occurrences of manure application during the growing season are in 

general within days after the grass cut. Grazing by cattle or sheep took place in au-

tumn and winter, and especially at Chamau 2006–2007 was used as a means to 

regulate regrowth during the warm winter. 
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Figure 10.5: Seasonal dynamics of the cumulative net ecosystem flux of CO2 (cumu-

lative FN) for the three grassland sites in relation to management events in July and 

August 2006. (a) The harvest intervals are given as reference to Fig. 10.4. (b) In mid 

season, the net diurnal cumulative change at all three elevations are similar, as indi-

cated by the slope of the curves. The timing of harvest is similar among the sites, as 

well as the timing of manure application soon after harvest. See text for details. 
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Figure 10.6: Ratios between assimilation FA and respiration FR over the course of 

each harvest interval, shown as smoothed polynomial fits for each harvest interval. 

When the relationship is above 100% (horizontal line), the ratio of fluxes indicates net 

ecosystem uptake of CO2. For Chamau, the crossing of that threshold is visible for all 

harvest intervals, except for the last period of 2007. For Früebüel, the smoothed in-

terpolations go below the 100% threshold only in the 2nd harvest of 2007. Note that 

the harvest intervals of 2007 in Früebüel were exceptionally long. 
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Figure 10.7: The net carbon stock change (∆C) for Chamau (CHA) and Früebüel 

(FRU) from the last harvest in 2005 until the first harvest in 2008. The timing of each 

harvest (a) is linked to the cumulative CO2 flux for each site (b), as calculated from 

the components of C (c). These components are the net totals of C per harvest inter-

val for the net ecosystem exchange (FN), manure and liming application inputs (Fi) 

and harvest outputs (Fo), which sum up to a C value per harvest interval. 
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11 Appendix B: Bowen ratio systems 

Due to technical difficulties, one of the original main focuses of the project could not 

be presented in this thesis. As I invested quite some time building the instruments for 

this purpose, I would like to spend a few words on the failed approach here. 

As drought most likely alters the evaporation and transpiration fluxes from vegeta-

tion to the atmosphere, monitoring these changes would give great insight into use of 

water resources under drought. To calculate changes in evapotranspiration of the 

communities in response to drought, we had planned to apply an approach using the 

Bowen ratio (Bowen 1926; Ohmura 1982). This approach has been successfully 

used before in Swiss forest and grassland (Eugster and Cattin 2007). Unfortunately, 

the (re-)building of the measurement instruments, two psychrometers per Bowen 

system, turned out to be much more difficult than could be expected. In the first year 

of measurements (2006), we tried to use a setup with two temperature sensors (Pre-

cision IC Temperature Transducer AD592AN, Analog Devices, Norwood, MA, USA), 

a dry bulb temperature sensor and a wet bulb temperature sensor (the classical 

setup of a psychrometer). However, substantial problems occurred already during the 

test phase in the laboratory. While all psychrometers performed well during the first 

hours of the tests, we found that some of the wicks covering the wet bulb tempera-

ture sensors fell dry after some time even though there was still enough water in the 

bottles. In contrast, other sensors showed dripping of water from the wicks. Several 

attempts to change the setup (e.g. changing the wick, changes in the positioning of 

the water bottle, holes to prevent under pressure due to suction of water) did not im-

prove the results. Although the systems did not show replicable problem behaviour, 

we nevertheless installed the sensors in the field, hoping they would work under real 

conditions. Unfortunately, they did not and data generally displayed reasonable be-

haviour for only about two to three days after refill – if at all. Due to these problems 

we decided to change the setup from 2006 to 2007. We replaced the wet bulb tem-

perature sensors with relative humidity sensors (HIH-4000-002, Honeywell, Freeport, 

IL, USA), basically yielding the same information as with the old setup. However, the 
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performance of those RH sensors was very unstable and they were highly sensitive 

to moisture and most of them failed after short time in the field. None of the RH data 

collected in 2007 could be used for analysis. 

