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Summary
 Extreme summer drought events are predicted to increase in intensity and frequency 

within the current century. The resulting water scarcity could dramatically impact human 

activities related to agriculture, due to the strong relationship between precipitations and 

plant biomass production. However, little is known about the interactions between timing 

of  drought and vegetation dynamics along the growing season. In Switzerland, where 

grasslands are at the core of  forage production, droughts could have severe economical 

consequences. Thus, farmers should be provided with insights on how to adapt and optimize 

their management practices to the changing climate. 

 In order to improve our understanding of  grassland responses to different timing of  

drought and its interaction with other factors such as management intensity, productivity or 

soil characteristics, we developed the GrassAlt project, a joint venture between Agroscope, 

EPFL and WSL, in which this PhD thesis takes place. The project includes a multidisciplinary 

approach at the crossroad between applied and fundamental research.

 The setup of  a realistic drought experiment in semi-natural grasslands of  the Swiss 

Jura Mountains where 70% of  the precipitations were removed during two months at two 

different periods (during or after the peak of  growing season) and two mowing intensities 

were applied, enabled us to investigate how grassland communities responded to drought 

at different time during the season, at different sites and under contrasted management 

practices. To perform this investigation we adopted a combined agronomic, functional 

and ecophysiological approach that leads us to analyse the effect of  drought from the 

plant community level to the physiological level and to the analysis of  the aboveground-

belowground interactions.

	 The	main	findings	of 	this	thesis	were	the	following:	(i)	a	drought	event	occurring	

later in the growing season leads to stronger reduction in aboveground productivity than a 

drought event occurring during the peak of  growing season; (ii) The decrease in aboveground 

productivity	is	mediated	by	the	intraspecific	variability	in	the	functional	traits	of 	the	most	

abundant plant species; (iii) the effect of  drought is more deleterious under higher mowing 

intensity; (iv) The effects of  drought on plant aboveground and belowground productivity 

is dependent on soil types and modulated through the effects on microbial communities in 

response to climate. 

 Altogether the presented work has shown that timing of  drought plays a big role 

on the impact of  drought on the productivity of  grasslands per se or by interacting with 

other	factors	and	that	this	requires	further	in-depth	studies	to	offer	efficient	management	
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strategies to farmers.

Keywords

Drought, grassland, climate change, functional traits, seasonality, management, plant-soil 

interactions
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Résumé

 Une augmentation de l’intensité et de la magnitude des sècheresses estivales est 

prévue dans le courant du siècle. Le manque d’eau pourrait affecter considérablement les 

activités humaines en lien avec l’agriculture, dû à l’étroite relation entre les ressources en 

eau et la production de biomasse végétale. Cependant les interactions entre le moment où 

un évènement de sècheresse a lieu et les dynamiques de végétation le long de la saison de 

croissance restent méconnues. En Suisse, où les prairies sont au cœur de la production du 

fourrage pour le bétail, les événements de sècheresse pourraient avoir des conséquences 

économiques sévères. Ainsi, des indications sur les possibilités d’adaptation de la gestion des 

prairies dans le cadre du changement climatique devraient être fournies aux agriculteurs.

 Le projet GrassAlt a été développé dans le but d’améliorer nos connaissances sur les 

réponses des prairies à différentes occurrences de sècheresse et ses interactions possibles avec 

d’autres facteurs tels que l’intensité de fauche, la productivité ou encore les caractéristiques du 

sol. Le projet GrassAlt, dans le cadre duquel ce travail de doctorat a eu lieu, a été développé 

en étroite collaboration avec l’Agroscope, l’EPFL et le WSL, et consiste en une approche 

pluridisciplinaire, à la croisée de la recherche appliquée et de la recherche fondamentale.

 La mise en place d’une expérience de sècheresse réaliste dans des prairies permanentes 

du Jura Suisse où l’apport des précipitations a été diminué de 70% pendant deux mois à deux 

moment différents (soit pendant soit après le pic de croissance végétale) et deux intensités 

de fauche ont été testés, nous ont permis d’explorer de quelles façons les communautés 

prairiales répondent à ces différents traitements et leurs interactions.

 Pour effectuer cette recherche, nous avons adopté une combinaison d’approches 

agronomiques, fonctionnelles et écophysiologiques qui ont conduit à une analyse des effets 

de la sècheresse du niveau de la communauté végétale au niveau physiologique et à une 

analyse des interactions entre la partie aérienne et souterraine de l’écosystème prairial.

 Les principaux résultats de cette thèse sont les suivants: (i) une sècheresse arrivant 

plus tardivement au cours de la saison de croissance végétale conduit à une plus forte 

diminution de la productivité aérienne qu’une sècheresse ayant lieu pendant le pic de la 

saison de croissance; (ii) La diminution en productivité végétale est modulée par la variabilité 

intraspécifique	des	traits	fonctionnels	des	espèces	de	plante	 les	plus	abondantes	 ;	 (iii)	Les	

effets de la sècheresse sont plus délétères lors d’un traitement de fauche intensif  ; (iv) Les 

Résumé



20

Résumé

effets de la sècheresse sur la productivité aérienne et racinaire sont dépendants du type de sol 

et modulés via des interactions avec les microorganismes du sol en réponse au climat.

 Finalement cette étude a démontré que la temporalité de la sècheresse joue en tant 

que tel un rôle important pour la productivité des prairies, mais aussi par ses interactions 

avec d’autres facteurs et de plus amples études sont nécessaires pour apporter des conseils 

de	gestion	efficace	aux	agriculteurs.

Mots clés

Sècheresse, prairie, changements climatiques, traits fonctionnels, saisonnalité, gestion, 

interactions plantes-sol
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Chapter 1

 In this thesis I aimed at studying the mechanisms by which grasslands will respond to 

drought at two different periods during the growing season: (i) during the peak of  growing 

season occurring in spring and (ii) after this peak during the summer. For this purpose, I 

adopted a combination of  agronomic, functional and ecophysiological approaches to have 

a broader view on the mechanisms occurring when grassland communities are subjected to 

water	shortage.	In	this	introduction,	I	will	first	develop	the	effect	of 	drought	on	primary	

productivity. Next, I am going to discuss the effects of  drought on grasslands and how 

they can possibly interact with other factors, namely: management, timing, productivity, 

species composition and richness, as well as soil fertility and microorganisms. I will then 

discuss the importance of  grasslands’ ecosystems for human welfare in the Swiss context. 

Afterwards, I will detail the functional and ecophysiological approaches that are used to 

assess the responses of  those ecosystems to environmental changes. I will then present the 

rain shelters experiments that are common experiments to manipulate drought and detail 

the	experimental	conditions	that	should	by	used	to	simulate	drought	more	efficiently.	I	will	

end this introduction by a presentation of  the objectives and chapters of  my thesis.
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 1.1 Climate change and plant production

	 Ecosystem	services,	such	as	water	purification,	carbon	storage	and	nutrient	retention,	

are of  great importance for human wellbeing. Climate change is threatening a large array of  

services provided by ecosystems (Pedrono et al., 2016). Yet, human societies will have to 

develop strategies to cope with these changes. One of  the most critical services provided by 

ecosystems is plant production, for two reasons. First, it is a requisite for almost all life on 

earth.	Second,	it	is	a	massive	carbon	sink	that	fixes	atmospheric	carbon	dioxide	and	converts	

it into biomass. Nemani et al. (2003) showed that, between 1982 and 1999, climate change 

has made environmental conditions more favourable for plant growth, driving an increase 

of  6% in global terrestrial net primary production (NPP) (see Figure 1-1). Indeed, during 

this period, increased temperatures resulted in an earlier onset of  the plant growing season 

and thus a higher carbon sequestration in North America and North-west Europe. In other 

regions, increasing NPP was linked to higher solar radiation due to both less cloud cover and a 

reduction	of 	vapour	pressure	deficit	(VPD)	induced	by	changes	to	monsoon	patterns.	Rising	

atmospheric CO2 also favours plant growth through CO2 fertilization (Kimball, 1983; Cure & 

Acock, 1986; Allen et al., 1987). However, the rise of  NPP with climate change and increased 

atmospheric CO2 shown by this study was temporary. More recently, Zhao & Running 

(2010) showed that, from 2000 to 2009, the trend shifted to a decrease in NPP (see Figure 

1-2). This decrease was largely due to important drought events in the southern hemisphere, 

which outpaced the speed at which increases in NPP in the northern hemisphere occurred. 

Drought has also been shown to diminish the fertilization effect of  CO2 (Obermeier et al., 

2017), also limiting NPP. For example, Ciais et al. (2005) showed that, in Europe, the drought 

of  2003 also induced a decrease in NPP and that potential future drought events could turn 

some ecosystems from carbon sinks to carbon sources. In Switzerland, where the present 

work is taking place, an overall increase in precipitation is predicted, but summer droughts 

are expected to increase in intensity and frequency (CH2018, 2018) (see Figure 1-3). We can 

thus expect that the increase of  summer drought will also impact future primary production 

in Switzerland. It is thus critical to understand the mechanisms by which drought affects 

ecosystems to draw future management strategies.
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Figure 1.1 - Spatial distribution of  linear trends in estimated NPP from 1982 to 1999. Source: 
Nemani et al., 2003, Science. Green colouring represents areas where NPP increased from 
1982 to 1999 and red colouring represents areas were NPP decreased from 1982 to 1999.

Figure 1.2 - Spatial patterns of  terrestrial NPP linear trends from 2000 through 2009. Source: 
Zhao and Running, 2010, Science. Green colouring represents areas where NPP increased 
from 2000 to 2009 and red colouring represents areas where NPP decreased from 2000 to 
2009.
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 1.2 Drought effects and their interactions with other factors

	 There	is	a	myriad	of 	definitions	of 	environmental	stress	(Bijlsma	&	Loeschcke,	2005).	

Already in 1911, Shelford linked the performance of  a species (in terms of  its distribution or 

abundance)	to	a	gradient	of 	resource	availability.	Here,	I	define	stress	as	“any	environmental	

change	that	acts	to	reduce	the	fitness	of 	organisms”,	as	defined	by	(Koehn	&	Bayne,	1989).	

The law of  tolerance (Shelford, 1912) mentioned that the success of  an organism will be 

optimal for a certain range of  an environmental factor; and be under an environmental 

stress outside of  this range (or die if  the environmental condition is going further than its 

tolerance)	 (see	figure	1-4).	 	For	 instance,	 for	water,	a	stress	can	occur	 in	case	of 	drought	

(water	scarcity)	or	in	case	of 	flood	(water	excess).

	 Drought	 is	 thus	 included	 in	this	definition	of 	stress,	however	 it	can	play	a	role	at	

different levels. Several studies have found drought to decrease primary productivity (Ciais et 

al., 2005; Olesen et al., 2011). At the plant individual level, one of  the most important effects 

of 	water	stress	is	the	limitation	of 	plant	growth	through	diminished	leaf 	carbon	fixation	as	a	

result of  stomatal closure, which prevents excessive transpiration (Chaves & Oliveira, 2004; 

Signarbieux & Feller, 2012).  At the plant community level, drought can also cause a change 

in plant species composition (Buckland et al., 1997; Dunnett et al., 1998; Liu et al., 2018). 

However, shifts in species composition are most likely to occur on long-time scales rather 

than	yearly	fluctuation	(Jentsch	et	al.,	2007;	Evans	et	al.,	2011).	Some	studies	have	also	shown	

Figure 1.3 - Median of  the projection for seasonal mean precipitation (%) at stations of  the 
four RCP climate-change scenarios (multi-model combination). source: CH2018 (2018)
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that drought can change species interactions, for instance by changing facilitation between 

two species into a neutral relationship (Zhang et al., 2018). 

 As they are relatively fast to respond to treatments, grasslands are especially 

good ecosystems to perform experiments (Blair et al., 2014).  Grasslands are particularly 

adequate to observe the effects of  drought, as they are one of  the ecosystems that are most 

responsive to interannual precipitation change, that has a large carbon storage capacity, a 

high productivity and a high richness in species, as enlightened by Knapp et al. (2002).  

 Management

 While the existence of  drought effects on plant communities is clear, the strength 

of 	these	effects	is	more	difficult	to	predict.	This	is	in	part	because	drought	not	only	affects	

plants directly, but also indirectly through other interacting factors. For example, some 

studies have shown an interaction between drought and management practices in grasslands.  

This	interaction	can	be	caused	by	an	amplified	negative	effect	of 	drought	with	increasing	

intensity of  management (Vogel et al., 2012; Zwicke et al., 2013), or by different effects of  

drought among management practices. Indeed, Deléglise et al. (2015) showed a stronger 

effect of  drought on yields in Swiss grasslands when they were managed with grazing 

compared to mowing, possibly due to the fact that under grazing, plants are subjected to 

defoliation more frequently which sums up with the stress caused by water shortage.  There 
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Figure 1.4 Adapted from Shelford’s law of  tolerance (1911) . (Shelford, 1912)
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is also evidence that tillage negatively affects drought resistance (Lindstrom et al., 1998), 

since tillage prevents the organic matter to build up in soils and limiting its role in stabilizing 

sand aggregates that prevent water runoff  (Food and Agriculture Organization of  the United 

Nations, 2005). However the stochasticity of  predicted drought events makes the task of  

adapting	management	strategies	difficult.	

 Timing (season)

 Drought can interact with the timing of  the growing season. Indeed, drought has 

been	 found	 to	be	more	damaging	when	occurring	 at	 specific	phenological	 stages:	before	

leaf 	flowering	in	peas	(Pisum	sativum	L.)	(Martin	&	Jamieson,	1996),	or	at	panicle	formation	

in rice crops (Boonjung & Fukai, 1996). Overall, drought conditions appear to have the 

most negative effects when occurring at the time of  rapid plant development in late spring, 

because leaf  area is at its peak and high temperatures favour transpiration (De Boeck et al., 

2011). Coupled to this, drought events are not all equivalent, in that the intensity of  drought 

experienced by an ecosystem is related to the duration of  the rain-free period, the soil water 

potential reached during this period and the time of  the year when the drought occurs. All 

are likely of  primary importance in dictating the impact of  drought on plant properties (Fay 

et al., 2000; Knapp et al., 2001; De Boeck et al., 2011). 

 Baseline productivity

The response of  grasslands to drought is apparently unpredictable due to the variety of  

responses among sites (Gilgen & Buchmann, 2009). However, it has been demonstrated that 

the degree of  resistance of  grasslands to drought scales with their production potential, with 

lower proportional loss in biomass production in low- relative to high-productive grasslands 

(Wang et al., 2007; Vogel et al., 2012). In contrast, resilience after a drought event (i.e. the 

recovery in biomass production in spring of  the following year) is expected to be higher 

in highly productive grasslands due to the dominance of  competitive species allowing fast 

regrowth after perturbation (Vogel et al., 2012). 
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 Species composition and richness

 Species richness and composition are other important determinants of  the response 

of  grasslands to drought. Links between species richness and resistance of  grasslands to 

drought have been demonstrated in both natural (Frank & McNaughton, 1991; Kahmen et 

al.,	2005)	and	experimental	communities	(Tilman	et	al.,	2006).	These	findings	support	the	

so	called	“insurance”	hypothesis	(or	“diversity-stability”	hypothesis,	(Tilman	&	Downing,	

1994; Tilman et al., 2006; Mariotte et al., 2013, 2015), which postulates that species diversity 

improves ecosystem resistance to perturbation because a more diverse ecosystem has a 

higher likelihood of  containing species that are adapted to a changed environment and 

can compensate for the decline of  less adapted species, thus maintaining stable ecosystem 

functions. 

 Soil

 The consequences of  drought on plant communities should not be considered only 

above ground, as strong links between above ground and below ground compartments are 

important in shaping the responses of  ecosystems to climate change (Bardgett et al., 2013). 

Different soil types can mediate the response of  vegetation to drought (Don & Schulze, 

2008).

 Belowground microbial communities also conditions the response of  plant 

communities to drought (Ulrich et al., 2019) and overall, drought has also been found 

to induce a decline in belowground activity (Walter et al., 2013). A large array of  studies 

has especially shown a decrease in microbial abundances and/or a variation in microbial 

communities composition under drought (Sheik et al., 2011; Ochoa-Hueso et al., 2018). 

Fungal taxa have often been suggested to be less affected by drought than bacteria (Evans & 

Wallenstein, 2012), since they have hyphae that enable them to investigate soil water further 

away (de Vries et al., 2012; Barnard et al., 2013). However, other studies have shown fungal 

taxa to be negatively affected by drought (Cregger et al., 2012; Sayer et al., 2017). Drought 

has also been shown to increase soil C and N availability through a decrease in plant uptake 

linked with a more conservative strategy of  plants under drought (de Vries et al., 2016). 
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 1.3 Permanent grasslands in temperate climate

 Grasslands are one of  the major biomes on Earth, covering 30 to 40.5% of  the 

terrestrial surface of  the planet (Suttie et al., 2005; Blair et al., 2014). The high diversity of  

grasslands	makes	it	difficult	to	label	them	under	one	definition.

The	 working	 group	 “Grassland	 Term	 Definition”	 of 	 the	 24th	 General	 Meeting	 of 	 the	

European	Grassland	Federation	(EGF)	established	the	following	definition	of 	grassland:

“Land devoted to the production of  forage for harvest by grazing/browsing, cutting, or both, or used for 

other agricultural purposes such as renewable energy production. The vegetation can include grasses, grass-

like plants, legumes and other forbs. Woody species may also be present. Grasslands can be temporary or 

permanent.”	

	 Furthermore,	permanent	grasslands	are	defined	as:

“Grasslands used to grow grasses or other forage (self-seeded or sown and/or reseeded) and that have not been 

completely renewed after destruction by ploughing or spraying (herbicide) for ten years or longer. They can be 

agriculturally improved, semi-natural, natural or no longer used for production.”	(Peeters	et	al.,	2014)

 The dairy production economy in Switzerland relies extensively on grasslands, as 

Swiss cows are mainly grass-fed, by comparison to other European countries where the part 

of  concentrate feeds in cows’ alimentation is higher (see Figure 1-5). Accordingly, agricultural 

land in Switzerland is 71% grasslands (see Figure 1-6), with permanent grasslands occupying 

59.5 % of  Swiss agricultural land (OFS, 2014). The advantage of  having cows that are mainly 

grass-fed is that their milk achieves a higher quality. Given that milk production has high 

patrimonial (cheese label, dairy products) and economical value in Switzerland, it is critical 

to determine how drought can impact cattle forage production. We have seen earlier that 

drought can limit forage yield through a decrease in primary productivity. Moreover, drought 

can also affect the nutritive value of  the forage with possible impacts on dairy production 

(Küchenmeister et al., 2013; Deléglise et al., 2015). Yet, the mechanisms behind such changes 

remain unclear.
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International comparison
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Figure 1.5 - Comparison between countries of  the percentages of  concentrate feeds and 
grass used in cows’ alimentation per kg of  milk. Source: Schweizerbauer. Figure translated 
from: https://environnement.swissmilk.ch
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Figure 1.6 - Partition of  the agricultural land in Switzerland. source: OFS, 2014. Diagramm 
translated from: https://environnement.swissmilk.ch
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 1.4 Functional and ecophysiological aspects

 With the change in precipitation patterns predicted for Switzerland, with more 

frequent and intense summer drought, grassland management will have to be adapted 

depending on how plant communities are responding to drought. The relationship between 

species diversity and ecosystem stability (Odum, 1953; Elton, 1958) suggests that more diverse 

communities in terms of  species number have higher stability when facing a perturbation. 

This hypothesis has been questioned by the study of  May (1973), which stated that the 

relationship between diversity and stability was not observed under every circumstance and 

was not always linear. Later on, the insurance hypothesis proposed a link between diversity 

and ecosystem stability through the idea that if  there are many species, the chances that some 

will maintain ecosystem functioning when a change occur is higher (Yachi & Loreau, 1999). 

Yet, ecosystem stability is underpinned by the diversity of  functional groups present in the 

community or by the redundancy of  important functional roles by several species which 

insure that if  a species disappear the function will still be maintained (McCann, 2000). 

 Functional traits are characteristics of  the organisms related to functions present 

in the ecosystem considered (Lavorel & Garnier, 2002; Sechi et al., 2017). And traits-

based approach where the individual value of  those traits, in response to a change in an 

environmental factor is recorded has been shown to be a valuable tool to investigate the 

mechanisms behind such response (Lavorel et al., 2013; Sechi et al., 2017). With the Mass-

Ratio Hypothesis, Grime (1998) suggested that the relative contribution of  a given species to 

the ecosystem is proportional to its relative contribution to the biomass of  the community. 

With this hypothesis, the traits of  the most abundant species of  the community are the 

ones that contribute most to ecosystem properties. The use of  Community Weighted Mean 

(CWM) traits, as the sum of  the average value of  the traits (per species) multiplied by the 

relative abundances of  the species (pi, %) divided by the sum of  the relative abundances of  

the n species (Garnier et al., 2004) is thus a great tool as it gives more importance to the trait 

values of  the most abundant species of  the community. 

 



54

Chapter 1

CWM traits produce a picture of  trait values at the community level and include information 

about	both	the	relative	abundance	and	intraspecific	variability	of 	each	species	therein.	

	 	Traits	are	generally	characterised	into	two	groups	(Dıaz	&	Cabido,	2001;	Lavorel	&	

Garnier, 2002). Response traits are associated with the responses of  plants to environmental 

variables. Effect traits describe the effects of  plants on ecosystem properties or functions. 

A single plant trait can be both a response and effect trait (Lavorel & Garnier, 2002). Such 

a	classification	has	opened	the	door	to	new	applications	of 	the	functional	approach	and,	

recently, plant traits have been used with a more mechanistic approach to measure ecosystem 

processes (Jung et al., 2014; Deléglise et al., 2015) instead of  being use solely to sort species 

into functional groups. 

 Given the increasing impact of  drought on ecosystems, we urgently need good 

indicators with which to quantify the responses of  ecosystem properties to drought. Plant 

traits have been shown to be a good tool to pursue this goal. However, the traits selected for 

any such approach should be coherent with the ecosystem properties that are considered 

(Díaz et al., 2007) (see Figure 1-7).

Figure 1.7 - Diagram showing the choice of  relevant factors related to ecosystem services 
(here with the example of  forage quality as ecosystem service). CWM: community weighted 
mean, LDMC: leaf  dry matter content, LNC: leaf  nitrogen content, Rao: Rao’s quadratic 
entropy index (measure of  functional diversity). Diagram from Garnier et al. (2015); adapted 
from Díaz et al. (2007).
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	 Nicotra	et	al.	(2010)	defined	functional	traits	as	measurable	traits	that	are	linked	with	

the	fitness	of 	an	individual	in	one	environment.	Another	classification	of 	plant	traits	makes	

the	difference		between	“hard”	and	“soft”	traits,	according	to	the	mechanisms	they	are	related	

to	(Diaz	et	al.,	2004).	“Hard”	traits,	such	as	relative	growth	rate	or	 leaf 	nitrogen	content,	

have been shown to be directly involved in the physiological processes underlying ecosystem 

properties,	but	can	be	too	labour	intensive,	expensive	or	technically	difficult	to	measure.	Yet,	

some	studies	have	shown	those	traits	to	be	correlated	with	more	easily	measurable	“soft”	

traits	(Diaz	et	al.,	2004),	such	as	specific	leaf 	area	(SLA).	Belluau	&	Shipley	(2018)	assessed	

the	predictive	power	of 	“soft”	traits	(that	they	define	as	morphological	or	anatomical	traits	

that	are	easily	measurable)	to	predict	the	physiological	response	of 	species	i.e.	their	“hard”	

traits, to drought. They also test each type of  trait (i.e. soft and hard) for their potential to 

predict species distributions along a soil water availability gradient. 

	 The	 “	 hard”	 traits	 selected	 in	 their	 study	 were:	 stomatal	 conductance	 and	 net	

photosynthesis	at	soil	field	capacity,	water	use	efficiency,	stomatal	conductance	and	soil	water	

potential	measured	at	wilting	point.	The	“soft”	traits	 they	measured	were	 leaf 	dry	matter	

content	(LDMC),	SLA,	 leaf 	nitrogen	content,	stomatal	area	and	specific	root	 length.	The	

authors	found	that	only	“hard”	traits	were	able	to	predict	species	distributions	along	the	soil	

water	availability	gradient.	However,	they	also	found	that	some	of 	the	“hard”	traits	could	

be	predicted	by	a	collection	of 	several	“soft”	traits.	Despite	these	important	findings,	there	

are few studies that mix hard and soft traits in order to predict plant responses to drought 

(Anderegg et al., 2013; Belluau & Shipley, 2018). Moreover, physiological traits are often 

difficult	and	costly	to	measure	and	in	order	to	study	ecosystem	properties	of 	concern	for	

forage production, such as aboveground productivity, large measurement campaigns should 

be performed (Gilgen & Buchmann, 2009). Under the hypothesis that ecosystem processes 

are best explained by the traits values of  the most abundant species of  the community (Grime, 

1998), a cost-effective way of  predicting grassland aboveground productivity responses to 

drought would be an easily measurable indicator at the community level. No such indicator 

currently exists.

 1.5  Rainout shelters as an experimental approach

 Rainout shelters are a commonly used approach for testing drought effects on 

ecosystems (Yahdjian & Sala, 2002; Vogel et al., 2012; Deléglise et al., 2015 and many others). 

Rainout shelters are a relatively easy and inexpensive way to assess the effects of  a reduction 
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or interruption of  precipitation on grasslands (Fay et al., 2000).  Several setups exist, with 

the main differences being either a total, or partial exclusion of  precipitation and mobile or 

fixed	designs	(see	Figure	1-8	and	Table1-1).

 

  

  

   

 

Figure 1.8 -	Different	rain	shelters	experimental	setups.	In	a)	and	c)	a	fixed	percentage	of 	the	
ambient precipitation is removed by gutters. In b) and d) all the precipitations are removed. 
Shelter photographs: (a) Adam Kind, Colorado Plateau, Utah, USA; (b) Jules Kray, San Luis 
Valley, Colorado, USA; (c), Jennifer Plaut, Sevilleta National Wildlife Refuge, New Mexico, 
USA; and (d) Alan Knapp, Hohhot, China. Source: Hoover et al 2018
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Potential artefacts

	 Despite	their	ubiquitous	use,	rainout	shelter	experiments	have	yielded	diverse	findings	

regarding grassland responses to drought (see Table 1.1), including no effects (Shinoda 

et al., 2010), positive effects on belowground productivity (Kahmen et al., 2005) and an 

improvement (Grant et al., 2014) or deterioration (Walter et al., 2012) of  forage quality. 

Several factors could explain these different results. Kreyling et al. (2017) argued that an 

important criticism of  rainout shelter experiments is that the control plots receiving ambient 

precipitation are not under any shelter, making the drought effect and potential rainout 

shelter	artefact	(due	for	instance	to	reduced	turbulent	heat	flux)	effect	confounded	in	the	

drought treatment. A second criticism is that when the control treatments consist in control 

plots not covered by rain shelters receiving natural ambient precipitations and drought plots 

where a percentage or the total amount of  the natural ambient precipitations is interrupted, 

there is a strong relationship between control and drought plots of  the same experiment. 

This	relationship	makes	a	comparison	between	studies	difficult,	due	to	the	strong	seasonal	

and annual variability in precipitations  (Hoover et al. 2018). This relationship could explain 

the high variability of  drought effects on the same parameters; especially if  drought effects 

occur	once	 a	 specific	 threshold	 is	 reached	 (Hoover	 et	 al.,	 2018).	To	accommodate	 these	

potential artefacts in my experimental design, the control and drought plots were under the 

same	rainout	shelters	and	were	artificially	watered	to	maintain	natural	levels	of 	precipitation.	

 Relevance to climate change

In most rainout shelter experiments, precipitation is either totally interrupted or reduced 

by	a	fixed	percentage.	A	recent	meta-analysis	of 	precipitation	manipulations	experiments	

(Knapp et al. 2016) revealed that for precipitation reduction experiments, only a small number 

were performed with reference to drought scenarios predicted for the future. The climatic 

scenarios for Switzerland (CH, 2011) predict that, in the worst case, summer precipitation 

deficits	 could	go	down	by	70%	by	 the	 end	of 	 the	 century	 (see	figure	1-9).	Thus,	 in	my	

experiment I employed a 30-year mean precipitation for each site, calculated separately for 

the	first	and	second	halves	of 	the	plant	growing	season.	Plots	in	control	conditions	received	

100% of  the 30-year mean and plots under drought received only 30% of  the 30-year mean 

in the considered period.  In doing so, all control and treatment plots considered in this 

thesis were comparable, for two reasons. First, plots were under the same rainout shelters, 

including control plots. Second, they experienced the same intensity of  drought as calculated 
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from	local	conditions	and	based	on	region-specific	climate	change	scenarios

 1.6 Objectives and outline of  the thesis 

 The objectives of  this thesis were:

1) to investigate the responses of  the grasslands to two contrasted timing of  drought in 

terms of  aboveground biomass production.

2) to assess how different types of  traits i.e. morphological anatomical and physiological are 

interacting under drought occuring at different timings and if  they can be good predictors 

of  the decrease of  biomass production.

3) to disentangle the different sources of  traits variations under drought. 

4) to test possible interactions of  drought with the following factors:

 -management intensity

 -soil fertility

Figure 1.9 - Predicted scenarios for Summer drought amplitude (precipitation change in %)  
in Switzerland until 2100. Best estimate of  the three scenarios are displayed by the violet,  
grey and yellow bars. The light grey shading represents the range of  year-to-year differences 
projected by the intermediate scenario. Source CH2011
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 -microbial communities compostion and activity

 To respond to these different objectives, a drought experiment was established in 

three permanent grasslands of  the Swiss Jura Mountains that are used for forage production 

(However, the present thesis focuses mainly on two of  this sites, except for Chapter 3). 

	 I	first	followed	two	morpho-anatomical	leaf 	traits	-namely	specific	leaf 	area	(SLA)		

and leaf  dry matter content (LDMC) - and one physiological leaf  trait -namely predicted 

percentage loss of  hydraulic conductance (PLCp) - of  the most abundant species of  two 

grasslands and their relations to above ground biomass production (Chapter 2). I decided 

to follow those traits concerning the aerial part of  plants as this is the part of  the plant 

that is used to produce forage. Secondly, to disentangle the different cause of  variations in 

the	morpho-anatomical	traits	variability	(i.e.	species	turnover	vs	intraspecific	variability),	I	

measured these different aspects and compare the effect of  drought and timing on community 

traits values to the dispersion of  those traits in the functional space, i.e. their functional 

dissimilarity	(Chapter	3).	Eventhough	they	had	pretty	similar	vegetation,	the	two	first	papers	

displayed some variations of  the plant community responses to drought. Knowing that the 

soil at the two sites where different in termes of  depth and clay/ silt content I decided to 

assessed the effect of  soil on plant’s aboveground and belowground productivity at different 

drought timings, in order to see if  the different responses between the two sites could be 

due to soil factors. To remove the effect of  plant communities I focused on one species 

(Lolium perenne) potted in soil from the two different sites that were both placed in each 

sites (Chapter 4). Next in order to know the effect of  soil on total forage loss, I evaluate the 

effect of  drought on forage quantity and quality loss through change in soil and microbial 

nutrients, early and late in the season (Chapter 5). Finally, in order to get a broader overview 

on the interactions between plant communities and soil, I analysed the effect of  drought 

in the two sites at the two different timing of  drought, on the Carbon (C), Nitrogen (N) 

and Phosphorus (P) cycles across the plant community, soil and microbial sub-systems, and 

investigated their interactions between each others (Chapter 6). In the ultimate chapter of  

this	thesis,	I	gave	a	synthesis	of 	the	key	findings	and	discuss	the	research	outcomes	of 	this	

thesis (Chapter 7)
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Abstract

Drought can occur at different times during the grassland growing season, likely having 

contrasting effects on forage production when happening early or later in the season. However, 

knowledge about the interacting effects of  the timing of  drought and the development 

stage of  the vegetation during the growing season is still scarce, thus limiting our ability to 

accurately predict forage quantity losses.

To investigate plant community responses to drought seasonality (early vs late-season), we 

established a drought experiment in two permanent grasslands of  the Swiss Jura Mountains 

that are used for forage production. We measured three plant functional traits, including 

two	leaf 	traits	related	to	plant	economics	(specific	leaf 	area,	SLA;	leaf 	dry	matter	content,	

LDMC) and one hydraulic trait related to physiological function (predicted percentage loss 

of  hydraulic conductance, PLCp), of  the most abundant species, and plant aboveground 

biomass production. Plant species composition was also determined to calculate community 

weighted mean traits.

First, we observed that community-weighted mean (CWM) trait values strongly varied during 

the growing season. Second, we found that late-season drought had stronger effects on 

community-weighted mean trait values than early-season drought and that the plant hydraulic 

trait was the most variable functional trait. Using a structural equation model, we also showed 

that reduction in soil moisture had no direct impacts on aboveground biomass production. 

Instead, we observed that the drought-induced decrease in aboveground biomass production 

was mediated by a higher CWM PLCp (i.e., higher risk of  hydraulic failure) and lower CWM 

SLA under drought. Change in CWM SLA in response to drought was the best predictor of  

community aboveground biomass production.

Our	findings	reveal	the	importance	of 	drought	timing	together	with	the	plant	trait	responses	

to assess drought impacts on grassland biomass production and suggest that incorporating 

these factors into mechanistic models could considerably improve predictions of  climate 

change impacts.

Key words: drought timing, grassland productivity, plant functional traits, plant hydraulic 

status, precipitation manipulation, rainout shelter, vegetation dynamics, water limitation.
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 Introduction

 As water availability is a main driver of  net primary production, extreme drought events 

that are forecasted to increase in intensity and frequency within the century (Easterling et al., 

2000; IPCC, 2013) could severely reduce ecosystem productivity (Calanca et al., 2014; Ciais et 

al., 2005). This can have important economic consequences, notably in grasslands, which are 

the core areas for forage production worldwide. However, temperate grasslands commonly 

used for forage production seem to vary in their sensitivity to drought (Knapp et al., 2001), 

likely due to the diversity of  grassland botanical composition, management practices, soil 

properties and local climatic conditions (Smith, 2011; Thébault et al., 2014). Previous studies 

showed that grasslands at low annual precipitation sites (Gilgen & Buchmann, 2009) or under 

intensive management practices (Deléglise et al., 2015; Vogel et al. 2012; Zwicke et al., 2013) 

could be more sensitive to drought. By contrast, grassland communities with higher diversity 

(Kahmen et al., 2005), higher abundance of  subordinate plant species (Mariotte et al., 2016; 

Mariotte et al., 2013) or that are more limited by other resources than water (Huxman et al. 

2004; Knapp et al. 2015) might be better in resisting drought. 

 Drought duration, intensity and timing (Bloor et al., 2010; Knapp et al., 2002; Zwicke 

et al., 2013; Denton et al., 2017), as well as frequency of  rainfall events (Didiano et al., 2016; 

Heisler-White et al., 2009), timing (Chou et al., 2008) and intervals between rainfall events 

(Fay	 et	 al.,	 2000)	 are	 likely	 very	 important	 factors	 influencing	 the	 response	 of 	 grassland	

communities to precipitation changes. Much uncertainty remains on how the seasonal 

pattern of  drought will evolve in the future and only very few studies assessed the impact 

of  the timing of  drought during the vegetation growing season in grasslands (Denton et al. 

2017; Dietrich et al. 2016). Using a mesocosm experiment, De Boeck et al. (2011) compared 

how different timing of  drought (i.e., spring, summer, autumn) affected experimental plant 

communities and showed that drought-induced reductions in plant growth and biomass 

were smaller in spring than in autumn, but stronger in summer. The timing of  drought can 

thus	strongly	influence	how	grassland	communities	respond	to	water	scarcity	but	its	effects	

remain	poorly	investigated	in	natural	field	conditions.	

 Plant functional traits have been shown to strongly vary along soil moisture gradients 

(Bruelheide	et	al.,	2018;	Cornwell	&	Ackerly,	2009;	Griffin-Nolan	et	al.,	2018),	and	thus	could	

be good indicators of  the plant response to drought (Garnier et al., 2001). At the community 

level, the functional characteristics of  the most abundant species are expected to be the 

main driver of  ecosystems processes (i.e., mass-ratio hypothesis, Grime, 1998). Therefore, 

determining community weighted mean traits can be a relevant tool to assess drought effects 



66

Chapter 2

on	grassland	communities	as	they	express	both	trait	variability	due	to	intraspecific	variability	

and changes in species composition and abundances (Garnier et al., 2004; Violle et al., 2007). 

In temperate grasslands, previous studies showed that leaf  traits related to plant economics 

strongly	respond	to	drought,	with	specific	leaf 	area	(SLA)	decreasing	and	leaf 	dry	matter	

content (LDMC) increasing with increasing dryness (Buckland et al., 1997; Deléglise et al., 

2015; Jung et al., 2014; Poorter et al., 2009; Volaire, 2008; Wellstein et al., 2017). Changes 

in	 these	plant	 functional	 leaf 	 traits	 are	 integrative	of 	 the	whole	 stress	 period	 and	 reflect	

structural changes in plant tissues with direct consequences for plant biomass production 

(Pontes	et	al.	2007;	Griffin-Nola	et	al.	2018).	

 Recently, Brodribb (2017) called for using more mechanistic functional traits to assess 

plant responses to environmental perturbations, since such traits can directly and immediately 

represent the physical mechanisms of  the water movement and status experienced by the 

plants during drought. Therefore, plant hydraulic traits can be good indicators of  immediate 

response	 to	 drought	 at	 the	 plant	 level	 and	 can	 directly	 reflect	 the	mechanistic	 responses	

related to physiological functions. For example, minimum xylem water potential (PSImin), 

midday water potential (Ψmidday) or the water potential leading to 50% loss of  hydraulic 

conductance (P50) have long been used to characterize tree strategies in response to drought 

(Anderegg et al., 2016; Choat et al., 2012; Cochard et al., 1996; Tyree et al., 1992). Both 

Ψmidday and P50 values can be used to determine the predicted percentage loss of  hydraulic 

conductance	 (PLCp)	 in	 the	field,	 an	 important	plant	hydraulic	 trait	 in	 resistance	 to	water	

scarcity. However, plant hydraulic traits have been poorly assessed in herbaceous angiosperm 

species	(Griffin-Nolan	et	al.,	2018;	Lens	et	al.,	2016;	Pérez-Ramos	et	al.,	2013)	despite	such	

traits directly affecting plant growth and thus biomass production through impacts on carbon 

assimilation and cell expansion (Basra, 1997; Chaves & Oliveira, 2004). 

 Despite an extensive literature on drought impacts in various ecosystems, research 

on leaf  economic and hydraulic traits’ responses to drought has developed, for the most 

part, independently, and linkages between both types of  traits remains poorly understood. 

Few studies on trees that experienced prolonged periods of  drought highlighted strong links 

between traits related to plant economics (i.e., SLA and LDMC) and hydraulic traits (e.g., 

Gilbert & Medina, 2016; Vinya et al., 2012). For example, high LDMC might confer the 

ability to plants to withstand lower negative leaf  water potential and contribute to maintaining 

physiological processes during drought (Kursar et al., 2009; Vinya et al., 2012). On the other 

hand, increased loss of  conductivity (PLC), as a response to drought, can reduce SLA through 

a decrease in water transport to the leaf  (Villagra et al. 2013). The effects of  drought, and also 
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timing of  drought, on the links (i.e., positive or negative correlation) between these different 

plant traits can thus have important consequences for biomass production along the plant 

growing season (see Figure 2.S1 in Supplementary material). However, such linkages have 

never been investigated in grasslands, and more particularly in mowed grasslands that are 

largely used for forage production and cattle feeding. 

 With a few exceptions (Coleman et al., 1994), there is a general lack of  knowledge 

about	 the	 seasonal	 and	 inter-annual	 variability	 in	 plant	 functional	 traits	 (Griffin-Nolan	

et al., 2018). However, temporal trait variability (i.e., whether trait value is high or low) is 

likely to impact plant traits’ responses to extreme climatic events such as drought during 

the	vegetation	growing	season.	Therefore,	 in	this	study,	we	first	assessed	the	variability	 in	

community-weighted mean leaf  (SLA, LDMC) and hydraulic (PLCp) plant traits at two 

permanent grassland sites with similar mowing practice but contrasted soil characteristics 

during	two	years.	We	expected	strong	fluctuations	in	plant	traits	values	due	to	seasonal	and	

annual climatic conditions across sites. Second, we tested how the timing of  a drought during 

the growing season impacts community-weighted mean traits depending on the trait values 

at the time of  drought. At both sites, the amount of  precipitations was manipulated by 

using rainout shelters, simulating an early- or a late-season drought. We hypothesized that 

drought occurring early in the season, at peak of  biomass production, would more strongly 

affect plant traits, as plant tissues are more active at this period compared to a drought 

happening after the peak of  biomass production (Cornwell & Ackerly, 2009). Finally, we 

aimed at determining which of  the plant functional traits would be most responsive to water 

scarcity and better explain changes in grassland biomass production under drought.

 Material and methods

 Study sites

 The experiment was conducted from spring 2015 to fall 2016 at two permanent 

grasslands sites: Site 1 at Chéserex (N 46°24’, E 6°10’) and Site 2 at Saint-George (N 46°30’, 

E 6°15’). The sites are located in the Swiss Jura mountains at 540 and 940 m above sea 

level, respectively. Climate at the two sites is sub-oceanic with mean annual precipitation of  

1050 and 1290 mm and mean annual temperatures of  10.4°C and 7.6°C (averaged 1981-

2010, MeteoSwiss) at sites 1 and 2, respectively. Mean precipitation (averaged 1981-2010, 

MeteoSwiss,	±	95%	confidence	intervals)	during	the	period	of 	our	precipitation	manipulation	
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experiment (i.e., plant growing season, 6 months, see Figure 2.1) was 441 ± 36 mm at Site 

1 and 682 ± 46 mm at Site 2, and mean daily average temperatures was 16 ± 0.3°C at Site 1 

and 13.5 ± 0.3°C at Site 2 (see also Buttler et al. 2019). Despite receiving different amount of  

precipitation during the plant growing season, both sites experience similar rainfall frequency 

with about 11 rainy days per months with precipitation equally spread over the season (see 

Buttler	et	al.,	2019).	Soils	at	Site	1	and	2	were	both	classified	as	cambisols	(World	Reference	

Base for Soil Resources – IUSS Working Group WRB 2006) but are quite different in depth, 

organic matter (OM) content, N and P availability. Site 1 has a deeper soil (90 cm) and is 

characterized by 19.8% clay, 41.2% silt and 38.9% sand, a pH of  5.8 and 4.7% organic matter. 

Site 2 has a rather shallow soil (45 cm depth) and is characterized by 36.3% clay, 41.5% silt 

and 24.2% sand, a pH of  7.5 and 8.5% organic matter. 

Figure 2.1 - Scheme of  the seasonal dynamic of  grassland biomass production for the two 
sites (unpublished data available from Agroscope institute). The different periods of  plant 
growth along the season (each lasting for 2 months) are represented below the graph (Peak 
of  growing season, After peak of  growing season and End of  growing season) with their 
respective sampling times (Peak, After Peak and End) for plant trait measurements and 
aboveground biomass harvest. The ‘peak of  growing season’ period has been centred on 
the peak of  the vegetation growth curve and determined the beginning of  the experiment 
at each site. The growth curve, periods and sampling times are drawn in black for Site 1 and 
grey for Site 2. Drought was applied either during the peak of  growing season (i.e., Early 
drought) or after the peak of  growing season (i.e., Late drought). Mowing occurred at the 
sampling times (Peak, After Peak and End) to simulate common management practices at 
both sites. 
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 The botanical composition of  the two sites was similar and dominated by perennial 

grasses (Lolium perenne, Dactylis glomerata, Poa pratensis, Phleum pratense) and forbs (Trifolium repens 

and	Taraxacum	officinale) which all accounted for at least 80% of  the plant biomass. At both 

sites the ground is regularly covered by snow or frozen from about November to March, thus 

plant aboveground parts (stem and leaves) are senescent during winter and the vegetation 

growing season starts in April and end in October. Following the common practice of  the 

region, the two sites were managed with mowing every 2 months during the plant growing 

season and lightly fertilized with commercial organic manure (5.2% organic nitrogen and 

4.4% phosphate) added in split applications, half  amount in spring and half  amount in 

autumn. Both sites are highly productive with an average annual biomass production of  900 

to 1200 g dry matter per m2.

 Experimental drought manipulation

 An identical precipitation manipulation experiment with three drought treatments 

was carried out at the two grassland sites: Control (no drought), early-season drought event 

(hereafter called ‘Early’) and late-season drought event (hereafter called ‘Late’). At the 

beginning	of 	 the	experiment,	five	 replicated	 rainout	 shelters	 (length:	12	m;	width:	6.4	m,	

height:	3	m,	Filclair,	Numeris	6.40,	Vennelles,	France)	covered	with	a	transparent	plastic	film	

(180 μm, transparent M42, Filclair, Vennelles, France) were established at each site. Three 

plots of  4 m x 0.9 m (separated by 80 cm) corresponding to the three drought treatments 

(i.e., Control, Early and Late) were randomly installed under each rainout shelter. 

 Control plots were watered according to the average precipitation of  the last thirty 

years received at each site (i.e., 441 mm at Site 1 and 682 mm at Site 2 over the 6 months of  

the experiment). Drought plots simulated rainfall conditions according to the intermediate 

scenario of  climatic models in our study region (CH2011, 2011). The Early drought treatment 

consisted in a reduction of  precipitation that occurred during two months centred on the 

peak of  plant growing season (Figure 2.1). For the Late drought treatment, the reduction in 

precipitation occurred for two months after the peak of  plant growing season (Figure 2.1). 

During the respective drought event, plots only received 30% of  the water added in the 

control plots. Outside the Early or Late drought-induced periods, plots received the same 

amount of  water as the control plots until the end of  the growing season (hereafter called 

‘End’), which corresponded to the two months after the end of  the late-season drought 

(Figure 2.1). Detailed precipitation data during (2 months) and after the peak (2 months) 
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of  plant growing season, as well as until the end of  the growing season (2 months), are 

available in Buttler et al. (2019). Watering was done manually, every 2-3 days in control plots 

to simulate the rainfall frequency of  the region (i.e., about 11 rainy days per months during 

the plant growing season), and every 4-5 days in drought plots to simulate 50% decrease in 

rainfall frequency, which is expected to occur simultaneously with precipitation reduction 

(CH2011, 2011). Experimental methods were the same in both years and rainout shelters 

were in place from March 31st to September 15th at Site 1 and from April 23rd to October 

7th at Site 2 in 2015 and from April 9th to September 24th at Site 1 and from April 21st 

to October 6th at Site 2 in 2016. The sites received ambient precipitation for the rest of  

the	 year.	 Soil	moisture	was	measured	one	 time	a	week	with	 a	 time	domain	 reflectometer	

(FieldScout TDR 100 Soil Moisture Meter) for the top 15 cm of  the soil. Three randomly 

located moisture measurements per plot were averaged. The mean air temperature in 2015 

was 13.9°C and 21.2°C for Site 1 during and after the peak of  growing season, respectively, 

and 13.0°C and 19.2 °C for Site 2. In 2016, mean air temperature during and after the peak 

of  growing season was 10.5°C and 17.9°C, respectively, for Site 1 and 9.9°C and 16.7°C, 

respectively, for Site 2. 