It is basically possible to use a height gradient in temperature to calculate the en-

ergy balance. This approach has not been widely tested yet and it is based on many 

assumptions and uncertainties are thus rather high. Under these conditions, it is un-

sure, whether the small temperature differences measured at our field sites will be 

sufficient to find differences in evapotranspiration or not. This is now investigated in a 

small study applying the method to field data from 2007 (Allers et al., in prep.). 
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12 Appendix C: Technical setup 

Attached some detailed technical information on the setup of equipment used for the 

micrometeorological measurements in the field. Development and design by Peter 

Plüss, ETH Zurich. 
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Figure 12.1: Connection scheme of the CR10X dataloggers.
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Figure 12.2: Scheme of the print used to multiplex the temperature sensors. 
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13 General discussion 

A reduction of biomass productivity in response to drought has often been ob-

served in grasslands (e.g. Bollinger et al. 1991; Stampfli and Zeiter 2004; Kahmen et 

al. 2005). We thus expected to find a similar reduction of productivity in response to 

extreme summer drought at the three grassland sites across Switzerland. At the al-

pine site, Alp Weissenstein, above-ground biomass productivity was indeed drasti-

cally reduced on drought plots compared to control plots. A significant reduction of 

above-ground biomass productivity was also found at the lowland site, Chamau, but 

only in the third year. However, at Früebüel no significant change in biomass produc-

tivity was observed under drought. Comparable results were also reported in the 

Yellow Stone National Park (Frank 2007). A positive relationship of annual precipita-

tion and biomass reduction in response to drought was observed, indicating that 

grassland communities receiving more precipitation are better buffered against dis-

turbance by summer drought than communities in drier regions. Discrepancies be-

tween results for above-ground biomass productivity at Früebüel in 2006 reported in 

Chapters 4 and 5 (positive trend in Chapter 4, no effect in Chapter 5) are explained 

by differences in handling of outlier values. 

Under summer drought, an increase in below-ground biomass productivity at 

higher plant diversity was found in grasslands in Central Germany (Kahmen et al. 

2005). We had hypothesised to see such an increase in below-ground biomass pro-

ductivity in our drought experiment as well, assuming a stimulation of root growth by 

abscisic acid in response to drought (Saab et al. 1990; Hsiao and Xu 2000). Higher 

root growth under drought would allow plants to forage larger soil volumes for water. 

However, we did not find a significant effect on below-ground biomass productivity at 

any of the three sites. Nevertheless, the below-ground to above-ground biomass ratio 

increased in response to drought at Alp Weissenstein and Chamau, indicating that 

proportionally more resources were invested into roots under drier conditions. 

Although the increase of Rumex obtusifolius at Chamau in the second year of the 

experiment was unexpectedly strong, this supported our hypothesis for an increase 

of deep-rooted forbs under drought. However, as R. obtusifolius was virtually absent 

from the plots in the first year, other mechanisms than the deep rooting system of R. 
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obtusifolius were involved in the spread of this weed species. These were mainly the 

decreased vegetation cover on drought plots at the beginning of the year and the 

potentially higher photosynthetic capacity of R. obtusifolius enabling the species to 

invade the plots while the deep rooting system and the N uptake patterns supported 

the further spread of the species thereafter. 

Experiencing water stress, plants generally close their stomata, thereby reducing 

stomatal conductance and, although not necessarily, photosynthesis (Hsiao 1973). 

Thus, assuming a reduced photosynthetic rate, a decrease in N concentration was 

expected because of the close correlation of photosynthetic capacity and N concen-

tration (Field and Mooney 1986). No clear response of C and N concentrations to 

drought was found and data were thus only presented for R. obtusifolius that dis-

played clearly higher N concentrations than all other species. 

According to classical stable isotope theory, δ13C values should increase under 

drought because stomata are closed (Farquhar et al. 1982). This theoretical assump-

tion was supported by our findings of increases in δ13C under drought in all years at 

all sites. 

No shift in uptake patterns of N in response to drought could be observed using 

δ15N at Früebüel and Alp Weissenstein. The δ15N at Chamau reflected the abun-

dance of R. obtusifolius. The weed species seemed to access more nitrate rich N 

sources compared to the other species thereby strongly influencing the community 

δ15N values. 

No shift in depth of water uptake in response to drought was found. Together with 

the lacking drought response of below-ground biomass productivity and N uptake 

patterns, these results clearly indicating that the soil volume foraged for water did not 

change under drought. 

The results presented in this thesis indicate that there is no general drought re-

sponse of grasslands in Switzerland. Thus, specific adaptation strategies to climate 

change for grasslands in different regions have to be developed. The grassland 

within the region with the highest cover of agricultural land, Chamau in the lowlands, 

showed a negative response to drought in the third year, thereby emphasising also 

the economic importance of taking adaptation measures to climate change. Special 
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focus should be on additional management measures to avoid establishment of deep 

rooted weed species. 
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