 Plant biomass harvest and community composition

 During our experiment, all plots were managed according to the forage conservation 

regime (hay making) typical for the region; plots were mowed to a height of  5 cm every two 

months.	Mowing	occurred	three	times	per	year,	the	first	at	the	end	of 	the	peak	of 	growing	

season (i.e., Peak, also corresponding to the end of  the Early drought), the second two 

months after the end of  growing season (i.e., After peak, also corresponding to the end of  

the Late drought) and the third at the end of  the growing season (i.e., End, see Figure 2.1). It 

is important to note that due to the managing practice in these grasslands, the measurements 

during	the	peak	of 	growing	season	were	performed	on	the	first	growth	each	year,	whereas	

the ones made after the peak of  growing season concerned the regrowth cycle after mowing. 

In each plot, aboveground biomass was collected from a 65 x 400 cm subplot at the same 

time as mowing (i.e., at the three sampling times: Peak, After Peak, End). These samples were 

dried at 60°C for 72 hours, then at 105 °C for three hours and weighed. Plant aboveground 

biomass was expressed in g.m-2. 

 Botanical surveys were performed few days before the biomass harvest using the 

Daget-Poissonet method (Daget & Poissonet, 1971) with 80 points per plot, evenly distributed 
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every 20 cm on four lines of  400 cm spaced 20 cm apart. Altogether, the four lines covered 

the entire plot, leaving 10-15 cm between lines and the border of  the plot to avoid edge 

effects. At each point of  interception, we recorded all plant species in contact with the 

edge of  a 1 mm dagger (presence/absence) without taking into consideration the number 

of  contacts. Relative species cover was determined by dividing the number of  contacts per 

species in each plot by the total number of  contacts. 

 Plant community-weighted mean functional traits

 At both sites, we selected the most abundant plant species accounting for at least 

80% of  the biomass at the beginning of  the experiment (spring 2015): Dactylis glomerata, 

Lolium perenne, Poa pratensis and Trifolium repens at both sites, plus Phleum pratense and 

Taraxacum	officinale	at	Site	1.	One	day	before	mowing,	we	measured	three	plant	traits	(one	

hydraulic trait and two leaf  economic traits) for each selected species at both sites, for the 

three drought treatments (Control, Early, Late) at the three sampling times (Peak, After peak, 

End, see Figure 2.1) in both years (2015, 2016).

 The predicted percentage loss of  hydraulic conductance (PLCp, %), used as the 

plant hydraulic trait, was derived from the Ψmidday and vulnerability curves (VCs) for the 

studied	six	 species.	Prior	 to	 the	field	experiment,	we	first	determined	xylem	resistance	 to	

embolism for each species (Lens et al., 2016). For this purpose, we collected between 20 

to	30	flowering	stems	of 	different	individuals	for	each	plant	species	at	both	sites	in	2015,	

wrapped them into wet papers, and immediately sent them to the Caviplace platform (Delzon 

Lab, UMR Biogeco, University of  Bordeaux, France) where it arrived within 48h. Samples 

were	not	flushed	with	water	in	order	to	avoid	possible	effects	of 	air-seeding	fatigue	due	to	

a stretching or degradation of  the pit membranes during previous embolism events (Li et 

al. 2016) but all samples were well hydrated when measuring xylem resistance to embolism. 

Different techniques exist to measure xylem hydraulic conductivity (Melcher et al., 2012). For 

example, x-ray microtomography observation (Cochard et al. 2015) and optical vulnerability 

technique (Brodribb et al. 2016) allow direct and real time visualization of  embolism through 

the	vascular	system	but	are	difficult	to	access	or	time	consuming.	By	contrast,	in	situ	flow	

centrifuge technique is an indirect method based on the assessment of  the relative decrease 

in	xylem	transport	efficiency	caused	by	the	presence	of 	air	in	the	conduits.	However,	this	

method is quicker than any other techniques (Cochard et al., 2005; 2013) and this is the 

method	we	used	to	determine	VCs	for	each	species.	To	increase	the	water	flow,	between	4	
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and 8 stems (depending on species) were grouped in a bunch and spun at the same time (see 

Lens et al., 2016). From these curves, the P50 was determined, which corresponds to the sap 

tension (MPa) inducing 50% loss of  hydraulic conductance (Cochard et al., 2013; see Lens et 

al., 2016). As VCs and P50 are considered intrinsic traits at the species level (Lamy et al. 2014, 

but see Anderegg et al. 2015), these measurements were only done in 2015, and indeed similar 

curves and P50 were observed for the same species at both sites. Second, we measured midday 

leaf  water potential (Ψmidday)	on	the	same	species	 in	our	field	experiment.Ψmidday was 

obtained	by	averaging	measures	performed	on	the	first	fully	expanded	leaf 	from	flowering	

stalk of  three individuals per species. The measurements were conducted between 11 a.m. 

and 3 p.m. on sunny days using a Scholander pressure chamber (SKPM, Skye instruments 

Ltd, Powys, UK) for each species under each drought treatment and at the different sampling 

times. The PLCp values were then estimated as follow: 

with	Slope	being	the	slope	of 	the	vulnerability	curve	of 	a	specific	species,	Ψmidday being the 

leaf 	water	potential	(MPa)	experienced	by	the	species	in	the	field	and	P50 the water potential 

inducing 50% loss of  hydraulic conductance (MPa) for the species (see Urli et al., 2015). 

 Leaf  dry matter content (LDMC) was measured according to the protocol of  

Cornelissen	 et	 al.	 (2003).	 The	 youngest	 fully	mature	 leaf 	 on	 five	mature	 individuals	was	

sampled for each species. Leaves were kept in plastic bags with few drops of  deionised water 

for at least 24 hours at 4°C to allow plant tissues to rehydrate (Garnier et al., 2001). We 

then weighed the samples to record their water-saturated fresh weight (FW). Afterwards the 

samples were dried at 60°C and their dry weight (DW) was recorded after 72 hours. Leaf  dry 

matter content was then calculated as dry weight divided by fresh weight. 

	 Specific	leaf 	area	(SLA)	was	measured	according	to	(Cornelissen	et	al.,	2003)	using	

the leaves collected for LDMC described above. We determined the leaf  surface of  all the 

plant samples by using a planimeter (LI-COR, LI 3000C Portable Area Meter), allowing us 

Equation 1 Predicted percentage loss of  hydraulic conductance 

LDMC (mg.g-1) = DW(mg) / FW(g)

Equation 2 Leaf  dry matter content
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to calculate SLA as the one-sided area of  a fresh leaf  divided by its DW. 

	 In	a	final	step,	we	calculated	the	community-weighted	mean	traits	(CWM)	of 	PLCp,	

LDMC and SLA (Eric Garnier et al., 2004) as the sum of  the average value of  the traits (per 

species) multiplied by the relative abundances of  the species (pi, %) divided by the sum of  

the relative abundances of  the n species:

 Plant community responses to drought

 To highlight the effects of  drought on plant traits and biomass and to compare the 

amplitude of  the effects at the different periods of  the growing season and in both years, we 

determined the response ratios (RR) as follow:

 with CWMD corresponding to the community-weighted mean traits at the end of  the 

drought treatment (Early or Late) and  CWMC corresponding to the community-weighted 

mean traits in the respective control plot at the same date. A RR > 0 means that the CWM 

trait increased in the drought compared to the control plots. By contrast, a RR < 0 means 

that the CWM trait decreased in the drought compared to the control plots. RR corresponds 

to percentage of  change in drought compared to control plots (e.g., RR = -0.20 means 20% 

Equation 4 Community weighted mean trait

Equation 5 Response ratio

SLA (cm2.g-1) = leaf  surface (cm2) / DW (g)

Equation	3	Specific	leaf 	area
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decrease in trait value under drought). RRs were calculated for CWM PLCp, CWM LDMC, 

CWM SLA, and for the plant biomass production by using the aboveground biomass data in 

drought and control plots.

 Statistical analysis

 All analyses were carried out with R version 3.4.0 (R Development Core Team, 

2017) and data were analysed separately for both sites. Seasonal (Season: Peak, After peak, 

End) and inter-annual (Year: 2015, 2016) variability effects on community-weighted mean 

(CWM) traits in control plots were tested using linear mixed-effect model (packaged ‘nlme’) 

specifying ‘block’ as random factor. Data of  PLCp were log transformed to comply with the 

assumptions of  normality and homoscedasticity. 

 We performed t-tests on response ratios (RR) for all CWM traits and aboveground 

biomass	at	each	sampling	time	and	year	to	ensure	responses	to	drought	were	significantly	

different from zero. To test for the effect of  the timing of  drought (Early vs Late) on the 

RR of  plant traits and aboveground biomass to drought, we used only the data for the early-

season drought at the peak of  growing season (Early at Peak) and the late-season drought 

after the peak of  growing season (Late at After peak) for both years, which corresponds 

to the drought effects at the end of  the respective drought treatments. Effects of  drought 

timing (DT: Early, Late), years (Year: 2015, 2016), and their interactions on the response 

ratio of  the CWM and biomass production were tested using a linear mixed effect model 

specifying ‘block’ as random factors. 

 We ran linear regressions between the RR of  aboveground biomass production, the 

RR of  CWM PLCp, CWM SLA and CWM LDMC to drought to test for the links between 

the response of  plant hydraulic traits, plant functional traits and aboveground biomass 

production to drought. Regressions include data for both years (2015, 2016) and the three 

sampling dates (Peak, After peak, End) and were performed separately for Site 1 and 2. 

Statistical	 significance	of 	 linear	 regressions	was	 obtained	 from	 linear	mixed-effect	model	

specifying ‘Season’ nested into ‘Year’ nested into ‘Block’ as random factors, thus accounting 

for	repeated	measures	sampling.	Coefficient	of 	determination	(R2) for linear-mixed effect 

models was determined using the function ‘r2beta’ of  the package ‘r2glmm’ (Jaeger et al., 

2017).

 Complex interactions between the relative effects of  drought on soil moisture and 
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the response of  plant functional leaf  and hydraulic community traits and plant community 

biomass to drought (i.e., RR for all parameters) were analysed through structural equation 

modelling (Grace et al., 2014). We used a path analysis approach, a particular case of  SEM 

involving	only	quantified	variables,	to	test	for	the	effect	of 	soil	moisture	reduction	resulting	

from our drought manipulation on the linkages between plant leaf  and hydraulic traits and 

plant biomass production. Using a priori knowledge based on the literature introduced above, 

we built a network of  causal relationships among all measured variables (see Figure 2.S1). 

Models	were	fit	using	maximum	likelihood	estimation	with	robust	SE	and	Satorra-Bentler	

scaled test statistic with the ‘lavaan’ package (Rosseel, 2012). Then, the successive full model 

was	 simplified	by	 step-wise	 exclusion	of 	 variables	with	 non-significant	weights	 and	non-

significant	covariance,	until	a	minimal	adequate	model	showing	specific	linkages	remained,	

estimated	 by	 the	 lowest	AIC.	Z-statistic	was	 used	 to	 determine	 the	 significance	 of 	 each	

pathway.	Final	model	fits	were	assessed	with	the	chi-square	test	(P	>	0.05),	the	root	mean	

square error of  approximation index (RMSEA < 0.05), the low standardized root mean 

square	residual	index	(SRMR	<	0.05)	and	high	comparative	fit	index	(Grace	et	al.,	2010).	

 

 Results

 Seasonal and inter-annual variability in community-weighted mean plant traits and biomass 

production 

 All the CWM traits, except CWM SLA at Site 2, differed across the seasons and 

between	the	two	years	(i.e.,	significant	Season	x	Year	interaction,	Figure	2.2)	in	the	control	

plots (i.e., no drought simulation). At site 1, CWM PLCp was higher after the peak of  growing 

season in both years, particularly in the second year where it reached 23.71% (Figure 2.2a), 

and much lower at the end of  the growing season. Opposite effects were found for CWM 

SLA (Figure 2.2c), which decreased after the peak of  growing season and increased at the 

end of  the vegetation season. CWM LDMC increased after the peak of  growing season 

during	the	first	year	and	decreased	in	both	years	at	the	end	of 	the	vegetation	season	(Figure	

2.2b). 
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Figure 2.2 - Seasonal and inter-annual variability in community-weighted mean (CWM) plant 
traits [PLCp: predicted percentage loss of  hydraulic conductance (a,e), LDMC: leaf  dry 
matter	content	(b,f),	SLA:	specific	leaf 	area	(c,g)]	and	biomass	production	(d,h)	along	the	
plant growing season (P: Peak, AP: After peak, E: End) at both sites and for both years. 
Within each year Peak and After peak, as well as After peak and End, are separated by two 
months. Statistical results are displayed for the effects of  the season (S: Peak, After peak, 
End),	 the	 year	 (Y:	 2015	vs	2016)	 and	 their	 interaction	 (S	 x	Y)	 and	 significant	 effects	 are	
indicated in each graph (*P < 0.05, **P < 0.01, ***P < 0.001).
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 At site 2, CWM PLCp reached its maximum after the peak of  growing season during 

the	first	year	and	at	the	peak	of 	growing	season	during	the	second	year	(Figure	2.2e).	CWM	

LDMC increased after the peak of  growing season during the second year only but decreased 

on both years at the end of  the vegetation season (Figure 2.2f). CWM SLA decreased after 

the peak of  growing season in both years and increased at the end of  the vegetation season 

in the second year (Figure 2.2g). Additional analysis at species level at both sites reveals that 

seasonal and inter-annual variability in CWM traits was due to variations in both relative 

abundance and plant trait values of  the most abundant species within the plant community 

(see Table S.2.1). 

 At both sites, aboveground plant biomass strongly decreased after the peak of  

growing season (Figure 2.2c,h) but less so during the second year of  the experiment (i.e., 

2	months	after	the	peak	of 	growing	season)	as	 indicated	by	the	significant	Season	x	Year	

interaction (site 1 and 2, P < 0.001). 

 Effect of  precipitation manipulation on soil moisture

 The experimental manipulation of  precipitation resulted in a decrease of  soil moisture 

in the plots under drought by comparison to the control plots. This decrease in soil moisture 

ranged from -34% at the end of  the late drought treatment in 2016 at site 1 to -63% at the 

end of  the early drought treatment in 2015 at site 2 (see Table S.2.2). During the two-month 

period that followed both the early and late drought treatments, soil moisture increased due 

to rewetting, but was still always lower than in the control plots. 

 Drought impacts on community-weighted mean plant trait values and biomass production

Drought effects on community-weighted mean traits (CWM) assessed by response ratios 

(RR) depended on the trait considered, the timing of  the drought and the site (Figure 2.3). It 

is important to note that, for both sites, drought had no effects on the relative abundance of  

species (see Figure 2.S2 and S3). Thus changes in CWM traits as a response to drought were 

mainly	influenced	by	changes	in	plant	traits	values.	

 Overall, CWM PLCp (Figure 2.3a,e) and CWM LDMC (Figure 2.3b,f) increased with 

drought, while CWM SLA (Figure 2.3c,g) and aboveground biomass production (Figure 
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2.3d,h)	decreased	with	drought.	At	Site	1,	CWM	PLCp	significantly	 increased	during	 the	

early-season drought in 2015 (Figure 2.3a), CWM LDMC increased during the late-season 

drought in 2015 (Figure 2.3b) and CWM SLA decreased during the early-season drought in 

2016 (Figure 2.3c). Community aboveground biomass only decreased during the late drought 

at Site 1 during both years (Figure 2.3d). 

 Overall, the CWM traits (LDMC, PLCp or SLA) were more affected by drought at 

Site 2 compared to Site 1 and the timing of  the drought only yielded different effects on 

CWM traits (LDMC, PLCp or SLA) at Site 2 (Figure 2.3e, f  and g). At Site 2, CWM PLCp 

was higher during the early-season drought in 2015 and marginally higher during the late-

season	drought	in	both	years	(Figure	2.3e).	CWM	LDMC	significantly	increased	(Figure	2.3f)	

and CWM SLA decreased (Figure 2.3g) during the early- and late-season drought regardless 

of  the year of  sampling. Furthermore, CWM PLCp was more strongly affected during the 

late- than the early-season drought in the second year of  the experiment (Figure 2.3e), as 

highlighted	by	 the	 significant	Timing	of 	Drought	 x	Year	 interaction	 (P	<	0.05).	We	 also	

found a greater increase in CWM LDMC (Figure 2.3f; Timing of  Drought, P < 0.05) and 

greater decrease in CWM SLA (Figure 2.3g; Timing of  Drought, P < 0.01) during the late- 

than during the early-season drought in both years. Aboveground plant biomass decreased 

for both drought simulations at Site 2 (Figure 2.3h) but more strongly during the late- than 

the early-season drought for both years.
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Figure 2.3 - Response ratio of  community-weighted mean (CWM) plant traits [PLCp: 
predicted percentage loss of  hydraulic conductance (a,e), LDMC: leaf  dry matter content 
(b,f),	SLA:	specific	leaf 	area	(c,g)]	and	biomass	production	(d,h)	to	early-	(Early;	black	circle)	
and late-season drought simulation (Late; grey circle) along the plant growing season (P: 
Peak, AP: After peak, E: End) at both sites and for both years. Within each year Peak and 
After peak, as well as After peak and End, are separated by two months. Statistical results are 
displayed for the effects of  the timing of  drought (DT: Early vs Late), the year (Y: 2015 vs 
2016	and	their	interaction	(DT	x	Y)	and	indicated	for	response	ratios	significantly	different	
from	zero.	Significant	effects	are	indicated	in	each	graph	(.P	<0.10,	*P	<	0.05,	**P	<	0.01,	
***P < 0.001).
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 Relationships between plant traits and plant biomass

 The responses to drought of  CWM LDMC (Figure 2.4a; P < 0.001, R2 = 0.50) and 

CWM	SLA	(Figure	2.4b;	P	<	0.001,	R2	=	0.38)	were	significantly	correlated	to	the	response	

of  the CWM PLCp at Site 2 (positively with LDMC and negatively with SLA), but were not 

significantly	correlated	for	Site	1.	The	responses	of 	the	CWM	SLA	and	CWM	LDMC	to	

drought	were	significantly	and	negatively	correlated	at	both	Site	1	(P	<	0.001,	R2	=	0.31)	and	

Site 2 (P < 0.001, R2 = 0.62) (Figure 2.4c). The RR of  the aboveground biomass to drought 

was	significantly	negatively	correlated	to	RR	of 	CWM	PLCp	(Figure	2.4d;	P	<	0.001,	R2	

= 0.50) and CWM LDMC (Figure 2.4f; P < 0.001, R2 = 0.41), and positively correlated to 

the CWM SLA (Figure 2.4e; P < 0.001, R2 = 0.57) at Site 2. These correlations were not 

significant	at	Site	1.	

Figure 2.4 - Linear relationships between response ratios to drought for the different 
community-weighted means of  traits and above-ground biomass (a) CWM LDMC and CWM 
PLCp  (b) CWM SLA and CWM PLCp, (c) CWM SLA and CWM LDMC, (d) aboveground 
biomass production and CWM PLCp, (e) aboveground biomass production and CWM SLA, 
(f) aboveground biomass production and CWM LDMC. Black circles and black triangles 
correspond to the values of  Site 1 (Chéserex) and Site 2 (Saint-Georges), respectively. 
Regressions include data for both years 2015 and 2016 and the three sampling dates (Peak, 
After	peak,	End).	Statistical	significance	of 	regressions	(P	value)	and	R2	were	assessed	using	
linear-mixed effect models accounting for repeated measures. 
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 Overall, our results show that relationships between the response of  leaf  and hydraulic 

traits and aboveground biomass were only expressed at Site 2 (Figure 2.4), which was the 

site more strongly affected by our drought treatments. Structural equation modelling could 

therefore	only	be	conducted	for	this	site.	The	fitting	parameters	of 	the	minimal	adequate	

path	analysis	model	(Figure	2.5)	indicate	a	good	model	fit	(i.e.,	X2	=	2.02,	P	=	0.36,	RMSEA	

= 0.02, SRMR = 0.03 and CFI = 1). The decrease in soil moisture (i.e., negative response 

ratios of  soil moisture) was strongly negatively correlated to the response of  CWM PLCp 

(path = -1.39), thus highlighting the increase of  PLCp with drought. The responses of  CWM 

LDMC and CWM SLA to drought were negatively correlated and both directly affected by 

the decrease in soil moisture. The response of  plant aboveground biomass was not directly 

related to the decreased soil moisture, but indirectly through the increase in CWM PLCp and 

the decrease in CWM SLA. The response of  CWM SLA to drought (i.e., decreasing with 

decreasing soil moisture) was the strongest predictor (path = 1.23) of  the response of  plant 

aboveground biomass to drought (i.e., decreasing with decreasing soil moisture), followed 

by the response of  CWM PLCp (path = -0.25), while the response of  CWM LDMC had no 

direct	influence.

Figure 2.5 - Minimal adequate structural equation model for the effects of  soil moisture 
response ratios on the linkages between community-weighted mean (CWM) hydraulic trait 
response ratio (PLCp: percent loss of  hydraulic conductance), leaf  economic traits response 
ratios	(SLA:	specific	leaf 	area;	LDMC:	leaf 	dry	matter	content)	and	aboveground	biomass	
response ratios to drought at Site 2 (Saint-George). The model highlights indirect effects 
of  soil moisture reduction on aboveground biomass through changes in PLCp and SLA. 
Arrows	shows	significant	relationships	(pathways)	between	variables	and	numbers	next	to	
arrows show standardized parameter estimates (i.e., standardized regression weights). Square 
multiple correlations (R2 values) for the predicted/dependent factor are given on the box of  
the dependent variable. 
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 Discussion

	 Our	study	quantified	variation	in	plant	functional	leaf 	and	hydraulic	traits	in	grassland	

communities over the course of  two growing seasons. We determined how these traits were 

affected by experimental drought treatments applied at different times during the growing 

season (Early vs Late-season drought), and how the traits related to biomass production at the 

community	level.	We	observed	that	the	plant	functional	community	traits	(CWM)	fluctuated	

under control conditions over the growing season, between years and also between the two 

experimental sites, despite the most abundant species being similar among sites. For example, 

a general trend occurring across sites is the lower CWM SLA and the higher CWM PLCp 

and CWM LDMC after the peak of  growing season, which coincide with the longer and 

warmer summer days (June to August). Overall, combinations of  seasonal and local climatic 

conditions, as well as management practices, likely explain the plant traits variability observed 

along the growing season and between sites. While there is extensive literature on plant traits 

(e.g., Garnier et al., 2004; Violle et al., 2007; Deléglise et al., 2015; Jung et al., 2014; Wellstein 

et al., 2017), such temporal and spatial variability over the growing season is less commonly 

documented. Therefore, our results highlight the need to account for sampling time in plant 

trait research, especially when comparing plant community traits between sites or years. 

 Our observed changes in community-weighted mean (CWM) traits in response 

to drought were mainly related to changes in plant traits rather than changes in species 

abundance	(see	Figure	2.S2	and	S3).	Such	results	reflect	plant	species	plasticity	in	response	

to our 2-year drought simulation (Deléglise et al., 2015; Jung et al., 2014; Lloret et al., 2010), 

rather than species turnover and community composition change, which would occur over 

longer drought perturbations (Smith et al. 2009). Interestingly, simulated drought events had 

stronger effects on plant traits and biomass production at Site 2, despite similar reductions 

in soil moisture at both sites. These differences could be explained by the difference in 

soil depth, 90 cm for Site 1 against 45 cm for Site 2, potentially allowing plants’ roots to 

grow deeper and reach water in deeper soil layers at Site 1. At site 2, where the effects of  

drought	were	 stronger,	 we	 found	 significant	 correlations	 between	 all	 the	 response	 ratios	

of  the CWM traits that we measured, as well as between the CWM traits and aboveground 

biomass production. We observed that LDMC increased and SLA decreased under drought 

as also shown in other studies (Deléglise et al., 2015; Jung et al., 2014). The strong correlation 

between these two plant functional traits relate to plant strategy as plants tend to invest either 

in leaf  surface, i.e., higher SLA or leaf  thickness, i.e., higher LDMC. Slower and thicker leaf  

growth is common in response to drought (Chaves et al., 2003; Gazanchian et al., 2007), as 
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leaf  development is hindered by water availability (Baker et al., 1985; Tardieu et al., 1999), 

mainly through the reduction in leaf  cell expansion and cell division in meristems. In our 

study, we also observed that PLCp was positively correlated with leaf  thickness (low SLA 

and high LDMC). Consequently, higher leaf  thickness and increase in PLCp show that by 

limiting water transport through the xylem tissue (i.e., reduction of  hydraulic conductance, 

PLCp), plant leaf  tissues density is increasing as the leaf  growth is limited. This increase in 

leaf 	density	might	allow	plants	to	better	resist	drought	due	to	higher	water	use	efficiency,	

limited water loss (Aguirrezabal et al., 2006; Monclus et al., 2006; Wright et al., 2001; Xu & 

Zhou, 2005) and longer leaf  life (Poorter et al., 2009). It also enables leaves to maintain cell 

turgor (Markesteijn et al., 2011; Nunes et al., 1989) 

 Overall, our results revealed that the intensity of  change in plant hydraulic (PLCp) 

and leaf  (SLA and LDMC) community traits, as well as in aboveground biomass, was higher 

when a drought occurred after the peak biomass of  production (when traits values are already 

at their lowest for CWM SLA and highest for CWM LDMC and CWM PLCp, see above). 

These results contrasted our initial hypothesis, but are consistent with the study of  De Boeck 

et al. (2011), in which the authors found a stronger impact of  drought in summer than in 

spring. These authors also showed that heat waves in summer were indirectly increasing 

the negative effect of  drought on biomass production decrease. At both of  our study sites, 

air	temperatures	were	higher,	and	induced	higher	vapor-pressure	deficit	(VPD),	during	the	

late-season drought compared to the early-season drought (VPD = 0.78 versus 0.47 KPa at 

Site 1 and VPD = 0.59 versus 0.27 KPa at Site 2; see Buttler et al., 2019). VPD is a measure 

of 	 the	 atmospheric	 demand	 for	 water,	 and	 similarly	 to	 soil	moisture,	 directly	 influences	

vegetation water use and productivity (Konings et al., 2017; Novick et al., 2016). Indeed, to 

avoid excessive water loss when VPD is high, plants close their stomata, which also reduces 

carbon uptake. Therefore, higher VPD during late-season drought at both sites likely explain 

the stronger decrease in aboveground biomass compared to early-season drought. 

 The structural equation model helped to gain a better understanding of  the 

relationships between the plant leaf  and hydraulic community traits and aboveground 

biomass production in response to drought and showed that these relationships are much 

more complex than those initially suspected. Interestingly, reduction in soil moisture had no 

direct impacts on aboveground biomass production. Instead, we observed that the decrease 

in aboveground biomass production was partially due to a higher PLCp and lower SLA. As 

hypothesized by Pérez-Ramos et al. (2013), plants subject to drought can shed their leaves 

to lower the transpiring surface, which in turn could explain the direct effect of  PLCp on 
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aboveground biomass. Moreover, when PLCp is higher, plants are at higher risk of  hydraulic 

failure,	reducing	the	flow	of 	water	from	roots	to	shoots.	Less	water	being	transported	to	the	

leaves can result in decreased biomass production. Change in SLA, one of  the plant functional 

leaf  traits, in response to drought was the best predictor of  the response of  aboveground 

biomass production. This is not surprising as most of  the increase in aboveground biomass 

is due to an increase in leaf  mass (Weraduwage et al., 2015).

 Conclusions

 Our study showed a strong temporal (season, years) as well as spatial (sites) variability 

in	plant	community	traits,	due	to	natural	fluctuation	in	species	abundance	and	traits	over	time.	

These results show how important it is to consider spatio-temporal variability of  community 

plant traits in future plant traits studies. We also demonstrated that in addition to natural 

spatio-temporal variability, a limitation in soil water availability impacted plant communities 

differently depending on when the drought occurred during the growing season. To our 

knowledge, plant hydraulic traits measured at the community scale have never been used to 

assess	plant	community	response	to	drought	in	grasslands	(see	review	by	Griffin-Nolan	et	

al. 2018). Here, the use of  PLCp as a plant community hydraulic trait allowed us to observe 

its interactions with more commonly used plant leaf  traits and its direct effects on reduction 

in	aboveground	biomass	production	under	drought.	Our	findings	show	that	hydraulic	traits	

are a promising tool to better understand the effects of  drought at the species or community 

level (see also Brodribb, 2017), and that mechanistic hydraulic trait-based modelling (Xu 

et al., 2016) could largely improve predictions of  drought impacts on forage quality and 

quantity.
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Abstract

 Temperate grasslands will experience drier conditions in the coming decades, with potential 

strong negative impacts on the services that they provide. Our predictive knowledge is still 

limited since drought could occur at different times during the growing season. Furthermore, 

grassland management practices could potentially mitigate or amplify such negative drought 

effects. 

To	fill	this	gap,	we	performed	a	two-year	field	experiment	in	three	permanent	grasslands	in	the	

Swiss Jura Mountains under two mowing treatments (extensive vs. intensive), representative 

of  the management practices occurring in this region. Two drought treatments were applied 

per vegetation season: one during the peak of  biomass production and the other one after 

this peak. We used both the community weighted mean (CWM) traits and functional trait 

dissimilarity	(FD)	of 	leaf 	dry	matter	content	(LDMC)	and	specific	leaf 	area	(SLA)	to	study	

the effects of  our treatments on plant communities.

CWMLDMC increased and CWMSLA decreased with drought during and after the peak 

of  biomass production. FDLDMC increased with drought only at one site after the peak 

of  biomass while FDSLA was not affected. The effect of  drought on CWMLDMC and 

CWMSLA was dependent on mowing intensity, as the increase in CWMLDMC and decrease 

in CWMSLA with drier conditions were stronger under higher intensity of  mowing.

The variations observed in CWMLDMC and CWMSLA values in response to drought in 

both	mowing	 treatments	were	 always	 explained	over	95%	by	 intraspecific	 trait	 variability,	

suggesting an individual adaptive response rather than a species turnover in the plant 

communities under drier conditions.

We conclude that a less frequent mowing is favourable to grassland communities coping 

with drought, especially when this drought occurs after the peak of  biomass production. 

With the drier summers expected in the next decades, management strategies of  permanent 

grasslands should be adapted towards more extensive practices to face the new environmental 

conditions.

Key words:	 community	 weighted	 mean,	 species	 turnover,	 intraspecific	 trait	 variability,	

functional dissimilarity, management practice, growing season.
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 Introduction

 Patterns of  drought are expected to pursue their change along the current century 

(Easterling et al., 2000; IPCC, 2013). In western Europe, droughts are forecast to increase 

in magnitude and frequency (Easterling et al., 2000; IPCC, 2013). The future scenario of  

shortage in water precipitations could thus be a major stake for ecosystems and the services 

they provide to human welfare. Grasslands are ecosystems tightly linked with human activities, 

one of  the most important being forage production for cattle. However, the high diversity 

of  grasslands sites in terms of  botanical composition, management practices or annual 

precipitations,	makes	it	difficult	to	predict	a	general	response	to	drier	conditions	(Kahmen	

et al., 2005; Gilgen, 2009; Gilgen & Buchmann, 2009; Mariotte et al., 2013; Deléglise et al., 

2015). 

 A drought event can happen at different times during the year, and thus expose 

grasslands to drought at distinct times during the growing season. Different aspects of  the 

role played by precipitation timing on the vegetation have been studied, such as the length 

of  rainfall events (Heisler-White et al., 2008), their frequency (Heisler-White et al., 2009; 

Didiano et al., 2016), their timing (Chou et al., 2008) and the time interval between rainfall 

events (Fay et al., 2000). However these studies focus on precipitations time patterns rather 

than on a diminution in precipitations. Such differences in the response of  vegetation related 

to precipitations time patterns are likely to interact with drought intensity effects on plant 

communities. For example, Craine et al. (2012) showed a decreasing effect of  drought on plant 

productivity along the vegetation growing season in a temperate humid grassland of  Central 

United States. Furthermore, De Boeck et al. (2011) reported that plant growth and biomass 

were more severely impacted by a drought event occurring in summer than in autumn or in 

spring in experimental communities of  temperate herbaceous species. Such results underline 

how critical it is to study the evolution of  grasslands communities’ responses to drought 

within a growing season. However, the literature addressing the effect of  drought timing on 

vegetation	is	still	scarce,	especially	in	natural	field	conditions.	

 Taking into account the effects of  changing precipitation patterns on plant 

communities is of  primary importance to draw future management strategies in temperate 

grassland. Yet, interactions between drought and different management practices (mowing 

or grazing) remains poorly investigated (but see Zwicke et al., 2013; Deléglise et al., 2015). 

For example, Zwicke et al. (2013) showed that the reduction in aboveground primary 

productivity induced by a drought + warming treatment was stronger under high than low 

cutting frequency in a temperate grassland of  the French Massif  Central.
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 Historically, a large amount of  the research assessing the impact of  drought on plant 

communities was restricted to its effect on productivity and/or biodiversity (e.g. Tilman & El 

Haddi, 1992; Ciais et al., 2005; Zhao and Running, 2010). More recently, a growing number 

of  studies focused on the effect of  drought on plant functional traits enabling a deeper 

understanding of  the mechanisms underlying plant communities responses to drought 

(e.g. Jung et al., 2014; Deléglise et al., 2015; Wellstein et al., 2017). According to the mass 

ratio hypothesis (Grime, 1998), ecosystem functions are shaped by the traits of  their most 

abundant species. Community weighted mean (CWM) traits are thus a useful tool to assess the 

response of  grasslands to drought as they give us an idea of  a general response of  the plant 

community to water shortage. Interestingly, CWM trait values could capture simultaneously 

shifts	at	both	interspecific	(i.e.	species	turnover	in	identity	and/or	relative	abundance)	and	

intraspecific	 (i.e.	modification	of 	 functional	 trait	values	of 	 the	species)	 levels.	Both	 levels	

should be taken into account in order to have a more precise picture of  plant community 

strategies to cope with environmental stress (Lepš et al., 2011). The variation resulting from 

these two parameters in response to environmental changes can be driven by a common 

response	of 	all	the	species	from	the	plant	community	but	also	by	a	diversification,	commonly	

called functional diversity, i.e. the dissimilarity in the functional space (the different ranges of  

traits	values)	occupied	by	two	communities	as	defined	by	Mouillot	et	al.	(2013a).	The	habitat	

filtering	hypothesis	predicts	dominant	species	traits	to	narrow	to	similar	values	(i.e.	decreasing	

functional dissimilarity) in response to a shift in environmental conditions, as distance from 

the optimum trait value make them less likely to cope with stress or competition (Grime, 

1973; Keddy, 1992). In contrast, the niche differentiation hypothesis states that in order to 

coexist their traits values will be scattered (i.e. increasing functional dissimilarity) in order 

to avoid competition (Macarthur & Levins, 1967). Unfortunately, there is a lack of  studies 

investigating those mechanisms underlying the potential of  a plant community to respond to 

drought by a shift in their functional traits. In addition, there is a clear need to understand the 

role played by those different components of  the functional response to realistic droughts in 

grasslands systems. 

 In this context, the aim of  the present study was to investigate the combined effect of  

drought timing (during or after the peak of  plant biomass production) and mowing intensity 

(extensive vs. intensive) on plant functional traits in three grasslands communities of  the 

Swiss	Jura	Mountains.	We	focused	on	specific	leaf 	area	(SLA)	and	leaf 	dry	matter	content	

(LDMC), which are good markers of  plant response to environmental changes (Quétier et 

al., 2007) and well related with agronomical properties of  the vegetation cover (Gardarin et 

al., 2014) and forage production (Chapter 2). We know from a former study on the same 
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experiment that a drought occurring during the peak of  biomass production had a stronger 

impact	on	CWMSLA	and	CWMLDMC	later	in	the	growing	season	(Chapter	2).	Thus,	we	first	

hypothesised that a drought would as well have a stronger impact on FDSLA and FDLDMC 

when it occurs after the peak of  biomass production.  Second, we hypothesized a synergistic 

effect of  the drought + intensive mowing treatments, especially during the peak of  growing 

season when the vegetation is developing (Cornwell & Ackerly, 2009).  Third, we predicted a 

higher	contribution	of 	intraspecific	variability	than	species	turnover	in	community	responses	

to drought and mowing due to the relatively short duration of  our experiment. Finally, we 

expected dominant species to share comparable coping strategies and thus respond similarly 

to	drought	and	mowing,	highlighting	a	stronger	role	of 	habitat	filtering	(i.e.,	decrease	in	FD)	

rather than niche differentiation (i.e., increase in FD).

 Material and methods

 Study sites

 The experiment was conducted from spring 2015 to fall 2016 in three permanent 

grasslands of  the Swiss Jura mountains: Site 1 at Chéserex (N 46°24’, E 6°10’; 540 m a.s.l.), 

Site 2 at Saint-George (N 46°30’, E 6°15’; 940 m a.s.l.) and Site 3 at Trois chalets (N 46°53’, E 

6°21’; 1330 m a.s.l.). Climate at the three sites is sub-oceanic with mean annual precipitations 

of  1050, 1290 and 1952 mm and mean annual temperatures of  10 °C, 8 °C and 6.5 °C 

(averaged	1981-2010,	MeteoSwiss),	respectively.	The	three	study	sites	are	located	on	a	flat	

area with an average soil depth of  90, 45 and 90 cm, respectively. The plant composition of  

Sites 1 and 2 is similar and dominated by grasses (Lolium perenne, Dactylis glomerata, Poa pratensis, 

Phleum pratense) and forbs (Trifolium repens and Taraxacum	officinale), which all accounted for 

at least 80% of  the plant biomass. Site 3 is dominated by Agrostis capillaris, Alchemilla vulgare, 

Festuca rubra, Ranunculus acris and Trifolium repens, which all accounted for at least 80% of  the 

plant biomass. The two lowest sites are highly productive with an average annual biomass 

production of  900 to 1200 g dry matter per m2, while the highest site is less productive 

with an average of  400 g dry matter per year and per m2. The three sites are lightly fertilised 

according to the Swiss recommendations (Sinaj et al., 2019) with an organic manure (5.2% 

organic nitrogen and 4.4% phosphate) applied in two times per year (March and October ). 

The fertiliser application rate applied in 2015 and 2016 was 150 kg N/ha and 125 kg P/ha. 
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 Experimental drought timing and mowing treatments 

 Interactive effects of  drought timing and mowing intensity were investigated at the 

three sites by using a similar full factorial experiment design during two vegetation seasons 

(2015 and 2016). The three drought timing treatments included a control, a two months 

drought event occurring at the peak of  plant biomass production (hereafter called ‘Peak’) 

and another two months drought event occurring just after the peak of  plant biomass 

production (hereafter called ‘After peak’). The two mowing intensities included an extensive 

(mowing once every two months) and an intensive regimes (mowing once every month). 

At	the	beginning	of 	the	experiment,	five	rainout	shelters	were	established	at	each	site,	each	

containing six randomized plots of  4.0 m x 0.9 m corresponding to each drought x mowing 

combination (i.e. 3 drought treatments x 2 mowing treatments). 

 Control plots were watered according to the average annual precipitations of  the last 

thirty years received at each site (i.e. 441 mm at Site 1, 682 mm at Site 2 and 867 mm at Site 3 

over the 6 months of  the experiment each year). Drought plots simulated rainfall conditions 

in order to simulate a rare extreme drought events that has been forecasted to happen at 

the end of  the current century (CH, 2011).  During the respective drought event, plots only 

received 30% of  the water added in the control plots. Outside our two drought-induced 

periods, plots received the same amount of  water as the control plots until the end of  the 

growing season. Watering was done manually, every 2-3 days in control plots to simulate the 

rainfall frequency of  the region (i.e., about 11 rainy days per months during the plant growing 

season), and every 4-5 days in drought plots to simulate 50% decrease in rainfall frequency, 

which is expected to occur simultaneously with precipitation reduction (CH2011, 2011). The 

rainout shelters were in place from March 31st to September 15th at Site 1, from April 23rd 

to October 7th at Site 2 and from May 27th to September 15th at Site 3 in 2015. In 2016 they 

were in place from April 9th to September 24th at Site 1 from April 21st to October 6th at 

Site 2 and from May 13th to September 1st at Site 3. The sites received ambient precipitation 

for the rest of  the year. Soil moisture was measured one time a week with a time domain 

reflectometer	(FieldScout	TDR	100	Soil	Moisture	Meter)	for	the	top	15	cm	of 	the	soil.	Three	

randomly located moisture measurements per plot were averaged. The mean air temperature 

in 2015 was 13.9 °C and 21.2 °C for Site 1 during and after the peak of  biomass production, 

respectively, 13.0 °C and 19.2 °C respectively for Site 2, and 13.4 °C and 11.1 °C respectively 

for Site 3. In 2016, mean air temperature during and after the peak of  biomass production 

was 10.5 °C and 17.9 °C respectively for Site 1, 9.9 °C and 16.8 °C respectively for Site 2 and 

9.4 °C and 12.3 °C respectively for Site 3. 
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 Plots were mowed to simulate two intensities of  forage regime typical for the study 

region.	In	the	first	mowing	regime	called	“Extensive	regime”,	plots	were	mowed	every	two	

months.	In	the	second	mowing	regime	called	“Intensive	regime”,	plots	were	mowed	every	

month. Mowing occurred three times during the vegetation season for the Extensive regime 

and six times for the Intensive regime and plant biomass was mowed to a height of  5 cm. It is 

important to note that due to the management practice in these grasslands, the measurements 

during	the	growing	season	were	performed	on	the	first	growth	each	year,	whereas	the	ones	

made after the peak of  biomass production concerned the regrowth cycle. 

 Plant biomass harvest and community composition

 Plant surveys were performed few days before the end of  each 2 months drought 

period (i.e. Peak and After peak) using the Daget-Poissonet method (Daget & Poissonet, 

1971) in 80 points per plot evenly distributed every 20 cm on four lines of  400 cm spaced 20 

cm apart. Altogether, the four lines covered the entire plot, leaving 10-15 cm between lines 

and the border of  the plot to avoid edge effects. At each point of  interception, we recorded 

all plant species in contact with the edge of  a 1 mm dagger (presence/absence) without 

taking into consideration the number of  contacts. Relative species cover was determined by 

dividing the number of  contacts per species in each plot by the total number of  contacts. 

 Community weighted mean leaf  traits

 At the three sites, we selected the most abundant plant species accounting for at least 

80% of  the biomass at the beginning of  the experiment (spring 2015): Dactylis glomerata, 

Lolium perenne, Poa pratensis and Trifolium repens at Sites 1 and 2, plus Phleum pratense 

and	Taraxacum	officinale	at	Site	1.	At	Site	3	these	species	were	Agrostis	capillaris,	Alchemilla	

vulgare, Festuca rubra, Ranunculus acris friesianus and Trifolium repens. At the three sites 

and for each plot (i.e., 3 drought x 2 mowing treatments x 5 blocks, n = 30), we measured 

the following plant traits for each selected species, at the two sampling times (Peak and After 

peak) in both years (2015 and 2016):

 Leaf  dry matter content (LDMC) was measured according to the protocol of  
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Cornelissen	 et	 al.	 (2003).	 The	 youngest	 fully	mature	 leaf 	 on	 five	mature	 individuals	was	

sampled for each species. Leaves were kept in plastic bags with few drops of  deionised 

water for at least 24 h at 4 °C to allow plant tissues to rehydrate (Garnier et al., 2001). We 

then weighted the samples to record their water-saturated fresh weight (FW). Afterwards the 

samples were dried at 60 °C and their dry weight (DW) was recorded after 72 h. Leaf  dry 

matter content was then calculated as dry weight divided by fresh weight according to the 

formula: 

LDMC (mg.g-1) = DW (mg) / FW (g)

	 Specific	 leaf 	 area	 (SLA)	was	measured	 according	 to	 the	Cornelissen	 et	 al.	 (2003)	

protocol using the leaves collected for LDMC described above. We determined the leaf  

surface of  all the plant samples by using a planimeter (LI-COR, LI 3000C Portable Area 

Meter), allowing us to calculate SLA as the one-sided area of  a fresh leaf  divided by its DW 

according to the formula: 

SLA (cm2.g-1) = leaf  surface (cm2) / DW (g)

	 In	a	final	step,	we	calculated	the	community	weighted	mean	traits	(CWM)	of 	LDMC	

and SLA (Eric Garnier et al., 2004) as the sum of  the average value of  the traits (per species) 

multiplied by the relative abundances of  the species (pi, %) divided by the sum of  the relative 

abundances of  the n species according to the formula:

	 We	calculated	the	relative	contribution	of 	intraspecific	variability	and	species	turnover	

to the values of  CWM traits as described in Jung et al. (2014). Similarly, we calculated ‘CWM*’ 

with the relative abundances of  the drought plots but the traits values of  the control plots 

(hypothesis of  lack of  species turnover) and compared them to CWM traits. Thus, the 

intraspecific	variability	was	calculated	by	subtracting	the	value	of 	the	CWM*	from	CWM.	

The species turnover was calculated by subtracting the value of  the CWM*, calculated in 

drought plots, from CWM calculated in the control plots. In our experiment, species turnover 

only accounted for a turnover in species abundances as we always measured the same most 

abundant species all along the experiment. 
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 Functional dissimilarity of  leaf  traits (Rao index)

 Functional dissimilarity (FD) was calculated according to Rao’s quadratic entropy 

(Botta-Dukát, 2005; Epps et al., 2007) with the same species and traits than for the CWM 

traits. It was calculated for each sample as: 

 

 

 Where pi is the relative abundance for species i, and di the Euclidian distance between 

species traits values.

 Statistical analysis

 All analyses were carried out with R version 3.4.0 (R Development Core Team, 

2017). To test for the effect of  the drought treatment (Control vs. Drought), the mowing 

intensity (extensive vs. intensive), the sites (Site 1, 2 or 3), the drought timing within the 

growing season (Peak vs. After peak), the years (2015 vs. 2016) and their interactions on the 

CWM and FD values of  the two selected leaf  traits (LDMC and SLA), we used linear mixed-

effects models using the function ‘lme’ of  the package ‘nlme’ followed by post-hoc Tukey 

tests	using	the	 ‘glht’	function	of 	the	 ‘multcomp’	package.	We	specified	‘block’	as	random	

factor.	The	full	models	were	simplified	to	determine	the	most	parsimonious	models	using	

the ‘AIC’ function of  the ‘stats’ package, an established model selection procedure with both 

forward and backward selection algorithms, which ranks all candidate models (all possible 

combinations of  the initial explanatory variables included in the full model) based on lowest 

AICs. 

	 In	 order	 to	 test	 the	 significance	 of 	 intraspecific	 variability	 and	 species	 turnover	

in CWM trait changes in response to drought, we performed linear mixed-effects models 

specifying	‘block’	as	random	factor	and	drought	as	a	fixed	factor.	To	test	the	significance	of 	

intraspecific	variability	with	drought	we	tested	for	each	CWM	trait	at	each	time	and	for	both	

Equation 6 Functional dissimilarity
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managements	if 	the	values	of 	CWM*	and	CWM	under	drought	treatment	where	significantly	

different.	To	test	the	significance	of 	species	turnover	we	then	tested	for	each	CWM	traits	

at each time and for both management if  the values of  CWM* in drought treatments and 

CWM	in	control	treatment	where	significantly	different.

 Results

	 Overall,	both	CWMLDMC	and	CWMSLA	were	significantly	affected	by	Drought,	

Mowing intensity, Timing, Site and Year (Table 3.1, Figure 3.1). We found that CWMLDMC 

was	significantly	13%	higher	under	drought	compared	 to	control	 treatment	 (Figure	3.1a),	

11% lower under intensive compared to extensive mowing regime (Figure 3.1b), higher at 

site 3 compared to the two others sites (Figure 3.1e), higher after than during the peak of  

biomass production (Figure 3.1c) and lower in 2016 compared to 2015 (Figure 3.1d). Overall, 

we	observed	an	opposite	effect	on	CWMSLA,	which	was	significantly	12	%	lower	in	drought	

treatment compared to control (Figure 3.1f), higher in sites 1 and 2 (Figure 3.1j), higher 

during the peak of  biomass production (Figure 3.1h), higher in 2016 (Figure 3.1i), but no 

significantly	affected	by	the	mowing	intensity	(Figure	3.1g).		

 FDLDMC and FDSLA were both affected by Site and Year (Table 3.1, Figure 3.2), 

while FDLDMC was additionally affected by Mowing intensity and FDSLA by Timing. 

FDLDMC	was	significantly	higher	in	extensive	mowing	regime	(Figure	3.2b),	at	the	second	

and	 third	 sites	 (Figure	 3.2e)	 and	 in	 2015	 (Figure	 3.2d).	 Finally,	 FDSLA	was	 significantly	

higher at the third site (Figure 3.2j), after the peak of  biomass production (Figure 3.2h) and 

in 2015 (Figure 3.2i). 

 Interactive effects of  drought and timing

 Drought effects on CWMSLA and CWMLDMC were dependent on timing 

(significant	Drought	×	Timing	interaction,	Table	3.1).	CWMSLA	significantly	decreased	in	

drought plots with stronger effects after (-16.5%) than during (-9.3%) the peak of  biomass 

production (Figure 3.3a). An opposite trend was observed for CWMLDMC with a stronger 

increase after (+14.9%) than during (+10.2%) the peak of  biomass production (Figure 3.3b). 

Compared	 to	CWM	values	we	did	not	find	 any	 effect	of 	Drought	×	Timing	 interaction	

for FD values, except for FDLDMC for which there was no effect in control plots but a 
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Table 3.1 - Output of  the general linear mixed effect models testing for the effect of  drought 
(Control vs. Drought), mowing intensity (Extensive vs. Intensive), timing during the growing 
season (Peak vs. After peak), site (1, 2, 3), year (2015 vs. 2016) and their interactions on 
community-weighted mean SLA (CWM) and functional dissimilarity (FD) SLA and LDMC. 

Interactions of  interest (Drought × Timing, Drought × Mowing) are highlighted in bold.
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Figure 3.1 - Main effects of  (a, f) drought (Control, Drought), (b, g) mowing intensity 
(Extensive, Intensive), (c, h) timing during the growing season (Peak, After peak), (d, i) year 
(2015, 2016) and (e, j) site (1, 2, 3) on community-weighted mean (CWM) (a-e) SLA and (f-
j)	LDMC.	Different	 letters	denote	significant	differences	among	 treatments.	CWMSLA	 is	
expressed in cm-2 g-1 and CWMLDMC is expressed in mg g-1.

Figure 3.2 - Main effects of  (a, f) drought (Control, Drought), (b, g) mowing intensity 
(Extensive, Intensive), (c, h) timing during the growing season (Peak, After peak), (d, i) year 
(2015, 2016) and (e, j) site (1, 2, 3) on functional dissimilarity (FD) (a-e) SLA and (f-j) LDMC. 
Different	letters	denote	significant	differences	among	treatments.
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slight increase after compared to during the peak of  biomass production in the drought 

plots. Overall, this Drought × Timing interaction was consistent during the two years (non-

significant	Drought	×	Timing	×	Year	interaction,	Table	3.1)	and	at	the	three	study	sites	(non-

significant	Drought	×	Timing	×	Site	interaction,	Table	3.1),	except	for	CWMSLA	for	which	

the drought effect was overall lower at site 3 compared to the two others (Supplementary 

Figure S 3.1).  

 Interactive effects of  drought and mowing intensity

 CWMSLA was similarly affected by drought under intensive and under extensive 

mowing	intensity	(no	significant	Drought	×	Mowing	interaction,	Table	3.1;	Figure	3.4).	In	

contrast,	drought	effect	on	CWMLDMC	was	dependent	on	mowing	 intensity	 (significant	

Drought × Mowing interaction, Table 3.1), with a stronger effect under intensive (+16.3%) 

than extensive mowing treatment (+9.4%). Overall, this interactive effect was consistent 

during	the	two	years	(non-significant	Drought	×	Timing	×	Year	interaction,	Table	3.1)	and	

at	 the	 three	 study	 sites	 (non-significant	Drought	×	Timing	×	Site	 interaction,	Table	3.1).	

By	contrast	 to	CWM	traits,	FDSLA	and	FDLDMC	were	not	significantly	affected	by	the	

Drought × Mowing interaction.

	 Contribution	of 	intraspecific	variability	and	species	turnover	to	CWM	trait	values

 The variations observed in CWMLDMC and CWMSLA values in response to drought 

during the growing season (Peak, After peak) and in both mowing regimes (Extensive, 

Intensive)	were	only	explained	by	intraspecific	variability	(Table	3.2),	with	contribution	of 	

intraspecific	variability	ranging	from	92%	to	98%.	
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Figure 3.3 - Interactive effects of  drought (control, open bars; drought, grey bars) and timing 
during the growing season (Peak, After Peak) on community-weighted mean (CWM) (a) SLA 
and	(b)	LDMC.	Different	letters	denote	significant	differences	among	treatments.	CWMSLA	
is expressed in cm-2 g-1 and CWMLDMC is expressed in mg g-1.

Figure 3.4 - Interactive effects of  drought (control, open bars; drought, grey bars) and 
mowing intensity (Extensive, Intensive) on community-weighted mean (CWM) (a) SLA and 
(b)	LDMC.	Different	letters	denote	significant	differences	among	treatments.	CWMSLA	is	
expressed in cm-2 g-1 and CWMLDMC is expressed in mg g-1.

Table 3.2	-	Species	turnover	and	intraspecific	variability	contributions	to	the	responses	of 	
community weight mean traits (SLA and LDMC) to drought according to the timing during 
the growing season (Peak vs. After peak) and to mowing intensity (Extensive vs. Intensive). 
Significant	contributions	are	indicated	in	bold	(P	<	0.05).
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 Discussion

 Spatial and temporal variability

 Grasslands ecosystems present a large variability in terms of  above-ground primary 

productivity (Smit et al., 2008; Gilgen & Buchmann, 2009; Guido et al., 2014), which is 

explained by differences such as altitude, species composition, annual precipitations or 

soil depth. The three grasslands on which our experiment were performed present such 

differences (see material and methods section). Despite these differences, the different 

responses to drought between timings or between mowing intensities were similar at the 

three sites. This result suggests for an applicability of  our results to other grasslands.

 From 2015 to 2016 there was an increase in CWMSLA and a decreased in CWMLDMC. 

When plant traits have been used to classify plant species along a resource use strategy 

gradient, a shift to species with higher SLA and lower LDMC indicated a shift towards less 

conservative communities (Reich et al., 1998, 2003). Here, these plant traits variations were 

not	due	to	a	shift	in	species	but	to	intraspecific	variability,	indicating	an	intraspecific	change	

in resource use strategy. Interestingly, this shift in CWM traits was associated with a decrease 

in FD for both traits in 2016 compared to 2015, meaning that when the community was more 

conservative in 2015 the traits values dispersion across species was higher. As the amount of  

precipitation added to the plots was identical between the two years, the inter-annual traits 

variability could be explain by non-controlled environmental parameters such as temperature 

or	vapour	pressure	deficit.	However,	the	significant	Site	×	Year	interaction	indicate	that	this	

effect was different between sites for CWMSLA, CWMLDMC and FDLDMC.

 Not only did plant traits vary between years but also during the growing season, 

as	shown	by	the	significant	timing	effect	on	CWMSLA,	CWMLDMC	and	FDSLA.	These	

results are in line with a study performed in woody species by Römermann et al. (2016), were  

the	authors	showed	that	SLA	and	LDMC	presented	a	high	intraspecific	variability	from	April	

to November, SLA being one of  the most variable traits. Moreover, the higher CWMSLA 

and lower CWMLDMC during the peak of  biomass production compared to after this peak 

are consistent with the literature reporting CWM traits to be good indicators to explain 

variations in aboveground productivity (Schumacher & Roscher, 2009; Roscher et al., 2012; 

Chapter 2). Considering this natural spatio-temporal variability between our three sites, two 

years and two seasons, we can thus also expect those factors to interact with the response of  

grasslands to drought, as suggested by Gilgen & Buchmann (2009), and mowing intensity. 
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	 Overall	we	observed	significant	differences	in	FDSLA	and	FDLDMC	between	sites	

as they were decreasing with decreasing altitude. The lower values of  FDSLA and FDLDMC 

observed	at	the	lowest	altitude	site	reflect	a	more	similar	strategies	across	the	most	abundant	

species of  this site. This stronger similarity could be explained as precipitations are also 

decreasing with decreasing altitude which could lead to stronger selective pressure. 

 Community trait responses to drought 

 Our results showed a decrease in CWMSLA and increase in CWMLDMC under 

drought. These results have been observed in other studies and indicate a decrease in 

biomass production speed in favour of  a improved nutrients conservation (Wilson et al., 

1999; Garnier et al., 2001) and slow down of  plant growth (Poorter & Garnier, 1999). 

Moreover the increase in CWMLDMC we observed under drought is correlated with poorer 

leaf  digestibility (Al Haj Khaled et al., 2006; Ansquer et al., 2009) and thus, lower forage 

quality. In their study on subalpine grassland, (Jung et al., 2014) found slightly stronger effect 

than we did in our study, with a decrease of  CWMSLA of  approximately 14% under drought 

and an increase of  CWMLDMC of  approximately 15%.

 Surprisingly we did not observe direct effect of  drought on functional dissimilarity 

(FD) SLA or LDMC, even though former literature stated drought to have a negative effect 

on FD (Nogueira et al., 2018).  This result is in contradiction with our last hypothesis 

as	we	did	not	observe	a	 stronger	effect	of 	habitat	filtering	 (no	decrease	 in	FD)	vs	niche	

differentiation. However, in their article Nogueira et al. (2018) observed this decrease in FD 

only in the driest year of  their experiment on a more water limited grassland, which might 

suggest that the crossing of  a threshold in water unavailability is necessary to observe effect 

of 	drought	on	FD	and	 then	on	habitat	filtering.	While	 there	was	no	 significant	variation	

in FD with drought, the variation of  CWM traits with drought was almost entirely due to 

intraspecific	variability	and	not	to	species	turnover.	These	observations	support	the	idea	that	

the responses of  our communities to drought were not mediated by a change in the most 

abundant species composition or partitioning of  functional niche, but rather by a common 

answer of  the plant species to drought. 

	 Influence	of 	drought	timing	during	the	growing	season

 The effect of  drought was stronger when the drought was applied after the peak of  

biomass production than during the peak of  biomass production. Similar differences in the 



103

Interactive effect of mowing and drought on plant leaf economic traits and their dissimilarity

effect of  drought between seasons have been observed by De Boeck et al. (2011), suggesting 

that the effect of  drought would be higher in summer due to a combination with higher 

temperatures. A diminution in soil moisture has been shown to increase stomatal closure 

in order to limit evapotranspiration through the leaves (Pirasteh-Anosheh et al., 2016). The 

stomatal closure resulting in a decrease in carbon assimilation (Arnone Iii et al., 2008; De Boeck 

et al., 2011) is then leading to a decrease in growth through a diminution of  cell elongation 

(Farooq et al., 2009) resulting in smaller leaf  area and denser leaves with consequently lower 

SLA and higher LDMC. The apparent difference of  size effect we observed between our 

two timings of  drought could thus be caused by stronger air temperatures after peak of  

biomass	production	and	thus,	higher	vapour	pressure	deficit	(VPD)	leading	to	an	increased	

evapotranspiration (Monteith, 1965), which thus increased the severity of  drought. 

 Impact of  mowing intensity on community trait responses to drought

 The effects of  drought on CWMLDMC and CWMSLA were dependent on mowing 

intensity, as the increase in CWMLDMC and decrease in CWMSLA with drier conditions 

were stronger under intensive than extensive mowing. Overall the stronger effect of  drought 

under higher mowing intensity was consistent with our hypothesis. Vogel et al. (2012) observed 

a reduction in above ground biomass only in grasslands that were mowed four times per year 

(higher mowing intensity) and not in grasslands that were mowed two times per year (lower 

mowing intensity). In another paper on the same experiment (Chapter 2) we showed that the 

reduction in above ground biomass was related to changes in the CWM traits under drought. 

Thus we can expect that the drought-induced effect on CWMLDMC and CWMSLA might 

have acted in synergy with higher mowing intensity to affect CWM traits, as it does for above 

ground	biomass	 reduction.	 In	 our	 study,	we	did	 not	find	 significant	 interactive	 effect	 of 	

mowing intensity and drought on FD. Bernhardt-Römermann et al. (2011) found an increase 

in FD for grasslands mowed under higher intensity (four to eight times a year) and a decrease 

in FD for grasslands mowed only twice a year, showing that mowing intensity modulated 

FD, but to our knowledge, interactions with drought have never been tested. Since only 

CWMLDMC	was	 significantly	 affected	 by	 the	 interactive	 effect	 of 	 drought	 and	mowing	

intensity, this suggests that in our study the most abundant species reacted in a same manner, 

and	that	habitat	filtering	and	niche	differentiation	were	not	involved	in	grasslands	responses	

to the interacting effect of  drought and mowing
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 Conclusion 

 Our results showed that in our three permanent grasslands, the drought effects on 

plant	traits	were	due	to	intraspecific	variability,	rather	than	species	turnover,	no	matter	if 	the	

drought was happening during or after the peak of  biomass production. The present study 

observed	for	the	first	time	to	our	knowledge	the	interacting	effect	of 	drought	and	mowing	

intensity on FD for which we did not observe changes for SLA and LDMC, suggesting a 

common	response	of 	all	the	most	abundant	species	of 	the	community	and	no	habitat	filtering	

or niche differentiation. Summer drought events being forecasted to pursue their increase in 

frequency and intensity across the current century, land user could adapt their management 

by performing earlier mowing to avoid higher loss of  forage quality and quantity later in the 

season and apply lower cutting frequencies to avoid or limit the reinforcing effect of  mowing 

intensity on drought.
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Abstract

Severe constraints on grasslands productivity, ecosystem functions, goods and services are 

expected to result from projected warming and drought scenarios under climate change. 

Negative effects on vegetation can be mediated via soil fertility and water holding capacity, 

though	specific	mechanisms	are	fairly	complex	to	generalise.	In	field	drought	experiments,	

it	can	be	difficult	to	disentangle	a	drought	effect	per	se	from	potential	confounding	effects	

related to vegetation or soil type, both varying along with climate. Furthermore, there is the 

need to distinguish the long-term responses of  vegetation and soil to gradual climate shift 

from responses to extreme and stochastic climatic events. Here we address these limitations 

by means of  a factorial experiment using a single dominant grassland species (the perennial 

ryegrass Lolium perenne L.) grown as a phytometer on two soils types with contrasted 

physicochemical characteristics, placed at two elevation sites along a climatic gradient, and 

exposed to early or late-season drought during the plant growing season.

Warmer site conditions and reduced precipitation along the elevational gradient affected 

biogeochemistry and plant productivity more than the drought treatments alone, despite 

the	similar	magnitude	 in	volumetric	soil	moisture	reduction.	Soil	 type,	as	defined	here	by	

its organic matter content (SOM), modulated the drought response in relation to local site 

climatic conditions and, through changes in microbial biomass and activity, determined 

the	 seasonal	 above	 and	 belowground	 productivity	 of 	 L.	 perenne.	 More	 specifically,	 our	

combined uni- and multivariate analyses demonstrate that microbes in a loamy soil with low 

SOM are strongly responsive to change in climate, as indicated by a simultaneous increase in 

their C,N,P pools at high elevation with cooler temperatures and wetter soils. Contrastingly, 

microbes in a clay-loam soil with high SOM are mainly sensitive to temperature, as indicated 

by a strong increase in microbial biomass under warmer temperatures at low elevation and a 

concomitant increase in C:N, C:P and N:P ratios. High SOM promoted a better annual yield 

of  the phytometer grass under warmer climate and the effect of  drought on productivity 

was transient. In contrast, low SOM reduced cumulative yield under warmer conditions and 

root production strongly decreased, enduring a lasting drought effect. Microbes in soils with 

high organic matter remained more active during warmer and drier conditions, ensuring soil 

fertility and stimulating a higher overall plant nutrient availability and productivity. 

Our study highlights the important role of  soil type for grassland responses to both stochastic 

climatic extremes and long-term climate change. Management practices enhancing SOM 

accumulation via organic residue incorporation seem a promising way to mitigate the effects 

of  increased temperature and drought on plants and soil microbes alike promoting thereby a 
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sustainable ecosystem functioning.

Keywords: climate change, rain shelter, microbial biomass, microbial activity, organic matter, 

fertility 
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 Introduction

 Along with the pressure of  climate change, grasslands are challenged to meet the 

growing demand for ecosystem services and for providing human goods (EEA, 2012). Under 

sufficient	water	and	nutrient	supply,	grassland	productivity	could	benefit	from	future	climatic	

scenarios, i.e. higher CO2 concentrations, higher temperatures and longer vegetation periods 

(Lüscher	et	al.	2005).	However,	sufficient	water	availability	during	 the	vegetation	growing	

season might be at stake under certain future climatic predictions. For central Europe, for 

example, it is predicted that the occurrence of  dry summers will increase by the year 2050 

(IPCC 2013) and that extreme drought events could become more frequent and intense in 

response to climate change (Ciais et al., 2005). In the western part of  Switzerland, extreme 

summer droughts are predicted to cause 70% decrease in precipitations by the end of  the 

21th	 century	 (CH2011,	 2011).	 Under	 such	 projected	 water	 deficits,	 we	 can	 then	 expect	

severe constraints on grassland productivity (Smith, 2011) as well as negative effects on 

other ecosystem functions, goods and services such as soil fertility, biodiversity and carbon 

(C) storage (de Vries et al., 2012, Jentsch et al., 2011).

 The response of  grasslands to drought and the degree to which ecosystem services 

are affected depend on the complex interactions among different factors involving plant 

community diversity, soil properties, climatic conditions and land management (see for 

example Deléglise et al. 2015, Thébault et al. 2014). Furthermore, duration, intensity and 

timing of  the drought, as well as the frequency of  rainfall events are all very important 

factors	 influencing	the	response	of 	grassland	communities	 to	drought	 (Chou	et	al.,	2008,	

Didiano et al. 2016). For example, using a mesocosm experiment, De Boeck et al. (2011) 

found that season of  drought had a large effect on the magnitude of  reduction in plant 

biomass and growth, with early summer drought having the largest impact followed by spring 

and then autumn droughts. This is likely because the early summer is a time of  rapid plant 

development with leaf  area at its peak and high temperatures favouring transpiration. 

 Higher growing-season temperatures and more frequent occurrence of  drought 

periods have the capacity to alter C and nutrient cycling at ecosystem level, with a potential 

for	 significant	plant–soil	 feedback	 (Melillo	et	 al.,	 2002).	Higher	 temperatures	may	 lead	 to	

enhanced C losses from soils (Bond-Lamberty and Thomson, 2010) and faster nutrient 

cycling (Ineson et al., 1998), yet these increases may be offset, or even reversed, by reduced 

soil moisture (Davidson and Janssens, 2006). Drought stress and, more generally, lower soil 

moisture can reduce plant nutrient uptake by decreasing nutrient mineralization (Fierer and 

Schimel,	2002),	nutrient	diffusion	and	mass	flow	in	soil	(Chapin,	1991).	When	drought	stress	
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is followed by rewetting, this often results in enhanced mineralization (Canarini and Dijkstra, 

2015), which has been attributed to nutrient release from dead microbial biomass (Borken 

and	Matzner,	2009),	or	the	decay	of 	fine	roots	that	have	accumulated	during	the	drying	period	

(Sanaullah et al. 2012). Duration and intensity of  drought, as well as frequency of  drought-

rewetting cycles will thus determine the net effect of  drought stress on nutrient supply 

and soil organic C storage (He and Dijkstra, 2014). Therefore, while the ecophysiological 

response of  plants to drought stress is rapid, soil fertility might respond differently and in a 

more complex way because of  potential buffering capacities (Fridley et al., 2011). 

	 Elevation	 gradients	within	 a	 confined	 geographical	 region	 can	 be	 conceived	 as	 a	

natural climatic experiment where ecosystem processes can be primarily attributed to 

variation in temperature and precipitation. Soil monolith transplantation from high to low 

elevations has been shown to effectively simulate climate change (see for example Link et 

al., 2003; Mills et al., 2014), including a combined effect of  temperature and precipitation. 

Alternatively, rain shelter experiments in grasslands have been increasingly used to single out 

drought effects. For example, Gilgen and Buchmann (2009) applied rain shelters to three 

grasslands at different elevations in Switzerland showing that there is not a general drought 

response, due to the different grassland types and associated plant functional types, local 

climate	conditions	 and	 soil	 types.	Such	“space-for-time”	 substitutions	make	 it	difficult	 to	

disentangle the drought effect per se from potential confounding effects related to vegetation 

or	 soil	 type,	which	 also	vary	 along	with	 climate.	Another	difficulty	 is	 disentangling	 long-

term climate shifts (interpreted from elevation gradient analysis) from short-term climatic 

extremes (interpreted from drought treatments).

 In an attempt to control for these confounding effects, we performed a pot experiment 

using two types of  soils with different soil organic matter content, i.e. a loamy low-organic 

and a clay-loam high-organic soil, which were placed at two sites with different climatic 

conditions, and were further subjected to the effects of  early and late-season droughts during 

the plant growing season. Perennial ryegrass (Lolium perenne L.) was grown in the pots 

as a phytometer since it is one of  the most important forage grasses in Europe, rendering 

high yields and nutritional value. Moreover, because it has no distinct tolerance to drought, 

this forage species is likely to be particularly affected by climate change (Westermeier et 

al., 2016). With respect to plant productivity, we hypothesized that: (i) late-season drought 

has a stronger negative impact than early season drought, but that local climatic conditions 

interact with the timing in determining the direction and magnitude of  the drought effect; 

(ii) long-term warmer and drier conditions at low elevation have a stronger effect on plant 
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growth than short-term droughts, due to a combined reduction in assimilation capacity and 

in soil microbial activity and bioavailability of  nutrients. Furthermore, with respect to soil 

properties, we hypothesized that (iii) drought effects on plant productivity are tempered in 

organic matter rich soils due to a higher ability to retain soil moisture, and (iv) higher soil 

organic matter content warrants positive effects of  warmer climate in increasing microbial 

C, N and P pools, rendering these soils less prone to drought stress.

 Materials and methods

 Experimental design

 The pot experiment took place within an existing rainout shelter experiment, which 

was installed in two permanent grasslands (sites) of  Swiss Jura mountains in 2015-2016. One 

site was located in Chéserex (N 46°24’, E 6°10’) at 540 m a.s.l., representing conditions of  

low	elevation	(thereafter	named	“low	site”),	whereas	the	second	site	was	located	in	St-George	

(N	46°30’,	E	6°15’)	at	945	m	a.s.l	 representing	conditions	of 	high	elevation	(“high	site”).	

Mean annual temperatures for the low and high sites were 10.4 and 7.6 °C, respectively, and 

mean annual precipitation were 1050 and 1290 mm, respectively. In this region, grasslands 

are highly productive (9–12 Mg DM ha-1 yr-1) and are regularly grazed by cattle or mowed 

for haymaking. The dominant plant species are the same in both sites: Lolium perenne L., 

Trifolium repens L., Poa trivialis L., Poa pratensis L., Dactylis glomerata L., Phleum pratense 

L.	and	Taraxacum	officinale	(L.)	Weber	ex	F.H.	Wigg.	

	 Briefly,	 the	 rainout	 shelter	 experiment	 which	 was	 used	 for	 the	 pot	 experiment	

consisted	in	a	complete	randomized	block	design	with	five	replicates	(rain	shelters	of 	12.0	

x 6.4 m) set up in both sites on a grassland surface of  approximatively 1 ha. Drought was 

simulated in plots of  4.5 m2 (0.9 m x 5 m) within the rain shelters which included also the 

control plots. The periods of  water stress were based on the seasonal dynamic of  the growth 

(Figure 4.1), either during the peak of  growing season (treatment of  early-season drought) 

or after the peak of  growing season (treatment of  late-season drought) for a period of  8 

weeks. Based on the last 30-year precipitation average at each site, during a period of  two 

months (see Table 4.1) control plots received 100% of  precipitation whereas drought plots 

received 30% of  precipitation simulating the periods of  water stress (i.e. early-season and 

late-season drought). Before and after the period of  water stress, drought plots received 
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similar precipitation to the control plots (C). Watering was done twice a week by means 

of 	a	flow	controller	and	a	custom-made	watering	stick,	which	was	moved	along	the	plots,	

thus mimicking a regular rain. The climatic conditions measured by a meteorological station 

installed at each site during the three periods of  8 weeks are given in Table 4.1. Mean vapor 

pressure	deficit	(VPD)	was	calculated	for	these	periods	as	well.	VPD	is	a	measure	of 	the	

drying	power	of 	air,	therefore	it	directly	influences	the	plant	hydraulic	capacity	and,	in	turn,	

may impact rates of  growth and overall plant health. VPD is calculated based on air relative 

humidity and air temperature as the difference between saturation and actual vapor pressure 

of  air for a given temperature. A VPD threshold of  1.5 kPa was chosen to represent the 

approximate value above which stomata close under extremely dry air for most plant species 

(Sangines et al., 2018). This experimental design would allow disentangling long-term climate 

shift (site effect), from short time climate extreme (drought treatment effect). 

Figure 4.1 - Scheme of  the seasonal dynamic of  grassland biomass production for the two 
sites (unpublished data available from Agroscope institute). The different periods of  plant 
growth along the season (each lasting for 8 weeks) are represented below the graph (Peak 
of  growing season, After peak of  growing season and End of  growing season) with their 
respective sampling times (T1, T2 and T3). The ‘peak of  growing season’ period has been 
centred on the peak of  the vegetation growth curve and determined the beginning of  the 
experiment at each site. T0 corresponds to the sampling time for initial conditions. The 
growth curve, periods and sampling times are drawn in black for the low site (540 m a.s.l.) 
and grey for the high site (945 m a.s.l.). Early-season drought was applied during the peak 
of  growing season, while late-season drought was applied after the peak of  growing season.
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 The use of  pots allowed to integrate in the experimental design the effect of  soil 

type in 2016. Soils have been collected in close proximity to each shelter and selected so as to 

be representative of  two contrasted features (e.g. fertility, SOM) of  the same dominant soil 

at these altitudes, which is a cambisol (IUSS Working Group WRB, 2006). Soils had similar 

grassland species. At both site we took the top soil (0-30 cm). The low site had a low-organic 

matter	content	(thereafter	named	“loamy	low-organic”	or	”LOM”),	and	the	high	site	had	

a	higher	organic	matter	content	 (thereafter	named	“clay-loam	high-organic”	or	“HOM”).	

Besides the difference in organic matter content, these two soils differ also in their particle 

size fractions (determined on air-dried soils by sieving and the hydrometer method after 

removal of  organic fraction with 30% H2O2 – Guy and Bauder, 1986), in their fertility and 

pH,	being	the	HOM	soil	characterized	by	a	finer	texture	and	higher	values	of 	inorganic	N,	

available P and pH as compared to the LOM soil (Table 4.2 and Supplementary Table 4.S1). 

Available water for plants in the soil (%) is comparable between both soils and it is calculated 

as difference in water content at pF=4.2 and pF=2.5 measured by means of  a pressure plate 

Table 4.1 - Climate characteristics at the low and high elevation sites during the different 
periods of  the experiment in 2016 and average 30-year rainfall, measured by a meteorological 
station installed at each site or nearby.

Table 4.2 -  Main physico-chemical characteristics of  the soil (0-30 cm) used for the 
experiment.
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(N=10).	Water	content	ranged	between	34%	and	33%	at	pF=2.5	(field	capacity),	and	between	

18% and 19% at pF=4.2 (permanent wilting point) for LOM and HOM soil, respectively.

  In January 2016, both soils were collected up to a depth of  30 cm, larger stones 

and	coarse	organic	residues	removed,	 then	used	to	fill	pots	of 	9.3	 l	volume	(diameter	20	

cm, height 24.3 cm), which were stored under a roof  at ambient winter temperature. In 

parallel, in a glasshouse under optimal growth conditions, shallow (3 cm) turfs of  same 

diameter as the pots were prepared using each of  the soils and sawn with the phytometer 

Lolium perenne L. (variety Salamandra 4n, Schweizer and Steffen, Switzerland) at a density 

of  0.7 g of  seeds per pot. Following germination, the Lolium turfs were placed on top of  

pots, fertilised with a solution of  N 27.5% (as ammonium nitrate), corresponding to 30 kg 

N	ha-1,	and	kept	cool	prior	to	their	transfer	to	the	field.	This	initial	fertilization	simulates	a	

field	common	practice	at	the	time	of 	sowing	(or	after	plant	emergence).	Another	reason	to	

apply this fertilizer was to get rapidly a dense plant cover and to standardize the initial plant 

available nutrient content in the two soils so as to avoid confounding effects at the start of  

the experiment. Altogether, the experimental design consisted in two sites (low vs high site), 

three drought treatments (plots: control, early-season and late-season droughts), two soil 

types	(pots:	 loamy	low-organic-LOM	vs	clay-loam	high	organic-HOM)	and	five	replicates	

(rain shelters). In total there were 60 pots. 

 By end of  March, once the morning frost events ceased at each site, the pots were 

transferred to the rain shelters. The timing of  the entire procedure was calculated so as to 

have a delay of  about 2-3 weeks between the placement in the low and high sites, and to 

match the vegetation seasonality at these two sites (Figure 4.1). In each recipient plot, two 

pits were prepared and randomly received a pot with each soil type. Pots received the same 

watering regime as the entire plot. 

 Analytical methods

 Aboveground and belowground plant biomass

 The standing crop of  Lolium perenne was cut in all pots with scissors at time T1 

(i.e., at the end of  the early-season drought), T2 (i.e., at the end of  the late-season drought) 

and T3 (i.e., at the end of  the growing season period) (see Figure 4.1). Plant material was 

dried	at	65	°C	 to	constant	weight.	At	final	harvest	 (time	T3	–	see	Figure	4.1),	pots	were	

extracted	from	the	field	plots	and	the	surface	(0-12	cm)	and	deep	(12-22	cm)	soil	layers	were	
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separated.	Soil	samples	were	gently	sieved	(2	mm	mesh)	in	the	field	to	separate	roots,	which	

were washed in the laboratory before being dried at 65 °C and weighed. Soil was stored in a 

cooled box for temporary storage at 4 °C until further analyses, which started the day after 

the sampling.

 Soil respiration (Rs), soil temperature and moisture

 All measurements were done four times, at the beginning of  the drought treatment, 

when vegetation started to grow (T0), and immediately after the harvest of  plant biomass, 

i.e., at the end of  the early-season (T1) and late-season (T2) drought periods, and at the end 

of  the growing season (T3) (see Figure 4.1). On the day of  measurements, all pots were 

shaded beforehand so as to avoid increase of  soil temperature during the measurement 

session, which took place early in the morning after sunrise (between 8 am and 11 am). A 

customized	funnel	lid	was	tightly	put	on	the	pot	and	the	measurement	chamber	was	fixed	

on top of  this lid. We used an infrared gas analyzer (LiCor Li-8100) connected to a 10-cm 

survey chamber (LiCor 8100-102). Each measurement lasted 3 minutes, with a dead band 

of 	30	seconds.	Respiration	fluxes	were	calculated	from	the	increase	in	CO2¬	concentration	

over time using an exponential regression and correcting for atmospheric pressure and 

temperature, as well as for the total volume under the chamber in each pot and the surface 

of  the pot. Soil moisture, here corresponding to the water volumetric content (FieldScout 

TDR 300) and temperature were recorded in each pot, down to 12 cm, immediately after the 

measurement.

 Soil properties

	 Soil	samples	were	analysed	at	the	final	harvest	(T3	–	see	Figure	4.1)	for	the	top	soil	

layer (0-12 cm) corresponding to the main rooting zone. The water content was determined 

gravimetrically by drying soil subsamples at 105 °C to a constant weight. Total carbon (C) 

and nitrogen (N) content in the bulk soil were analysed after ball milling. Soil C and N were 

determined under high-temperature oxidation using an elemental analyser (CE Instruments 

model NA2500 Nitrogen Carbon Analyser) and expressed as percent of  dry soil weight. For 

the determination of  microbial biomass carbon (Cmic) and nitrogen (Nmic), pairs of  c. 5 g 

of  fresh soil were weighed for each replicate and one sample from each pair was immediately 

extracted in 25 ml solution of  0.5 M K2SO4, whereas the other sample was put in a vacuum 
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desiccator and subjected to chloroform vapour. After one day of  fumigation, the fumigated 

soil sample was extracted with the same solution. Total C and N concentrations in the extracts 

of  fumigated and non-fumigated samples were analysed by a TOC/TN analyser (Shimadzu 

TOC-V). To determine the soil available phosphorus (P) and the microbial phosphorus 

(Pmic), 3 g of  fumigated and non-fumigated fresh soil was extracted with 40 ml of  0.5 M 

NaHCO3 (Olsen method). Inorganic phosphorus content of  the extracts was analysed by 

colorimetry using a spectrophotometer at 890 nm (Olsen et al. 1954). Microbial biomass C, 

N and P were estimated as the differences between the amounts of  C, N and P after and 

before fumigation using an extractability factor of  0.45 for C (Vance et al., 1987), 0.54 for N 

(Brookes et al., 1985) and 0.4 for P (Brookes et al., 1982). Microbial biomass C, N and P and 

soil available P are expressed as mg·kg–1 oven dry soil. Ammonium (N-NH4) and nitrate 

(N-NO3)	concentrations	were	determined	by	continuous	flow	analyses	using	an	automated	

analyser (SEAL AA3 HR Autoanalyser) after extraction of  5 g of  fresh soil with 30 ml of  1 

M KCl and the results expressed as mg·kg–1 oven dry soil.

 Statistical analysis

 Statistical analyses were performed for all measured variables either at the different 

sampling times T1, T2 and T3 (volumetric soil moisture, soil temperature, above-ground 

biomass	of 	L.	perenne,	soil	respiration)	or	only	at	the	final	harvest	T3	(total	root	biomass	of 	

L. perenne and root biomass at two depths, microbial biomass C, N and P, soil NH4, NO3, 

extracTable 4.P and C/N, C/P and N/P ratios). Overall ANOVA tests (three-way) and tests 

for	each	soil	separately	(two-way)	are	given	in	the	figures	and	in	Supplementary	Table	4.S2.	In	

the two-way ANOVA, two factors, i.e. site (S: experimental sites at low and high elevation) and 

watering regime (D: control, early-season and late-season drought), as well as their interaction 

were tested with block as a random factor. In the three-way ANOVA, soil was given as 

additional factor (G: LOM and HOM soil types), including interactions. Redundancy analysis 

(RDA)	was	done	on	the	multivariate	data	from	the	final	harvest	(standardized)	for	each	soil	

type, with drought treatment (categorical variable), soil temperature and soil moisture given 

as explanatory variables. Canonical axes and explanatory variables were tested subsequently 

with permutation tests. Assumptions of  normality and homoscedasticity of  the residuals in 

all	final	models	were	verified	visually	using	diagnostic	plots,	with	log	transformations	being	

applied to data when necessary. All analyses were carried out using R 3.4.2 (R development 

core team, 2017).
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 Results

 Soil temperature and moisture and air VPD

 Considering the comparable range of  plant water availability of  the two soils and 

their moisture content at pF 2.5 and 4.2 (Table 4.1), it can be concluded that changes in 

measured	soil	volumetric	water	content	(TDR)	reflect	well	the	plant	available	water.	Over	

the	growing	season,	both	soil	types	placed	at	the	high	site	retained	on	average,	significantly	

more soil water compared to the low site (LOM soil: +9%, +39, +61, and HOM soil: +16%, 

+19% and +81%, at T1, T2 and T3, respectively; Supplementary Figure 4.S3). Both early-

season	and	late-season	droughts	strongly	and	significantly	decreased	mean	soil	volumetric	

moisture at both sites (LOM soil: -30% and -60%, and HOM soil: -39% and -43% at T1 

and T2, respectively). The overall wetter HOM than LOM soils (+ 7%) provided for their 

significantly	(P	<	0.05)	higher	moisture	content	at	T2	during	the	second	part	of 	the	growing	

season	and	buffered	significantly	the	negative	effect	of 	the	drought	treatment	(Soil×Drought,	

P < 0.001). With respect to temperature, during the early growing season there was no 

temperature difference between the two elevation sites for both soil types (on average 13.1°C) 

(Supplementary Figure 4.S4). Later in the season, however, both soils became increasingly 

warmer (P < 0.001) at the low site compared to the high site (for both LOM and HOM 

soils: +5.5 °C, +10.7 °C  during late-season drought (T2) and end of  growing season (T3), 

respectively). In addition, late-season drought (T2) induced slightly warmer conditions in 

both soil types (+ 0.9 °C; P < 0.05). HOM soils were on average slightly warmer than LOM 

soils (+0.2 °C; P < 0.05) during the entire growing season. 

 The mean air temperature during the early-season drought period was +0.6 °C  

higher at the low site (Table 4.1), and during the late-season drought and the following two 

months it was +1.3 °C  and +4.4 °C  higher, respectively. However, the water stress for 

plants,	as	quantified	by	the	number	of 	hours	with	mean	VPD	>	1.5	kPa,	increased	at	the	low	

site during the late-season drought and the following two months.

 Above and belowground dry matter yield

	 Yield	 of 	 Lolium	 perenne	 was	 significantly	 different	 between	 the	 two	 soils	 at	 all	

sampling periods (overall +43% in HOM soils, P<0.001), with a strong interaction with site 
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at the early-season drought (Figure 4.2). Yield did vary for the same soil type depending on 

site elevation and season. For both soil types, there was more yield at the low site at the end 

of  the early-season drought period (Figure 4.2-T1; P<0.001), but the trend reversed later in 

the subsequent harvests as the production at the high site increased (Figure 4.2-T3; P<0.05 

for LOM soil, P<0.1 for HOM soil). Drought had a weaker effect than site. Yield slightly 

decreased in both soil types during the late-season drought (Figure 4.2-T2, P<0.05), but this 

effect carried over until the end of  the growing season only in the LOM soil at the high site 

(Figure 4.2-T3, interaction, P<0.05). With respect to the cumulative yield from the three 

harvests, it was different for both sites only in the HOM soil, with more yield at the low site 

(although	marginally	significant,	P<0.1)	and	drought	effect	persisted	only	in	the	LOM	soil	

(P<0.01). Interestingly, in the LOM soil, the early-season drought had a positive effect on 

aboveground plant production (Figure 4.2-T1; P<0.01).

 Root production was also different depending on soil type (Supplementary Figure 

4.5: +15% total root biomass in HOM soils, P<0.05, with interaction with site). Total root 

biomass	in	the	LOM	soil	was	significantly	lower	at	the	low	site	(P<0.05),	while	in	the	HOM	

soil	there	was	no	difference	between	the	two	sites.	Drought	effect	was	only	weakly	significant,	

with interaction (P<0.01) showing an increase of  roots in the LOM soil in the late-season 

drought at the high site (both at 0-12 and 12-22 cm depth – data not shown), while in the 

HOM soil this increase occurred only in the deeper soil layer (data not shown). In both soil 

types, only a minor fraction of  total roots was found in the deeper layer (data not shown). 
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Figure 4.2 - Mean (± SE) above-ground biomass (N=5) of  Lolium perenne after the early-
season drought (T1), the late-season drought (T2) and at the end of  the growing season 
(T3) for the two soil types and the two sites. The cumulative above-ground biomass is 
given at the bottom (T1+T2+T3). Both soil types were transplanted each in the two sites 
at low (540 m a.s.l) and high (945 m a.s.l) elevation. Black hatching highlights when pots 
were experiencing drought, either early-season (Early, T1) or late-season drought (Late, T2) 
treatment, while grey hatching highlights pots that were previously subjected to drought. No 
hatching corresponds to either control pots (C) or to pots which did not yet undergo the 
drought treatment (e.g. Late in T1). ANOVA tests are given for each soil with site effect (S), 
drought effect (D) and their interaction (SxD), and the overall test is given in italics with soil 
effect	(G)	and	interaction	with	S	and	D.	Significance	levels	are	P<0.001	(***),	P<0.01	(**),	
P<0.05 (*) and P<0.10 (.).
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Figure 4.3 - Mean (± SE) soil respiration of  the pots (N=5) after the early-season drought 
(T1), after the late-season drought (T2) and at the end of  the growing season (T3) for the two 
soil types and the two sites. See Figure 4. 2 for additional information.
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 Soil respiration

	 Soil	respiration	was	significantly	different	at	all	sampling	periods	depending	on	soil	

type (P < 0.001) and interactions with site were observed (Figure 4.3). Soils respired more at 

the low site at the end of  the early-season (Figure 4.3-T1; +25%, P < 0.05 for HOM soil) and 

late-season (Figure 4.3-T2; LOM: +101% and HOM: +57%, P<0.01) drought periods, as 

well as at the end of  the growing season (Figure 4.3-T3; LOM and HOM: +140%, P<0.001). 

Drought treatment effect on respiration was marked in HOM soils already during the early-

season drought (Figure 4.3-T1; -26%, P<0.01), but late-season drought impacted negatively 

the	soil	 respiration	most	significantly	 in	 the	LOM	soil	 (Figure	4.3-T2;	 -11%	and	-25%	in	

early and late season drought, respectively, P<0.05). For the LOM soil a legacy effect was 

still visible at the end of  the growing season (Figure 4.3-T3; -16% and -6% in early and late 

season drought, respectively, P <0.1).

 Microbial biomass

Soil	type	significantly	affected	microbial	biomass	C	and	N	(P<0.05)	and	there	were	highly	

significant	interactions	with	site	for	all	microbial	biomass	nutrients	(Figure	4.4).	In	each	soil	

type	site	effect	was	generally	highly	significant	for	microbial	biomass	C,	N	and	P	(Figure	4.4;	

P<0.01 with the only exception of  microbial P in HOM soil). The microbial biomass C, N 

and P pools increased in the LOM soil when it was placed at the high site and in the HOM 

soil when it was placed at the low site. The drought effect was observed only for microbial 

biomass C in HOM soil (Figure 4.4a; P<0.01). The ratios of  microbial C:N, C:P and N:P 

increased	significantly	in	HOM	soil	when	transplanted	at	the	low	site	(Supplementary	Figure	

4.S6;	P<0.01),	while	there	were	no	significant	changes	in	the	LOM	soil.

 Soil available ammonium, nitrate and phosphorus

Soil type had an effect on soil nitrate (P<0.05) and available P (P<0.001), with strong 

interaction	with	site	(Supplementary	Figure	4.S7).	LOM	soil	type	did	not	show	any	significant	

pattern with respect to ammonium, nitrate and phosphorus. In HOM soil, nitrate showed a 

decrease	under	drought	(P<0.05)	and	concentration	of 	available	P	was	significantly	reduced	

at low site (P< 0.001), while ammonium was affected neither by site nor by drought.



124

Chapter 4

Figure 4.4 Mean and SE (N=5) soil (0-12 cm) microbial C (a), N (b) and P (c) at 
final harvest (T3) in the control pots and in the pots with early-season and late-
season drought treatments for the two soil types and the two sites. See Figure 4. 2 for 
additional information.
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 Multivariate analysis

RDA scatter plots with LOM and HOM soils (Figure 4.5) shows that soil moisture and 

soil	 temperature	 are	 opposed	 along	 the	 first	 canonical	 axis,	 while	 drought	 treatment	 lies	

along axis 2. The general pattern was that total above-ground biomass was correlated to 

soil moisture, while soil respiration was correlated to temperature. Nitrate lies along axis 2 

and it is more related to drought treatments, likewise the ratio above-belowground biomass. 

Most interestingly, microbial biomass N and P, as well as to some extent microbial biomass 

C, were related to soil moisture in the LOM soil, while in the HOM soil they were related 

to temperature. In HOM soil, microbial C:N, C:P and N:P ratios were strongly correlated to 

temperature, but not in the LOM.

 Discussion 

 Seasonality of  biomass productivity under different climatic conditions

	 In	 accordance	 with	 our	 first	 hypothesis,	 we	 found	 that	 local	 climatic	 conditions	

interact with the timing of  drought occurrence to determine the direction and magnitude of  

shifts in plant productivity, based on the different stages of  plant development. The higher 

mean air temperature at the low site during the early-season drought period favoured the 

growth of  L. perenne, but later in the season the water stress for plants in relation to higher 

temperatures (e.g. VPD) increased drastically, causing a reduction in plant growth. Indeed, 

temperature	has	a	beneficial	 role	on	 the	growth	of 	 temperate	 forage	grasses,	 such	as	 the	

perennial ryegrass L. perenne (Wingler and Hennessy, 2016). Nevertheless, the consequences 

of  a prolonged water stress at landscape scale, as during the 2003 summer heat wave, were 

estimated in a 20-30% decrease of  grassland production in Switzerland (Keller and Fuhrer, 

2004). Indeed, under such severe drought when the permanent wilting point is reached, i.e. 

when	the	soil	water	extractable	by	plants	is	not	sufficient	to	face	their	demand,	plants	loose	

their turgor and cannot recover from such stress. At plant species level, the most immediate 

effect	of 	water	stress	is	the	limitation	of 	plant	growth	through	diminished	leaf 	C	fixation	

resulting from stomatal closure to prevent excessive transpiration (Signarbieux and Feller, 

2012). Such growth reduction in response to experimental warming has also been observed 

in	 field-grown	 ryegrass	 (Nijs	 et	 al.,	 1996)	 and	 natural	 subalpine	 grassland	 communities	

(Gavazov et al. 2014, Mariotte et al. 2013). Furthermore, as hypothesized, late-season drought 
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had a stronger negative impact than early-season drought, albeit this effect was inferior to 

the season-long combined temperature and precipitation shift along the elevational gradient, 

which determined the VPD for plant growth. It has been shown by Craine et al. (2012) that 

the inter-annual timing of  climate variability is a factor determining the grassland productivity 

since, in addition to environmental conditions, developmental factors determine the growth 

of  grasses (Hurtado-Uria et al., 2013). Noteworthy, the early-season drought seems to have 

promoted the growth of  L. perenne in the LOM soil (Figure 4.2-T1), which can be explained 

by the positive effect of  drier soils on temperature conduction (Seneviratne et al. 2006) 

at the onset of  spring growth. When considering the cumulative aboveground yield of  L. 

perenne, the drought had a lasting effect only in the LOM soil. Conversely, in the HOM soil, 

L. perenne could retain the advantage of  an earlier onset of  the growing season with warmer 

climate at the low site, due to better ability of  the soil to retain moisture that mitigates the 

negative effects of  drought. 

 With respect to the below-ground biomass, late-season drought, which had a strong 

effect on soil moisture, promoted root growth at depth, especially within the LOM soil at the 

high elevation site. It seems that under unfavourable climatic conditions, L. perenne was able 

to invest relatively more resources belowground when deeper water resources were available. 

Such root plasticity has also been reported in multispecies communities (Hernandez and 

Picon-Cochard,	2016),	in	which	vertical	root	complementarity	was	beneficial	for	water	and	

nutrient	uptake.	Although	we	did	not	specifically	measure	fine	root	production,	we	could	

speculate that the observed depth increase of  seasonal root biomass at the high site could 

have	been	related	to	a	change	in	relative	root	size	and	therefore	modified	the	potential	uptake	

of  nitrogen (Clarkson et al., 1986) and thus the recovery in plant biomass production. 

 Effect on soil fertility and plant growth of  long-term warmer and drier conditions vs short-term 

drought

 In our experiment, the transplantation to a warmer and drier site had a stronger effect 

on soil fertility and plant growth as compared to the short-term drought treatments, despite a 

similar magnitude in soil moisture reduction. The soil microbial and chemical analyses were 

done only at the end of  the growing season and therefore they do not strictly represent the 

response at the end of  either of  the two drought periods. However, they have the potential to 

highlight any drought legacy effect on microbial growth and nutrient mineralization. It seems 

that the legacy effect was absent, except for nitrate in the HOM soil, whose content was lower 
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when soils had experienced a drought. In contrast, the warmer and drier soil conditions at 

the	low	site	significantly	reduced	phosphorus	availability	and	increased	microbial	C/P	and	

N/P ratios in the HOM soil. Jupp and Newman (1987) found that the phosphorus uptake by 

L. perenne was reduced immediately after a period of  drought due to reduced diffusion rate 

of  phosphorus to the root surface in the drying soil, whereas after three weeks the recovery 

of  uptake ability did occur. Although we could not evaluate the plant uptake and possible 

limitation in the absence of  chemical analyses of  plant biomass, the decrease in productivity 

at the end of  the growing season (Figure 4.2-T3) for the warmer and drier HOM soils at the 

lower	site	seem	to	reflect	this	drop	of 	extracTable	4.P.	Indeed,	in	a	meta-analysis,	He	and	

Dijkstra (2014) pointed to the increase in soil available N and a decrease in soil available P to 

explain the increase in plant N:P in response to drought. 

	 Overall	 our	 findings	 suggest	 that	 long-term	 (growing	 season)	 climatic	 conditions	

and the warming-induced drying of  air and soil affect soil biological activity and nutrient 

bioavailability	more	 than	 stochastic	 drought	 events	 and	 confirms	 our	 second	 hypothesis.	

Considering that soil legacy effects have been demonstrated after repeated drought stress 

(Legay et al., 2018), it is plausible that we only detected biogeochemical changes in response 

to the long-term climate shift along the elevation gradient.

 Opposed soil temperature and soil moisture limitation for different soil types

 Soils are diverse in mountainous regions, in particular for what concerns soil 

organic matter stocks and physicochemical characteristics, which makes predictions for their 

response	to	climate	and	land	use	change	particularly	difficult	(Hagedorn	et	al.,	2010).	The	

two contrasting soil types responded differently to the two climate change treatments with 

respect to most of  the measured physical, chemical and biological variables (Supplementary 

Table 4.S2). This was particularly noticeable for above-ground biomass and root biomass 

and it related also to the differences in fertility, in particular with respect to available N and 

P (Table 4.2). Microbial activity (here expressed as soil respiration and microbial biomass 

growth)	differed	significantly	between	the	two	soil	types	in	response	to	a	warmer	and	drier	

climate, likely due to inherent differences in the ability of  the soil to retain moisture. Given 

that the rate of  organic matter turnover in mountain grasslands is strongly dependent upon 

soil moisture only when temperature is not limiting microbial activity (Mills et al., 2014), it is 

not surprising that soil respiration rates in both soil types responded positively to the warmer 

conditions at low elevation. The soil moisture reduction induced by the drought treatment 

affected the respiration primarily in the LOM soil, especially during the late-season drought 

when this soil remained drier than HOM. Furthermore, in the LOM soil, the drought treatment 
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had a legacy effect on soil respiration at the end of  growing period (T3), two months after 

the late-season drought ceased, which indicates that soil microbial pool was affected beyond 

the drought period (Legay et al., 2018). The higher ability of  HOM soil to retain moisture 

under	field	conditions	is	likely	related	to	the	combined	effect	of 	higher	organic	matter	and	

clay	contents,	which	together	influence	the	soil	structure.	We	presume	that	the	soil	structure	

of  the HOM soil is such that it allows a better retention of  precipitation water due to a lower 

rate	of 	 evaporation	under	drought,	which	could	be	explained	by	 its	pore’s	 configuration.	

Overall, high SOM provides a buffered habitat for microbes (McGonicle and Turner, 2017; 

Xu et al. 2018), which in accordance with our third hypothesis can further mitigate drought 

effects on plant productivity due to a higher ability of  the soil to retain moisture.

 Interestingly, no direct drought effect was observed on microbial C, N and P 

pools	 (except	 for	 C	 in	HOM	 soil)	 at	 final	 harvest,	 but	 both	 soil	 types	 showed	 a	 strong	

site elevation effect, with opposite directions with respect to soil temperature and moisture. 

A similar limitation trade-off  between soil temperature and moisture has been previously 

demonstrated for soil respiration by Mills et al. (2014) who showed that, for the same type 

of  soil transplanted along an elevation gradient, moisture was limiting at the warm and dry 

extreme, while it was temperature at the cold and moist extreme. These contrasting patterns 

are best illustrated in the RDAs, which showed that the LOM soil was prone to moisture 

limitation and thus could take advantage of  the increased soil moisture at the higher site for 

increasing microbial biomass. Differently, the HOM soil, which was richer in soil organic 

matter	and	could	sustain	higher	moisture,	benefited	from	warmer	soil	conditions	at	the	lower	

site in increasing microbial biomass. The microbial biomass C:N, C:P and N:P stoichiometry 

changed drastically only in the HOM soil, and their increase due to warmer climate was 

indicative of  nutrient limitation for the increased microbial biomass. Warmer conditions 

did not affect soil extracTable 4.N for plant growth and only slightly reduced P-availability 

in HOM, which in accordance with the fourth hypothesis, indicates that higher soil organic 

matter content warrants positive effects of  warmer and drier climate on microbial activity 

and growth, rendering these soils less prone to drought stress. 

 Conclusion

 In conclusion, our study shows that soils with different physicochemical characteristics 

respond differently to drought in relation to site climatic conditions and that this impacts on 

biogeochemistry and plant productivity. Overall, soil with high organic matter content was 
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less affected by drought than soil with low organic matter content. This indicates that soil type 

and management practices, such as SOM accumulation and organic residue incorporation 

(e.g. solid manure and/or slurry in pastures, or compost in cropland), represent a promising 

way to both curtail greenhouse gas emissions and mitigate the effect of  increased temperature 

and drought on plant growth.
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Abstract

Drought events can strongly affect ecosystem functioning by modifying relationship between 

plants, microbes and soil chemistry, with consequent impacts on nutrient cycling. However, 

the potential impacts of  a soil moisture reduction on the nitrogen (N) and phosphorus (P) 

cycling in grasslands remain poorly understood, especially in regard to forage production.

	 To	fill	this	knowledge	gap,	a	drought	experiment	was	carried	out	using	rainout	shelters	

in two permanent grasslands, characterized by similar vegetation communities but contrasted 

soil nutrient limitations. Drought treatments were applied during two months, either when 

plant growth was highest (Early-season drought) or after the peak of  biomass production 

(Late-season drought). Dry matter production, forage N status (NNI) and P content as well 

as N and P contents in microbial biomass and soil were determined.

	 Both	 early	 and	 late-season	 drought	 significantly	 reduced	 soil	moisture	 during	 the	

vegetation growth period. Forage yield was also reduced by drought, but only when it 

occurred late in the season. Using a structural equation model, we showed that soil moisture 

reduction had a direct effect on forage N status, suggesting that water shortage induced lower 

transpiration	and	water	fluxes.	Soil	moisture	reduction	also	affected	forage	P	by	reducing	the	

availability	of 	soil	P.	However,	other	mechanisms	played	a	larger	role	and	were	site-specific.	

At the more fertile site, reduction in soil moisture directly impaired forage P, suggesting that 

water stress mainly resulted in lower diffusion rates to roots, while at the less fertile site, an 

indirect reduction of  forage P through a pathway implying microbes (decrease in microbial 

P) was detected.

Our results suggest that the two grasslands suffered mainly from water shortage per se, 

but	also	from	drought-induced	nutrient	deficiency	(mainly	P),	which	amplified	yield	losses	

and	further	decreased	forage	quality.	Overall,	our	findings	emphasize	the	need	for	further	

research on the plant-soil-microbe system functioning, in order to secure a sustainable and 

resilient forage production in the context of  climate change.

Key words: climate change; forage quality; forage yield; nitrogen cycle; phosphorus cycle; 

soil moisture.
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 Introduction

 Drought events are recurring phenomena, which are predicted to increase in 

frequency and intensity over the next few decades due to climate change (IPCC, 2013). 

Water shortage is recognised as one of  the biggest threat to agriculture (Lesk et al., 2016), 

with important economic consequences. Grasslands, as core areas for forage production 

worldwide, are particularly affected by extended periods of  drought. Therefore, understanding 

how grasslands respond to extended drought periods is a major concern, especially in areas 

dedicated to high added value food products (e.g., cheese with protected designation of  

origin). In particular, drought timing is an important factor affecting grassland communities 

(Chou et al., 2008; Craine et al., 2012; De Boeck et al., 2011), but it remains poorly studied. 

Moreover, since drought events impact both above and belowground components of  

grassland ecosystems (Bardgett et al., 2013), changes in forage quantity and quality must be 

investigated with particular consideration of  the effects of  soil moisture reduction on the 

complex interactions among soil, microbes and plants.

 In the soil, water scarcity can alter diverse processes of  the nitrogen (N) cycle, but 

the	effects	 are	 strongly	 site-specific	 (i.e.,	dependent	on	agricultural	management,	 soil	 and	

vegetation	type),	thus	reflecting	the	complexity	of 	the	processes.	For	example,	a	reduction	

in gross N mineralisation as a result of  drought has been reported in a heathland (Larsen et 

al.,	2011),	whereas	no	effects	were	observed	in	a	Trisetum	flavescentis-dominated	meadow	

(Fuchslueger	et	al.,	2014).	Nitrification	rates	responded	to	temperature	(Grundmann	et	al.,	

1995) and, to a lesser extent, to precipitation treatments (Auyeung et al., 2013; Hartmann 

et al., 2013). Furthermore, depending on the severity of  the drought stress, water shortage 

can	 impair	 symbiotic	 nitrogen	 fixation	 (Hofer	 et	 al.,	 2017).	With	 respect	 to	 phosphorus	

(P),	 its	 bioavailability	 is	 also	 influenced	by	many	 factors,	 such	 as	 P	 sources,	 pH	 and	 soil	

moisture (Dijkstra et al., 2015; Shen et al., 2011). The P cycling can be potentially altered 

under drought through lower desorption (Belnap, 2011) and lower diffusion rates (Lambers 

et al., 2008). Since plant and soil microbes have different sensitivities to restriction in N and 

P availability (Dijkstra et al., 2015), drought-induced change in N and P cycles can perturb 

plant-microbes	interactions.	While	certain	plant	groups	show	stoichiometric	N:P	flexibility	

through symbiotic interactions with mycorrhizal fungi (Mariotte et al., 2017), microorganisms 

rather adapt through changes in the structure of  the community (Capek et al., 2016; Darcy 

et al., 2018; Tischer et al., 2014).

 Forage production is affected by drought either directly, through plant physiological 

processes	 such	 as	 stomata	 closure,	 reduction	 of 	 the	 photosynthesis	 activity,	 modified	
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allocation of  resources in plant parts (Chaves et al., 2002), or indirectly, through reduced 

soil nutrient availability (He and Dijkstra, 2014). Disentangling direct effects of  drought 

on plants (due to water shortage per se) from the indirect effects linked to soil nutrient 

availability	and	plant	nutrition	is	a	difficult	task.	Since	N	and	P	are	often	limiting	nutrients	

for plant growth, the processes involving soil N and P are of  key importance. As long as 

soil nutrient supply exceeds plants demand, there is no drought-induced nutrient limitation. 

In contrast, indirect effects on growth arise when nutrient demand by plants is higher than 

their availability in soil (Gonzalez-Dugo et al., 2010). This highlights the importance of  soil 

characteristics, particularly the N and P availability and the N:P ratio as potential drivers of  

grasslands response to drought perturbations.

	 A	“critical	N	concentration”	can	be	used	to	describe	the	relationship	between	plant	

N and biomass accumulation (Lemaire et al., 1984). It represents the minimal level of  N 

content (at a given plant biomass) for achieving the maximum growth rate. The nitrogen 

nutrition	index	(NNI)	is	defined	as	the	ratio	between	the	actual	(measured)	and	the	critical	N	

concentration in plant (Lemaire and Gastal, 1997; Lemaire et al., 1989). The NNI provides 

information on the nutrition status of  the forage and may be used to identify drought-

induced grassland N limitation. The validity of  NNI has been assessed in a wide range of  

conditions and it can be used irrespectively of  botanical composition (Duru et al., 1997). 

Additionally, nutrient limitations for plant growth can also be estimated from vegetation N:P 

ratio	(aboveground	material),	where	N:P	ratio	below	10	reflects	N	limitation,	while	N:P	ratio	

above 20 suggests P limitation (Güsewell, 2004).

 Only few studies addressed the effect of  drought on plant-soil relationship under 

field	conditions	(Buttler	et	al.,	2019;	Dijkstra	et	al.,	2015;	Mariotte	et	al.,	2017).	Indeed,	to	

our	knowledge,	this	is	the	first	study	on	permanent	grasslands	describing	simultaneously	the	

impact of  drought with both an ecological and an agronomic perspective and considering 

the overall plant-soil interactions. Here we used an experimental set-up to simulate different 

precipitation regimes in two permanent grasslands characterized by comparable vegetation 

but different soil nutrient limitations (a more fertile vs a less fertile soil). We applied the same 

drought treatments at both sites, either during (i.e., early-season drought) or after (i.e., late-

season drought) the peak of  plant growth, and surveyed the responses of  N and P cycling to 

drought in the plant-soil-microbe system just after the periods of  water stress and during the 

subsequent recovery period. We expected (i) forage quantity to decrease during the drought 

periods, with more pronounced effects early in the season, when the peak of  growth occurs 

and water demand is higher. Moreover, we hypothesized that (ii) forage yield and quality 
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would be reduced through direct but also indirect effects of  water limitation (i.e., decrease 

of  soil N and P availability). Our last hypothesis was that (iii) forage yield and quality would 

be reduced more at the less fertile site due to increased nutrient limitation and competition 

for resources between plants and microbes under drought stress.

 Materials and methods

 Experimental sites

 The experiment was conducted from spring 2015 to fall 2016 at two permanent 

grasslands sites and results shown in this manuscript correspond to the data collected during 

the growing season in 2016. Both sites were located in the Swiss Jura Mountains: Site 1 at 

Chéserex (N 46°24’, E 6°10’) and Site 2 at Saint-George (N 46°30’, E 6°15’), respectively at 

540 and 940 m a.s.l. Climate at the two sites is sub-oceanic with average annual precipitation 

of  1050 and 1290 mm and average annual temperatures of  10.4°C and 7.6°C (averaged 

1981-2010, MeteoSwiss, Zurich, Switzerland). Average precipitation during the period of  

our experiment (April to September) is 441 mm at Site 1 and 682 mm at Site 2, and average 

daily temperatures are 16.0°C at Site 1 and 13.5°C at Site 2 (averaged 1981-2010 period, 

MeteoSwiss, Zurich, Switzerland). Nonetheless, the Jura Mountains may undergo hot and dry 

periods. The botanical composition of  the two sites was similar and dominated by Lolium 

perenne L., Dactylis glomerata L., Poa pratensis L., Trifolium repens L. and Taraxacum 

officinale	Weber	 ex	F.H.Wigg.	 aggr.,	which	 together	 accounted	 for	 at	 least	 80%	of 	 total	

plant biomass. Both sites were fertilised according to the Swiss recommendations (Sinaj 

et al., 2009) with an organic manure (5.2% organic nitrogen and 4.4% phosphate), in split 

applications, half  in October and half  in March. The total fertiliser application rate during 

the experiment was 150 kg N ha-1 and 125 kg P ha-1.

	 Soils	at	Site	1	and	2	are	both	classified	as	cambisols	(IUSS	Working	Group	WRB,	2006)	

but are quite different regarding depth, organic matter (OM) content, N and P availability. 

Site 1 has a deeper soil (90 cm) and is characterized by 19.8% clay, 41.2% silt and 38.9% sand, 

a pH of  5.8 and 4.7% OM. Average soil available N (dissolved inorganic nitrogen) is 16 mg 

kg-1 and available P (Olsen method) is 9 mg kg-1. Forage (aboveground material) has an 

average N:P ratio of  8.9 over the growing season, therefore site 1 tends to be N-limited for 

plants (i.e., plant N:P < 10, Güsewell, 2004) despite very low soil P availability. Overall, soil 

at site 1 was considered less fertile than soil at site 2. Site 2 has a shallower soil (45 cm depth) 
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and is characterized by 36.3% clay, 41.5% silt and 24.2% sand, a pH of  7.5 and 8.5% OM. 

Average soil available N is 27 mg kg-1 and available P is 51 mg kg-1. Forage (aboveground 

material) has an average N:P ratio of  6.8 over the growing season. Therefore, site 2 tends also 

to be N-limited for plants, even more than site 1, but has very high soil P availability. Overall, 

soil at site 2 was considered as fertile.

 Experimental design and drought treatments

 An identical drought experiment with three drought treatments was carried out at the 

two grassland sites: Control (no drought), early-season drought event (hereafter called ‘Early’) 

and late-season drought event (hereafter called ‘Late’). At the beginning of  the experiment, 

five	replicated	rainout	shelters	(length:	12	m;	width:	6.4	m,	height:	3	m,	Filclair,	Numeris	6.40,	

Vennelles,	France)	covered	with	a	transparent	plastic	film	(180	µm,	transparent	M42,	Filclair,	

Vennelles, France) were established at each site. Along the longitudinal sides, the lower part 

remained uncovered up to 1 m, whereas along the short side the shelters were open, allowing 

free air circulation, but a thin (mosquito) netting was placed on the upper part to prevent 

rain from blowing in. Rainwater runoff  was canalised away from the covered surface thanks 

to plastic pipes. Three plots of  4 m x 0.9 m (separated by 80 cm) corresponding to the three 

drought treatments (i.e., Control, Early and Late) were randomly installed under each rainout 

shelter with a buffer distance of  at least 80 cm from the borders of  the shelters.

 Control plots were watered according to the average precipitation of  the last thirty 

years at each site (i.e., 441 mm at Site 1 and 682 mm at Site 2 over the 6 months of  the 

experiment). Drought plots simulated rainfall conditions according to the intermediate 

scenario of  climatic models in our study region (CH2011, 2011). The Early drought treatment 

consisted in a reduction of  precipitation that occurred during two months centred on the peak 

of  plant growth (from about mid-April to mid-June). For the Late drought treatment, the 

reduction in precipitation occurred for two months after the Early drought (about mid-June 

to mid-August). During the respective drought event, plots only received 30% of  the water 

added in the control plots. Outside the Early or Late drought-induced periods, plots received 

the same amount of  water as the control plots until the end of  the growing season, which 

corresponded to the two months after the end of  the late-season drought (recovery period; 

about	August	to	September).	Watering	was	done	manually	by	means	of 	a	flow	controller	and	

a custom-made watering stick, which was moved along the plots to simulate a regular rain. 

Watering occurred every 2-3 days in control plots to simulate the rainfall frequency of  the 
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region (i.e., about 11 rainy days per month during the growing season), and every 4-5 days 

in drought plots to simulate 50% decrease in rainfall frequency, which is expected to occur 

simultaneously with precipitation reduction (CH2011, 2011). The sites received ambient 

precipitation for the rest of  the year (rain-out shelters were uncovered).

 During the experiment, all plots were managed according to the forage conservation 

regime (hay making) typical for the region, i.e., plots were mowed three times during the 

season.	The	forage	harvests	are	referred	to	as	T1,	T2	and	T3;	T1	corresponding	to	the	first	

cut (end of  Early drought), T2 to the second cut (end of  Late drought) and T3 to the third 

cut (end of  the recovery period). More detailed information about the experimental design 

is available in Chapter 2.

 Soil moisture and PAR measurements

Soil	volumetric	moisture	content	was	measured	once	a	week	with	a	time	domain	reflectometer	

(FieldScout TDR 100 Soil Moisture Meter, Spectrum Technologies, USA) for the top 15 

cm of  the soil. Three randomly located moisture measurements per plot were averaged. 

Photosynthetically active radiation (PAR) was also measured (PYR Solar Radiation Sensor, 

Decagon, München, Germany) under the shelters and outside. The transparent foil induced 

a decrease of  about 20% of  the PAR (compared to the measurement outside), which was 

never limiting for plant growth based on biomass comparison with non-covered plots.

 Botanical survey

The botanical composition was determined three times before mowing, at T1, T2 and T3 

described above, following the pin-point method of  Daget and Poissonet (1971). Surveys 

were completed in all the 30 plots (15 per site) by setting up within each plot four parallel 

transects of  4 m, in order to survey systematically the whole plot surface (grid of  squares, 

20 cm x 20 cm; 80 points per plot). At each point, a present species was recorded only once. 

The relative cover of  each species was calculated by dividing the number of  presences of  

the species by the total number of  records of  all species along the four transects within a 

plot (Iussig et al., 2015). We then determined the relative cover of  the following functional 

groups: grasses, legumes and forbs.
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 Forage sampling and chemical analysis

 Forage was cut at T1, T2 and T3 using a motor mower (c. 5 cm above the soil level) 

and the fresh aboveground biomass harvested in each plot was weighed and sampled with a 

hay	probe.	The	samples	were	divided	in	two	subsamples:	the	first	one	for	dry	matter	(DM)	

determination and the second one for chemical analyses. All subsamples were immediately 

oven-dried at 60°C for 72 h after harvest and then three additional hours at 105°C just before 

analysis. The subsamples for chemical analysis were ground and sieved through a 1 mm mesh 

screen (Brabender, Germany), and analysed for N using near-infrared spectroscopy (Büchi 

NIRFlex N-500; BÜCHI Labortechnik AG, Switzerland). Forage nitrogen nutrition index 

(NNI) was calculated according to following equations:

where ‘N measured’ corresponds to the forage aboveground N concentration (%) and ‘N 

critical’ to the minimal N concentration (at a given biomass) for achieving maximum growth 

rate. DM represents the biomass (for DM > 1 Mg). NNI values were adjusted according 

to	the	percentage	of 	legumes,	in	order	to	account	for	biological	nitrogen	fixation	(Cruz	et	

al., 2006). Forage P was analysed from dry ash using an inductively coupled plasma optical 

emission spectrophotometer (IPC-OES, Optima 7300 DV, Perkin-Elmer, Switzerland).

 Soil sampling and chemical analysis

 In every plot, soil was sampled at T1, T2 and T3 by collecting 15 spatially random 

distributed soil cores (diameter 1.2 cm, depth 15 cm), which were pooled together and 

homogenized. Soil samples were analysed for available N and P and microbial biomass N and 

P. Dissolved inorganic nitrogen (DIN, hereafter called soil N) was determined by measuring 

and summing ammonium (NH_4^+) and nitrate (NO_3^-) concentrations, after extraction 

of  5 g fresh soil with 30 ml 1 M KCL, using an automated analyser (AA3 HR Autoanalyser, 

Equation 8 N critical (Lemaire et al., 1984);

Forage NNI = N measured / N critical
Equation 7 Forage NNI (Lemaire and Gastal, 1997);

N critical = 4.8·DM–0,32 
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Seal Analytical, UK).

 For the determination of  microbial biomass N, pairs of  c. 5 g of  fresh soil were 

weighed and one sample from each pair was immediately extracted with 25 ml 0.5 M K2SO4, 

whereas	the	other	sample	was	first	fumigated	with	chloroform	for	1	day	to	kill	microbes	and	

then extracted with the same solution as for the unfumigated sample. Total N concentrations 

in fumigated and unfumigated samples were analysed by a TOC/TN analyser (Total organic 

carbon analyser TOC-V, Shimadzu, Japan). To determine the soil available P and the microbial 

biomass P, pairs of  c. 3 g of  fresh soil (fumigated and unfumigated) were extracted with 40 

ml of  0.5 M NaHCO3. Phosphorus concentrations (hereafter called ‘soil P’) were analysed 

colorimetrically (spectrophotometer at 890 nm) using the ammonium molybdate reagent 

(Olsen et al., 1954). Microbial biomass N and P were estimated as the differences between 

the concentration of  N and P in fumigated and unfumigated sample using an extractability 

factor of  0.54 for N (Brookes et al., 1985) and 0.4 for P (Brookes et al., 1982). Microbial and 

soil N and P were expressed as mg kg–1 dry soil (oven-dried at 105°C for 24 h).

 Statistical analyses

 All analyses were carried out with R version 3.4.4 (R Development Core Team, 

2017). Due to major soil differences between Site 1 and Site 2, we ran analyses for each 

site separately. Dataset was log-transformed prior to statistical analysis to improve and/or 

comply with the assumptions of  normality and homoscedasticity. Drought treatment effects 

(Control, Early and Late) over the growing season (time of  harvest T1, T2 and T3) on soil 

moisture, forage yield, forage NNI, forage P, soil N, soil P, microbial N and microbial P were 

analysed with a linear mixed-effects model (lme) taking into account the data structure with 

repeated measurements at the plot level (i.e., non-independence of  the subject’s residuals). 

Thus, the effects of  ‘drought’, ‘time’ (as repeated measurements) and their interaction were 

set	as	fixed	factors	with	‘plot’	nested	into	‘block’	as	random	factor.

	 Overall,	drought	 treatment	 (Control,	Early,	Late)	had	strong	significant	effects	on	

soil moisture (see results) but only few effects were detecTable 5.on the other variables (soil 

N, microbial N, forage NNI, soil P, microbial P, forage P; Figure 5.S1, S2 in Appendices), 

with the exception of  forage P at Site 2. Therefore, despite originally creating a factorial 

drought treatment based on precipitation reduction, we further analysed and interpreted the 

range of  the effects produced by water stress on the forage, microbial, and soil variables by 
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using soil moisture (e.g., continuous variable) as explanatory variable in subsequent statistical 

analyses. With this goal, the effects of  soil moisture (i.e., TDR measurement) over the 

vegetation growing season (T1, T2 and T3) on forage yield, forage NNI, forage P, soil N, soil 

P, microbial N and microbial P were analysed with a linear mixed-effects model (lme) with 

‘soil	moisture’	and	‘time’	as	fixed	factors	and	‘plot’	nested	into	‘block’	as	random	factor,	as	

well as with linear regressions.

 Complex interactions among the effects of  drought on soil moisture, soil nutrients 

availability, forage and microbial nutrients’ concentrations were analysed through structural 

equation modelling (Grace et al., 2014). We used a path analysis approach, a particular 

case of  structural equation modelling involving only quantitative variables, to test for the 

effect of  soil moisture reduction resulting from drought manipulation on N and P cycling 

in the plant-microbe-soil system. Using a priori knowledge, we built a network of  causal 

relationships among measured variables for N- and P-cycling (Figure 5.S3). Models were 

run	separately	for	Site	1	and	Site	2	and	fit	using	maximum	likelihood	estimation	with	robust	

SE and Satorra-Bentler scaled test statistic in R with the LAVAAN package (Rosseel, 2012). 

Then,	 the	successive	 full	models	were	simplified	by	step-wise	exclusion	of 	variables	with	

non-significant	weights	and	non-significant	covariance,	as	estimated	by	Akaike	information	

criterion,	until	minimal	adequate	models	showing	specific	linkages	remained.	Z-statistic	was	

used	 to	 determine	 the	 significance	 of 	 each	 pathway.	 Final	model	 fits	were	 assessed	with	

chi-square test (P > 0.05), standardized root mean square residual index (SRMR < 0.1) and 

comparative	fit	index	(CFI	>	0.95)	(Grace	et	al.,	2010).

 Results

 Drought treatment effects on soil moisture

At	 both	 sites,	 the	 drought	 treatments	 significantly	 affected	 soil	moisture	 (Figure	 5.1a,b).	

As expected, a reduction of  soil moisture was detected during both drought periods, i.e., 

in the Early drought plots at T1 and in the Late drought plots at T2. While soil moisture 

recovered in Early drought plots after the drought period (T2 and T3), a legacy effect of  Late 

drought	was	observed	during	the	recovery	period	(T3,	significant	at	Site	2	and	trend	at	Site	

1). Overall, the relative effect of  Late drought treatment was slightly higher at Site 2 than at 

Site 1 (i.e. soil moisture decrease relative to control plots, Figure 5.1a,b).
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 Drought treatment effects on plant community composition and forage yield

 The botanical composition showed a clear seasonal pattern at both sites with a 

decrease in relative grass cover throughout the season and an increase in relative forb cover 

(Figure 5.S4). Drought had only limited effects on functional groups (i.e., undifferentiated 

effect	 between	 groups),	 and	 its	 impacts	 were	 independent	 of 	 the	 period	 (no	 significant	

‘drought x time’ interaction). Early-season drought induced a decrease in relative grass cover 

at Site 2, while Late-season drought induced a decrease in relative forb cover at both sites. 

The relative legume cover was only affected by drought at Site 2, with an increase in plots 

that experienced Early-season drought. Apart from these slight changes in the proportion of  

functional groups under drought, the botanical composition remained relatively constant at 

both sites (see also Chapter 2).

Figure 5.1 - Soil moisture (± SE) at (a) Site 1 and (b) Site 2 in the different drought treatments 
(C: Control, E: Early-season drought, L: Late-season drought) during the growing season 
(Time: T1, T2 and T3). Dark grey bars highlight when plots were experiencing drought, either 
Early-season (T1, E) or Late-season drought (T2, L) treatment, while grey bars highlight 
plots that were previously subjected to drought. Mean decreases in soil moisture in drought 
plots compared to their respective control plots are indicated in percent above the bar when 
relevant.	Significance	level	of 	the	effects	of 	drought	(D),	time	(T)	and	their	interactions	(D	
x	T)	are	indicated	by	***	P	<	0.001,	**	P	<	0.01,	*	P	<	0.05.	Significant	differences	between	
times	of 	measure	are	indicated	by	different	capital	letters,	while	significant	differences	among	
drought treatments within each time of  measure are indicated by different lowercase letters.
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	 Forage	 yield	 significantly	 differed	 among	 the	 three	 harvest	 times	 and	 showed	 a	

decrease along the season (Figure 5.2a,b). At both sites, forage yield was only affected by 

drought at T2. Indeed, forage yield decreased during Late drought, with a stronger decrease 

at Site 2 (Figure 5.2b, T2, L, -68%,) compared to Site 1 (Figure 5.2a, T2, L, -32%,), but 

recovered at the end of  the growing season (T3). Additionally, forage yield also decreased at 

the more fertile site in plots that previously experienced Early-season drought (Figure 5.2b; 

T2,	E,	-22%).	These	effects	were	confirmed	when	‘soil	moisture’	was	used	as	a	continuous	

explanatory	variable.	Indeed,	we	observed	a	highly	significant	‘soil	moisture	x	time’	interaction	

(Table 5.1) at both sites, which is due to the decrease in forage yield with decreasing soil 

moisture	at	T2	(significant	 linear	regression	for	T2;	Site	1:	P	<	0.01,	R2	=	0.59;	Site	2:	P	

< 0.001, R2 = 0.84). Moreover, independently of  soil moisture, forage yield was overall 

positively correlated with soil P (data not shown, Site 1: P < 0.001, R2 = 0.35; Site 2: P < 

0.001,	R2	=	0.38)	but	less	influenced	by	soil	N	(data	not	shown,	Site	1:	P	=	0.18;	Site	2:	P	=	

0.04, R2 = 0.14).

Figure 5.2 - Forage yield (± SE) at (a) Site 1 and (b) Site 2 in the different drought treatments 
during the growing season (Time: T1, T2 and T3). Darkgrey bars highlight when plots were 
experiencing drought, either early-season (T1, E) or Late-season drought (T2, L) treatment, 
while grey bars highlight plots that were previously subjected to drought. Mean decreases 
in forage yield in drought plots compared to their respective control plots are indicated in 
percent	above	the	bar	when	relevant.	Significance	level	of 	the	effects	of 	drought	(D),	time	
(T) and their interactions (D x T) are indicated by *** P < 0.001, ** P < 0.01, * P < 0.05. 
Significant	differences	between	times	of 	measure	are	 indicated	by	different	capital	 letters,	
while	 significant	 differences	 among	drought	 treatments	within	 each	 time	of 	measure	 are	
indicated by different lowercase letters.
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 Effects of  drought on soil, microbial and forage nitrogen 

	 At	both	sites,	soil	N	and	forage	NNI	were	significantly	affected	by	‘soil	moisture’	

and ‘time’, while microbial N was affected by ‘soil moisture’ and ‘time’ at Site 2 and only 

by	‘time’	at	Site	1	(Table	5.1).	No	significant	‘soil	moisture	x	time’	interactions	were	found	

for all N-related parameters, thus highlighting consistent effects of  soil moisture reduction 

independently of  the time of  measurement. Soil N slightly increased at Site 1 (Figure 5.3a) 

while it strongly decreased at Site 2 (Figure 5.3d) with decreasing soil moisture. At both 

sites,	forage	NNI	significantly	decreased	with	soil	moisture	reduction	(Figure	5.3c,f),	whereas	

microbial N was not impacted (Figure 5.3b,e).

 Effects of  drought on soil, microbial and forage phosphorus

	 At	both	 sites,	 soil	P,	microbial	P	 and	 forage	P	were	 significantly	 affected	by	 ‘soil	

moisture’	and	‘time’	(Table	5.1).	Significant	‘soil	moisture	x	time’	interaction	was	only	found	

for forage P at Site 2, which is due to different amplitude of  soil moisture effect rather 

than	shifts	in	effects	among	the	three	periods	of 	harvest	(i.e.,	forage	P	always	significantly	

decreased with soil moisture reduction at T1, T2, and T3, see also Figure 5.S2f). At both sites, 

soil	P	(Figure	5.4a,d),	microbial	P	(Figure	5.4b,e)	and	forage	P	(Figure	5.4.c,f)	significantly	

decreased with soil moisture reduction.

Table 5.1 - Effects of  soil moisture (SM), time (T) and their interaction (SM x T) on forage 
yield, soil N, microbial N, forage nitrogen nutrition index (NNI), soil P, microbial P and 
forage P at Site 1 and Site 2. F and P values correspond to the statistical output of  linear 
mixed-effects models (lme).
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Figure 5.3 - Linear relationships between N parameters in soil and plant and soil moisture at 
Site 1 and Site 2; (a, d) soil N (in mg.kg-1), (b, e) microbial N (in mg.kg-1), and (c, f) forage 
NNI. Empty circles highlight data collected at T1, while grey and black dots correspond to 
data collected at T2 and T3, respectively. Data are log-transformed and black lines highlight 
significant	regressions	while	dashed	line	indicate	marginally	significant	regression.
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Figure 5.4 - Linear relationships between P parameters in soil and plant and soil moisture 
at Site 1 and Site 2; (a, d) soil P (in mg.kg-1), (b, e) microbial P (in mg.kg-1), and (c, f) 
forage P (in mg.g-1). Empty circles highlight data collected at T1, while grey and black dots 
correspond to data collected at T2 and T3, respectively. Data are log-transformed and black 
lines	highlight	significant	regressions.
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 Nitrogen and phosphorus in the plant-soil-microbe system

	 The	fitting	parameters	 of 	 the	minimal	 adequate	path	 analysis	models,	 linking	 the	

plant,	 soil	 and	microbial	 pools	of 	 either	N	or	P,	 indicate	 good	fit	 for	 all	models	 (Figure	

5.5a,b). At both sites, the decrease in soil moisture had direct strong negative effect on forage 

nitrogen nutrition index (Figure 5.5a, path = -1.01*** at Site 1, and path = -0.92* at Site 2). 

No	significant	indirect	effects	of 	soil	moisture	reduction	on	forage	NNI	were	found	at	Site	

1. By contrast, the decrease in soil moisture at Site 2 negatively impacted forage NNI through 

a reduction in soil N (indirect effect path, -2.25** x 0.25** = -0.56). Microbial N was not 

directly affected by soil moisture reduction at both sites. At Site 1, a decrease in soil moisture 

marginally increased soil N (path = 0.91), which subsequently increased N pool in microbes 

(path = 0.50***) rather than in plants. Drought differentially affected the P parameters in 

both sites (Figure 5.5b). Thus, a reduction in soil moisture had a strong direct negative effect 

on forage P at Site 2 (path = -1.13**) but not at Site 1. At Site 2, forage P was also indirectly 

impacted by soil moisture reduction through changes in soil P, while such effects were limited 

at Site 1. At Site 1, the main effect of  soil moisture reduction on forage P was indirect and 

mediated by microbes. Indeed, soil moisture reduction strongly reduced microbial P (path = 

-2.86**)	with	subsequent	significant	effects	on	forage	P	(indirect	effect	path,	-2.86**	x	0.15*	

= -0.43).
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Figure 5.5 - Minimal adequate structural equation model for the effects of  soil moisture 
reduction on the linkages between (a) N in soil and plant parameters and (b) P in soil and 
plant parameters at Site 1 and Site 2. The model shows the direct effect of  soil moisture 
reduction on forage NNI (or forage P) as well as its indirect effect through changes in 
soil and microbial N (or P). Arrows show relationships (pathways) between variables and 
numbers next to arrows show standardized parameter estimates (i.e., standardized regression 
weights). Square multiple correlations (R2 values) for the predicted/dependent factors are 
given	on	 the	boxes.	CFI:	 comparative	fit	 index;	 SRMR:	 standardized	 root	mean	 residual.	
Significance	level	of 	the	paths	are	indicated	by	***	P	<	0.001,	**	P	<	0.01,	*	P	<	0.05,	m.s.	
P < 0.10, n.s. P > 0.10.
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 Discussion

 Forage yield reduction only occurred during late-season drought

	 Contrary	to	our	hypothesis,	plant	growth	remained	sustained	during	the	first	drought	

period, even with only 30% of  the ‘normal’ precipitation. Indeed, despite a high evaporative 

demand	during	the	early-season	drought,	soil	water	reserve	proved	to	be	sufficient	to	ensure	

plant growth, likely explaining the lack of  the expected effect on biomass production. Later 

in the season, the water reserve steadily decreased, reaching the lowest values at T2. As 

previously reported (Craine et al., 2012; De Boeck et al., 2011), the timing of  stress is critical 

regarding the response to water shortage, with stronger effects in summer compared to 

spring.	Since	we	surveyed	soil	moisture	in	the	upper	15	cm,	the	values	might	not	fully	reflect	

total	available	water	for	plants.	Although	most	of 	the	fine	roots	of 	the	permanent	grasslands	

lie in the upper 15 cm (Prechsel, 2013), it must be taken into consideration that some species 

may develop their root system in deeper layers, such as D. glomerata (Farjon, 2011), and this 

can happen for a given species as a result of  drought (Buttler et al., 2019). For this reason, 

during	the	first	period	of 	drought,	plants	might	have	been	still	able	to	access	water	reserves	

at deeper soil layers, in contrast to the second period that showed to be more water-depleted. 

Recent work has underpinned the importance of  atmospheric demand (vapour pressure 

deficit,	VPD)	for	ecosystems	functioning,	such	as	carbon	and	water	fluxes	(Novick	et	al.,	

2016).	An	increase	in	vapour	pressure	deficit,	combined	with	soil	moisture	reduction,	has	

a much more pronounced effect on primary production than soil water restriction alone 

(Eamus	et	al.,	2013).	In	this	experiment,	vapour	pressure	deficit	was	lower	during	the	early-

season drought, compared to the late-season drought (Site 1: 0.5 and 0.8; Site 2: 0.3 and 

0.6, respectively). These differences in VPD may have enhanced the effect of  soil moisture 

reduction, and could partially explain the fact that yield losses were only observed during the 

second drought period.

 Forage	yield	reduction	is	primarily	due	to	water	deficit,	but	also	to	the	reduction	in	soil	P	availability

 As the botanical composition remained quite stable during the experiment, we can 

assume that almost all changes in forage production were caused by water shortage, either 

through	 direct	 effect	 (i.e.,	 water	 deficit	 for	 plants)	 or	 through	 indirect	 drought-induced	

nutrient	deficiency	(i.e.,	restricted	availability	and	diffusivity/movement	of 	nutrient	 in	soil	

water).	However,	it	is	difficult	to	make	a	clear	distinction	between	these	two	driving	forces,	
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since there is generally an interplay between these processes (Gonzalez-Dugo et al., 2010). 

The interaction between P supply and water availability on plant development has been 

poorly studied, and generally in pot experiments (see review of  Suriyagoda et al., 2014). Jupp 

and Newman (1987) observed that a mild water stress almost stopped P uptake of  Lolium 

perenne, which was likely due to a reduction in P diffusion in soil, rather than to an inability 

of  the roots to take up P. Under low moisture (i.e., water holding capacity of  30% compared 

to 75%), P uptake of  wheat plants was strongly reduced (46 to 66%, depending on the level 

of  P supply), while shoot biomass diminished between 38 and 60% (He et al., 2002). The 

results	of 	our	study	are	in	line	with	these	observations	and	confirm	our	second	hypothesis.	

They point primarily to direct water limitation, reinforced by lower P availability, since yield 

was positively correlated with soil moisture and soil P availability at both sites. By contrast, 

soil N limitation seems to have played a secondary role.

 Higher forage yield losses observed at the more fertile site

 Forage yield losses recorded during the late-season drought were higher at the more 

fertile site, with a higher reduction in soil moisture, which is opposed to our third hypothesis, 

at least for what impacts yield. The water reserve in soil depends primarily on its texture and 

depth (Allen et al., 1998). According to our water balance calculations (Allen et al., 1998), 

the available water was about 130 mm at Site 1 (80 cm depth; 20% clay and 41% silt) and 

only 60 mm at Site 2 (45 cm depth; 36% clay and 41% silt). Furthermore, the soil at Site 

2 had a more skeletal structure. These differences may explain the stronger response to 

drought observed at Site 2. Considered on an annual basis, water shortage had no effect on 

the yield at Site 1 while a reduction of  16% and 28% was observed at Site 2 for early- and 

late-season drought, respectively (data not shown). These annual losses are in the same order 

of 	magnitude	than	those	observed	in	permanent	grasslands,	with	stress	events	qualified	as	

“extreme”	(Gilgen	and	Buchmann,	2009;	Kahmen	et	al.,	2005;	Mariotte	et	al.,	2013;	Vogel	

et al., 2012). Surprisingly, we did not observe an overcompensation of  plant growth after 

drought, as reported in previous papers (Hofer et al., 2017).

 Drought effects on forage nutrient content depend on soil nutrient availability

Drought events can impact grassland N and P contents by modifying soil N and P availability 

(Belnap, 2011; Lambers et al., 2008) and N and P uptake by plants and microbes (Dijkstra et 
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al., 2015; Jiao et al., 2016). As a result, drought-induced changes in both N and P cycling can 

have strong effects on forage nutrient content. The effects of  drought on forage nitrogen 

nutrition index (NNI) have been largely discussed (e.g., Gastal et al., 2015; Gonzalez-Dugo et 

al., 2010; Onillon et al., 1995) and are associated either to reduced N mineralisation, the need 

for plants to extract water from deeper soil layers with less available N (Lemaire and Denoix, 

1987) and/or a reduced N demand at a given plant biomass (Errecart et al., 2014; Gonzalez-

Dugo	et	al.,	2012).	In	our	experiment,	soil	N	availability	was	significantly	affected	by	soil	

moisture reduction but responded differently between the two sites. Indeed, we observed a 

strong decrease in soil N availability with decreasing soil moisture at Site 2, while it slightly 

increased at Site 1. Such effects are not uncommon since soil available N can either decrease 

when drought-induced reduction in N mineralization rate is higher than drought-induced 

reduction in plant N uptake (He and Dijkstra, 2014; Jiao et al., 2016; Sanaullah et al., 2012; 

Sardans and Penuelas, 2012) or increase when, inversely, reduction in plant N uptake is higher 

than the decrease of  N mineralization rate (Dijkstra et al., 2015; Mariotte et al., 2017). The 

structural	 equation	modelling	 for	N	parameters	confirms	such	 results	by	highlighting	 the	

strong N demand from plants at Site 2, while at Site 1 soil available N tended to be used by 

microbes rather than by plants.

 However, shifts in soil available N in response to soil moisture reduction had marginal 

(Site 1) or less (Site 2) impact on forage NNI compared to direct negative effects of  soil 

moisture reduction. Therefore, the decrease in forage NNI under drought at both grassland 

sites seems primarily related to water shortage that induced lower transpiration and water 

fluxes,	and	thus	 lower	mass	flow	of 	N	to	roots,	stems	and	shoots.	Such	direct	effects	of 	

soil moisture reduction are complemented by indirect negative effects, through reduction 

in soil N availability, only at Site 2, which is the site where plants tend to be more N-limited 

(forage N:P ratio of  6.8) and where forage NNI values were the most reduced in response 

to drought (Figure 5.3c,f). This contradicts our third hypothesis for what concerns forage N 

status since the indirect path from soil moisture reduction to forage N status through soil N 

was	-0.20	at	the	less	fertile	soil,	while	it	was	-0.56	at	the	more	fertile	soil.	As	such,	our	findings	

are consistent with those of  a previous study (Hofer et al., 2017) and suggest that drought-

induced effect on forage NNI partly depends on the degree of  N limitation for plants (i.e., 

site-specific).

 In contrast to soil N, reduction in soil moisture consistently induced a decrease in soil 

P at both sites (Figure 5.4a,d), but the amplitude of  these effects was relatively low, despite 

the large difference in soil available P between both sites (9 mg kg-1 at Site 1 compared to 
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51 mg kg-1 at Site 2). At both sites, the structural equation modelling of  the P parameters 

confirms	 the	 strong	 negative	 impact	 of 	 soil	 moisture	 reduction	 on	 soil	 P	 availability.	

However, reduction in soil P was not the main mechanism involved in drought-induced 

reduction in forage P. The forage P decreased with decreasing soil moisture, with stronger 

effects at Site 2 (i.e., P-rich soil) compared to Site 1 (i.e., P-limited soil). Interestingly, the 

mechanisms involved in drought-induced reduction in forage P differed between both sites. 

At Site 2, forage P was directly impacted by soil moisture reduction, indicating a decrease 

in P uptake due to water restriction. Indeed, diffusion is the major process moving P to the 

roots for uptake (Schachtman et al., 1998) and strongly decreases under drought (Bhadoria 

et al., 1991), thus reducing even more P mobility and plant P uptake. Moreover, soil available 

P is mostly located in the upper cm of  soil (Lambers et al., 2008), which further reinforces 

the	 effect	 of 	 drought.	 By	 contrast,	 at	 Site	 1,	 forage	 P	was	 not	 significantly	 impacted	 by	

direct effect of  soil moisture reduction but rather by indirect effects through decrease in 

microbial P (indirect path = -0.43). Indeed, microbes were important actors of  the P cycle 

at Site 1, and we found a positive effect of  microbial P on forage P (path = 0.15). This 

suggests transfer of  P from microbes to plants. P-limited soils with low pH, such as in Site 

1, generally promote symbiosis between plants and mycorrhizal fungi, because the latter 

can considerably improve plant P nutrition. Indeed, arbuscular mycorrhizal fungi can both 

release oxalic acid to induce the release of  phosphorus adsorbed on soil (Jansa et al., 2011) 

and extend threadlike hyphae into the soil to enhance the uptake of  phosphorus (Hodge, 

2017). We suggest that the microbial pathway involved in the P cycling is partly, if  not fully, 

related to arbuscular mycorrhizal fungi. Additional analysis of  soil microbial communities 

through high-throughput sequencing (see Schenkel et al., 2019) highlights higher abundance 

of  arbuscular mycorrhizal fungi (Glomeromycetes family) at Site 1 (261.6 OTUs) than at 

Site	2	 (183.1	OTUs)	and	supports	our	hypothesis.	Overall,	our	findings	 reveal	 the	strong	

influence	of 	 soil	P	availability	 in	 the	processes	 involved	 in	drought-induced	reduction	of 	

forage P and validate our third hypothesis concerning the stronger effect of  drought on 

competition between plants and microbes at the less fertile site.

 Conclusions

	 Forage	quantity	and	quality	responses	to	drought	reflect	various	processes	affecting	

nutrient cycling, and highlight the complex relationships among soil, microbes, and plants, 

with more intense impacts on P than on N parameters. Our results suggest that the two 

grasslands suffered mainly from water shortage per se, and to a lesser extent from drought-
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induced	 nutrient	 deficiency	 (P	more	 than	N),	 thus	 pointing	 out	 that	 higher	 fertilization	

cannot alleviate the impacts of  drought. In order to secure a sustainable and resilient forage 

production, future management schemes should not only rely on agronomic aims (production 

of  quality forage), but also consider the occurrence of  these extreme drought events. Under 

the climatic conditions of  central Europe, our results show that a late-season drought 

represents probably a greater threat to forage production than an early-season drought. For 

this reason, when suitable, irrigation should receive priority during these periods (Hopkins 

and Prado, 2007). The timing of  mowing has also gained new importance and, in periods of  

increasing water shortage, measures should be primarily focused on adaptive management, 

such as reducing mowing frequency and/or adapting cutting height (e.g., Deléglise et al., 

2015). Importantly, the characteristics of  the site can play an important role in predicting the 

response of  grasslands to drought and consequent changes in forage quantity and quality. 

Management practices should therefore be better adapted to cope with interactive effects of  

drought	and	site-specific	conditions	of 	soil	fertility,	microbial	community	composition	(i.e.,	

mycorrhizal abundance) and nutrient limitation for plants.
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Abstract

The aim of  this study was to better understand the effect of  drought timing on the carbon 

(C), nitrogen (N) and phosphorus (P) cycles across the plant-microbe-soil subsystems 

during the vegetation-growing season. Using a rainout shelter experiment in two different 

permanent grasslands located in the swiss Jura Mountains, we assessed the effect of  

drought on C, N, P and their stoichiometry in the soil, microbes and plants. Drought 

treatments were applied during two months, either during or after the peak of  growing 

season. Our results showed strong evidence for high seasonal variability in C-N-P cycle 

across the three components of  the plant-microbe-soil subsystem. The differences between 

the two sites in terms of  soil nutrients limitation and microbial communities also led to 

divergence between the biotic relationships for nutrient acquisition that were explained 

by different mechanisms in the two sites. Our two sites had very similar vegetations but 

still presented strong differences in nutrients cycling, suggesting that in order to face 

the predicted increase in summer droughts, grassland management should not only take 

into account the above ground composition but also the microbial communities and soil 

physico-chemical properties.

Key words: climate change; drought seasonality; soil fertility; plant-soil interaction; 

microbial activity; nutrients cycle; plant traits

N.B.: The plant data from this chapter are not the same than in chapter 5, as in chapter 5 the plant data 

were measured on the bulk whereas in this chapter they were measured on the most abundant species at 

each site.
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 Introduction

 Grasslands are predicted to be exposed to more frequent and more intense 

drought events in the future (Dai, 2013; IPCC, 2013), threatening a large range of  

services provided by those ecosystems. Grasslands have been long linked with human 

activities as they provide feed for cattle and have high economical and patrimonial values. 

Understanding grasslands’ responses to climate change-related stress, such as drought, 

is thus of  major importance for planning future management strategies. Plants are in 

close relationship with the soil that they share with microbial communities. However, 

informations are still lacking on how drought will impact the plant-microbe-soil system. 

Yet, Bardgett, Manning, Morriën, & Vries (2013) exposed that climate change-related 

stress such as drought are affecting the relations between the different actors of  this 

system. Thus, to assess and try to predict how grasslands will respond to drought, it is 

therefore crucial to study simultaneously the responses of  the three components of  the 

plant-microbe-soil system.

 The effect of  drought on grasslands plant communities has been extensively 

studied and especially focused on drought-induced reduction in aboveground biomass 

production (Calanca, Mosimann, Meisser, & Deléglise, 2014; Ciais et al., 2005). More 

recently, the study of  plant traits responses to drought has also gained interest (Buckland, 

Grime, Hodgson, & Thompson, 1997; Deléglise et al., 2015; Jung et al., 2014; Poorter, 

Niinemets, Poorter, Wright, & Villar, 2009; Chapter 2; Volaire, 2008; Wellstein et al., 

2017) enabling a more mechanistic understanding of  plant communities’ responses to 

water shortage. The effect of  drought on belowground microbial communities has only 

recently gained interest. So far, it has been shown a fast decrease in microbial biomass 

after a drought event (Wu & Brookes, 2005) and a better survival of  fungi under drought 

by comparison to bacteria (Barnard, Osborne, & Firestone, 2013). Indeed fungi have 

hyphal structure that enable them to investigate the soil further for nutrients and water 

(Barnard et al., 2013). Grasslands with higher available soil C and fungal-dominated 

microbial communities have been show to have more sTable 6.soil microbial community 

under drought than crop soil with lower available soil carbon (C) and bacterial-dominated 

microbial community (de Vries et al., 2012). Indeed plant-fungal symbiosis have been 

show to increase plants’ drought resistance through regulation of  the expression of  genes 

controlling hormones that reduce plants’ transpiration through stomata (Adolfsson et al., 

2017). However, recent studies have presented fungal taxa to be as well negatively affected 

by drought in grasslands with low soil fertility and slower growing plant species, potentially 
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due to a higher presence of  fungal decomposers in such grasslands or to a higher impact 

of  drought on secondary fungal taxa that are usually non detected by classical analysis of  

soil microbial communities (Sayer et al., 2017). Furthermore plant can not only be directly 

affected by drought but also by a shift in the microbial community, which can limit plants 

to	access	soil	nutrients	(Kaisermann,	de	Vries,	Griffiths,	&	Bardgett,	2017;	Meisner,	Deyn,	

Boer, & Putten, 2013). Plant-soil feedback studies have unveiled that many interactions 

between belowground microbial communities and plants via their roots are conditioned 

by water availability and interrupted under water limitation (Fry et al., 2018). 

	 The	C	cycle	can	be	affected	by	drought	as	plants	diminish	their	carbon	fixation	

due to closing stomata to avoid water-loss (Pirasteh-Anosheh, Saed-Moucheshi, Pakniyat, 

& Pessarakli, 2016), leading to reduced growth (Chaves & Oliveira, 2004) and lesser 

amount of  C released into the soil by rhizodeposition (Nguyen, 2009) with cascading 

effects on microbial communities (taxonomic shift and decreased microbial respiration, 

Canarini, Kiær, & Dijkstra, 2017). The availability of  nitrogen (N) and phosphorus (P) 

for plant in the soil can also be limited by drought (He & Dijkstra, 2014). Regarding N, 

this	limitation	could	be	due	to	a	decrease	of 	nitrification	and	denitrification	mediated	by	

microbial activity (Hartmann, Barnard, Marhan, & Niklaus, 2013). Regarding P, reduced 

microbial and enzymatic activities under drought are leading to a lessened diffusion of  

P in the soil and yet to a reduced degradation of  organic P cycle (Belnap, 2011; Turner, 

Cade-Menun, & Westermann, 2003). Moreover, P could be even more limiting than N 

under drought conditions (Belnap, 2011). In addition, the N and P uptake ability by plants 

could be reduced by drought (Sardans & Peñuelas, 2012) due to a slow down in the rate 

of  diffusion of  the nutrients from the soil to the roots (Hu, Burucs, von Tucher, & 

Schmidhalter, 2007; Pinkerton & Simpson, 1986). However a large knowledge gap on the 

effect of  drought on C and nutrient cycles in plant-microbe-soil system yet remains to be 

filled.

 Concerning microbial communities, the interactive effect of  drought and seasonal 

variability	remains	unknown	as	it	is	difficult	to	disentangle	if 	the	effects	of 	drought	on	

microbial communities directly come from soil moisture reduction or are indirect through 

changes in plant phenology (Schimel, 2018) or in plant functional traits (Orwin et al., 

2010). Furthermore, during the vegetation growing season, the composition of  plant, as 

well	as	microbial	communities,	is	fluctuating	due	to	natural	seasonal	variations	(Bardgett,	

Lovell, Hobbs, & Jarvis, 1999). Yet, studies interested in the possible seasonal variations 

of  the plant-microbe-soil interactions under drought remain missing.
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	 To	fill	this	knowledge	gap	we	conducted	a	drought	experiment	in	two	permanent	

grasslands during the growing season (4 months) divided in two time periods of  two 

months. First, we raised the following question: what are the effect of  drought and timing 

during the growing season and their interaction on C, N and P cycling within the plant-

microbe-soil system. As plant growth and biomass production mainly occur during the 

peak of  the vegetation growing season, plant tissues are more active (Cornwell & Ackerly, 

2009) and require more nutrients at this period than later in the growing season. We thus 

hypothesized that the effect of  drought on the plant traits we followed in this study (C, 

N, P and their ratios) will also be stronger at this period of  the growing season. We also 

expected this variation to interact with the microbial and soil available C, N and P. Second 

we tested how the timing of  drought during the growing season will impact the microbial 

community structure. We hypothesized that there will be a shift toward a more fungal-

dominated microbial community, as former literature showed a prevalence of  fungi vs. 

bacteria under drought (Barnard et al., 2013). Finally, we performed a multiple factor 

analysis (MFA) in order to better understand how plants, microbes and soil interact under 

drought over the growing season.

 Material and methods

 Study sites

 The experiment was conducted from spring 2015 to fall 2016 at two permanent 

grasslands sites: Site 1 at Chéserex (N 46°24’, E 6°10’; 540 m a.s.l) and Site 2 at Saint-

George (N 46°30’, E 6°15’; 940 m a.s.l), Jura Mountains, Switzerland. Climate at the two 

sites is sub-oceanic with a mean annual precipitation of  1050 and 1290 mm and a mean 

annual temperature of  10.4 °C and 7.6 °C (averaged 1981-2010, MeteoSwiss) at Sites 1 

and 2, respectively. Mean precipitation during the plant growing season (6-month period) 

is 297 ± 36 mm at Site 1 and 682 ± 46 mm at Site 2, and mean daily average temperature 

is 16 ± 0.3 °C at Site 1 and 13.5 ± 0.3 °C at Site 2 (averaged 1981-2010, MeteoSwiss, ± 

95%	 confidence	 interval).	Despite	 receiving	 different	 amount	 of 	 precipitation	 during	

the plant-growing season, both sites experience similar rainfall frequency with about 11 

rainy days per month with precipitation equally spread over the growing season (Buttler 

et	 al.,	 2019).	 Soils	 at	 Site	1	 and	2	were	both	 classified	as	 cambisols	 (World	Reference	

Base for Soil Resources – IUSS Working Group WRB 2006) but were quite different in 

depth, organic matter (OM) content, nitrogen (N) and phosphorus (P) availability. Site 
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1 had a deeper soil (90 cm) and was characterized by 19.8% clay, 41.2% silt and 38.9% 

sand, a pH of  5.8 and 4.7% organic matter. Average soil available nitrogen (dissolved 

inorganic nitrogen) over the growing season was 16 mg kg-1 and available phosphorus 

(Olsen method) was 9 mg kg-1. Site 2 had a rather shallow soil (45 cm depth) and was 

characterized by 36.3% clay, 41.5% silt and 24.2% sand, a pH of  7.5 and 8.5% organic 

matter. Average soil available nitrogen over the growing season is 27 mg kg-1 and available 

phosphorus is 51 mg kg-1. Overall, soil at Site 1 was considered less fertile than soil at Site 

2.

 The botanical composition of  the two sites was similar and dominated by perennial 

grasses (Lolium perenne, Dactylis glomerata, Poa pratensis, Phleum pratense) and forbs 

(Trifolium	repens	and	Taraxacum	officinale).	At	both	sites	the	ground	is	regularly	covered	

by snow or frozen from about November to March, thus plant aboveground parts (stem 

and leaves) are senescent during winter and the vegetation growing season starts in April 

and end in October. Following the common practice of  the region, the two sites were 

managed with mowing every 2 months during the plant growing season and lightly 

fertilized with commercial organic manure (5.2% organic nitrogen and 4.4% phosphate) 

added in split applications, half  amount in spring and half  amount in autumn. Both sites 

are highly productive with an average annual biomass production of  900 to 1200 g dry 

matter per m2.

 Experimental drought manipulation

 An identical precipitation manipulation experiment with three drought treatments 

was carried out at the two grassland sites: Control (no drought), drought applied for 

two months early in the season, during two months centered on the peak of  biomass 

production (hereafter called ‘Peak’), drought applied later in the season , two consecutive 

months after the peak of  biomass production period (hereafter called ‘After peak’). At the 

beginning of  the experiment, three replicated rainout shelters (length: 12 m, width: 6.4 

m,	height:	3	m)	covered	with	a	transparent	plastic	film	(180	µm,	transparent	M42,	Filclair,	

Vennelles, France) were established at each site. Three plots of  4 m × 0.9 m (separated by 

80 cm) corresponding to the three drought treatments (i.e., Control, Peak and After peak) 

were randomly installed under each rainout shelter. 

Control plots were watered according to the average precipitation of  the last thirty years 
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received at each site (i.e., 441 mm at Site 1 and 682 mm at Site 2 over the 6 months of  the 

experiment). Drought plots simulated rainfall conditions according to the intermediate 

scenario of  climatic models for our study region (CH2011, 2011).  During the respective 

drought event, plots only received 30% of  the water added in the control plots. Outside 

the drought-induced periods, plots received the same amount of  water as the control 

plots. Watering was done manually, every 2-3 days in control plots to simulate the rainfall 

frequency of  the region (i.e., about 11 rainy days per months during the plant growing 

season), and every 4-5 days in drought plots to simulate 50% decrease in rainfall frequency, 

which is expected to occur simultaneously with precipitation reduction (CH2011, 2011). 

The mean air temperature in 2016 was 10.5 °C and 17.9 °C for Site 1 during and after 

the peak of  growing season, respectively, and 9.9 °C and 16.7 °C, respectively, for Site 2. 

 During our experiment, all plots were managed according to the forage 

conservation regime (hay making) typical for the region; plots were mowed to a height 

of  5 cm every two months. Mowing occurred at the end of  the peak of  growing season 

(i.e., Peak, also corresponding to the end of  the Peak drought) and two months after the 

end of  growing season (i.e., After peak, also corresponding to the end of  the After peak 

drought). It is important to note that due to the management practice in these grasslands, 

the	measurements	during	the	peak	of 	growing	season	were	performed	on	the	first	growth	

each year, whereas the ones made after the peak of  growing season concerned the 

regrowth cycle after mowing. More detailed informations about the experimental design 

are available in Buttler et al. (2019) and Chapter 2.

 Community weighted mean leaf  C, N, P

 At the two sites, we selected the most abundant plant species accounting for at 

least 80% of  the biomass at the beginning of  our experiment: Dactylis glomerata, Lolium 

perenne,	Poa	pratensis,	Taraxacum	officinale	and	Trifolium	repens	at	the	two	sites,	plus	

Phleum	pratense	and	Taraxacum	officnale	at	Site	1.	 In	2016,	one	day	before	mowing,	

we	collected	five	leaves	on	different	individuals	of 	each	selected	species	at	both	sites,	in	

control and Peak drought plots at the peak of  growing season (Peak) and in control and 

After peak drought plots after the peak of  growing season (After Peak). Leaf  samples 

were	dried	at	60	°C	for	72	h	and	ground	to	a	fine	powder	prior	to	chemical	analyses.	

 We determined plant leaf  nitrogen (Leaf  N) and carbon (Leaf  C) concentrations 
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using an EA-IRMS (EA 1110; CE Instruments, Milan, Italy), coupled to a Finnigan MAT 

Delta	Plus	IRMS	(Thermo	Fisher	Scientific,	Waltham,	MA,	USA).	Plant	leaf 	phosphorus	

(Leaf  P) was extracted from 0.5 g of  ground plant powder that was ashed (4 h at 450 

°C)	and	dissolved	in	20	mL	of 	0.5	M	H2SO4	for	18	h.	The	P	concentration	in	filtered	

extracts was then analyzed colorimetrically using the malachite green phosphate assay 

kit (MAK307, Sigma-Aldrich, Saint-Louis, MO, USA). Leaf  C, Leaf  N and Leaf  P 

were expressed in mg g-1 dry weight. Stoichiometric C:N, C:P and N:P ratios were also 

calculated for each species in each plot at both sites.

 We calculated community weighted mean traits (CWM) of  Leaf  C, Leaf  N, Leaf  

P, Leaf  C:N, Leaf  C:P and Leaf  N:P as the sum of  the average value of  the traits (per 

species) multiplied by the relative abundances of  the species (pi, %) divided by the sum 

of  the relative abundances of  the n species:

It is important to underline that unlike chapter 5 the plant data were not performed on 

the bulk but on the most abundant species at each site.

 

 Soil available and microbial C, N, P

 Soil sampling occurred at the same time as plant leaf  sampling. In each plot, soil 

was sampled by collecting 15 randomly distributed soil cores (diameter 1.2 cm, depth 

15 cm), which were pooled together and homogenized. Dissolved inorganic nitrogen 

(DIN, hereafter called ‘Soil N’) was determined by measuring and summing ammonium 

(NH4+) and nitrate (NO3-) concentrations, after extraction of  5 g fresh soil with 30 mL 

1 M KCL, using an automated analyser (AA3 HR Autoanalyser, Seal Analytical, UK). 

For the determination of  microbial biomass C and N (hereafter called ‘Microbial C’ and 

‘Microbial N’), pairs of  c. 5 g of  fresh soil were weighed and one sample from each pair 

was	immediately	extracted	with	25	mL	0.5	M	K2SO4,	whereas	the	other	sample	was	first	

fumigated with chloroform for 1 day to kill microbes and then extracted with the same 

solution as for the unfumigated sample. Total N and C concentrations in fumigated and 
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unfumigated samples were analysed by a TOC/TN analyser (Total organic carbon analyser 

TOC-V, Shimadzu, Japan). Total C concentration in unfumigated samples corresponded 

to dissolved organic carbon (DOC, hereafter called ‘Soil C’). To determine the soil 

available phosphorus (hereafter called ‘Soil P’) and the microbial biomass phosphorus 

(hereafter called ‘Microbial P’), pairs of  c. 3 g of  fresh soil (fumigated and unfumigated) 

were extracted with 40 mL of  0.5 M NaHCO3. Soil P concentration was analysed 

colorimetrically (spectrophotometer at 890 nm) using the ammonium molybdate reagent 

(Olsen et al., 1954). Microbial C, N and P were estimated as the differences between the 

concentrations of  C, N and P in fumigated and unfumigated sample using an extractability 

factor of  0.45 for C (Vance et al. 1987), 0.54 for N (Brookes, Landman, Pruden, & 

Jenkinson, 1985) and 0.4 for P (Brookes, Powlson, & Jenkinson, 1982). Microbial C, 

Microbial N, Microbial P, Soil C, Soil N (NH4+ + NO3-) and Soil P were expressed as mg 

kg–1 dry soil (oven-dried at 105 °C for 24 h).

 Lipid biomarker analysis

 Soil phospholipid and neutral lipid fatty acid (PLFAs and NLFAs, respectively) 

were extracted and analyzed using the method developed by White, Davis, Nickels, King, 

&	Bobbie	(1979)	and	adapted	for	collecting	NLFAs	(Sharma	and	Buyer,	2015).	Briefly,	

around 2 g of  freeze-dried soil were used for Bligh–Dyer lipid extraction (Bligh and Dyer, 

1959). A stream of  N2 was used for drying the different phases. All samples were dried 

and	analyzed	with	gas	chromatography	 (GC)	 (Trace	1300,	Thermo	Scientific,	Austria)	

coupled	to	an	ISQ	single	quadrupole	mass	spectrometer	(Thermo	Scientific,	Germany)	

following	 trans-esterification	 for	 quantitative	 analysis	 relative	 to	 an	 internal	 standard	

(19:0). We used branched PLFAs (i15:0, a15:0, i16:0, i17:0, a17:0, a19:0, a18:0) as indicator 

for gram-positive bacteria which also includes the 10Me-PLFAs (10Me16:0, 10Me17:0, 

10Me18:0) indicators for actinomycetes. We used cyclopropyl and mono-unsaturated 

PLFAs (16:1ω7, cy17:0, and cy19:0) for gram-negative bacteria, the mono-unsaturated 

PLFA 16:1ω5 for arbuscular mycorrhizal fungi, saturated PLFA 15:0 for uncategorized 

bacteria, poly-unsatured PLFAs (18:1ω9, cis18:2ω6,9 and trans18:2ω6,9) for fungi, and 

unspecific	PLFAs	(16:1,	17:1,	18:1,	i19:0,	a19:0)	for	viable	biomass	(Hu	et	al.,	2018).	The	

NLFA 16:1ω5 was also used for arbuscular mycorrhizal fungi, as its PLFA counterpart 

can be also found in bacteria (Frostegård et al., 2011). The biomass of  each PLFA or 

NLFA group was used to compare microbial community composition among treatments.
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 Statistical analysis

 All analyses were carried out with R version 3.4.0 (R Development Core Team, 

2017) and data were analysed separately for both sites. Treatment effects (control, drought) 

and timing (Peak, After peak) and their interactions on leaf, soil and microbial C, N, P, 

C:N, C:P, N:P, as well as on the soil microbial PLFA groups (actinomycetes, arbuscular 

mycorrhizal fungi, total bacteria, gram-positive and gram-negative bacteria, protozoa) and 

fungal to bacterial ratio, were tested using a linear mixed effect model specifying ‘block’ 

as random factor. Data were log-transformed prior to analysis to improve and/or comply 

with the assumptions of  normality and homoscedasticity.

 Additionally, multiple factor analyses (MFA) were used at each site to link 

symmetrically leaf  nutrient traits, nutrients sequestered in microbes, soil available nutrients 

and soil microbial groups. This multivariate analysis allows simultaneous coupling of  

several	 groups	 or	 subsets	 of 	 variables	 defined	 for	 a	 same	 plot	without	 assuming	 any	

causal relationship (Borcard et al., 2011; Bernier and Gillet, 2012). MFAs included a 

matrix of  leaf  nutrient traits, a matrix of  microbial nutrient content, a matrix of  soil 

nutrient content and a matrix of  microbial groups (i.e., PLFA and NLFA biomass). The 

treatments (control, drought) and timing (Peak, After Peak) were added as supplementary 

factor in a passive group (non constrained) and centroids of  these factors were added 

in	the	MFA	graphs.	Then	we	calculated	RV	coefficients	with	the	package	‘FactoMineR’.	

These	RV	coefficients	were	used	to	test	links	between	the	CWM	leaf,	microbial	and	soil	

nutrients	and	soil	microbial	groups.	Finally	we	tested	the	RV	coefficients	to	obtain	the	

significance	of 	our	different	measured	parameters	on	each	dimension.

 Results

	 Natural	fluctuations	during	the	growing	season

	 A	significant	timing	effect	(i.e.,	during	vs.	after	the	peak	of 	growing	season)	was	

observed for a majority of  the measured variables at both sites (Table 6.1, 2, 3, 4). All soil 

variables	(except	Soil	P	at	Site	1)	were	significantly	affected	by	timing.	More	particularly,	
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Soil C and Soil C:P increased after the peak of  growing season at both sites, while Soil P 

decreased only at Site 2 (Table 6.1). The timing effect on Soil N, Soil C:N and Soil N:P 

was opposite between the two sites, with higher values at Site 2 and lower values at Site 1 

observed after the peak compared to during the peak of  growing season (Table 6.1). 

 No timing effect was found on Microbial C and Microbial N at both sites (Table 

6.2). However, over the growing season at both sites, Microbial P was higher at the peak 

of  growing season while Microbial C:P and Microbial N:P were higher after the peak of  

growing season (Table 6.2). Regarding soil microbial groups, we found a decrease in F:B 

ratio and in fungal, gram-negative bacterial and protozoal PLFAs biomasses after peak 

compared to during the peak of  biomass production (Table 6.3). By contrast, no seasonal 

variation was observed for actinomycetal and gram-positive bacterial PLFAs or AMF 

NLFAs biomasses.

 We found higher Leaf  C:N values at both sites after the peak compared to during 

the peak of  growing season, which was explained by a higher decrease in Leaf  N than 

Leaf  C at Site 1 and a strong decrease in Leaf  N at Site 2 (Table 6.4). By contrast Leaf  P, 

C:P	and	N:P	did	not	significantly	vary	over	the	growing	season.
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Chapter 6

Impacts of  drought during the growing season

 Drought effects depended on the measured variable, the compartment and site 

considered	(see	Tables	1,	2,	3,	4).	We	found	a	significant	effect	of 	drier	conditions	for	

all the variables measured in the soil, except for Soil C at both sites and Soil N:P at Site 

1 (Table 6.1). At both sites, Soil C:N was higher in drought compared to control plots 

due to a higher decrease in Soil N than in Soil C (Table 6.1). However, these effects were 

stronger	during	the	peak	of 	growing	season	at	Site	2,	as	shown	by	the	significant	Drought	

× Timing interaction on Soil N and Soil C:N (Table 6.1). Similarly, Soil C:P was higher in 

drought compared to control plots at both sites, due to a decrease in Soil P rather than 

a change in Soil C (Table 6.1). At Site 2, Soil N:P strongly decreased in drought plots 

only	during	the	peak	of 	growing	season,	as	shown	by	the	significant	Drought	×	Timing	

interaction (Table 6.1), which was explained by stronger effects on Soil N than on Soil P.  

	 At	both	sites,	we	found	a	significant	Drought	×	Timing	interaction	on	Microbial	

C:N (Table 6.2). At Site 1, Microbial C:N was higher in drought compared to control plots 

only during the peak of  growing season while, at Site 2, Microbial C:N was lower after 

than during the peak of  growing season only in control plots (Table 6.2). Drier conditions 

also reduced Microbial P and Microbial C:P at Site 1 and Microbial N at Site 2 (Table 6.2). 

Drought	had	no	significant	effect	on	soil	microbial	groups	at	Site	2,	whereas	at	Site	1,	

gram-negative, gram-positive, bacterial and actinomycetal PLFAs biomasses were lower in 

drought compared to control plots (Table 6.3).

 Leaf  traits were not affected by drought at Site 1 (Table 6.4). By contrast, at Site 

2,	Leaf 	C	 and	N	 significantly	decreased	with	drier	 conditions	but	only	when	drought	

occurred during the peak of  growing season (Drought × Timing interaction, Table 6.4). 

At Site 2, Leaf  C:P and N:P were also lower in drought compared to control plots (Table 

6.4), and this was due the strong decrease in Leaf  P with drier conditions. Leaf  N:P 

ranged between 14.4 and 16.6 at Site 1 and between 10.1 and 15.5 at Site 2, highlighting 

co-limitation for N and P at both sites (10 < Leaf  N:P < 20, see Güsewell, 2004)
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Nutrient cycling in the plant-microbe-soil subsystem 

 The MFA helped better understand the relationships between C, N and P within 

the plant- microbe-soil system as well as the main effects observed on the different 

measured variables in control and drought plots along the growing season (Figure 6.1a 

and b). At both sites, relationships between plants, soil and microbes were mostly driven 

by the timing during the growing season. Only Microbial C and N tended to decrease with 

drought at Site 2 (Figure 6.1b).

 Despite different soil characteristics between both sites, higher bacterial, fungal and 

protozoal biomasses and higher F:B ratio during the peak of  growing season was always 

associated with higher P sequestration in microbes, and also higher N and lower C:N in 

plants (Figure 6.1a and b). At Site 1, these correlations were independent of  variations 

in N and P in soil (Figure 6.1a), while at Site 2, the more fertile site, these observed 

plants-microbes relationships were related to higher soil N, P and N:P (Figure 6.1b), thus 

highlighting links between plants and soil for N resources and between microbes and 

soil	for	P	resources.	Importantly,	at	Site	1,	significant	variables	were	correlated	on	axis	2	

(Leaf  P, C:N, C:P and N:P; Soil N, P and C:N; and Microbial N, Figure 6.1a) but this was 

independent of  the timing during the growing season. 

 Site 2 presented a trend for Leaf  P and Soil N to jointly decrease under a drought 

accuring after the peak of  growing season ( Figure 6.1b), whereas this trend did not 

appear in Site 1 were soil N was depending on timing and decreasing after peak while leaf  

P appeared was tending to be under the control of  water conditions by increasing under 

drought.

 Discussion

 General differences in the plant-microbe-soil system between the two sites

 As expected, due to differences in soil characteristics between both grassland 

sites, strong differences were observed between Site 1 and Site 2 for the different soil 

parameters, and this independently of  drought or timing during the growing season. Soil 

C, as measured here (DOC), varied substantially between our two sites with higher values 
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at Site 2 compared to Site 1, likely due to higher organic matter content at Site 2 (8.5%) 

than	 at	 Site	 1	 (4.7%).	 Indeed,	DOC	has	 been	 shown	 to	 be	 explained	 by	 site-specific	

variation, such as annual precipitation, vegetation or microbial uptake (Jones, Shannon, V. 

Murphy, & Farrar, 2004), which could also explain the differences between our two sites. 

Soil N and P were also higher at Site 2, the site that we previously determined as being 

the more fertile of  our two sites (see also Meisser et al., 2019). The microbial community 

was more bacterial-dominated at Site 2 than at Site 1, while the proportion of  AMF was 

higher at Site 1. Overall, there was a higher abundance of  microbes at Site 2, which was 

reflected	by	higher	Microbial	C,	N	and	P.	By	contrast,	the	values	of 	C,	N	and	P	in	plant	

were in the same range for both sites. Moreover, at both sites Leaf  N:P values ranged 

between 10 and 20, highlighting co-limitation for N and P (Güsewell, 2004). 

 Timing effect on plant-microbe-soil subsystem 

 Seasonal variability was clearly the factor driving the strongest variations in the 

different	compartments	of 	the	plant-microbe-soil	system	at	both	sites.	This	finding	is	in	

line	with	our	first	hypothesis	and	with	the	observations	made	in	Chapter	2	for	other	plant	

traits	(i.e.	leaf 	dry	matter	content,	specific	leaf 	area	and	percentage	loss	of 	conductivity)	

in the same study sites. Soil nutrients were all affected by the timing during the growing 

season and showed a marked seasonal variability (with the exception of  soil P at site 

1, likely because it was already much lower than at Site 2). Both sites displayed a high 

seasonal variability in soil available C (DOC) with higher values after than during the 

peak of  growing season. As the amount and pattern of  precipitation were the same at 

the two time periods of  our study, the seasonal variability in DOC was either due to soil 

temperature or more complex interactions with plants and microbes. 

 An increase in Soil available C in summer has been also observed in an arenosol 

grassland site by Don & Schulze (2008). However in their study this increase was due to 

the highest soil temperature in summer that promoted organic matter degradation by 

microbes (Kalbitz et al., 2000; Don & Schulze, 2008). In our study there was also higher 

soil temperature after the peak compared to during the peak of  growing season (23 °C 

compared to 13 °C at Site 1, 19 °C compared to 17 °C for Site 2). -

 As reported in a previous study focusing on temperate grasslands (Liu et al., 

2016), soil available N (ammonium and nitrate) also varied over the growing season in the 
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present study. However, distinct patterns were observed between sites, with an increase 

over time at Site 1 while it decreased at Site 2. In their study, Liu et al. (2016) found a 

higher decrease in soil N in summer, due to a higher uptake by microbes and plants at 

this period. Similarly we observed a decrease in Soil N after the peak of  growing season 

at site 2 which was probably due to an increased microbial N uptake or a decrease in N 

mineralization as indicated by the increase of  Soil C:N ratio during the growing season. 

The	absence	of 	significant	change	in	Soil	P	over	time	at	Site	1	was	probably	due	to	the	

fact that Soil P was already very low at this site. The decrease in Soil P at site 2 was most 

likely due to the uninterrupted plant P uptake across the growing season, as previously 

shown by Chen, Condron, Davis, & Sherlock (2003).

 Surprisingly, we did not observe a seasonal variability in microbial C and N, 

while several previous studies reported a variation across seasons (Bardgett, Bowman, 

Kaufmann, & Schmidt, 2005; Jaeger, Monson, Fisk, & Schmidt, 1999). The main reason 

for such discrepancy could be the fact that such studies on seasonal variability in microbial 

nutrients focused on differences between winter, spring and/or summer, i.e. seasons with 

high climatic variations, while in the present study, the focus was on variations within 

the growing season with low amplitude climatic variations that are less limiting for the 

microbial community. However we observed a decrease in Microbial P at Site 1 probably 

due to the decrease in fungal biomass at this site after the peak of  growing season, since 

fungi	are	know	to	be	very	efficient	in	P	uptake	through	their	hyphae	structure	(Barnard	et	

al., 2013).

 Plant leaf  N decreased in the after peak period, most likely due to the lowest N 

uptake by a vegetation that started to senesce (Jaeger et al., 1999), or to leaf  N resorption 

and thus N allocation to other plant tissues such as roots (Brant & Chen, 2015). The fact 

that we observed effect of  seasonality on N in plant but not in microbial compartment 

could be due to the fact that the plant N uptake in soil occurs during the growing season 

while microbial N uptake occurs later, i.e. after plant senescence (Jaeger et al., 1999). 

Contrary to leaf  N, we observed no seasonal variability in leaf  P that stayed relatively 

constant over the growing season. One explanation could be related to the fact that leaf  

N:P values ranged between 10 and 20 suggesting an absence of  P limitation for plant 

growth in our two sites (Güsewell, 2004). 

 Drought effect on plant-microbe-soil system 
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 The fact that we observe a decrease in Soil N and P with drought might be due 

to the continuous uptake by plant during the growing season while the mineralization of  

N and P by microbes is lowest in Summer (Jamieson, Monaghan, & Barraclough, 1999), 

which leads to a depletion of  nutrients over the growing season. No effect of  drought 

on Plant C and P were observed at Site 1 whereas Plant C and P generally decreased 

with drought in Site 2 (except after the peak of  growing season for Plant C). The strong 

drought effect on plant C and P at Site 2 are in line with the results of  Chapter 2 on other 

plant traits (SLA, LDMC and PLC) on the same study sites that the authors explained 

by the deeper soil depth at Site 1 (90 cm) than at Site 2 (45 cm). The nutrients uptake 

could thus be better maintained at Site 1, as plants would be generally less affected by 

drought thanks to the deeper soil and potentially to stronger symbiotic interactions with 

AMF (more abundant at Site 1). Concerning N, the absence of  drought effect at both 

sites could be due to the fact that the grassland sites were already N-limited. In their 

experiment,	Jung	et	al.	(2014)	also	did	not	observe	significant	effect	of 	drought	on	CWM	

Leaf 	N	due	to	an	opposite	effect	of 	species	turnover	and	intraspecific	variability.	This	

opposite effect is less likely to be happening in our study sites were most of  the variation 

for	other	plant	traits	(SLA	and	LDMC)	was	due	to	95%	to	intraspecific	variability	(Vitra	

et al 2019).

 Contrary to our hypothesis and in opposition with the observations made for 

the plant compartments, there was no effect of  drought on soil microbial communities 

at Site 2 and the ones observed at Site 1 where not dependent on timing. Indeed, several 

studies has shown plants and microbes to compete for soil nutrients (Jackson, Schimel, 

& Firestone, 1989; Kaye & Hart, 1997; Zak, Groffman, Pregitzer, Christensen, & Tiedje, 

1990; Zhu, Riley, & Tang, 2017). According to Dikjstra et al. (2014), plants are better 

competitors for P while microbes are better competitor for N under drought stress. In the 

present study, Site 1 was the less fertile site with low amount of  Soil P but no limitation for 

plant growth (Leaf  N:P ratio between 10 and 20). At Site 1, there was a negative drought 

effect on Microbial P while Plant P did not vary. This observation plus the absence of  

drought effect on Plant N:P could suggest that plants were more homeostatic at Site 1 

and were thus not limited by P. By contrast, the decrease in microbial P under drought, 

simultaneously to the decrease in Soil P, suggest that microbes failed in competing with 

plants for P resources. However plant N:P ratios are to be interpreted carefully in a 

context	of 	drought	as	Cernusak	et	al.	(2010)	observed	that	under	a	deficit	in	soil	water	

the mobility of  N was increasing in comparison with the one of  P and that the water use 

efficiency	was	positively	correlated	with	leaf 	N	and	negatively	with	leaf 	P.	This	two	aspect	
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could also have a role on our N:P ratios. Moreover the change in leaf  N:P ratio has been 

shown to be most likely due to a change in leaf  P rather than leaf  N due to the different  

forms under which they are being stocked by the plants, i.e. inorganic for P and organic 

for N (Chapin et al., 1990; Ostertag, 2010), which leads to stronger variations in leaf  P. In 

addition, Townsend et al. (2007), showed that plant P variations were related to variations 

in soil P whereas plant N variations were not related to soil N.

 At the more fertile soil (Site 2), mechanisms were completely different as Plant P 

was affected by drought whereas it was not the case for Microbial P. Plant being usually 

better competitor than microbes for Soil P (Dikjstra et al., 2014) this result might sound 

contradictory. However the explanation behind these differences in P competition might 

be due to the differences in Soil pH between the two sites (pH Site 1 = 5.8 and pH Site 

2 = 7.5). Indeed, P uptake by plant has been shown to be strongly affected by soil pH 

due to the coupling of  P with protons with pH above 6-7 making P less available for 

plants (White, 2012).  Interestingly, an increase in pH has been shown under drought in 

grasslands (Jiao, Shi, Han, & Yuan, 2016) and tend to promote bacteria over fungi with the 

highest bacterial growth around pH = 8 (Rousk, Brookes, & Bååth, 2009). The combined 

effect of  lower P availability for plants and higher bacterial growth under higher pH could 

thus explain that at Site 2 microbes performed better at competing for Soil P despite a 

decrease in its availability under drought. 

 The few interactions between drought and timing during the growing season were 

mainly observed at Site 2 and related to N cycling. Indeed, we observed a lower Soil N, 

as well as lower Plant C and N, under drought only when occurring during the peak 

of  growing season at Site 2. Interestingly, there was no effect of  this change in soil N 

availability on the microbial communities’ responses to drought, despite variability of  

the microbial communities composition along the growing season. These results suggest 

that, at Site 2, plants were potentially more affected by drought-induced reduction in soil 

N than microbes. The trend in a joint decrease of  Soil N and leaf  P under drought after 

the peak of  growing season, found only in Site 2, is also going into that direction and 

could be explained by a slow down in plant P uptake. As mentioned earlier, microbes 

being better competitor for N under drought stress (Dikjstra et al., 2014), microbes were 

more succesfull under the more intense drought after the peak of  growing season which 

ultimately led to a slow down in plant activities such as P uptake.
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 Conclusion

 Our study highlighted strong spatio-temporal variations in the C-N-P cycling. 

Indeed, the mechanisms linked with C-N-P cycling varied strongly between our two 

grassland sites and along the growing season. Our two sites having very similar plant 

communities with the same most abundant plant species, the differences we observed 

were most likely due to differences in soil physico-chemical properties and microbial 

communities. Indeed the belowground differences between our two sites revealed a 

strong difference in the plant-microbe competition for nutrients. Even if  we did not 

observe much interaction between drought and timing here, the reduced aboveground 

productivity related to a decrease in SLA observed at Site 2 after the peak of  biomass by 

Vitra et al. (2019) could be partially explained by a reduction in soil N at the same period. 

Yet, the interaction between drought and timing should still be considered in order to 

plan future management in grasslands. Overall, our study emphasizes the need to adapt 

grassland	management	 to	 local	 specificities	 and	 optimize	 the	C-N-P	 cycling	 of 	 those	

systems accordingly.
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 DISCUSSION

 7.1. Preamble

Most of  drought experiments in grasslands consist in a single drought event with a total 

interruption of  the precipitations (Kreyling et al., 2017, see Figure 1.9 in Chapter 1). However, 

drought events are not likely to happen under such conditions in the current century. In this 

thesis, by using more realistic drought treatments, applied as precipitation reduction with 

respect to a thirty-year precipitation average, I emphasized the importance of  the period 

of  the vegetation-growing season at which a drought event occurs. This is important to 

anticipate grasslands’ responses to forecasted climate changes. Moreover, I highlighted 

the possible interactions and pathways underlining the mechanisms through which water 

shortage is affecting plant communities.

 I showed that a drought occurring later in the growing season induced a stronger 

reduction in aboveground productivity than a drought occurring during the peak of  growing 

season (Chapters 2, 4 and 5). I observed that this decrease in aboveground productivity 

was	mediated	by	 an	 intraspecific	variability	 in	 the	 functional	 traits	of 	 the	most	 abundant	

plant species and was more severe under intensive mowing (Chapters 2 and 3). Then, I 

demonstrated that the effect of  drought on plant aboveground and belowground productivity 

was dependent on soil type and modulated by the response of  microbial communities. 

(Chapters 4,5 and 6). To summarize, the effect of  timing of  drought was mediated by local 

climatic conditions, while the effect of  drought per see was mediated by shift in plant traits 

and by differences in soil type and microbial communities.

 This chapter aims at reviewing the main results of  the different chapters of  the thesis. 

I will discuss differences of  effects between a drought occurring at the peak of  the growing 

season and a drought happening later in the vegetation-growing season. Then, I will evaluate 

the different mechanisms related to the drought-induced decrease in aboveground biomass 

production and how these mechanisms interact to modulate grasslands’ communities’ 

responses to drought. Finally, I will give some insights for further research aiming at 

improving our ability to predict drought effects in grassland systems.
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 7.2. Summary of  the key findings

 Seasonal variability and effect of  drought along the grassland growing season

 During the two vegetation-growing seasons I surveyed in this study, I observed an 

overall seasonal variability in plant functional traits (chapters 2, 3 and 6). This variability 

was consistent with the profound relationship between plant growth and air temperature, 

as observed also by Parent & Tardieu (2012). When plant traits where measured early in the 

season, respectively at the end of  the peak of  biomass production period, their development 

was issued from a two months period with relatively lower air temperature than when they 

where measured at the end of  the two consecutive months after the peak of  growing season. 

With	higher	temperature,	vapour	pressure	deficit	(VPD)	increases	(Merilo	et	al.,	2018)	and	

makes the leaf  stomata to close to avoid water loss through transpiration (Will, Wilson, Zou, 

& Hennessey, 2013). This change in stomatal closure is thus directly affecting photosynthetic 

rates that have been shown to be directly related to leaf  functional traits such as SLA and 

LDMC (Garnier, Salager, Laurent, & Sonié, 1999; Vile et al., 2005).

	 In	order	to	grow,	plant’s	leaves	need	an	efficient	water	flux	in	order	to	perform	growth	

through cell expansion, achieved by enhancing turgor pressure on the cell walls (Pantin, 

Simonneau,	&	Muller,	2012).	The	measurements	of 	hydraulic	conductivity	were	reflecting	

the hydraulic status at the community level at one time point, whereas the other structural 

leaf  traits were integrating all the environmental conditions the community was subjected 

to along the growing season (during or after the peak of  growing season). Under drought, 

I observed a decrease in hydraulic conductivity (higher percentage loss of  conductivity - 

PLCp) that was stronger later in the growing season (chapter 2), meaning that less water was 

transported to the leaves. Yet the response of  morpho-anatomical plant traits to drought was 

partially mediated by shift in the hydraulic status of  the vegetation rather than by limitation 

in C. More generally, the effect of  drought on leaf  traits related to nutrient content was not 

affected by the timing during the growing season (chapter 6), unlike the morpho-anatomical 

(SLA and LDMC) and the hydrological (PLCp) traits. Most likely, the higher temperatures 

occurring later in the growing season acted as a catalyser of  the drought effect by increasing 

VPD (Sack & Scoffoni, 2012) and thus leading to a stronger drought-decrease in water 

conductivity in the plant tissue (chapter 2). The effect of  drought on plant nutrients traits 

seemed overall homogenous along the growing season (chapters 5 and 6).

Specifically,	leaf 	traits	related	to	cell	elongation	were	tightly	linked	with	the	interactive	effect	

of  drought and air temperature, as shown by interactive effects of  drought and timing, 
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whereas leaf  traits related to nutrients were most importantly interacting with belowground 

processes that I will detail in the next paragraph.

 Plant-microbe-soil interactions under drought

 The relationship that we observed between leaf  nutrient traits and belowground 

processes	were	strongly	site	specific	(chapter	4,	5	and	6).	As	the	vegetation	was	quite	similar	

between the two sites at low and intermediate elevation, this variability between sites was 

broadly explained by differences in soil characteristics, nutrient limitations and microbial 

communities. The two sites presented differences in their physico-chemical attributes and 

in the characteristics of  their microbial communities that are summarised in Table 7.1. The 

interaction of  these different features with plant communities under drought occurred mainly 

through	discrepancies	in	the	biotic	interactions	between	the	two	sites.	More	specifically,	leaf 	

phosphorus (P) was directly affected by drought at the less fertile site, whereas at the more 

fertile site the drought-induced reduction in leaf  P occurred through an increase in microbial 

competition between plants and microbes (chapter 5 and 6).

 In chapter 3, by placing some pots with soil of  Site 2 (intermediate elevation) under 

higher temperature of  Site 1 (low elevation), we showed that the microbial community of  

Site 1 was more strongly responsive to local climatic conditions whereas the one of  Site 2 was 

mainly responding to temperature. In chapter 6, I observed that in Site 1 changes in microbial 

community composition where occurring under drought, whereas in Site 2 drought had no 

effect on microbial community composition. Interestingly, this observation could explain 

the observation made on the decomposition of  green tea bags (Keuskamp, Dingemans, 

Lehtinen,	Sarneel,	&	Hefting,	2013)	buried	in	the	plots	during	the	following	“cold”	season	

from end of  October to February (see Figure 7.1). The use of  identical teabags enabled 

us to compare the differences in the degrading capacities of  the microbial communities, 

without taking into account the litter quality. Over this period, no legacy effect of  drought 

was observed on decomposition at Site 1 whereas Site 2 exhibited lower decomposition rate 

in the plots that were formerly subjected to a drought after the peak of  biomass production, 

compared to control plots. Moreover, decomposition rate was higher at Site 1 than at Site 2. 

Meisner et al. (2018) showed that the legacy of  a drought event could still lead in differences 

in the microbial community after rewetting. We could imagine that the effect of  drought 
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on microbial community at Site 2 was not happening directly during the drought but was 

delayed	 later	 in	the	“cold”	season,	probably	by	 interacting	with	the	plant	community	that	

was more affected by a late-season drought event at this site. These results emphasize 

the importance of  looking at both aboveground and belowground community to predict 

the results of  grasslands to climate change (Bardgett, Manning, Morriën, & Vries, 2013). 

However	a	limitation	of 	my	thesis	is	that	I	gained	interest	in	the	soil	processes	after	the	first	

year of  measurements was made for plant traits, yet soil variables where only monitored for 

one growing season. As unveiled by (Sayer et al., 2017), climate change could lead to effects 

on soil community (as also suggested by the resulting litter decomposition in our second 

site). Monitoring plant traits and soil microbial communities’ composition on an additional 

year	 could	have	 specified	 the	mechanisms	 linking	plant	 and	microbes	 in	 the	 response	of 	

grasslands to drought.

  Consequences for aboveground productivity

 The principal interest of  land users in the response of  grasslands to drought lays in 

the effect of  water shortage on forage yields, i.e. on aboveground productivity. In my thesis, 

I showed that the reduction in aboveground productivity in relation to drought was stronger 

when the drought happened later in the season, after the peak of  growing season (chapter 

2 and 3). I also showed that the effect of  drought on plant aboveground productivity was 

strongly site dependent, as suggested by Gilgen & Buchmann (2009), and highly depended 

on soil characteristics and microbial community composition and activity (chapters 4, 5 and 

6). 

 On one hand these results are encouraging because most of  the biomass is being 

produced earlier in the season (i.e. during the peak of  growing season) and the stronger 

effect of  a drought occurring later in the season would lead to smaller losses in forage. On 

the other hand, they also bring evidence for the effect of  drought on forage quality through 

Site 1 Site 2  
Lower productivity (less fertile) Higher productivity (more fertile) 
Low organic matter content (4.7 %) High organic matter content (8.5 %) 
Soil depth = 90 cm  Soil depth = 45 cm 
pH = 5.8 pH = 7.5 
Higher sand content Higher clay content 
Lower total microbial biomass Higher total microbial biomass 
Higher limitation in P Lower limitation in P 
	

Table 7. 1  - Recapitulative table of  the characteristics of  Site 1 and Site 2 (Chapter 4,5 and 6)
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an increase in LDMC that causes a lower forage digestibility (Al Haj Khaled et al., 2006) and 

on forage nutrient contents through the effect of  soil fertility and microbial communities on 

leaf  C, N and P (chapter 4,5,6). 

 

 

Figure 7.1 - Percentage of  decomposition of  green tea, used as a proxy for litter decomposition 
measurement, at (a) Site 1 and (b) Site 2 in control plots (C), plots that experiences early-
season drought (ED) and plots that experiences late-season drought (LD). Green tea bags 
were buried at 8 cm depth from end of  October 2016 to February 2017 with a mesh size of  
0.25 mm that allowed for microorganisms to enter but excluded roots and macro-organisms 
(for details on the method see (Keuskamp et al., 2013). Bars with different letters are 
significantly	different	(One-way	Anova	followed	by	Tukey	tests).	Litter	decomposition	rate	
was	significantly	higher	at	Site	1	than	at	Site	2	(test	not	shown	on	the	plots).	
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7.3. Perspective fo future research

 In this study, I looked at the plants’ responses to different timings of  drought, 

focusing on the plant community level. Yet, different species are having different mechanisms 

to cope with drought that can be characterised by the variation of  their traits values under 

drought (Volaire, 2008). For instance, high LDMC has been showed to relate to higher 

survival under drought (Bongers, Olmo, Lopez-Iglesias, Anten, & Villar, 2017). Moreover, in 

trees, hydrological traits such as PLCp and P50 (xylem pressure for which 50% of  hydraulic 

conductivity is lost in the plant xylem), has been shown to strongly relate to drought survival 

in trees (Anderegg et al., 2016). In addition, a recent study demonstrated that embolism 

formation in herbaceous species  –formation of  air bubbles in the xylem vessels leading to 

a	deficit	in	hydraulic	conductivity	–	does	not	seem	to	be	uncommon	as	they	share	common	

ranges of  P50 with tree species (Lens et al. (2016). This suggests that herbs and woody plants 

exhibit similar strategies to avoid drought-induced embolism. Vulnerability curve determined 

at the Caviplace (University of  Bordeaux, Talence, France; http://sylvain-delzon.com/

caviplace) (for details on the method see Cochard et al., 2005) for several species of  our 

experiment	 (see	figure	7.2),	 showed	that	 for	a	decrease	of 	50%	in	hydraulic	conductivity,	

grass species exhibited  much more negative pressure in their xylem (roughly between -3 and 

-4.5 MPa) than forbs species, which ranged from -1.5 to -2 MPa (Figure 7.2); Signarbieux et 

al.	in	prep.).	In	the	field,	we	observed	that	forbs	reached	negative	xylem	pressure	around	the	

values of  their P50, whereas grasses never reached their P50 (Table 7.3). These observations 

call for an assessment of  drought response mechanisms by functional group of  species. 

Moreover, forbs could cope with drought despite leaf  senescence by adopting a drought 

avoidance strategy of  their leaves and surviving drought by keeping their meristem structures 

intact (Volaire, 2008). Yet, instead of  calculating CWM traits for the all community, the 

calculation	of 	“group”	weighted	mean	for	grasses	and	for	forbs	could	give	us	insights	on	

the	differences	in	drought	responses	between	those	two	plant	groups	and	possible	specific	

relations to other variables such as soil properties and microbial community composition. 
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Figure 7. 2 - Mean vulnerability curves (VCs) of  the ten studied grasslands species from site 
1 and 2, obtained with the cavitron technique. The curves represent the degree of  embolism 
as percentage loss of  hydraulic conductivity (%) in function of  the xylem pressure (MPa). 
Solid lines represent the grasses, while dashed lines show the forbs. Each curve (N=3 to 5) 
is	given	with	its	SE	(shading).	The	insert	in	the	upper	right	corner	of 	the	figure	shows	the	
mean value of  the P50 (i.e. xylem pressure inducing 50% loss of  hydraulic conductivity) for 
both all grasses and forbs.
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 In my thesis, I tried to adopt a realistic approach of  drought by simulating a drought 

event as predicted to happen by the end of  the century (CH, 2011), using a two-month 

decrease in 70% of  the average precipitation of  the last 30 years. However, Jentsch et al. 

(2007) stated that extreme events would lead to stronger effects on plants communities 

composition	than	decrease	in	the	average	precipitation.	They	defined	an	extreme	event	by	its	

magnitude and duration, but also take into account its timing, most importantly in regard to 

the life cycle of  the organisms subjected to this stress. Moreover, Llorens & Peñuelas (2005) 

have observed the phenology of  shrublands to be altered by drought and raised awareness 

on the possible implications this could have for community composition. In my thesis, I did 

not record phenology, yet by combining ideas from these two studies and a plant functional 

approach, an experiment could be setup applying extreme drought at different phenological 

stages of  grassland species. By recording different morpho-anatomical and physiological 

plant traits, we could determine the most critical stages in terms of  drought sensitivity along 

the ontogenic development of  the targeted plant species. The following years, we could 

observe if  there is a time shift in the onset of  the different phenological stages. Moreover, a 

shift in plant phenology could lead to differences in nutrient cycling and thus interact with 

the microbial community and composition (Miki & Doi, 2016). Yet, microbial community 

Species	 	 P50	(MPa)	 	 Ψmin	(MPa)	 	 	 	 	

	 	 	 	 2015	 	 2016	

Grass	 	 	 	 C	 D	 	 C	 D	
Dactilys	glomerata	 	 -3.44	±	0.20	 	 -2.20	±	0.02	 -2.72	±	0.07	 	 -1.89	±	0.11	 -2.26	±	0.18	
Lolium	perenne	 	 -3.21	±	0.23	 	 -2.00	±	0.06	 -2.74	±	0.19	 	 -1.74	±	0.10	 -2.35	±	0.05	
Phleum	pratense	 	 -3.84	±	0.20	 	 -2.09	±	0.07	 -2.24	±	0.13	 	 -2.21	±	0.11	 -2.22	±	0.23	
Poa	pratensis	 	 -3.65	±	0.20	 	 -2.40	±	0.13	 -2.91	±	0.16	 	 -1.92	±	0.18	 -2.66	±	0.20	
Agrostis	capillaris	 	 -4.50	±	0.47	 	 -2.41	±	0.14	 -2.51	±	0.07	 	 -2.34	±	0.23	 -2.31	±	.011	
Festuca	rubra	 	 -3.53	±	0.23	 	 -2.18	±	0.18	 -2.39	±	0.06	 	 -2.70	±	0.31	 -2.98	±	0.29	
	 	 	 	 	 	 	 	 	
Eudicot	 	 	 	 	 	 	 	 	
Alchemilla	vulgaris	 	 -1.87	±	0.05	 	 -2.41	±	0.57	 -2.22	±	0.20	 	 -1.87	±	0.3	 -2.09	±	0.03	
Ranunculus	acris	 	 -1.56	±	0.05	 	 -1.96	±	0.11	 -2.48	±	0.19	 	 -1.73	±	0.06	 -2.18	±	0.05	
Taraxacum	officinale	 	 -1.69	±	0.08	 	 -1.59	±	0.05	 -2.61	±	0.21	 	 -1.49	±	0.11	 -2.37	±	0.25	
Trifolium	repens	 	 -2.32	±	0.09	 	 -1.92	±	0.05	 -2.74	±	0.06	 	 -1.87	±	0.24	 -2.40	±	0.10	

	
Table 7. 3 Summary of  the hydraulic parameters with P50 (MPa) as the xylem pressure at 50% 

loss of  conductivity,Ψmin (MPa) as the minimum leaf  water potential reached throughout 
the growing season 2015 and 2016 of  the 10 species considered within control (C) and 
drought (D) conditions. For drought, plants were taken indifferently from plots with early 

drought (ED) and late drought (LD). Values of  Ψmin and safety margin are means ± 1 S.E. 
for n=6.
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composition and microbial nutrients could also be recorded to assess how the belowground 

microbial community interacts with a drought-induced shift in plant phenology.  Finally, 

our observations on the effects of  soil types and microbes on the decrease of  a single 

species belowground biomass (Chapter 4) paved the way for more research in that direction. 

Bardgett et al.(2014) have exposed the importance of  root traits in shaping the relationship 

between plants and microbial communities and their close relationship with nutrients cycling. 

Incorporating root traits to assess the response of  grasslands to different timing of  drought 

could lead to a better understanding on the biotic interactions between plants and soil 

microbes and their consequences on aboveground productivity.

 7.4 Conclusions and recommandations for grasslands’ management under a 

drier future 

 In this thesis, the combination of  agronomic, functional and ecophysiological 

approaches provided a better understanding on the mechanisms underlying forage losses in 

temperate grasslands. The stronger effect of  drought in the latest part of  the growing season 

is a rather encouraging result as it means that over the all-year cycle the losses in forage are 

less substantial as most of  the aboveground biomass is produced earlier. Yet, the decrease 

in aboveground productivity in summer might still remain problematic to sustain the high 

quality of  swiss milk that relates on mostly grass fed cows. For swiss farmers, the last years 

have	raised	awareness	on	the	financial	risk	of 	summer	droughts	and	since	very	recently	(2016)	

insurances companies have been providing contracts to insure grasslands production against 

droughts	(article	published	in	the	journal	“24	hours”	on	the	4th	of 	April	2019).	The	present	

thesis proposes insights to limit forage losses under summer drought. I demonstrated that a 

soil with higher organic matter content limited the deleterious effect of  summer drought on 

above ground productivity. Thus, amendments in organic matter to grasslands could prevent 

or limit the decline in above ground productivity and thus sustain grassland production. A 

possible solution could be to add compost issued from organic green waste, which has been 

recently shown to improve greatly grasslands’ plant productivity and increase carbon storage 

without altering species composition (Ryals et al., 2016). Besides, I observed that the forage 

loss induced by water shortage was higher under intensive mowing. Yet, in a context of  

increase in magnitude and frequency of  summer droughts, grasslands’ management should 

go towards more extensive practices to limit further forage losses. To conclude, this thesis 

has made visible the importance of  diversifying the observations, from plant to soil and 

microbial communities, but also from the plant physiological to community level, in order to 
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improve our understanding on the implications of  drier summers on grassland productivity.
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Table 2.S1 - Summary table of  the effects of  seasonality, inter-annual variability, and their 
interactions on plant species relative abundance, functional (SLA: surface leaf  area, LDMC: 
leaf  dry matter content) and hydraulic (PLCp: predicted percentage loss of  conductivity) 
traits in control plots at Site 1 (Chéserex) and Site 2 (Saint-George). Seasonal (Season: 
Peak, After peak, End) and inter-annual (Year: 2015, 2016) variability effects were tested 
using linear mixed-effect model (packaged ‘nlme’) specifying ‘block’ as random factor. 
When necessary, data were log transformed to comply with the assumptions of  normality 
and homoscedasticity. Statistical outputs are not shown for SLA of  Poa pratensis and 
Trifolium repens at Site 1 since model residuals did not comply with the assumptions of  
normality.	Overall,	results	show	strong	significant	effects	of 	the	season	on	both	plants	
species abundance and functional and hydraulic traits.
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Table 2.S2 - Summary of  the experimental drought effects on soil moisture for the control 
(C), early- (Early) and late-season (Late) drought treatments along the season (Peak: peak 
of  growing season, After peak: after peak of  growing season and End: end of  growing 
season) and the two years (2015 and 2016) at both sites (Site 1, Chéserex and Site 2, Saint-
George). The mean soil moisture (± 1SE) has been performed by TDR measurements. 
The difference between control and drought is the mean percentage difference of  soil 
moisture (± 1SE) between drought plots and their respective control plots (note that only 
the current drought of  each time period appears, i.e. Early at Peak and Late in After Peak). 
The difference between control and drought after two months is the mean percentage 
difference of  soil moisture (± 1SE) between drought plots two months after the end of  
the drought (i.e., during this two months drought plots are watered similarly to control 
plots) and their respective control plots (note that only the two months after drought 
recovery treatment of  the corresponding time period appears, i.e., Early at After peak and 
Late at End).
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Figure 2.S1	-	Network	of 	linkages	between	plant	leaf 	economic	(SLA,	specific	leaf 	area;	
LDMC, leaf  dry matter content) and hydraulic (PLCp, predicted percentage loss of  
conductivity) traits and aboveground biomass under drought according to knowledge 
from the literature. Signs indicate positive (+) or negative (-) correlations between variables 
and numbers refer to the literature supporting the expected links between variables.
1 – Anderegg et al., 2016; Choat et al., 2012; Cochard et al., 1996.

2 – Deléglise et al., 2015; Jung et al., 2014.

3	–	Cornwell	and	Ackerly	2009;	Deléglise	et	al.,	2015;	Griffin-Nolan	et	al,	2018;	Jung	et	
al., 2014.

4 – Bloor et al., 2010; Buttler et al., 2019; Gilgen and Buchmann, 2009; Kahmen et al., 
2005; Mariotte et al., 2013. 5 – Kursar et al., 2009; Vinya et al., 2012.

6 – Kursar et al., 2009; Pérez-Ramos et al., 2013; Villagra et al., 2013; Vinya et al., 2012.

7 – Deléglise et al., 2015; Jung et al., 2014; Pontes et al., 2007.

8 – Chaves et al., 2003; Choat et al., 2012.

9 – Deléglise et al., 2015; Wellstein et al. 2017.

10 – Deléglise et al., 2015.
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Figure 2.S2 - Relative abundance (± 1SE) of  the most abundant species along the season 
(P: peak of  growing season, AP: after peak of  growing season and E: end of  growing 
season) for the two years (2015 and 2016) at Site 1 (Chéserex) and the three drought 
treatment (Control, Early, Late). For each sampling time, drought treatment effect has 
been	 tested	 using	ANOVA	 specifying	 ‘Drought	 treatment’	 as	 fixed	 factor	 and	 ‘Block’	
as	 error	 term.	When	 drought	 treatment	 had	 significant	 effects	 on	 species	 abundance,	
significant	 differences	 between	 the	 three	 drought	 treatments	 have	 been	 evaluated	 by	
Tukey	test.	For	each	sampling	time,	points	with	different	letter	are	significantly	different	
(P	<	0.05).	Overall,	drought	 (early-	or	 late-season)	did	not	significantly	 impact	species	
relative abundance by comparison to the control (except in late-season drought for Lolium 
perenne	in	2015	and	Taraxacum	officinale	in	2016).
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Figure 2.S3 - Relative abundance (± 1SE) of  the most abundant species along the season 

(P: peak of  growing season, AP: after peak of  growing season and E: end of  growing 

season) for the two years (2015 and 2016) at Site 2 (Saint-George) and the three drought 

treatments (Control, Early, Late). For each sampling time, drought treatment effect has 

been	 tested	 using	ANOVA	 specifying	 ‘Drought	 treatment’	 as	 fixed	 factor	 and	 ‘Block’	

as	 error	 term.	When	 drought	 treatment	 had	 significant	 effects	 on	 species	 abundance,	

significant	 differences	 between	 the	 three	 drought	 treatments	 have	 been	 evaluated	 by	

Tukey	test.	For	each	sampling	time,	points	with	different	letter	are	significantly	different	

(P	<	0.05).	Overall,	drought	 (early-	or	 late-season)	did	not	significantly	 impact	species	

relative abundance by comparison to the control (except at the end of  the season after a 

late-season drought for Trifolium repens in 2015 and Poa pratensis in 2016).
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Figure 3.S1 - Interactive effects of  drought (control, open bars; drought, grey bars) and 
timing during the growing season (Peak, After Peak) on community-weighted mean (CWM) 
at	 the	 three	 sites	 (Site	1,	Site	2,	Site	3).	Different	 letters	denote	 significant	differences	
among treatments. CWMSLA is expressed in cm-2 g-1.

Table 4.S1 - Soil characteristics
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Ttable 4.S2 - Overall statistical comparisons (ANOVA).

Figure 4.S3 - Mean (± SE) soil moisture measured with TDR at 10 cm depth (N=5) 
before the growing season (T0), after the early-season drought (T1), after the late-season 
drought (T2) and at the end of  the growing season (T3). Both soil types were transplanted 
each in the two sites, the low site (Chéserex, 540 m a.s.l - left) and the high site (St-George, 
945 m a.m.- right). Black hatching highlights when pots were experiencing drought, either 
early-season (Early, T1) or late-season drought (Late, T2) treatment, while grey hatching 
highlights pots that were previously subjected to drought. No hatching corresponds to 
either control pots (C) or to pots which did not yet undergo the drought treatment (e.g 
Late in T1). ANOVA tests are given for each soil with site effect (S), drought effect (D) 
and their interaction (SxD), and the overall test is given in italics with soil effect (G) and 
interaction	with	S	and	D.	Significance	levels	are	P<0.001	(***),	P<0.01	(**),	P<0.05	(*)	
and P<0.10 (.).

Over the growing season, both soil types placed at the high site maintained generally 
higher soil moisture (T1, T2 and T3; with P<0.01 in HOM soil, P<0.05 in LOM soil and 
marginally	significant	in	HOM	soil,	and	P<0.001	in	both	soils,	respectively)	as	compared	
to the low site. Both early-season (T1; P<0.01) and late- season (T2; P<0.001) droughts 
strongly decreased soil moisture. There was a legacy effect of  drought in the clay- loam 
high-organic soil (HOM) at the end of  the growing season (T3; P<0.05), but not in the 
loamy low-

organic soil (LOM). Soil effect (P<0.05) and its interaction with drought (P<0.001) were 
significant	only	in	T2.
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Figure 4.S4 - Mean (± SE) soil temperature measured at 10 cm depth (N=5) before the 
growing season (T0), after the early-season drought (T1), after the late-season drought 
(T2) and at the end of  the growing season (T3). Both soil types were transplanted each in 
the two sites, the low site (Chéserex, 540 m a.s.l - left) and the high site (St-George, 945 
m a.s.l. - right). Black hatching highlights when pots were experiencing drought, either 
early-season (Early, T1) or late-season drought (Late, T2) treatment, while grey hatching 
highlights pots that were previously subjected to drought. No hatching corresponds to 
either control pots (C) or to pots which did not yet undergo the drought treatment (e.g 
Late in T1). ANOVA tests are given for each soil with site effect (S), drought effect (D) 
and their interaction (SxD), and the overall test is given in italics with soil effect (G) and 
interaction	with	S	and	D.	Significance	levels	are	P<0.001	(***),	P<0.01	(**),	P<0.05	(*)	
and P<0.10 (.).

Soil temperature showed a consistent pattern with site elevation. While at the period of  
early-season drought there was no temperature differences between sites for both soils 
(T1), later in the season soil temperature became much higher at the low site, as compared 
to the high site (T2 and T3; P<0.001). The drought had a weak or marginal effect during 
the early and late-season droughts. There was also a soil effect in the different sampling 
periods T1, T2 and T3, with P<0.1, P<0.05 and P<0.01, respectively, and interaction with 
site and drought in T1 (P<0.01).
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Figure	4.S5.	Mean	(±	SE)	total	root	biomass	of 	Lolium	perenne	(N=5)	at	final	harvest	
(T3) in the control pots and in the pots that experienced either early-season or late-season 
drought treatments for the two soil types and the two sites at low (540 m a.s.l - left) and 
high (945 m a.s.l – right) elevation. ANOVA tests are given for each soil with site effect 
(S), drought effect (D) and their interaction (SxD), and the overall test is given in italics 
with	soil	effect	(G)	and	interaction	with	S	and	D.	Significance	levels	are	P<0.001	(***),	
P<0.01 (**), P<0.05 (*) and P<0.10 (.).
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Figure 4.S6 - Mean (± SE) ratios of  soil (0-12 cm) microbial C/N (a), C/P (b) and N/P 
(c)	at	final	harvest	 (T3)	 in	the	control	pots	and	 in	the	pots	with	early-season	and	 late-
season drought treatments for the two soil types and the two sites at low (540 m a.s.l 
- left) and high (945 m a.s.l – right) elevation. ANOVA tests are given for each soil with 
site effect (S), drought effect (D) and their interaction (SxD), and the overall test is given 
in	italics	with	soil	effect	(G)	and	interaction	with	S	and	D.	Significance	levels	are	P<0.001	
(***), P<0.01 (**), P<0.05 (*) and P<0.10 (.).
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Figure 4.S7 - Mean and SE (N=5) soil (0-12 cm) N-NH4 (a), N-NO3 (b) and extractible 
P	(c)	at	final	harvest	(T3)	in	the	control	pots	and	in	the	pots	with	early-season	and	late-
season drought treatments for the the HOM soil and the two sites at low (540 m a.s.l 
- left) and high (945 m a.s.l – right) elevation. ANOVA tests are given for each soil with 
site effect (S), drought effect (D) and their interaction (SxD), and the overall test is given 
in	italics	with	soil	effect	(G)	and	interaction	with	S	and	D.	Significance	levels	are	P<0.001	
(***), P<0.01 (**), P<0.05 (*) and P<0.10 (.).
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Figure 5.S1 - N-cycling parameters at Site 1 (left panel) and Site 2 (right panel) in the 
experimental plots subjected to the drought manipulation (C: Control, E: Early-season 
drought, L: Late-season drought) during the plant growing season (Time: T1, T2 and T3). 
(a, d) Soil dissolved inorganic nitrogen concentration (Soil N in mg.kg-1), (b, e) Microbial 
nitrogen content (Microbial N in mg.kg-1) and (c, f) Forage nitrogen nutrition index 
(Forage NNI). Dark grey bars highlight when plots were experiencing drought, either 
early-season (T1, E) or late-season drought (T2, L) treatment, while grey bars highlight 
plots that were previously subjected to drought
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Figure 5.S2 - P-cycling parameters at Site 1 (left panel) and Site 2 (right panel) in the 
experimental plots subjected to the drought manipulation (C: Control, E: Early-season 
drought, L: Late-season drought) during the plant growing season (Time: T1, T2 and 
T3). (a, d) Soil phosphorus concentration (Soil P in mg.kg-1), (b, e) Microbial phosphorus 
content (Microbial P in mg.kg-1) and (c, f) Forage phosphorus content (Forage P in mg.g-
1). Dark grey bars highlight when plots were experiencing drought, either early-season 
(T1, E) or late-season drought (T2, L) treatment, while grey bars highlight plots that were 
previously subjected to drought. Note the different scales for Soil P for Site 1 and 2, 
reflecting	large	differences	between	both	sites.
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Figure 5.S3 - Network of  causal relationships among all measured variables related to N 
or P-cycling according to knowledge from the literature.

Figure 5.S4 - Relative abundance (± 1 SE) of  plant functional groups: (a,d) grasses, (b,e) 
forbs and (c,f) legumes at Site 1 (left panel) and Site 2 (right panel) in the experimental 
plots subjected to the drought manipulation (C: Control, E: Early-season drought, L: 
Late-season drought) during the plant growing season (Time: T1, T2 and T3). Dark grey 
bars highlight when plots were experiencing drought, either early-season (T1, E) or late-
season drought (T2, L) treatment, while grey bars highlight plots that were previously 
subjected to drought.
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P r o d u c t i o n  v é g é t a l e

I n t r o d u c t i o n

Le changement climatique, et particulièrement les évè-

nements extraordinaires (sécheresse sévère, très fortes 

pluies), menacent le potentiel de production des herba-

ges. La culture de l’herbe est en effet particulièrement 

sensible au manque d’eau. Sur le plan agronomique, la 

première conséquence de la sécheresse est une baisse 

de production. L’importance des pertes de rendement 

dépend du type de sol, des conditions climatiques (inter-

valle entre les pluies, intensité du stress), des pratiques 

d’exploitation et du type de végétation. De nombreux 

travaux ont été conduits pour préciser l’effet de ces dif-

férents facteurs (Fay et al. 2000; Gilgen et Buchmann 

2009; Vogel et al. 2012; Meisser et al. 2013). L’impact 

du moment où survient le stress reste mal connu: on ne 

sait pas si une sécheresse précoce a plus d’effet qu’une 

sécheresse tardive. Au printemps, les taux de croissance 

Impacts de la sécheresse sur le fonctionnement  
des systèmes herbagers

Marco Meisser1, Amarante Vitra2, Luc Stévenin1, Eric Mosimann3, Pierre Mariotte2 et Alexandre Buttler2

1Agroscope, 1260 Nyon, Suisse
2Laboratoire des systèmes écologiques (ECOS), EPFL, 1015 Lausanne, Suisse
3Parc Jura vaudois, 1188 Saint-George, Suisse

et l’évapotranspiration sont très élevés, mais la réserve 

en eau dans les sols est généralement suffisante pour 

pallier les épisodes sans pluie. A l’inverse, en été, la pro-

duction est plus faible mais les contraintes hydriques et 

les températures sont bien plus élevées qu’au printemps.

La sécheresse exerce aussi des effets – difficiles à pré-

voir – sur la valeur nutritive du fourrage. Les teneurs 

en azote (N) des plantes en état de stress sont souvent 

plus élevées que celles des plantes bien approvisionnées 

en eau (Grant et al. 2014; Dumont et al. 2015). Cette 

situation est généralement liée à un ralentissement du 

développement des plantes. Au cours de la croissance 

des végétaux, les constituants cytoplasmiques (riches en 

N, donc très digestibles) diminuent au profit des consti-

tuants pariétaux (moins digestibles). Or, en situation de 

sécheresse, la croissance est ralentie et les individus sont 

plus petits; le ratio entre le contenu cytoplasmique et 

les parois est plus favorable. D’autres processus peuvent 

également intervenir. La sécheresse réduit la disponibi-

lité et le transport des minéraux, si bien que le prélève-

ment par les plantes est plus faible. A biomasse égale, 

on peut observer des teneurs en N inférieures. Cette 

situation peut être causée par une diminution de la dis-

ponibilité de l’azote du sol (Lemaire et Denoix 1987), 

mais généralement il s’agit plutôt d’une réduction de la 

demande en N des plantes (Gonzalez-Dugo et al. 2010). 

Récemment, Errecart et al. (2014) ont montré que les 

concentrations de N dans les plantes qui permettent 

d’atteindre le maximum de biomasse (sans que la nutri-

tion azotée ne soit limitante pour la croissance) étaient 

plus basses en situation de déficit hydrique.

Le manque d’eau influence par ailleurs l’équilibre entre 

la synthèse des assimilats et leur utilisation par la plante. 

La croissance des plantes (demande) est plus vite ralentie 

que la photosynthèse (offre). Ces changements au ni-

veau du métabolisme énergétique provoquent fréquem-

ment une accumulation de sucres solubles dans les tissus. 

La sécheresse influence en outre le cycle du phosphore 

(P). La biodisponibilité du P dépend notamment de la 

température et de l’humidité du sol (Sun et al. 2017; 

Les parcelles d’essai du dispositif Grass’Alt (site de St-George). 
(Photo: M. Meisser)
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Un essai a été conduit pendant deux ans sur 

deux sites du pied du Jura, afin de préciser 

les effets de la sécheresse sur la produc-

tion de fourrage (matière sèche et valeur 

nutritive) et sur les relations sol-plantes. 

Les simulations de stress hydrique ont été 

réalisées à l’aide de tunnels maraîchers. 

Parmi les paramètres de la valeur nutritive, 

les teneurs en lignocellulose (ADF) et en 

sucres solubles ont montré les plus grandes 

variations en situation de sécheresse. Les 

variations de l’ADF étaient fortement liées 

aux baisses de rendement (les plantes plus 

petites étant moins riches en fibres). Les te-

neurs en matière azotée n’ont en revanche 

que peu varié sous l’effet de la sécheresse, 

du fait de processus antagonistes: les effets 

négatifs dans le domaine de la nutrition 

azotée étaient compensés par le ralentisse-

ment de la croissance (effet de dilution). Le 

cycle du phosphore (P) a été influencé par 

les restrictions d’eau, avec des réponses as-

sez différentes selon la richesse du sol en P. 

Un stress tardif (après le pic de croissance) 

a des effets plus marqués qu’un stress pré-

coce (pendant le pic). Cet essai permet de 

replacer le phénomène de sécheresse dans 

un contexte plus large, en montrant que 

les variations de rendement et de qualité 

qui en découlent sont du même ordre de 

grandeur que les variations naturelles que 

l’on peut observer entre années.

 Dijkstra et al. 2015). La vitesse des réactions géochimiques 

(désorption) et de la diffusion est également influencée 

par l’humidité du sol (Belnap 2011), tout comme les pro-

cessus microbiens (minéralisation et immobilisation). 

L’activité des microorganismes et le prélèvement de nu-

triments par les plantes sont étroitement liés l’un à 

l’autre par des relations de symbiose et/ou de compéti-

tion, si bien que l’impact de la sécheresse au niveau de 

N et P doit être considéré plus largement, au niveau du 

système sol-plantes.

La sécheresse peut également affecter la composition 

botanique, avec des répercussions indirectes sur la qua-

lité du fourrage. La disparition et/ou l’apparition de nou-

velles espèces survient sur des périodes assez longues 

(Stampfli et Zeiter 2004). A court terme, l’abondance 

de quelques espèces comme le pâturin commun (Poa 

trivialis) ou encore le trèfle blanc (Trifolium repens) peut 

varier. Ces fluctuations, observées surtout entre le prin-

temps et l’été, peuvent être amplifiées ou modérées par 

les conditions climatiques. 

L’essai Grass’Alt, dont nous présentons ici quelques 

résultats, s’est déroulé au cours de deux ans sur deux 

prairies permanentes du Jura vaudois. Ce projet mul-

tidisciplinaire visait à simuler et à étudier les effets de 

deux sécheresses (précoce et tardive) à l’aide de tunnels 

maraîchers. L’essai a permis d’associer plusieurs champs 

de connaissance comme l’écologie fonctionnelle, l’éco-

physiologie végétale, la bioclimatologie et l’agronomie. 

Cet article présente le volet agronomique, avec trois ob-

jectifs principaux:

•• Clarifier les réponses agronomiques de prairies perma-

nentes soumises à un traitement de sécheresse. Une 

attention particulière a été portée sur l’effet d’inter-

action entre le traitement de sécheresse et l’intensité 

d’utilisation.

•• Evaluer l’importance de la période où survient le 

stress: sécheresse précoce versus sécheresse tardive.

•• Préciser les effets du manque d’eau sur les relations 

sol-plantes (N et P).

M a t é r i e l  e t  m é t h o d e s

Sites et dispositif expérimental

L’expérience a été réalisée en 2015 et 2016 sur deux prai-

ries permanentes composées essentiellement de Lolium 

perenne, Dactylis glomerata, Poa pratensis et Trifolium 

repens, l’une à Chéserex (CH; CN 501 945 / 139 555; altitude 

540 m) et l’autre à St-George (SG; CN 509 085 / 151 200; 

altitude 948 m). Le dispositif expérimental comprenait 

deux facteurs combinés entre eux: le régime hydrique 

(témoin versus sécheresse précoce ou tardive) et l’inten-

sité d’utilisation (intensif versus extensif). Les placettes 

correspondant aux variantes d’essai (=  unité expéri-

mentale) ont été installées dans un dispositif en blocs 

complets aléatoires, chaque bloc occupant un tunnel 

maraîcher. Cinq tunnels (blocs) ont été disposés au sein 

de la parcelle agricole. La surface des placettes, sans la 

bordure-tampon, était de 2,6 m2 (4,0 × 0,65 m), tandis que 

la surface des tunnels était de 77 m2 (6,4 × 12,0 m). Les 

tunnels ont été recouverts d’un film plastique, pour in-

tercepter les pluies de mi-mars à octobre. Le dispositif 

était exactement le même dans chacun des deux sites.

Le traitement de sécheresse précoce a reçu 30 % de la 

norme pluviométrique au cours des huit premières se-

maines de végétation (1re période d’essai, P1) et 100 % 

de la norme le reste du temps. Les placettes soumises à 
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la sécheresse tardive ont été arrosées avec 30 % de la 

norme pendant la 2e période d’essai (semaines 9 à 16, P2) 

et avec 100 % de la norme avant et après cet intervalle. 

Enfin, les placettes témoin ont reçu 100% de la norme 

tout au long de la saison. La norme a été calculée sur 

la période de référence 1981–2010; les quantités men-

suelles moyennes de pluie étaient de respectivement 

80 et 120 mm pour les sites de CH et SG. Les arrosages 

ont été réalisés avec une rampe à buse équipée d’un 

débitmètre. Leur fréquence a été réduite dans des pro-

portions semblables: huit à dix arrosages par mois pour 

le traitement témoin, contre trois à quatre arrosages 

par mois pour les traitements de sécheresse. Le régime 

d’utilisation intensif correspondait à une coupe toutes 

les quatre semaines (soit deux utilisations par période 

d’essai), alors que le régime extensif ne comptait qu’une 

coupe par période.

Un monitoring des conditions climatiques et de l’humidi-

té du sol a été réalisé tout au long de la période (tabl. 1). 

La fertilisation a été apportée sous forme d’engrais or-

ganique du commerce, en splittant la dose (50 % en fin 

d’automne 2015 et 50 % peu avant la reprise de la végé-

tation en 2016).

Observations et mesures

En régime intensif, les rendements des deux coupes de 

chaque période (P1 et P2) ont été cumulés, afin de pou-

voir comparer la production pour les deux intensités 

d’utilisation. De même, les teneurs moyennes en nutri-

ments pour chaque période ont été obtenues en pondé-

rant les teneurs des deux récoltes par leur rendement.

Les relevés botaniques (80 points par placette) ont été 

effectués à la fin des deux périodes. Les espèces obser-

vées sur chaque point ont été comptées une seule fois. 

Les contributions spécifiques (Daget et Poissonet 1969) 

pour chaque groupe fonctionnel ont été calculées sépa-

rément pour chaque placette.

Analyses chimiques et indices de nutrition azotée

Lors de chaque récolte, deux échantillons de fourrage 

ont été prélevés sur chaque placette: le premier pour 

mesurer sa teneur en matière sèche (MS) et le second 

pour déterminer sa composition chimique. Les teneurs 

en matière azotée (MA), en constituants pariétaux (ADF) 

et en cendres (CE) ont été estimées à l’aide d’un spec-

trophotomètre (NIRS; Ampuero et Wyss 2014). Les sucres 

solubles (WSC) ont aussi été analysés avec un spectro-

photomètre, mais après une réaction colorimétrique. Les 

teneurs en minéraux ont été déterminées après calcina-

tion (550 °C) par spectrométrie d’émission optique (ICP-

EOS). Les prélèvements pour les analyses de sol (en 2016 

uniquement) ont été effectués sur l’horizon 0–10 cm, à 

raison d’une vingtaine de «piqûres» par placette. Les 

analyses de P (sol et fraction microbienne) ont été ré-

alisées sur 3 g de sol frais, par extraction avec 40 ml 

Tableau 1 | Données climatiques et d’humidité du sol pour les deux périodes (P1 et P2) et les deux sites au cours des deux saisons d’essai 
(2015 et 2016).

Chéserex (CH)
P11 P21 P1 P2

2015 2016

Temp. moyennes (°C) 14,0 21,3 10,6 18,2

Temp. min/max (°C)2 1 / 31 7 / 37 –1 / 26 8 / 35

Humidité du sol (%)3 34 / 18 / 27 12 / 10 / 5 25 / 11 / 23 12 / 12 / 8

P – ETP4 nd5 –151 / –245 14 / –94 –67 / –168

Saint-George (SG)
P11 P21 P1 P2

2015 2016

Temp. moyennes (°C) 13,1 19,2 9,9 16,7

Temp. min/max (°C)2 2 / 28  7 / 34 –3 / 22  6 / 30

Humidité du sol (%)3 46 / 21 / 46 19 / 19 / 11 30 / 15 / 25 26 / 25 / 11

P – ETP4 43 / –114 –44 / –197 88 / –68 3 / –153

1 P1 correspond aux huit premières semaines de végétation (printemps); P2 correspond aux semaines 9 à 16 (été).
2 Températures extrêmes pendant la période. 
3 Humidité du sol (%): témoin / traitements de sécheresse respectifs. 
4 Précipitations – évapotranspiration; témoin / traitement de sécheresse respectif. 
5 nd: non défini (inondation temporaire).
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NaHCO3 0,5 M. Les concentrations de P microbien ont 

été estimées par différence entre les fractions obtenues 

avec et sans fumigation au CHCl3, en utilisant un facteur 

d’extractibilité de 0,4 (Brookes et al. 1982).

Les indices de nutrition azotée (INN) ont été calculés se-

lon les formules suivantes:

INN = Nmesuré / Ncritique (Lemaire et Gastal 1997) 

Ncritique = 4,8·MS–0,32 (Lemaire et Salette 1984)

où Nmesuré correspond à la teneur (%) mesurée dans 

le fourrage; Ncritique désigne le minimum de teneur en 

azote requis pour que la plante puisse atteindre le 

maximum de croissance; MS représente la biomasse  

(pour MS > 1 t/ha). Les INN ont été corrigés selon l’abon-

dance en légumineuses (Cruz et al. 2006). 

Analyses statistiques

Les effets des facteurs «intensité d’utilisation», «régime 

hydrique» et «année» sur la production de biomasse, les 

paramètres de la valeur nutritive et la composition bo-

tanique ont été analysés à l’aide d’un dispositif de type 

Tableau 2 | Effets des facteurs sur la production de matière sèche (MS; t·ha–1) et les teneurs en nutriments (g·kg MS–1) des fourrages récoltés 
au cours de la première période1 (P1), sur les sites de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de 
variance sont indiquées.

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

MS 4,65 6,53 5,69 5,48 4,83 6,35 < 0,001 0,356 < 0,001 0,236 0,741 0,848

MA2 174 106 138 142 122 158 < 0,001 0,246 < 0,001 0,219 0,887 0,968

ADF3 258 325 297 286 305 278 < 0,001 0,018 < 0,001 0,603 < 0,001 0,313

WSC4 135 148 136 148 157 126 0,037 0,058 < 0,001 0,284 < 0,001 0,935

SG

MS 5,45 6,80 6,57 5,68 5,72 6,53 < 0,001 0,003 < 0,001 0,682 0,019 0,093

MA 165 102 137 130 119 148 < 0,001 0,050 < 0,001 0,649 0,712 0,779

ADF 259 327 299 287 302 284 < 0,001 0,013 0,001 0,051 0,080 0,614

WSC 139 147 132 154 167 119 0,011 <0,001 < 0,001 0,154 0,031 0,262

1P1 correspond aux huit premières semaines de végétation (printemps). Les teneurs en nutriments pour le mode d’exploitation intensif ont été obtenues en pondérant les teneurs des deux utilisations 
par leur rendement. 2MA = matière azotée. 3ADF = lignocellulose. 4WSC = sucres solubles.

Tableau 3 | Effets des facteurs sur le rendement en matière sèche (MS; t·ha–1) et les teneurs en nutriments (g·kg MS–1) des fourrages récoltés 
au cours de la deuxième période1 (P2), sur les sites de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de 
variance sont indiquées.

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

MS 1,91 1,75 2,18 1,48 0,97 2,68 0,334 0,001 < 0,001 0,660 0,107 0,126

MA2 177 134 156 155 143 169 < 0,001 0,906 < 0,001 0,786 < 0,001 0,909

ADF3 244 269 261 251 247 265 < 0,001 0,003 < 0,001 0,871 < 0,001 0,966

WSC4 114 139 115 128 150 94 0,008 0,025 0,001 0,638 0,009 0,511

SG

MS 1,87 2,06 2,41 1,51 1,38 2,55 0,018 <0,001 < 0,001 0,235 0,101 <0,001

MA 189 154 171 172 180 163 < 0,001 0,564 < 0,001 < 0,001 < 0,001 0,756

ADF 248 268 272 244 255 261 < 0,001 <0,001 0,045 < 0,001 < 0,001 0,250

WSC 92 96 84 104 92 96 0,225 <0,001 0,045 0,451 0,045 0,146

1P2 correspond aux semaines de végétation 9 à 16 (été). Les teneurs en nutriments pour le mode d’exploitation intensif ont été obtenues en pondérant les teneurs des deux utilisations par leur rendement. 
2MA = matière azotée. 3ADF = lignocellulose. 4WSC = sucres solubles.
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split-plot. Les deux premiers facteurs étaient testés dans 

les «grandes parcelles» (whole plots), alors que le facteur 

année était associé aux «petites parcelles» (subplots). 

Les ANOVA ont été conduites séparément pour chaque 

période (P1 et P2) et chaque site (CH et SG).

L’analyse statistique des concentrations de P (sol et 

plantes) a été réalisée à l’aide d’une ANOVA à deux fac-

teurs en blocs complets (données uniquement en 2016, 

pour le régime d’utilisation extensif).

Pour décrire l’évolution des teneurs en MA et en ligno-

cellulose, une analyse de covariance (ANCOVA) a été réa-

lisée, afin de séparer l’effet du traitement de sécheresse 

(variable indépendante catégorielle) de l’effet du ren-

dement (covariable continue). Les équations décrivant 

le lien entre la MA (respectivement la lignocellulose) et 

la quantité de biomasse ont été transformées à l’aide 

d’une fonction logarithmique, afin de satisfaire aux hy-

pothèses de normalité et d’homoscédasticité des rési-

dus, et de permettre la comparaison de deux fonctions.

R é s u l t a t s  e t  d i s c u s s i o n

Production de matière sèche (MS)

L’intensité d’utilisation (IU) et l’année (A) ont très for-

tement influencé les rendements lors de P1 (tabl.  2); 

au cours de P2 (tabl. 3), les différences étaient moins 

marquées, en raison du caractère exclusivement végé-

tatif des cycles de croissance. L’effet de l’année est par 

contre resté très marqué. S’agissant du régime hydrique 

(RH), la sécheresse s’est surtout manifestée au cours 

de la seconde période (P2). En termes relatifs, la baisse 

moyenne de rendement sur les deux sites était de 35 %, 

Tableau 5 | Effets des facteurs d’essai sur la composition botanique (groupes fonctionnels) au cours de la deuxième période1 (P2), sur les 
sites de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de variance sont indiquées. 

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

GRA 0,56 0,64 0,59 0,61 0,60 0,59 0,009 0,439 0,489 0,549 0,230 0,909

LEG 0,19 0,15 0,15 0,19 0,14 0,20 0,090 0,132 < 0,001 0,969 0,320 0,159

AUT 0,25 0,22 0,26 0,21 0,26 0,21 0,052 0,004 0,011 0,330 0,330 0,184

SG

GRA 0,61 0,64 0,59 0,66 0,65 0,61 0,195 0,034 0,060 0,912 0,464 0,047

LEG 0,28 0,26 0,29 0,25 0,27 0,27 0,335 0,313 0,667 0,386 0,620 0,006

AUT 0,11 0,10 0,12 0,09 0,08 0,13 0,296 < 0,001 < 0,001 0,042 0,022 0,427

1P2 correspond aux semaines de végétation 9 à 16 (été).
GRA = graminées; LEG = légumineuses; AUT = dicotylédones autres que des légumineuses.

Tableau 4 | Effets des facteurs d’essai sur la composition botanique (groupes fonctionnels) au cours de la première période1 (P1), sur les sites 
de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de variance sont indiquées. 

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

GRA 0,65 0,76 0,72 0,69 0,71 0,70 0,003 0,341 0,539 0,868 0,051 0,884

LEG 0,16 0,11 0,11 0,16 0,13 0,14 0,050 0,051 0,345 0,389 0,148 0,496

AUT 0,18 0,13 0,17 0,14 0,16 0,16 0,003 0,194 0,954 0,122 0,074 0,661

SG

GRA 0,62 0,70 0,66 0,66 0,71 0,61 0,003 0,808 < 0,001 0,268 0,013 0,733

LEG 0,30 0,21 0,24 0,26 0,23 0,28 0,002 0,448 0,002 0,626 0,236 0,993

AUT 0,09 0,09 0,10 0,08 0,07 0,11 0,714 0,422 < 0,001 0,033 0,006 0,547

1P1 correspond aux huit premières semaines de végétation (printemps).
GRA = graminées; LEG = légumineuses; AUT = dicotylédones autres que des légumineuses.
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NaHCO3 0,5 M. Les concentrations de P microbien ont 

été estimées par différence entre les fractions obtenues 

avec et sans fumigation au CHCl3, en utilisant un facteur 

d’extractibilité de 0,4 (Brookes et al. 1982).

Les indices de nutrition azotée (INN) ont été calculés se-

lon les formules suivantes:

INN = Nmesuré / Ncritique (Lemaire et Gastal 1997) 

Ncritique = 4,8·MS–0,32 (Lemaire et Salette 1984)

où Nmesuré correspond à la teneur (%) mesurée dans 

le fourrage; Ncritique désigne le minimum de teneur en 

azote requis pour que la plante puisse atteindre le 

maximum de croissance; MS représente la biomasse  

(pour MS > 1 t/ha). Les INN ont été corrigés selon l’abon-

dance en légumineuses (Cruz et al. 2006). 

Analyses statistiques

Les effets des facteurs «intensité d’utilisation», «régime 

hydrique» et «année» sur la production de biomasse, les 

paramètres de la valeur nutritive et la composition bo-

tanique ont été analysés à l’aide d’un dispositif de type 

Tableau 2 | Effets des facteurs sur la production de matière sèche (MS; t·ha–1) et les teneurs en nutriments (g·kg MS–1) des fourrages récoltés 
au cours de la première période1 (P1), sur les sites de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de 
variance sont indiquées.

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

MS 4,65 6,53 5,69 5,48 4,83 6,35 < 0,001 0,356 < 0,001 0,236 0,741 0,848

MA2 174 106 138 142 122 158 < 0,001 0,246 < 0,001 0,219 0,887 0,968

ADF3 258 325 297 286 305 278 < 0,001 0,018 < 0,001 0,603 < 0,001 0,313

WSC4 135 148 136 148 157 126 0,037 0,058 < 0,001 0,284 < 0,001 0,935

SG

MS 5,45 6,80 6,57 5,68 5,72 6,53 < 0,001 0,003 < 0,001 0,682 0,019 0,093

MA 165 102 137 130 119 148 < 0,001 0,050 < 0,001 0,649 0,712 0,779

ADF 259 327 299 287 302 284 < 0,001 0,013 0,001 0,051 0,080 0,614

WSC 139 147 132 154 167 119 0,011 <0,001 < 0,001 0,154 0,031 0,262

1P1 correspond aux huit premières semaines de végétation (printemps). Les teneurs en nutriments pour le mode d’exploitation intensif ont été obtenues en pondérant les teneurs des deux utilisations 
par leur rendement. 2MA = matière azotée. 3ADF = lignocellulose. 4WSC = sucres solubles.

Tableau 3 | Effets des facteurs sur le rendement en matière sèche (MS; t·ha–1) et les teneurs en nutriments (g·kg MS–1) des fourrages récoltés 
au cours de la deuxième période1 (P2), sur les sites de Chéserex (CH) et de Saint-George (SG). Les valeurs de significativité de l’analyse de 
variance sont indiquées.

Intensité d’utilisation Régime hydrique Année Valeurs de p

Int. Ext. Tém. Sec 2015 2016 IU RH A IU × RH IU × A RH × A

CH

MS 1,91 1,75 2,18 1,48 0,97 2,68 0,334 0,001 < 0,001 0,660 0,107 0,126

MA2 177 134 156 155 143 169 < 0,001 0,906 < 0,001 0,786 < 0,001 0,909

ADF3 244 269 261 251 247 265 < 0,001 0,003 < 0,001 0,871 < 0,001 0,966

WSC4 114 139 115 128 150 94 0,008 0,025 0,001 0,638 0,009 0,511

SG

MS 1,87 2,06 2,41 1,51 1,38 2,55 0,018 <0,001 < 0,001 0,235 0,101 <0,001

MA 189 154 171 172 180 163 < 0,001 0,564 < 0,001 < 0,001 < 0,001 0,756

ADF 248 268 272 244 255 261 < 0,001 <0,001 0,045 < 0,001 < 0,001 0,250

WSC 92 96 84 104 92 96 0,225 <0,001 0,045 0,451 0,045 0,146

1P2 correspond aux semaines de végétation 9 à 16 (été). Les teneurs en nutriments pour le mode d’exploitation intensif ont été obtenues en pondérant les teneurs des deux utilisations par leur rendement. 
2MA = matière azotée. 3ADF = lignocellulose. 4WSC = sucres solubles.
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contre seulement 9 % pour P1. En termes absolus, les 

pertes de rendement observées au cours des deux pé-

riodes étaient assez voisines, de l’ordre de 0,6 à 0,8 t·ha–1. 

Deux raisons expliquent les baisses de rendement plutôt 

faibles observées au cours de P1: les réserves en eau dans 

les sols sont généralement importantes au printemps 

(et tempèrent donc les effets d’une sécheresse) et le 

traitement de sécheresse appliqué au printemps 2015 

sur le site de CH a partiellement échoué (inondation de 

courte durée sous deux des cinq tunnels en raison de 

très fortes pluies). Comme le montre le tableau 2, les 

valeurs sur ce site n’étaient pas significativement dif-

férentes (p = 0,356). De façon surprenante, les effets 

de la sécheresse n’étaient pas plus marqués en régime 

d’utilisation intensif (pas d’interaction IU × RH). 

Valeur nutritive

Les teneurs en matière azotée (MA) ont fortement varié 

selon l’intensité d’utilisation et l’année, mais pas selon 

le régime hydrique (exception faite de SG en première 

période, valeur de p marginalement significative). Les 

teneurs en lignocellulose (ADF) ont varié avec les trois 

facteurs. De façon attendue, elles étaient plus élevées 

en régime d’utilisation extensif (fourrage plus vieux). La 

sécheresse a systématiquement entraîné une diminution 

des teneurs en ADF. L’effet de l’année s’est manifesté 

différemment selon la saison: au cours de P1, les valeurs 

2016 étaient plus basses que les valeurs 2015, alors que 

l’inverse a été observé pendant P2.

Les teneurs en sucres solubles (WSC) étaient plus élevées 

en régime d’utilisation intensif. La sécheresse a entraîné 

une augmentation des sucres, en raison du déséquilibre 

entre l’assimilation et la croissance. L’importante dif-

férence observée entre les deux années d’essai pour-

rait s’expliquer par les conditions particulières de 2015: 

les températures très élevées ont ralenti la croissance, 

même sur les placettes témoin.

Composition botanique

L’effet à court terme des facteurs d’essais sur la compo-

sition botanique est présenté aux tableaux 4 et 5. Les 

proportions des trois groupes fonctionnels ont peu va-

rié, avec seuls quelques changements significatifs. L’uti-

lisation intensive a favorisé le trèfle aux dépens des gra-

minées. Le régime hydrique n’a eu que peu d’impact sur 

la composition botanique, à l’exception de la sécheresse 

au cours de P2 qui a provoqué dans les deux lieux un 

recul des dicotylédones non-légumineuses. A SG, le trai-

tement de sécheresse a provoqué une augmentation des 

graminées de 59 à 66 % (tabl. 5). L’effet de l’année s’est 

manifesté à SG par des changements dans l’équilibre 

entre les graminées et les dicotylédones: en 2016, la part 

de ces dernières était plus élevée qu’en 2015. Cet effet 

a été constaté au cours des deux périodes (tabl. 4 et 5).

Les interactions sont plus difficiles à interpréter. Elles se 

manifestent surtout sur le site de SG. L’intensité d’utili-

sation a plus fortement influencé la composition bota-

nique au cours de la première année (interaction IU × A, 

tabl. 4). Enfin, l’augmentation des graminées causée par 

la sécheresse estivale était plus marquée en 2015 qu’en 

2016 (interaction RH × A, tabl. 5). Les conditions parti-

culières de 2015 ont probablement amplifié l’effet des 

facteurs d’essais (IU et RH).

Tableau 6 | Concentrations en phosphore (P) dans le sol (Olsen; 
mg·kg–1), dans le fourrage (g·kg–1 MS) et P microbien (mg·kg–1 sol) 
sur les sites de Chéserex (CH) et de Saint-George (SG): valeurs moy-
ennes ± erreur standard. 

Site Période1 Régime  
hydrique

P sol  
(P-Olsen)

P plantes P microbien

CH
P1

Témoin 10,0 ± 1,0 2,6 ± 0,2 39,9 ± 2,1

Sec 8,3 ± 0,9 2,5 ± 0,1 26,1 ± 2,1

P2
Témoin 10,6 ± 1,3 2,4 ± 0,2 22,3 ± 1,3

Sec 7,3 ± 1,2 2,0 ± 0,2 13,6 ± 1,9

SG
P1

Témoin 64,1 ± 3,5 3,1 ± 0,1 55,2 ± 7,3

Sec 56,7 ± 2,9 2,9 ± 0,0 53,1 ± 9,6

P2
Témoin 40,2 ± 2,6 3,5 ± 0,2 31,6 ± 5,7

Sec 32,5 ± 2,1 2,7 ± 0,1 19,7 ± 5,7

1  La première période correspond aux 8 premières semaines de végétation (printemps);  
la seconde aux 8 semaines suivantes (été).  

Tableau 7 | Effets des facteurs d’essai sur les concentrations en 
phosphore (dans le sol, dans les plantes et P microbien) sur les sites 
de Chéserex (CH) et de Saint-George (SG). Les valeurs p de l’ANOVA 
sont indiquées. 

Site Facteurs P sol (P-Olsen) P plantes P microbien

CH

Période (P)1 0,860 0,021 < 0,001

Régime hydrique (RH) 0,063 0,101 0,002

P × RH 0,502 0,320 0,273

SG

Période (P)1 < 0,001 0,534 0,009

Régime hydrique (RH) 0,017 0,013 0,388

P × RH 0,946 0,098 0,536

1Correspond aux deux périodes d’essai (P1 et P2).
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Figure 1 | Relation entre l’accumulation de biomasse et les teneurs en azote (axe de gauche) et en ADF (axe de droite). Les deux courbes du bas 
représentent la relation entre la biomasse et les teneurs N pour chacun des deux traitements de sécheresse (Témoin en trait plein; Sec en traitillé). 
La courbe du haut représente cette même relation pour l’ADF. Seules les valeurs de biomasse d’au moins 1 t·ha–1 ont été considérées; n = 102.

Figure 2 | Comparaison des indices de nutrition azotée INN (INN Témoin versus INN Stress) à la fin des périodes de sécheresse (P1 et P2) 
et lors de la phase de récupération. La ligne représente INN Témoin = INN Stress; n = 30. Site de SG.
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contre seulement 9 % pour P1. En termes absolus, les 

pertes de rendement observées au cours des deux pé-

riodes étaient assez voisines, de l’ordre de 0,6 à 0,8 t·ha–1. 

Deux raisons expliquent les baisses de rendement plutôt 

faibles observées au cours de P1: les réserves en eau dans 

les sols sont généralement importantes au printemps 

(et tempèrent donc les effets d’une sécheresse) et le 

traitement de sécheresse appliqué au printemps 2015 

sur le site de CH a partiellement échoué (inondation de 

courte durée sous deux des cinq tunnels en raison de 

très fortes pluies). Comme le montre le tableau 2, les 

valeurs sur ce site n’étaient pas significativement dif-

férentes (p = 0,356). De façon surprenante, les effets 

de la sécheresse n’étaient pas plus marqués en régime 

d’utilisation intensif (pas d’interaction IU × RH). 

Valeur nutritive

Les teneurs en matière azotée (MA) ont fortement varié 

selon l’intensité d’utilisation et l’année, mais pas selon 

le régime hydrique (exception faite de SG en première 

période, valeur de p marginalement significative). Les 

teneurs en lignocellulose (ADF) ont varié avec les trois 

facteurs. De façon attendue, elles étaient plus élevées 

en régime d’utilisation extensif (fourrage plus vieux). La 

sécheresse a systématiquement entraîné une diminution 

des teneurs en ADF. L’effet de l’année s’est manifesté 

différemment selon la saison: au cours de P1, les valeurs 

2016 étaient plus basses que les valeurs 2015, alors que 

l’inverse a été observé pendant P2.

Les teneurs en sucres solubles (WSC) étaient plus élevées 

en régime d’utilisation intensif. La sécheresse a entraîné 

une augmentation des sucres, en raison du déséquilibre 

entre l’assimilation et la croissance. L’importante dif-

férence observée entre les deux années d’essai pour-

rait s’expliquer par les conditions particulières de 2015: 

les températures très élevées ont ralenti la croissance, 

même sur les placettes témoin.

Composition botanique

L’effet à court terme des facteurs d’essais sur la compo-

sition botanique est présenté aux tableaux 4 et 5. Les 

proportions des trois groupes fonctionnels ont peu va-

rié, avec seuls quelques changements significatifs. L’uti-

lisation intensive a favorisé le trèfle aux dépens des gra-

minées. Le régime hydrique n’a eu que peu d’impact sur 

la composition botanique, à l’exception de la sécheresse 

au cours de P2 qui a provoqué dans les deux lieux un 

recul des dicotylédones non-légumineuses. A SG, le trai-

tement de sécheresse a provoqué une augmentation des 

graminées de 59 à 66 % (tabl. 5). L’effet de l’année s’est 

manifesté à SG par des changements dans l’équilibre 

entre les graminées et les dicotylédones: en 2016, la part 

de ces dernières était plus élevée qu’en 2015. Cet effet 

a été constaté au cours des deux périodes (tabl. 4 et 5).

Les interactions sont plus difficiles à interpréter. Elles se 

manifestent surtout sur le site de SG. L’intensité d’utili-

sation a plus fortement influencé la composition bota-

nique au cours de la première année (interaction IU × A, 

tabl. 4). Enfin, l’augmentation des graminées causée par 

la sécheresse estivale était plus marquée en 2015 qu’en 

2016 (interaction RH × A, tabl. 5). Les conditions parti-

culières de 2015 ont probablement amplifié l’effet des 

facteurs d’essais (IU et RH).

Tableau 6 | Concentrations en phosphore (P) dans le sol (Olsen; 
mg·kg–1), dans le fourrage (g·kg–1 MS) et P microbien (mg·kg–1 sol) 
sur les sites de Chéserex (CH) et de Saint-George (SG): valeurs moy-
ennes ± erreur standard. 

Site Période1 Régime  
hydrique

P sol  
(P-Olsen)

P plantes P microbien

CH
P1

Témoin 10,0 ± 1,0 2,6 ± 0,2 39,9 ± 2,1

Sec 8,3 ± 0,9 2,5 ± 0,1 26,1 ± 2,1

P2
Témoin 10,6 ± 1,3 2,4 ± 0,2 22,3 ± 1,3

Sec 7,3 ± 1,2 2,0 ± 0,2 13,6 ± 1,9

SG
P1

Témoin 64,1 ± 3,5 3,1 ± 0,1 55,2 ± 7,3

Sec 56,7 ± 2,9 2,9 ± 0,0 53,1 ± 9,6

P2
Témoin 40,2 ± 2,6 3,5 ± 0,2 31,6 ± 5,7

Sec 32,5 ± 2,1 2,7 ± 0,1 19,7 ± 5,7

1  La première période correspond aux 8 premières semaines de végétation (printemps);  
la seconde aux 8 semaines suivantes (été).  

Tableau 7 | Effets des facteurs d’essai sur les concentrations en 
phosphore (dans le sol, dans les plantes et P microbien) sur les sites 
de Chéserex (CH) et de Saint-George (SG). Les valeurs p de l’ANOVA 
sont indiquées. 

Site Facteurs P sol (P-Olsen) P plantes P microbien

CH

Période (P)1 0,860 0,021 < 0,001

Régime hydrique (RH) 0,063 0,101 0,002

P × RH 0,502 0,320 0,273

SG

Période (P)1 < 0,001 0,534 0,009

Régime hydrique (RH) 0,017 0,013 0,388

P × RH 0,946 0,098 0,536

1Correspond aux deux périodes d’essai (P1 et P2).
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Relations entre la biomasse et la valeur nutritive

Dans l’ensemble, et sur le court terme, les traitements de 

sécheresse ont peu influé sur l’abondance des espèces. 

Les variations de la qualité du fourrage ne peuvent donc 

pas vraiment s’expliquer par des modifications de com-

position botanique. Elles doivent plutôt être analysées 

à la lumière des baisses de rendement: en freinant la 

croissance, la sécheresse modifie potentiellement le dé-

veloppement morphologique (ontogénique) des plantes 

et donc l’accumulation de la MA et de l’ADF. Les plantes 

soumises au stress sont plus petites et présentent les ca-

ractéristiques de plantes plus «jeunes», elles contiennent 

de ce fait moins de fibres; dans la même logique (prin-

cipe de dilution; Lemaire et Salette 1984), les teneurs en 

MA devraient être plus élevées, ce qui n’a pas été le cas. 

Si cette augmentation de la MA n’a pas été observée, 

c’est qu’elle est concomitante à d’autres phénomènes 

liés à la nutrition des plantes.

La figure 1 montre l’évolution des teneurs en N et en 

ADF en fonction du rendement. On s’aperçoit que les 

teneurs en N suivent une fonction qui se rapproche de 

celle décrite par Lemaire et Salette (1984)1. Pour l’analyse 

statistique, les deux courbes ont été transformées avec 

une fonction logarithmique: l’effet de la sécheresse est 

significatif (F (1; 99) = 4,06; p = 0,047). A biomasse égale, 

cet écart représente environ 11 g de MA par kg de MS 

en faveur du témoin. Contrairement à N, la sécheresse 

n’a pas entraîné pour ADF de différences entre les deux 

régimes hydriques. Les baisses de teneurs en ADF consta-

tées aux tableaux 2 et 3 s’expliquent donc uniquement 

du fait de rendements plus faibles. Quant à la MA, l’ap-

parente stabilité des teneurs (tabl. 2 et 3) cache en fait 

des phénomènes antagonistes: des effets liés au déve-

loppement (ontogénie) mais aussi des modifications de 

l’état de nutrition azotée. 

Indices de nutrition azotée

La figure 2 met en relation les indices de nutrition azo-

tée (INN) des placettes témoin avec les INN des placettes 

ayant subi un traitement de sécheresse sur le site de 

SG où les effets étaient les plus marqués. Elle montre 

(clairement) que le manque d’eau a modifié le statut 

de nutrition azotée, avec des INN inférieurs à ceux des 

témoins. Après la sécheresse, au cours de la période de 

récupération (automne), c’est l’inverse qui a été observé: 

les INN des placettes exposées à la sécheresse étaient 

plus élevés. Ce phénomène de compensation, observé 

dans d’autres essais (notamment par Hofer et al. 2016), 

conduit parfois à des rendements post-stress supérieurs 

à ceux des placettes témoin. Les phénomènes liés aux cy-

cles de sécheresse et de remouillage des sols ont été dé-

crits par Borken et Matzner (2008). Le retour des pluies 

entraîne la reprise de la minéralisation. La dégradation 

de la biomasse morte, la lyse des cellules microbiennes 

et la libération de substrats non microbiens (notamment 

dans les micro-agrégats) participent à la minéralisation 

du carbone et de l’azote, avec des flux souvent plus éle-

vés que chez les témoins respectifs.

Teneurs en P du sol et des plantes

Les effets de la sécheresse sur le cycle du phosphore (P) se 

sont manifestés à divers niveaux. Dans le sol, les concen-

trations en P facilement utilisable (P Olsen) étaient à peu 

près six fois plus élevées à SG qu’à CH (tabl. 6). A CH, les 

concentrations en P n’ont pas varié au cours de la saison, 

mais l’effet du manque d’eau était marginalement signi-

ficatif (p = 0,063; tabl. 7). A SG, les deux facteurs (saison 

et traitement de sécheresse) ont eu un fort impact sur 

les teneurs en P. Ces différences se sont retrouvées dans 

les teneurs en P du fourrage: elles étaient logiquement 

plus élevées à SG qu’à CH (en moyenne, respectivement 

3,0 et 2,4 g·kg–1 MS; tabl. 6). A SG, la sécheresse a entraî-

né une baisse des teneurs en P dans le fourrage; cette 

dernière était plus prononcée au cours de la seconde 

période (interaction marginale période  ×  sécheresse; 

tabl. 7). Le P microbien a été fortement influencé par 

la période. Entre les deux saisons, le P microbien a di-

minué en moyenne de 50 %. La sécheresse a aussi in-

fluencé le P microbien à CH. Contrairement aux effets 

sur le fourrage, nous n’avons pas observé d’interaction 

période × sécheresse.

A CH, le sol est mal pourvu en P et les plantes sont «habi-

tuées» à le prélever dans des conditions plus limitantes. 

L’accès au P est peut-être facilité par la présence de my-

corhizes. Cette hypothèse pourrait expliquer que, dans 

les conditions d’un stress hydrique, la sécheresse n’ait 

pas vraiment influencé les teneurs dans les plantes. A SG, 

la situation est assez différente. Les plantes disposent 

d’un accès facile au P, du moins en conditions normales. 

En situation de sécheresse, la disponibilité de cet élé-

ment diminue. Cela se reflète plus directement dans les 

analyses de sol et de végétaux.

C o n c l u s i o n s

De manière générale, les traitements de sécheresse ap-

pliqués dans cet essai ont exercé des effets significatifs 

sur la production de biomasse et les paramètres de la 

valeur nutritive. Le stress d’été (seconde période) s’est 
1  Les exposants des deux courbes (–0,36 et –0,37) sont voisins de celui de la fonction de dilution 
(y = 4,8·x–0,32).
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fait plus fortement ressentir que le stress de printemps 

(première période). Les températures estivales élevées 

et l’état hydrique du sol (déplétion de la réserve en eau) 

expliquent probablement ces observations. Contraire-

ment à l’hypothèse de départ, les effets du manque 

d’eau n’ont pas été plus marqués lorsque le couvert vé-

gétal était plus jeune (absence d’interaction entre l’in-

tensité d’utilisation et le traitement de sécheresse). En ce 

qui concerne le P, les réponses à la sécheresse sont très 

variables selon les sols: ceux qui en sont mal pourvus 

semblent moins réagir au stress hydrique que ceux qui 

en contiennent beaucoup. La composition botanique n’a 

montré que peu de changements.

Les améliorations de valeur nutritive provoquées par la 

sécheresse s’expliquent avant tout par la diminution des 

teneurs en ADF, laquelle est liée à des rendements plus 

faibles. Dans un contexte plus large, les variations cau-

sées par la sécheresse sont comparables à celles que l’on 

observe entre années. n
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Relations entre la biomasse et la valeur nutritive

Dans l’ensemble, et sur le court terme, les traitements de 

sécheresse ont peu influé sur l’abondance des espèces. 

Les variations de la qualité du fourrage ne peuvent donc 

pas vraiment s’expliquer par des modifications de com-

position botanique. Elles doivent plutôt être analysées 

à la lumière des baisses de rendement: en freinant la 

croissance, la sécheresse modifie potentiellement le dé-

veloppement morphologique (ontogénique) des plantes 

et donc l’accumulation de la MA et de l’ADF. Les plantes 

soumises au stress sont plus petites et présentent les ca-

ractéristiques de plantes plus «jeunes», elles contiennent 

de ce fait moins de fibres; dans la même logique (prin-

cipe de dilution; Lemaire et Salette 1984), les teneurs en 

MA devraient être plus élevées, ce qui n’a pas été le cas. 

Si cette augmentation de la MA n’a pas été observée, 

c’est qu’elle est concomitante à d’autres phénomènes 

liés à la nutrition des plantes.

La figure 1 montre l’évolution des teneurs en N et en 

ADF en fonction du rendement. On s’aperçoit que les 

teneurs en N suivent une fonction qui se rapproche de 

celle décrite par Lemaire et Salette (1984)1. Pour l’analyse 

statistique, les deux courbes ont été transformées avec 

une fonction logarithmique: l’effet de la sécheresse est 

significatif (F (1; 99) = 4,06; p = 0,047). A biomasse égale, 

cet écart représente environ 11 g de MA par kg de MS 

en faveur du témoin. Contrairement à N, la sécheresse 

n’a pas entraîné pour ADF de différences entre les deux 

régimes hydriques. Les baisses de teneurs en ADF consta-

tées aux tableaux 2 et 3 s’expliquent donc uniquement 

du fait de rendements plus faibles. Quant à la MA, l’ap-

parente stabilité des teneurs (tabl. 2 et 3) cache en fait 

des phénomènes antagonistes: des effets liés au déve-

loppement (ontogénie) mais aussi des modifications de 

l’état de nutrition azotée. 

Indices de nutrition azotée

La figure 2 met en relation les indices de nutrition azo-

tée (INN) des placettes témoin avec les INN des placettes 

ayant subi un traitement de sécheresse sur le site de 

SG où les effets étaient les plus marqués. Elle montre 

(clairement) que le manque d’eau a modifié le statut 

de nutrition azotée, avec des INN inférieurs à ceux des 

témoins. Après la sécheresse, au cours de la période de 

récupération (automne), c’est l’inverse qui a été observé: 

les INN des placettes exposées à la sécheresse étaient 

plus élevés. Ce phénomène de compensation, observé 

dans d’autres essais (notamment par Hofer et al. 2016), 

conduit parfois à des rendements post-stress supérieurs 

à ceux des placettes témoin. Les phénomènes liés aux cy-

cles de sécheresse et de remouillage des sols ont été dé-

crits par Borken et Matzner (2008). Le retour des pluies 

entraîne la reprise de la minéralisation. La dégradation 

de la biomasse morte, la lyse des cellules microbiennes 

et la libération de substrats non microbiens (notamment 

dans les micro-agrégats) participent à la minéralisation 

du carbone et de l’azote, avec des flux souvent plus éle-

vés que chez les témoins respectifs.

Teneurs en P du sol et des plantes

Les effets de la sécheresse sur le cycle du phosphore (P) se 

sont manifestés à divers niveaux. Dans le sol, les concen-

trations en P facilement utilisable (P Olsen) étaient à peu 

près six fois plus élevées à SG qu’à CH (tabl. 6). A CH, les 

concentrations en P n’ont pas varié au cours de la saison, 

mais l’effet du manque d’eau était marginalement signi-

ficatif (p = 0,063; tabl. 7). A SG, les deux facteurs (saison 

et traitement de sécheresse) ont eu un fort impact sur 

les teneurs en P. Ces différences se sont retrouvées dans 

les teneurs en P du fourrage: elles étaient logiquement 

plus élevées à SG qu’à CH (en moyenne, respectivement 

3,0 et 2,4 g·kg–1 MS; tabl. 6). A SG, la sécheresse a entraî-

né une baisse des teneurs en P dans le fourrage; cette 

dernière était plus prononcée au cours de la seconde 

période (interaction marginale période  ×  sécheresse; 

tabl. 7). Le P microbien a été fortement influencé par 

la période. Entre les deux saisons, le P microbien a di-

minué en moyenne de 50 %. La sécheresse a aussi in-

fluencé le P microbien à CH. Contrairement aux effets 

sur le fourrage, nous n’avons pas observé d’interaction 

période × sécheresse.

A CH, le sol est mal pourvu en P et les plantes sont «habi-

tuées» à le prélever dans des conditions plus limitantes. 

L’accès au P est peut-être facilité par la présence de my-

corhizes. Cette hypothèse pourrait expliquer que, dans 

les conditions d’un stress hydrique, la sécheresse n’ait 

pas vraiment influencé les teneurs dans les plantes. A SG, 

la situation est assez différente. Les plantes disposent 

d’un accès facile au P, du moins en conditions normales. 

En situation de sécheresse, la disponibilité de cet élé-

ment diminue. Cela se reflète plus directement dans les 

analyses de sol et de végétaux.

C o n c l u s i o n s

De manière générale, les traitements de sécheresse ap-

pliqués dans cet essai ont exercé des effets significatifs 

sur la production de biomasse et les paramètres de la 

valeur nutritive. Le stress d’été (seconde période) s’est 
1  Les exposants des deux courbes (–0,36 et –0,37) sont voisins de celui de la fonction de dilution 
(y = 4,8·x–0,32).
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Impact of drought on the functioning  

of grassland systems

A rainfall manipulation experiment was 

conducted over a two-year period on two 

semi-natural grassland sites, in order to 

determine the effects of drought on both 

forage production (dry matter and nutritive 

value) and plant-soil relationships. Water 

stress simulations were performed with the 

aid of rainout shelters. Among the nutri-

tional parameters, lignocellulose content 

(ADF) and water-soluble carbohydrates 

(WSC) showed the greatest variation in 

drought conditions. Variations in ADF 

content were strongly linked to the 

drought-induced yield losses (less fibre in 

the small plants). By contrast, crude protein 

(CP) content remained fairly constant under 

drought conditions due to antagonistic 

processes: the detrimental effects on 

nitrogen nutrition were offset by slower 

plant growth (i.e. higher plant N concentra-

tion due to reduced shoot biomass). The 

phosphorus cycle (P cycle) was adversely 

affected by the water restrictions, with 

quite different responses depending on soil 

P content. A late stress (i.e. one occurring 

after the grass growth peak) had more-pro-

nounced effects than an early one (occur-

ring during the peak). This experiment 

allows the effects of water shortage to be 

placed in a broader context by showing 

that the variations in yield and quality 

caused by drought are of same order of 

magnitude as the natural variations that 

can be observed between different years.

Key words: drought, forage, nutritive value, 

phosphorus, nitrogen, dilution effect, 

permanent grassland.

R
ia

ss
u

n
to

Su
m

m
ar

y

Effetti della siccità sul funzionamento  

di sistemi prato-pascolivi

Per accertare con precisione gli effetti della 

siccità sulla produzione di foraggio 

(sostanza secca e valore nutritivo) e sui 

rapporti suolo-vegetazione è stato con-

dotto un esperimento di manipolazione 

delle precipitazioni per due anni in due siti 

prato-pascolivi. Le situazioni di stress idrico 

sono state simulate per mezzo di tunnel di 

esclusione delle precipitazioni. Per quanto 

riguarda il valore nutritivo, i parametri che 

in situazioni di siccità hanno registrato le 

variazioni più significative sono stati il 

tenore di lignocellulosa (ADF) e il tenore di 

zuccheri solubili. Le oscillazioni dell’ADF 

hanno evidenziato una stretta correlazione 

con le perdite di produzione (piante più 

piccole meno ricche di fibre). Al contrario, il 

tenore di proteina grezza è rimasto relativa-

mente costante in situazioni di siccità a 

causa di processi antagonistici: gli effetti 

negativi sulla nutrizione azotata sono stati 

compensati dal rallentamento della crescita 

(maggior concentrazione di azoto nella 

pianta a causa della ridotta biomassa). Sul 

ciclo del fosforo (P) la carenza idrica ha 

avuto ripercussioni diverse in funzione della 

quantità di fosforo presente nel suolo. Uno 

stress idrico tardivo (dopo il picco di 

crescita) ha avuto effetti più marcati 

rispetto a uno stress precoce (durante il 

picco). Questo esperimento permette di 

contestualizzare il fenomeno della siccità in 

un contesto più ampio, in quanto mostra 

che le variazioni di produzione e qualità 

causate dalla siccità sono dello stesso 

ordine di grandezza delle oscillazioni 

naturali che si possono osservare da un 

anno all’altro. 
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Linking soil’s volatilome to microbes and plant roots
highlights the importance of microbes as emitters of
belowground volatile signals

Denis Schenkel,1,2 Aurélie Deveau,3 Jun Niimi,1

Pierre Mariotte,4,5 Amarante Vitra,4,5 Marco Meisser,6

Alexandre Buttler4,5,7 and Richard Splivallo 1,2,4*
1Institute for Molecular Biosciences, Goethe University
Frankfurt, Max-von-Laue Str. 9, 60438, Frankfurt am
Main, Germany.
2Integrative Fungal Research Cluster, 60325, Frankfurt,
Germany.
3Institut national de la recherche agronomique (INRA),
Unité Mixte de Recherche 1136 INRA-Université de
Lorraine, Interactions Arbres/Microorganismes, Centre
INRA-Grand Est-Nancy, 54280, Champenoux, France.
4Laboratory of Ecological Systems (ECOS), Station 2,
École Polytechnique Fédérale de Lausanne (EPFL),
School of Architecture, Civil and Environmental
Engineering (ENAC), 1015, Lausanne, Switzerland.
5Swiss Federal Institute for Forest, Snow and
Landscape Research (WSL), Site Lausanne, Case
postale 96, 1015, Lausanne, Switzerland.
6Agroscope, Route de Duillier 50, Case Postale 1012,
1260, Nyon, Switzerland.
7Laboratoire de Chrono-Environnement, UMR CNRS
6249, UFR des Sciences et Techniques, 16 route de
Gray, Université de Franche-Comté, F-25030,
Besançon, France.

Summary

Plants and microbes release a plethora of volatiles that
act as signals in plant–microbe interactions. Characteriz-
ing soil’s volatilome andmicrobiomemight shed light on
the nature of relevant volatile signals and on their emit-
ters. This hypothesis was tested by characterizing plant
cover, soil’s volatilome, nutrient content and micro-
biomes in three grasslands of the Swiss Jura Mountains.
The fingerprints of soil’s volatiles were generated by
solid-phase micro-extraction gas chromatography/mass
spectrometry, whereas high-throughput sequencing

was used to create a snapshot of soil’s microbial
communities. A high similarity was observed in plant
communities of two out of three sites, which was mir-
rored by the soil’s volatilome. Multiple factor analysis
evidenced a strong association among soil’s volatilome,
plant andmicrobial communities. The proportion of vola-
tiles correlated to single bacterial and fungal taxa was
higher than for plants. This suggests that those organ-
isms might be major contributors to the volatilome of
grassland soils. These findings illustrate that key vola-
tiles in grassland soils might be emitted by a handful of
organisms that include specific plants and microbes.
Further work will be needed to unravel the structure of
belowground volatiles and understand their implications
for plant health anddevelopment.

Introduction

Vascular plants, with more than 300 000 species
(Christenhusz and Byng, 2016), occupy a wide range of
habitats spanning from deserts to rainforests. Adaptation of
plants to varying environmental conditions is oftentimes
facilitated through belowground interactions with microbes,
which might improve plant fitness and resistance to stress,
as well as shape the coexistence pattern between species
(Hacquard et al. 2015; 2017).

Microbes surrounding plant roots are predominantly com-
posed of bacteria and fungi (Mendes et al. 2013). At the plant
root level, 80%–90% of terrestrial plants are associated with
mycorrhizal fungi (Smith and Read, 2008; Bonfante and
Genre, 2010). These beneficial microbes simultaneously col-
onize roots and soil, thereby increasing plants nutrient uptake
(Farzaneh et al., 2011) and resistance to drought (Mariotte
et al., 2013; 2017) and pests (El Komy et al., 2015; Frąc et al.,
2018). Root colonization by these symbionts is highly
dynamic and competitive as more than 100 symbiotic fungal
speciesmight simultaneously co-exist on the roots of a single
plant (Bahram et al., 2011; Deveau, 2016). Besidesmycorrhi-
zal fungi, plant roots also contain non-mycorrhizal fungal
endophytes, endosymbiotic microbes living within plant tis-
sues (Rodriguez et al., 2009; Kia et al., 2017). Depending on
plant-fungal species combination, these endophytes can
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influence plant development in different ways, ranging from
growth inhibition to growth promotion (Kia et al., 2017). For
instance, endophytic Fusarium species have been shown to
inhibit plant development andHelotiales strains to enhance it
(Almario et al., 2017; Kia et al., 2017). Finally, roots are also
prone to attacks by pathogenic fungi (i.e. Fusarium and Ver-
ticillium) and oomycetes (i.e. Pythium and Phytophthora)
dwelling in soil, which might cause wilts, blights and rots in
host plants (Parry et al., 1995; McCormick et al., 2011). Over-
all, these examples highlight the importance of root coloniz-
ing fungi in plant health and development.
Bacteria are another important component of the plant root

microbiome that plays a key role in plant nutrition, root devel-
opment and plant health. Some bacterial strains enhance
nutrient acquisition in plants (Nissinen et al., 2012; Bulgarelli
et al., 2013; Vandenkoornhuyse et al., 2015; Kielak et al.,
2016), support stress adaptation (Vandenkoornhuyse et al.,
2015) or, like Bacillus amyloliquefaciens, suppress plant
pathogens (Santhanam et al., 2015; Gómez Expósito et al.,
2017; Saechow et al., 2018). Others can have deleterious or
no visible effects on plants (Mansfield et al., 2012). Bacterial
diversity has been shown to decrease from the bulk soil to
the rhizosphere, the thin layer of soil in direct contact with
roots, and from the rhizosphere to the endosphere that
makes up the inner root space (Turner et al., 2013; Mendes
et al., 2014; Edwards et al., 2015; Zgadzaj et al., 2016).
Members of the Proteobacteria, Actinobacteria and Bacte-
roidetes bacterial phyla are mostly represented in the
rhizosphere and endosphere of numerous plant species
(Ofek-Lalzar et al., 2014; Schlaeppi et al., 2014). Some stud-
ies performed under controlled greenhouse conditions have
demonstrated a relative stability in root associated bacterial
communities; however, dynamic bacterial communities that
react to changing environmental factors are surely more
common under natural conditions (Edwards et al., 2015;
Marupakula et al., 2016).
Belowground plant–microbe interactions are in part regu-

lated by chemical signals secreted by one organism that
induces changes in the other. These signals might be water-
soluble proteins or small molecules (Martin and Kamoun,
2011). For instance, soil microbes release phytohormones
(i.e. auxins and gibberellins) that might modulate plant
growth and immunity (reviewed in the study by Persello-
Cartieaux et al., 2003). Plants are also able to shape their
root microbiome through root exudates, a broad range of
water-soluble metabolites [i.e. amino and organic acids,
sugars, peptides; reviewed in the study by van Dam and
Bouwmeester (2016)]. Exudates are, however, not the only
signals encountered in plant–microbe interactions. Volatile
organic compounds, small molecules with a low boiling point
and high vapour pressure, are indeed another important
group of chemical signals exchanged between plants and
microbes. Because of their volatile nature, volatile organic
compounds can diffuse in the soil and convey messages

many centimetres away from their emitters (Rasmann et al.,
2005; Wenke et al., 2010; Peñuelas et al., 2014; Massalha
et al., 2017; Schulz-Bohm et al., 2018; Sharifi and Ryu,
2018). To date, 841 volatiles that might act as signals to
plants have been documented from soil associated
microbes, even though a much higher number might exist
(Schenkel et al., 2015). For instance, 2,3-butanediol
released by Gram-positive Bacillus bacteria promote the
growth of Arabidopsis plants (Ryu et al., 2003). Likewise, a
mixture of 2-methyl-propanol, 3-methyl-butanol, methacrylic
acid and isobutyl acetate produced by the fungal genus
Phoma induce growth promotion in tobacco (Naznin et al.,
2013). Plants are similarly able to attract bacteria from bulk
soil by the release of volatiles through their roots as recently
illustrated for the grass species Carex arenia (Schulz-Bohm
et al., 2018). The latter examples highlight, however, that
studies unravelling the role of specific signals generally
focused on simplified laboratory setups, which are far from
representing natural communities. Those communities are
much more complex in terms of plant assemblages, root
microbiomes and exchanged signals. Yet, studies of signals
in complex communities have to date been hindered by tech-
nical challenges, as reflected by the scarce information avail-
able on biogenic volatiles in soil [reviewed in the study by
Peñuelas et al. (2014)].

The aim of this study was to address the latter gap in
knowledge. Specifically, the first goal was to investigate to
which extent belowground microbial communities, soil’s
chemical properties and plant communities correlated to the
soil’s volatilome. The second aim was to identify specific
emitters of relevant volatile signals. Three semi-natural
grasslands, diverse plant communities mostly composed
of grasses and forbs, were used here to address these
questions. A comprehensive approach of metabolomics by
gas chromatography/mass spectrometry (GC/MS) and high-
throughput sequencing was employed to extensively charac-
terize soil’s volatilome as well as belowground fungal and
bacterial communities. Multivariate statistics were then
used to highlight any possible associations among soil’s
volatilome, soil nutrients, plants, bacteria and fungi.

Results

Vegetation cover

Vegetation of all three sites was dominated by grass
species, ranging in abundance from roughly 75% in site
1 to slightly more than 50% in site 3 (Fig. 1A). Sites
1 and 2 were the most similar in terms of grass species,
with the three dominant species Lolium perenne, Poa
trivialis and Dactylis glomerata making up more than
75% of all grasses in both sites (Fig. 1B). By contrast,
these two species were mostly absent in site 3, where
Agrostis capillaris and Festuca rubra made up more than
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85% of all grass species. Forbs and legumes ranged sec-
ond in abundance after grasses in all three sites. As for
the pattern observed for grasses, sites 1 and 2 were the
most similar in terms of forbs and legumes plant commu-
nity composition (Fabaceae and Asteraceae), and dif-
fered the most from site 3. A comparable pattern can be
seen in terms of the number of plant species that are
common or specific to the three sites (Table S1). Forage
yields were 7.3 (� 0.6) tons ha−1 (site 1), 7.0 (� 0.8) tons
ha−1 (site 2) and 4.6 (� 0.6) tons ha−1 (site 3) dry weight.
Based on the Mann–Whitney statistical test, only the
yield of site 3 was significantly lower than the one of the
two other sites.

Soil parameters

Soil was characterized in the three sites in terms of nutritional
properties. Microbial carbon, total nitrogen and microbial
nitrogen were the highest in sites 2 and 3 (Fig. S1A, S1B,
Mann–Whitney test, p < 0.05). Nitrate, soil inorganic nitro-
gen, soil phosphorus and microbial phosphorus were the
highest in site 2. By contrast, ammonium was the highest
in site 3, which had the biggest proportion of forbs and
legumes. Soil carbon was the only parameter that signifi-
cantly increased from site 1 to 3, according to the increasing
altitude. Significant differences were also observed in nutri-
ent ratios (Fig. S1C). For instance, microbial and soil C:P
ratios were highest in site 3, microbial N:P ratios were lowest
in site 1 and soil N:P ratios lowest in site 2. Differences were
furthermore observed in soil pH and mean annual tempera-
tures (Table S2).

Soil’s volatilome

Soil sampleswere further characterized in terms of volatilome
for all three sites. Chromatograms were highly complex as
illustrated in Fig. S2, hindering the structure identification of
most volatiles. RawGC/MS data are provided for a represen-
tative sample of each site (along with an alkane series) as
supplemental material. Nevertheless, the goal here was not
to definitely identify compounds but rather to compare the
volatilome of the three sites, which can be done without full
structure identification. To this end, fingerprints of volatile
organic compounds were generated with the Tagfinder soft-
ware that creates amatrix of TAGs, corresponding to specific
mass fragments (m/z) within a retention time window
(Luedemann et al., 2008). Processing the data of all sites and
further filtering resulted in 298 TAGs. A heatmap illustrates
those 298 TAGs (Fig. 2). Considering a TAG to be present in
one site if present in at least one sampling plot (Fig. S6), 62%
of all TAGs were common to all three sites, while the propor-
tion of TAGs shared between two sites ranged from six to
10%, with site 1 and 2 having the highest proportion in com-
mon (Table S1). By contrast zero to 9% of the TAGs were
site specific, and site 3 had the highest proportion of site-
specific TAGs (Table S1). Overall, similarly to what has been
observed in plant cover, these results highlight more similari-
ties in the volatile profiles of sites 1 and 2 and marked differ-
enceswith site 3.

Soil’s bacterial and fungal communities

Microbial communities (fungi and bacteria) were further
characterized from the soil of each plot. High throughput
sequencing yielded on average (� standard deviation)

Fig. 1. Plant community composition in the three
grassland sites.A. Relative proportion of botanical
families of the eight most dominant plant families
in the three study sites. B. Species distribution
within the Poaceae family. Sites 1 and 2 were the
most similar in terms of plant families and grass
species.
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influence plant development in different ways, ranging from
growth inhibition to growth promotion (Kia et al., 2017). For
instance, endophytic Fusarium species have been shown to
inhibit plant development andHelotiales strains to enhance it
(Almario et al., 2017; Kia et al., 2017). Finally, roots are also
prone to attacks by pathogenic fungi (i.e. Fusarium and Ver-
ticillium) and oomycetes (i.e. Pythium and Phytophthora)
dwelling in soil, which might cause wilts, blights and rots in
host plants (Parry et al., 1995; McCormick et al., 2011). Over-
all, these examples highlight the importance of root coloniz-
ing fungi in plant health and development.
Bacteria are another important component of the plant root

microbiome that plays a key role in plant nutrition, root devel-
opment and plant health. Some bacterial strains enhance
nutrient acquisition in plants (Nissinen et al., 2012; Bulgarelli
et al., 2013; Vandenkoornhuyse et al., 2015; Kielak et al.,
2016), support stress adaptation (Vandenkoornhuyse et al.,
2015) or, like Bacillus amyloliquefaciens, suppress plant
pathogens (Santhanam et al., 2015; Gómez Expósito et al.,
2017; Saechow et al., 2018). Others can have deleterious or
no visible effects on plants (Mansfield et al., 2012). Bacterial
diversity has been shown to decrease from the bulk soil to
the rhizosphere, the thin layer of soil in direct contact with
roots, and from the rhizosphere to the endosphere that
makes up the inner root space (Turner et al., 2013; Mendes
et al., 2014; Edwards et al., 2015; Zgadzaj et al., 2016).
Members of the Proteobacteria, Actinobacteria and Bacte-
roidetes bacterial phyla are mostly represented in the
rhizosphere and endosphere of numerous plant species
(Ofek-Lalzar et al., 2014; Schlaeppi et al., 2014). Some stud-
ies performed under controlled greenhouse conditions have
demonstrated a relative stability in root associated bacterial
communities; however, dynamic bacterial communities that
react to changing environmental factors are surely more
common under natural conditions (Edwards et al., 2015;
Marupakula et al., 2016).
Belowground plant–microbe interactions are in part regu-

lated by chemical signals secreted by one organism that
induces changes in the other. These signals might be water-
soluble proteins or small molecules (Martin and Kamoun,
2011). For instance, soil microbes release phytohormones
(i.e. auxins and gibberellins) that might modulate plant
growth and immunity (reviewed in the study by Persello-
Cartieaux et al., 2003). Plants are also able to shape their
root microbiome through root exudates, a broad range of
water-soluble metabolites [i.e. amino and organic acids,
sugars, peptides; reviewed in the study by van Dam and
Bouwmeester (2016)]. Exudates are, however, not the only
signals encountered in plant–microbe interactions. Volatile
organic compounds, small molecules with a low boiling point
and high vapour pressure, are indeed another important
group of chemical signals exchanged between plants and
microbes. Because of their volatile nature, volatile organic
compounds can diffuse in the soil and convey messages

many centimetres away from their emitters (Rasmann et al.,
2005; Wenke et al., 2010; Peñuelas et al., 2014; Massalha
et al., 2017; Schulz-Bohm et al., 2018; Sharifi and Ryu,
2018). To date, 841 volatiles that might act as signals to
plants have been documented from soil associated
microbes, even though a much higher number might exist
(Schenkel et al., 2015). For instance, 2,3-butanediol
released by Gram-positive Bacillus bacteria promote the
growth of Arabidopsis plants (Ryu et al., 2003). Likewise, a
mixture of 2-methyl-propanol, 3-methyl-butanol, methacrylic
acid and isobutyl acetate produced by the fungal genus
Phoma induce growth promotion in tobacco (Naznin et al.,
2013). Plants are similarly able to attract bacteria from bulk
soil by the release of volatiles through their roots as recently
illustrated for the grass species Carex arenia (Schulz-Bohm
et al., 2018). The latter examples highlight, however, that
studies unravelling the role of specific signals generally
focused on simplified laboratory setups, which are far from
representing natural communities. Those communities are
much more complex in terms of plant assemblages, root
microbiomes and exchanged signals. Yet, studies of signals
in complex communities have to date been hindered by tech-
nical challenges, as reflected by the scarce information avail-
able on biogenic volatiles in soil [reviewed in the study by
Peñuelas et al. (2014)].

The aim of this study was to address the latter gap in
knowledge. Specifically, the first goal was to investigate to
which extent belowground microbial communities, soil’s
chemical properties and plant communities correlated to the
soil’s volatilome. The second aim was to identify specific
emitters of relevant volatile signals. Three semi-natural
grasslands, diverse plant communities mostly composed
of grasses and forbs, were used here to address these
questions. A comprehensive approach of metabolomics by
gas chromatography/mass spectrometry (GC/MS) and high-
throughput sequencing was employed to extensively charac-
terize soil’s volatilome as well as belowground fungal and
bacterial communities. Multivariate statistics were then
used to highlight any possible associations among soil’s
volatilome, soil nutrients, plants, bacteria and fungi.

Results

Vegetation cover

Vegetation of all three sites was dominated by grass
species, ranging in abundance from roughly 75% in site
1 to slightly more than 50% in site 3 (Fig. 1A). Sites
1 and 2 were the most similar in terms of grass species,
with the three dominant species Lolium perenne, Poa
trivialis and Dactylis glomerata making up more than
75% of all grasses in both sites (Fig. 1B). By contrast,
these two species were mostly absent in site 3, where
Agrostis capillaris and Festuca rubra made up more than
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6727 (� 2183) fungal reads and 30360 (� 2510) bacterial
reads per sample. Once rarefaction was completed,
reads were assigned to 1063 fungal and 3950 bacterial
Operational Taxonomic Units (OTUs) during affiliation.
These observed OTUs were distributed among plots of
all three sites with an average of 267 (� 41) fungal OTUs
and 2065 (� 150) bacterial OTUs in site 1, 261 (� 18)
fungal and 2002 (� 177) bacterial OTUs in site 2 and
249 (� 17) and 1686 (� 204) bacterial OTUs in site
3. Microbial richness was displayed as observed taxa
and diversity was estimated based on Shannon index
(H0). Observed richness and estimated diversity among
the three sites did not significantly differ for fungi but did
so for bacteria (Fig. S3, p < 0.05).
Fungal and bacterial community composition was

explored at different taxonomic levels. The Ascomycota
phylum dominated fungal community composition in each
site (more than 62% of the total diversity), followed by
members of the Basidiomycota and Glomeromycota
phyla (Fig. S4). At the class level, the Dothideomycetes
(phylum: Ascomycota) were the least abundant in site
3, which had the highest proportion of Leotiomycetes
(Ascomycota). Differences were less apparent for clas-
ses within the Basidiomycota and Glomeromycota due to

the important variability in relative abundance observed
among plots of the same sites (Fig. S4). Seven bacterial
phyla represented more than 95% of the total diversity,
with each phylum making up at most 23% of the overall
diversity (Fig. S5). Differences in abundance could also
be observed at the class level for bacteria and
highlighted once again that site 3 differed the most from
the other two sites (Fig. S5).

The standout of site 3 compared with the other sites can
similarly be seen at the family level and focusing on the
microbial families that represented more than 2% of the
reads (Table 1). These included ten fungal families out of
505 and five bacterial families out of 1768 (refer to Tables S4
and S5 for the data at different taxonomic level). Overall,
60% of fungal and 86% bacterial OTUs differed in relative
abundance among all sites (Kruskal-Wallis test, p < 0.05).
Specifically, site 3 stood out in terms of the Davidiellaceae,
Clavariaceae, Geoglossaceae and Glomeraceae fungal
families and the Planctomycetaceae, Acidobacteriaceae
and Xanthobacteraceae bacterial families (Table 1). The
peculiarity of site 3 could also been seen at the OTU level.
Indeed, site 3 shared from 5% to 11%ofmicrobial OTUswith
the other two sites while this numberwasmarkedly higher for
sites 1 and 2 (19% to 21%). In comparison, the proportion of

Fig. 2. Heatmap of volatile fingerprints at the three sites. Heatmap illustrating the relative proportion of the 298 TAGs (volatile signals) detected in
the soils of each plots for sites 1, 2, and 3. The cluster tree, based on correlations, highlights three major clusters: one made of TAGs present
almost exclusively in site 2, one made of TAGs common to sites 1 and 2, and one made of TAGs almost only appearing in site 3.
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OTUs that were common to all sites were 22% for fungi and
54% for bacteria, and all sites had a comparable proportion
of site-specific OTUs (2%–4% for bacteria, 14%–16% for
fungi) (Table S1).

Overall the data illustrate a slightly higher location
specificity for fungi compared with bacteria and shows
that site 3 differed the most from the other sites in terms
of microbial community composition.

Soil volatiles have the strongest associations with plants
and microbes

Multiple factor analysis (MFA) was performed with the aim to
assess the correlation strength among the soil volatilome
and the other factors considered here (plants, microbes, soil
properties). The MFA of Fig. 3 highlights that samples from
the three sites were distinguishable from each other, and that
the MFA model overall explained 39.2% of total variance
(axis 1: 22.1%, axis 2: 17.1%). The loadings visible in Fig. 3,
indicate that some plants, microbes, nutrients and vol-
atiles/TAGs were driving differences among sites. Three
plant species and six TAGs that were the most characteristic
of each site have been colour coded in red (panel Vegeta-
tion, Fig. 3) and blue (panel Volatiles, Fig. 3). Table S3 fur-
thermore provides the structural identification of those
TAGs/volatiles in a handful of cases. Similarly, specific
microbial OTUs drove the differences among the sites (refer
to Table S4 and S5 for a full list of microbial OTUs, including
their occurrence in each site and corresponding statistics).
Colour coding microbial OTUs at the phylum level (panels
Fungal OTUs and Bacterial OTUs, Fig. 3) did not reveal any
obvious site-specific differences in microbial community
composition. The shape of the data cloud (triangle shaped

for fungi and more donut shaped for bacteria) nevertheless
confirms the higher level of site specificity for fungi compared
with bacteria already observed previously.

An overall interpretation of the MFA is furthermore achiev-
able through the RV scores which reflects how strongly dif-
ferent loadings (parameters) are associated among each
other. RV scores were the highest among volatiles and
fungi or plants or bacteria (RVVOLATILES/FUNGI = 0.77,
RVVOLATILES/PLANT = 0.76, RVVOLATILES/BACTERIA = 0.74),
and were considerably lower between volatiles and nutrients
(RVVOLATILES/NUTRIENTS = 0.52).

In summary, this highlights a strong association between
the soil’s volatiles/bacteria, volatiles/fungi and volatiles/
plants, and exemplifies a comparable association strength
of those three factors.

Volatiles concentrations correlate to the abundance of
specific plants and microbes

To get a better understanding of specific interactions among
volatiles and the three most relevant factors of the MFA
(plants, bacteria and fungi), a correlation analysis was
applied treating each site independently (i.e., correlation
between relative volatiles/TAGs concentrations, plant spe-
cies and microbial OTUs). The correlation matrices were fur-
ther filtered by statistics, taking in account only positive or
negative significant correlations (p < 0.05, t-test) and setting
non-significant correlations to zero (Tables S6 (fungi),
Table S7 (bacteria), Table S8 (plants)). We first determined
which TAGs consistently correlated (positively or negatively)
to the same plants or microbial OTUs in at least two sites.
This revealed for positive correlations 36% bacterial OTUs,
26% fungal OTUs, and 27% plant species. By contrast,

Table 1. Dominant microbial families with more than 2% average occurrence in the three sites.

Rank Families (class, phylum) Site 1 (%) Site 2 (%) Site 3 (%) Average among sites STE

Fungi
1 Davidiellaceae (Dothideomycetes, Ascomycota) 17.1 12.2 4.1 11.1 3.8
2 Clavariaceae (Agaricomycetes, Basidiomycota) 0.7 0.2 9.8 3.5 3.1
3 Geoglossaceae (Geoglossomycetes, Ascomycota) 0.1 0.1 10.2 3.5 3.4
4 Glomeraceae (Glomeromycetes, Glomeromycota) 4.3 3.7 1.2 3.1 0.9
5 Strophariaceae (Agaricomycetes, Basidiomycota) 5.3 1.6 1.1 2.7 1.3
6 Sporormiaceae (Dothideomycetes, Ascomycota) 1.7 4.5 1.3 2.5 1.0
7 Phaeosphaeriaceae (Dothideomycetes, Ascomycota) 1.7 3.7 1.4 2.3 0.7
8 unknown family 421 (Agaricomycetes, Basidiomycota) 0.2 0.1 6.5 2.3 2.1
9 Bolbitiaceae (Agaricomycetes, Basidiomycota) 2.4 3.7 0.4 2.2 1.0
10 Pyronemataceae (Pezizomycetes, Ascomycota) 2.1 3.0 1.1 2.1 0.6

Bacteria
1 DA101 soil group (Spartobacteria, Verrucomicrobia) 10.7 3.1 13.9 9.2 5.3
2 Planctomycetaceae (Planctomycetacia, Planctomycetes) 5.4 5.2 11.9 7.5 4.3
3 Chitinophagaceae (Sphingobacteriia, Bacteroidetes) 3.9 2.2 1.9 2.7 1.5
4 Acidobacteriaceae (Subgroup 1) (Acidobacteria,

Acidobacteria)
1.0 0.3 5.6 2.3 1.3

5 Xanthobacteraceae (alpha-proteobacteria, Proteobacteria) 1.9 1.4 3.4 2.2 1.3

STE = standard error.
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6727 (� 2183) fungal reads and 30360 (� 2510) bacterial
reads per sample. Once rarefaction was completed,
reads were assigned to 1063 fungal and 3950 bacterial
Operational Taxonomic Units (OTUs) during affiliation.
These observed OTUs were distributed among plots of
all three sites with an average of 267 (� 41) fungal OTUs
and 2065 (� 150) bacterial OTUs in site 1, 261 (� 18)
fungal and 2002 (� 177) bacterial OTUs in site 2 and
249 (� 17) and 1686 (� 204) bacterial OTUs in site
3. Microbial richness was displayed as observed taxa
and diversity was estimated based on Shannon index
(H0). Observed richness and estimated diversity among
the three sites did not significantly differ for fungi but did
so for bacteria (Fig. S3, p < 0.05).
Fungal and bacterial community composition was

explored at different taxonomic levels. The Ascomycota
phylum dominated fungal community composition in each
site (more than 62% of the total diversity), followed by
members of the Basidiomycota and Glomeromycota
phyla (Fig. S4). At the class level, the Dothideomycetes
(phylum: Ascomycota) were the least abundant in site
3, which had the highest proportion of Leotiomycetes
(Ascomycota). Differences were less apparent for clas-
ses within the Basidiomycota and Glomeromycota due to

the important variability in relative abundance observed
among plots of the same sites (Fig. S4). Seven bacterial
phyla represented more than 95% of the total diversity,
with each phylum making up at most 23% of the overall
diversity (Fig. S5). Differences in abundance could also
be observed at the class level for bacteria and
highlighted once again that site 3 differed the most from
the other two sites (Fig. S5).

The standout of site 3 compared with the other sites can
similarly be seen at the family level and focusing on the
microbial families that represented more than 2% of the
reads (Table 1). These included ten fungal families out of
505 and five bacterial families out of 1768 (refer to Tables S4
and S5 for the data at different taxonomic level). Overall,
60% of fungal and 86% bacterial OTUs differed in relative
abundance among all sites (Kruskal-Wallis test, p < 0.05).
Specifically, site 3 stood out in terms of the Davidiellaceae,
Clavariaceae, Geoglossaceae and Glomeraceae fungal
families and the Planctomycetaceae, Acidobacteriaceae
and Xanthobacteraceae bacterial families (Table 1). The
peculiarity of site 3 could also been seen at the OTU level.
Indeed, site 3 shared from 5% to 11%ofmicrobial OTUswith
the other two sites while this numberwasmarkedly higher for
sites 1 and 2 (19% to 21%). In comparison, the proportion of

Fig. 2. Heatmap of volatile fingerprints at the three sites. Heatmap illustrating the relative proportion of the 298 TAGs (volatile signals) detected in
the soils of each plots for sites 1, 2, and 3. The cluster tree, based on correlations, highlights three major clusters: one made of TAGs present
almost exclusively in site 2, one made of TAGs common to sites 1 and 2, and one made of TAGs almost only appearing in site 3.
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negative correlations with TAGs were observed for only 3%
bacterial OTUs and 1% fungal OTUs (none were observed
with plants).
Considering the predominant numbers of positive correla-

tions among TAGs and microbes or plants, we further
questioned which organisms were behind those correlations.
Further processing the data of Tables S6, S7 andS8 revealed
that single bacterial and fungal OTUs were significantly and
positively correlated to a maximum of 15%–18% (average
among sites) of all 298 TAGs. This proportion was markedly
lower for plants where single species correlated with a

maximum 9% of all TAGs. Table 2 lists the top 15 plant spe-
cies or fungal and bacterial OTUs correlating to the highest
proportion of TAGs (average among sites) along with their rel-
evant taxonomic data. These top 15 organisms represented
seven plant families, where the Fabaceae and Poaceae were
each comprised of three species (Fabaceae: Lotus cornicul-
atus, Trifolium repens and Trifolium pratense; Poaceae: Poa
pratensis, Poa trivialis and Dactylis glomerate). These
families/species were also important contributors to plant
cover (Fig. 1). At the family level, a little less than half of the top
15 microbial taxa could not be assigned/identified (Table 2).

Fig. 3. The MFA was constructed based on
vegetation (28 plant species), soil properties
(14 parameters), soil volatiles (298 TAGs) and
microbial OTUs (1063 fungi and 3950 bacteria).
Scores and loadings are shown in six separate
plots for the ease of visualization and highlight
the relative specificity of some fungal/bacterial
OTUs, soil nutrients or TAGs in each site.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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negative correlations with TAGs were observed for only 3%
bacterial OTUs and 1% fungal OTUs (none were observed
with plants).
Considering the predominant numbers of positive correla-

tions among TAGs and microbes or plants, we further
questioned which organisms were behind those correlations.
Further processing the data of Tables S6, S7 andS8 revealed
that single bacterial and fungal OTUs were significantly and
positively correlated to a maximum of 15%–18% (average
among sites) of all 298 TAGs. This proportion was markedly
lower for plants where single species correlated with a

maximum 9% of all TAGs. Table 2 lists the top 15 plant spe-
cies or fungal and bacterial OTUs correlating to the highest
proportion of TAGs (average among sites) along with their rel-
evant taxonomic data. These top 15 organisms represented
seven plant families, where the Fabaceae and Poaceae were
each comprised of three species (Fabaceae: Lotus cornicul-
atus, Trifolium repens and Trifolium pratense; Poaceae: Poa
pratensis, Poa trivialis and Dactylis glomerate). These
families/species were also important contributors to plant
cover (Fig. 1). At the family level, a little less than half of the top
15 microbial taxa could not be assigned/identified (Table 2).

Fig. 3. The MFA was constructed based on
vegetation (28 plant species), soil properties
(14 parameters), soil volatiles (298 TAGs) and
microbial OTUs (1063 fungi and 3950 bacteria).
Scores and loadings are shown in six separate
plots for the ease of visualization and highlight
the relative specificity of some fungal/bacterial
OTUs, soil nutrients or TAGs in each site.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology
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The remaining portion belonged to seven fungal and eight
bacterial families, which include for fungi the Hyaloscy-
phaceae, Psathyrellaceae, Nectriaceae, Entolomataceae,
Chaetosphaeriaceae, Strophariaceae and the Bolbitiaceae
families. The latter two families belonged to the dominant
taxa listed in Table 1. Bacterial families were represented by
the Sandaracinaceae, Gemmatimonadaceae, Phyllobacteria-
ceae, Acetobacteraceae, Nitrosomonadaceae, Sphingo-
bacteriaceae, Mycobacteriaceae and Planctomycetaceae.
The latter family was listed as a dominant taxon in to Table 1.

Overall these findings highlight that some microbial
OTUs are correlated to a higher proportion of volatiles
than single plant species. Our data also reveal the taxo-
nomic identity of the organisms that are correlated to the
most TAGs.

Discussion

The possibility to gain relevant insight in belowground plant-
microbe interactions by profiling soil volatiles in association
with plant and microbial community compositions was
explored here. Overall, volatile profiles from the soils col-
lected in two sites were highly similar to each other and
greatly differed from a third location. Of the four factors con-
sidered here, soil nutrients had the lowest association with
the soil’s volatilome. This is not surprising since soil nutrients
have no direct influence on soil volatiles. Yet, theymight indi-
rectly influence the physiology of volatile emitters and shape
soil’s microbiome (Faoro et al., 2010; Wang et al., 2017; Xue
et al., 2018), potentially explaining the small effect observed
here in the soil volatilome. Indeed the relative proportion of
available carbon to nitrogen (C:N) or to phosphorus (C:P),
and the ratio of nitrogen to phosphorus (N:P) are known to
impact plant biomass and metabolism (Elser et al., 2010;
Güsewell, 2005; Huarancca Reyes et al., 2018; Zheng,
2009). This is further supported by the fact that fertilization
treatments of soil have been documented to affect mono-
and sesquiterpenes emission in plants (Ormeño and
Fernandez, 2012). Similarly, the uptake of soil’s nutrients by
plants was shown to influence the production of volatiles, as
illustrated by the finding that phosphorus foliar concentra-
tions negatively correlated to isoprene and monoterpenes
emissions (Fernández-Martínez et al., 2018). Additionally,
nutrients might similarly affect volatiles synthetized by bacte-
ria (Garbeva et al., 2014).

Microbial community structures and compositions were
additional factors considered here for their associations with
soil’s volatilome. Our data highlight that soil microbes were
strongly associated with soil’s volatilome. Bacteria and fungi
are well known emitters of volatile compounds (Lemfack
et al., 2018), and we have speculated earlier based on
undescribed (and mostly uncultivable) microbial taxa that soil
might contain a huge diversity of undescribed volatiles
(Schenkel et al., 2015). This hypothesis is corroborated hereT
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by the fact that most volatiles of the present study could not
be identified. This should, however, be interpreted with cau-
tion since part of the difficulty in identifying volatiles might be
attributed to low signals in the chromatograms. However, it is
also likely that many of the volatiles of the present study have
not been described/characterized yet as they originate from a
highly complex matrix (soil) that has been little studied
(Peñuelas et al., 2014). A similar observation about the need
to characterize the structure of unknown bacterial volatile has
been done earlier (Kai et al., 2009). Future efforts should thus
focus on identifying specific soil volatiles and linking those
volatiles to distinctmicrobes and biosynthesis pathways.

In addition to the strong associations evidenced by the
MFA, significant positive correlations were observed between
volatile signals and specific plants. Current knowledge of vola-
tile emission by plant roots is scarce (Schenkel et al., 2015)
and to the best of our knowledge, there is no published data
on the root volatilomes of any of the plant (grass) species
listed as relevant in Table 2. By contrast some data exists on
the volatilomes of some of the relevant microbial taxa listed in
Table 2. For instance, the volatile profile of the plant pathogen
Gibberella avenacea, (teleomorph of Fusarium avenaceum)
has been investigated during infection of maize ears (Becker
et al., 2014). Additionally, the volatile profiles of other Fusar-
ium species have been characterized in numerous other stud-
ies (Bitas and Kang, 2015; Lemfack et al., 2018; Schenkel
et al., 2018; Wang et al., 2018). Two unidentified OTUs
belonging to the Glomeromycota phylum known for its ability
to form arbuscular mycorrhizae with plants were also put for-
ward as possible emitter of volatiles (Table 2). Studies on the
volatile emission in in vitro cultures of arbuscular mycorrhizal
fungi have been hindered by the microscopic size of those
organisms and probably by technological challenges in culti-
vation (Mukhongo et al., 2016). Nevertheless, arbuscular
mycorrhizal fungi are known to alter the above-ground volatile
emission of the plants they colonize (Schausberger et al.,
2012), thus it is conceivable that a similar modulation might
occur at the plant root level. Lastly, microbes do not only have
the ability to emit volatiles but possibly also to adsorb or even
metabolize them as recently suggested for fungi and soil vola-
tiles (Schenkel et al., 2018) or for bacteria and the volatile
cumene (Eaton and Nitterauer, 1994; Habe et al., 1996). Yet,
the higher proportion of positive correlations compared with
negative ones between volatile signals and plants ormicrobes
observed in our data suggests that overall, soil organisms are
emittingmore volatiles than they consume.

In conclusion, the soil volatilome should be considered
as a signature resulting from the net effect of all organisms
and processes acting in the soil. Additionally, the scare
information on the volatilome of organisms listed as rele-
vant here begs for characterizing their volatile profiles.

The data presented here furthermore highlight a higher
level of site-specificity for fungi than for bacteria. Certain dom-
inant fungi have closer associations with plant roots

(i.e. formingmycorrhizas) than bacteria, and the higher speci-
ficity observed for fungi might thus be driven by the stark
differences in plant communities between sites 1 and 2 com-
pared with site 3. However, our sampling strategy might also
have influenced this outcome. Indeed, bacteria might closely
associate with plant roots at the level of the rhizosphere, a
thin zone of soil directly under the influence of plant roots that
is known to contain most microbes relevant for plant health
(Berendsen et al., 2012). Considering that our sampling strat-
egy, established to minimize wound-induced root volatiles,
included both rhizosphere and bulk soil, our results should
be interpreted with a note of caution. Indeed, signals from rhi-
zosphere bacteria might be diluted by signals from bulk soil
bacteria. A stricter sampling of rhizospheremicrobial commu-
nities might thus have revealed more of the plant associated
active microbes. However, the detection of some OTUs
belonging to the Proteobacteria phylum, and that represented
approximately 20% of the bacterial diversity in our data, vali-
dates at least partially our sampling strategy. Thesemicrobes
are indeed known as common rhizosphere inhabitants and
endophytes in several grass species (Duc et al., 2009; Hurek
et al., 2002; Iniguez et al., 2004; Sevilla et al., 2001). Addi-
tional studies focusing on the bacterial communities in the rhi-
zosphere of single plant species will be needed to pinpoint
microbial specificity/ubiquity.

In summary, our findings illustrate some of the challenges
in studying the soil’s volatilome but also highlight its high
complexity. Most of all, soil microbes appear as essential
emitters of volatiles and seem to contribute slightly more
than plant roots to the complexity of the soil’s volatilome.
Further studies are nevertheless required to verify whether
our observations are global or local and how they vary in
space and time.

Experimental procedures

Site description and experimental design

Three semi-natural grasslands located in the Jura Moun-
tains (Canton of Vaud, Switzerland) were characterized in
terms of plant communities, soil nutrients, soil volatilomes
and microbiomes. Details about each site can be seen in
the Supporting Information Table S2.

Five rainout shelters were set up at each site. The
experiment was conducted during two growing season
using plots of 3.6 m2 and data for this study were col-
lected in the second year of the experiment (2016). The
current study included two plots per shelter (considering
five shelters per site, this is equivalent to 10 plots per
site), which were irrigated for 8 weeks with different
watering regimes to assess the effect of drought. Specifi-
cally, a ‘control plot’ was watered based on the averaged
precipitations of the last 30 years while the ‘drought plot’
received 30% less water. Because statistical testing
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The remaining portion belonged to seven fungal and eight
bacterial families, which include for fungi the Hyaloscy-
phaceae, Psathyrellaceae, Nectriaceae, Entolomataceae,
Chaetosphaeriaceae, Strophariaceae and the Bolbitiaceae
families. The latter two families belonged to the dominant
taxa listed in Table 1. Bacterial families were represented by
the Sandaracinaceae, Gemmatimonadaceae, Phyllobacteria-
ceae, Acetobacteraceae, Nitrosomonadaceae, Sphingo-
bacteriaceae, Mycobacteriaceae and Planctomycetaceae.
The latter family was listed as a dominant taxon in to Table 1.

Overall these findings highlight that some microbial
OTUs are correlated to a higher proportion of volatiles
than single plant species. Our data also reveal the taxo-
nomic identity of the organisms that are correlated to the
most TAGs.

Discussion

The possibility to gain relevant insight in belowground plant-
microbe interactions by profiling soil volatiles in association
with plant and microbial community compositions was
explored here. Overall, volatile profiles from the soils col-
lected in two sites were highly similar to each other and
greatly differed from a third location. Of the four factors con-
sidered here, soil nutrients had the lowest association with
the soil’s volatilome. This is not surprising since soil nutrients
have no direct influence on soil volatiles. Yet, theymight indi-
rectly influence the physiology of volatile emitters and shape
soil’s microbiome (Faoro et al., 2010; Wang et al., 2017; Xue
et al., 2018), potentially explaining the small effect observed
here in the soil volatilome. Indeed the relative proportion of
available carbon to nitrogen (C:N) or to phosphorus (C:P),
and the ratio of nitrogen to phosphorus (N:P) are known to
impact plant biomass and metabolism (Elser et al., 2010;
Güsewell, 2005; Huarancca Reyes et al., 2018; Zheng,
2009). This is further supported by the fact that fertilization
treatments of soil have been documented to affect mono-
and sesquiterpenes emission in plants (Ormeño and
Fernandez, 2012). Similarly, the uptake of soil’s nutrients by
plants was shown to influence the production of volatiles, as
illustrated by the finding that phosphorus foliar concentra-
tions negatively correlated to isoprene and monoterpenes
emissions (Fernández-Martínez et al., 2018). Additionally,
nutrients might similarly affect volatiles synthetized by bacte-
ria (Garbeva et al., 2014).

Microbial community structures and compositions were
additional factors considered here for their associations with
soil’s volatilome. Our data highlight that soil microbes were
strongly associated with soil’s volatilome. Bacteria and fungi
are well known emitters of volatile compounds (Lemfack
et al., 2018), and we have speculated earlier based on
undescribed (and mostly uncultivable) microbial taxa that soil
might contain a huge diversity of undescribed volatiles
(Schenkel et al., 2015). This hypothesis is corroborated hereT
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revealed that the effect of drought on the soil volatilome
was negligible (it significantly influenced the concentra-
tions of only 6% of volatiles for site 1, 3% for site
2 and 4% for site 3, p < 0.05, Kruskall–Wallis test), the
two plots (drought and the respective control plot) were
considered here as equivalent.
Vegetation cover determination, soil sampling (for nutri-

ents, microbiomes, volatilomes) and subsequent plant
yield were determined at the end of the 8 weeks period.
The specific sampling dates (end of May for site 1, mid-
June for site 2 and early July for site 3) differed for each
site as they were chosen to reflect peak biomass (based
on data obtained in the previous years). The exact num-
ber of replicates (plots) sampled at each site was for veg-
etation determination and soil’s volatilome – 10 plots per
site; soil nutrients – 6 plots per site and for bacterial and
fungal microbiomes – 10 plots per site, except for site
3 for which one bacterial microbiome sample was lost
resulting in 9 plots.

Determination of vegetation

Plant community was surveyed using a pin-point method
(Daget and Poissonet, 1971) with 80 points per plot,
evenly distributed every 20 cm on four lines of 400 cm
spaced 20 cm apart. At each point of interception, all
plant species in contact with the edge of a 1 mm dagger
(presence/absence) were recorded. Relative species
cover was determined by dividing the number of contacts
per species in each plot by the total number of contacts
(Iussig et al., 2015). Above ground biomass (plant yield)
was determined after harvesting and expressed as dry
matter per plot.

Soil nutrients

Soil samples were collected for the top 12–15 cm layer
by pooling 15 spatially randomly distributed cores per
plot. The water content was determined gravimetrically
by drying soil subsamples at 105�C to a constant weight.
Total carbon (C) and nitrogen (N) content in the bulk
soil were analysed after ball milling. Soil C and N were
determined under high-temperature oxidation using an
elemental analyser (CE Instruments model NA2500 Nitro-
gen Carbon Analyser) and expressed as mg�kg−1 dry
soil. For the determination of microbial biomass carbon
(Cmic) and nitrogen (Nmic), pairs of about 5 g of fresh soil
were weighed for each replicate and one sample from
each pair was immediately extracted in 25 ml solution of
0.5 M K2SO4, whereas the other sample was put in a
vacuum desiccator and subjected to chloroform vapours.
After 1 day of fumigation, the fumigated soil sample was
extracted with the same solution. Total C and N concen-
trations in fumigated and non-fumigated samples were

analysed by a TOC/TN analyser (Shimadzu TOC-V). To
determine the soil available phosphorus (P) and the
microbial phosphorus (Pmic), 3 g of fumigated and non-
fumigated fresh soil was extracted with 40 ml of 0.5 M
NaHCO3 (Olsen method). Phosphorus concentrations
(i.e. orthophosphates) were analysed by colorimetry
using a spectrophotometer at 890 nm. Microbial
biomass C, N and P were estimated as the differences
between the amounts of C, N and P after and before
fumigation using an extractability factor of 0.45 for C
(Vance et al., 1987), 0.54 for N (Brookes et al., 1985)
and 0.4 for P (Brookes et al., 1982). Microbial biomass C,
N and P and soil available P are expressed as mg�kg−1
dry soil. Ammonium (N-NH4) and nitrate (N-NO3) concen-
trations were determined by continuous flow analyses
using an automated analyser (SEAL AA3 HR Auto-
analyser) after extraction of 5 g of fresh soil with 30 ml of
1 M KCl, and the results expressed as milligram per kilo-
gram dry soil.

Sampling of soil for volatilome and microbiome analysis

Soil was sampled from each plot according to the
scheme described in the Supporting Information Fig. S6.
In short, six soil cores (12–15 cm depth, 3.2 cm diameter)
were taken from each plot. Soil cores contained highly
intermingled roots (a few milligram of roots per grams of
soil – dry weight each). Separating rhizosphere from bulk
soil was not feasible without extensively damaging root
systems and thus inducing the release of wound-induced
volatiles. Hence, root samples were immediately sepa-
rated at the sampling site from soil through sieving (3 mm
sieve). This resulted in a mixture of bulk and rhizosphere
soil that was subsequently used to determine soil’s
volatilome and microbiome as described hereafter. To
minimize volatile loss or drift in microbial population fol-
lowing sampling, the soil samples were cooled to 4�C
until volatile profiling was performed (within 24 h from col-
lection) and immediately frozen thereafter.

Soil volatile profiling

A total of 1.00 (� 0.02) g fresh soil of each sample was
transferred to 20 ml solid-phase micro extraction (SPME)
vials. Volatile fingerprints were generated by SPME-GC/MS
and analysed as described previously (Sherif et al., 2016;
Schenkel et al., 2018) with the exception of the threshold of
600 set in the Tagfinder software (version 4.1) used to pro-
cess chromatograms (Luedemann et al., 2008). This analy-
sis resulted in a matrix of TAGs, signals equivalent to mass
fragments within specific time ranges [(m/z, RT range)], and
which were normalized to the total ion current (TIC). To filter
noise out of the data, only TAGs present in six plots (out of
10) at a single site were considered. TAGs were further
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filtered by retention time and pairwise correlations were cal-
culatedwith adjacent TAGs. TAGswith a correlation ofmore
than 70%with the adjacent TAG and falling in a comparable
retention windowwere assumed to belong to the same com-
pound. The data were subsequently reduced to one repre-
sentative TAG for each TAG having a comparable RT
range, resulting in amatrix of 298 TAGs.

Volatiles comprised TAGs of interest were tentatively
identified via NIST Mass Spectral Search Program 2.0
(National Institute of Standards and Technology, Gaithers-
burg, USA) by comparison of mass spectra and Kovats
retention indices (n-alkane). Complete identification was
achieved for 2-methylbutan-1-ol and 3-methylbutan-1-ol by
injecting authentic standards purchased from Merck
(Darmstadt, Germany). Raw chromatograms of a represen-
tative soil sample per site and respective alkane series are
provided as Supporting Information in the CDF format.

Microbiome sequencing and data preprocessing

Soil samples (100 g per soil plot) were freeze dried (Christ
Alpha 1-4 LD plus, Osterode am Harz, Germany) and sub-
sequently homogenized by mixing/shaking in paper bags.
For each sample, the DNA from three subsamples of
250 � 10 mg soil was isolated with the NucleoSpin Soil
Kit (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s instruction (using lysis buffer SL2 + 150 μl
enhancer). Eventually, the three subsamples of isolated
microbial DNA were unified into one sample resulting in
30 samples in total (one for each plot).

Amplicon libraries of bacterial soil inhabitants were gener-
ated by amplifying the V4 region of the bacterial 16S rDNA
with 515F (Apprill et al., 2015) and 806R (Parada et al.,
2016) primers. The internal transcribed spacer 2 (ITS2)
region of fungal rDNA was used to characterize fungal soil
communities using ITS86F (Vancov and Keen, 2009) and
ITS4 (White et al., 1990) primers. In both cases, forward and
reverse primers carried the 5-CTTTCCCTACACGACGCT
CTTCCGATCT-3 and 5-GGAGTTCAGACGTGTGCTCT
TCCGATCT-3 tails. Bacterial amplicon size was approxi-
mately 291 base pairs (bp) (Caporaso et al., 2011), fungal
amplicon size approximately 400 bp (Vancov and Keen,
2009). Oligo nucleotideswere obtained fromEurofinsGeno-
mics (Ebersberg, Germany). Polymerase chain reaction
(PCR) was performed for three replicates of each sample
(2 μl isolated DNA at 15.5–37.9 ng μl−1) in 10 μl 5PRIME
2.5× MasterMix including Taq polymerase with 1 μl of for-
ward and reverse primers (10 μM) each and 11 μl DNA free
water (Carl Roth, France) in a total reaction volume of 25 μl
per sample. Amplification conditions for bacterial 16S oligo-
nucleotides were 94�C for 3 min, 30 cycles 94�C for 45 s,
50�C for 1 min and 72�C for 90 s. Eventually temperature
was hold at 72�C for 10 min and storage at 4�C. Amplifica-
tion conditions for ITS2 oligonucleotides were 95�C for

2 min, then 30 cycles of 95�C for 30 s, 55�C for 30 s, 72�C
for 1 min and after the final cycle 72�C for 10 min, followed
by 10�C for storage. PCRproducts without addition ofmicro-
bial DNA (negative control), mock communities of known
fungal or bacterial compositions and unmerged subsamples
of two randomly picked samples were added as quality con-
trols. Samples of 50 μl (30 ng DNA per μl) were sent for tag-
ging and MiSeq Illumina Next Generation Sequencing (GeT
PlaGe INRA sequencing platform, Toulouse, France). The
raw data were deposited in the NCBI Sequence Read
Archive website (http://www.ncbi.nlm.nih.gov/sra) under the
SRA study accession number SUB5130080.

Resulting bacterial sequences were further processed
with Find Rapidly OTU with Galaxy Solution (FROGS)
(Escudié et al., 2017) based onGalaxymetagenomic analy-
sis platform (Afgan et al., 2016). Sequences were demulti-
plexed, dereplicated, sequence quality was checked,
oligonucleotides, linker, pads and barcodes were removed
from sequences and sequences were filtered on additional
criteria. Sequences were removed from data set, if non-
barcoded, if sequences exhibited ambiguous bases or did
not match expectations in amplicon size. Remaining
sequences were clustered into operational taxonomic units
(OTUs) based on iterative Swarm algorithm, and then chi-
mera and singletons (OTUs containing only one sequence)
were removed. Bacterial double affiliation was performed
blasting OTUs against SILVA database (Quast et al., 2012)
and ribosomal database project (RDP) classifier (Wang
et al., 2007). OTUs with affiliation <100% at phylum level
(indicated by a RDP bootstrap value <1) were removed from
data set. OTUs at lower taxonomic ranks than the phylum
level were considered as ‘unidentified’ when RDP bootstrap
value was <0.70. OTUs with high abundances in negative
controls were excluded from further analysis, sequencing
and affiliation quality was evaluated based on the results
obtained for the bacterial mock community.

Fungal sequences were processed as following. After
demultiplexing and quality check (quality score = 30, min-
imal size = 200 bp), bioinformatics analyses were per-
formed using standard procedures as described in the
study by Pérez-Izquierdo et al. (2017).

For both fungal and bacterial data, per-sample rarefaction
curves were calculated to assess sampling completeness,
using function rarecurve() in package Vegan v3.5–1
(Oksanen et al., 2015) in R (version 3.4.3) (R Core Team,
2017). Based on these, subsequent analyses of diversity
and community structure were performed on data sets
where samples had been rarefied with the Phyloseq
(McMurdie and Holmes 2013) package to achieve equal
read numbers according to the minimum number of total
reads in any sample (25 143 bacteria, 4127 fungi). Microbial
alpha diversity was estimated with the PhyloSeq package,
as well. Normal distribution of richness (observed taxa) and
diversity (Shannon’s H0) was tested (Shapiro–Wilk normality
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revealed that the effect of drought on the soil volatilome
was negligible (it significantly influenced the concentra-
tions of only 6% of volatiles for site 1, 3% for site
2 and 4% for site 3, p < 0.05, Kruskall–Wallis test), the
two plots (drought and the respective control plot) were
considered here as equivalent.
Vegetation cover determination, soil sampling (for nutri-

ents, microbiomes, volatilomes) and subsequent plant
yield were determined at the end of the 8 weeks period.
The specific sampling dates (end of May for site 1, mid-
June for site 2 and early July for site 3) differed for each
site as they were chosen to reflect peak biomass (based
on data obtained in the previous years). The exact num-
ber of replicates (plots) sampled at each site was for veg-
etation determination and soil’s volatilome – 10 plots per
site; soil nutrients – 6 plots per site and for bacterial and
fungal microbiomes – 10 plots per site, except for site
3 for which one bacterial microbiome sample was lost
resulting in 9 plots.

Determination of vegetation

Plant community was surveyed using a pin-point method
(Daget and Poissonet, 1971) with 80 points per plot,
evenly distributed every 20 cm on four lines of 400 cm
spaced 20 cm apart. At each point of interception, all
plant species in contact with the edge of a 1 mm dagger
(presence/absence) were recorded. Relative species
cover was determined by dividing the number of contacts
per species in each plot by the total number of contacts
(Iussig et al., 2015). Above ground biomass (plant yield)
was determined after harvesting and expressed as dry
matter per plot.

Soil nutrients

Soil samples were collected for the top 12–15 cm layer
by pooling 15 spatially randomly distributed cores per
plot. The water content was determined gravimetrically
by drying soil subsamples at 105�C to a constant weight.
Total carbon (C) and nitrogen (N) content in the bulk
soil were analysed after ball milling. Soil C and N were
determined under high-temperature oxidation using an
elemental analyser (CE Instruments model NA2500 Nitro-
gen Carbon Analyser) and expressed as mg�kg−1 dry
soil. For the determination of microbial biomass carbon
(Cmic) and nitrogen (Nmic), pairs of about 5 g of fresh soil
were weighed for each replicate and one sample from
each pair was immediately extracted in 25 ml solution of
0.5 M K2SO4, whereas the other sample was put in a
vacuum desiccator and subjected to chloroform vapours.
After 1 day of fumigation, the fumigated soil sample was
extracted with the same solution. Total C and N concen-
trations in fumigated and non-fumigated samples were

analysed by a TOC/TN analyser (Shimadzu TOC-V). To
determine the soil available phosphorus (P) and the
microbial phosphorus (Pmic), 3 g of fumigated and non-
fumigated fresh soil was extracted with 40 ml of 0.5 M
NaHCO3 (Olsen method). Phosphorus concentrations
(i.e. orthophosphates) were analysed by colorimetry
using a spectrophotometer at 890 nm. Microbial
biomass C, N and P were estimated as the differences
between the amounts of C, N and P after and before
fumigation using an extractability factor of 0.45 for C
(Vance et al., 1987), 0.54 for N (Brookes et al., 1985)
and 0.4 for P (Brookes et al., 1982). Microbial biomass C,
N and P and soil available P are expressed as mg�kg−1
dry soil. Ammonium (N-NH4) and nitrate (N-NO3) concen-
trations were determined by continuous flow analyses
using an automated analyser (SEAL AA3 HR Auto-
analyser) after extraction of 5 g of fresh soil with 30 ml of
1 M KCl, and the results expressed as milligram per kilo-
gram dry soil.

Sampling of soil for volatilome and microbiome analysis

Soil was sampled from each plot according to the
scheme described in the Supporting Information Fig. S6.
In short, six soil cores (12–15 cm depth, 3.2 cm diameter)
were taken from each plot. Soil cores contained highly
intermingled roots (a few milligram of roots per grams of
soil – dry weight each). Separating rhizosphere from bulk
soil was not feasible without extensively damaging root
systems and thus inducing the release of wound-induced
volatiles. Hence, root samples were immediately sepa-
rated at the sampling site from soil through sieving (3 mm
sieve). This resulted in a mixture of bulk and rhizosphere
soil that was subsequently used to determine soil’s
volatilome and microbiome as described hereafter. To
minimize volatile loss or drift in microbial population fol-
lowing sampling, the soil samples were cooled to 4�C
until volatile profiling was performed (within 24 h from col-
lection) and immediately frozen thereafter.

Soil volatile profiling

A total of 1.00 (� 0.02) g fresh soil of each sample was
transferred to 20 ml solid-phase micro extraction (SPME)
vials. Volatile fingerprints were generated by SPME-GC/MS
and analysed as described previously (Sherif et al., 2016;
Schenkel et al., 2018) with the exception of the threshold of
600 set in the Tagfinder software (version 4.1) used to pro-
cess chromatograms (Luedemann et al., 2008). This analy-
sis resulted in a matrix of TAGs, signals equivalent to mass
fragments within specific time ranges [(m/z, RT range)], and
which were normalized to the total ion current (TIC). To filter
noise out of the data, only TAGs present in six plots (out of
10) at a single site were considered. TAGs were further
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test) for fungi and bacteria individually. Depending on the
outcome, richness and diversity of sites 1–3 were compared
by ANOVA (normal distribution) or Kruskal–Wallis test (not
normal distribution).

Statistical analysis

Tests for statistical significance were computed in Past
3.04 (Hammer et al., 2001) or R [version 3.4.3 (R Core
Team, 2017)] and packages within. The exact tests per-
formed are specified in the figure’s legends or main text.

Multiple factor analysis. MFAs was performed considering
all three sites using XLStat (version 2015 1.01; Addinsoft
SARI, Paris, France). MFA requires data matrices (plants,
microbes, soil nutrients and volatiles) of the same size (num-
ber of scores). Because soil nutrient content had been deter-
mined from only six plots per site, only data from the
corresponding six plots (five for site 3 due to a missing sam-
ple) were considered to generate the relevant matrices for
plants, microbes and volatiles. Specifically, the following
matriceswere used (i) the normalizedmatrix generated under
“Soil volatile profiling” and containing 298 TAGs (volatiles);
(ii) for plants, the relative abundance of 38 species were
expressed in percentage for each plot; and (iii) for microbes,
the relative abundance of 3950 bacterial and 1063 fungal
OTUs were expressed as the number of reads detected in
each plot. Nutrients and nutrient ratios were expressed as
illustrated in the Supporting Information Fig. S1. RV coeffi-
cients computed by the MFA range from zero to one and the
higher the score, the stronger the association between two
datamatrices.

Correlation analysis. Correlations among volatiles, plant spe-
cies andmicrobial OTUwere calculated in Past 3.04 (Hammer
et al., 2001) considering each sites separately. Values
(Person’s R) with non-significant correlations (p > 0.05, t- test)
were replaced by zero, resulting in three separate correlation
matrices that contained only significant positive and negative
correlations [Supporting Information Tables S6 (fungi),
Table S7 (bacteria), Table S8 (plants)].
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test) for fungi and bacteria individually. Depending on the
outcome, richness and diversity of sites 1–3 were compared
by ANOVA (normal distribution) or Kruskal–Wallis test (not
normal distribution).

Statistical analysis

Tests for statistical significance were computed in Past
3.04 (Hammer et al., 2001) or R [version 3.4.3 (R Core
Team, 2017)] and packages within. The exact tests per-
formed are specified in the figure’s legends or main text.

Multiple factor analysis. MFAs was performed considering
all three sites using XLStat (version 2015 1.01; Addinsoft
SARI, Paris, France). MFA requires data matrices (plants,
microbes, soil nutrients and volatiles) of the same size (num-
ber of scores). Because soil nutrient content had been deter-
mined from only six plots per site, only data from the
corresponding six plots (five for site 3 due to a missing sam-
ple) were considered to generate the relevant matrices for
plants, microbes and volatiles. Specifically, the following
matriceswere used (i) the normalizedmatrix generated under
“Soil volatile profiling” and containing 298 TAGs (volatiles);
(ii) for plants, the relative abundance of 38 species were
expressed in percentage for each plot; and (iii) for microbes,
the relative abundance of 3950 bacterial and 1063 fungal
OTUs were expressed as the number of reads detected in
each plot. Nutrients and nutrient ratios were expressed as
illustrated in the Supporting Information Fig. S1. RV coeffi-
cients computed by the MFA range from zero to one and the
higher the score, the stronger the association between two
datamatrices.

Correlation analysis. Correlations among volatiles, plant spe-
cies andmicrobial OTUwere calculated in Past 3.04 (Hammer
et al., 2001) considering each sites separately. Values
(Person’s R) with non-significant correlations (p > 0.05, t- test)
were replaced by zero, resulting in three separate correlation
matrices that contained only significant positive and negative
correlations [Supporting Information Tables S6 (fungi),
Table S7 (bacteria), Table S8 (plants)].
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