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Abstract

Human activity and ongoing climate changes have an increasing impact on ecosystems and lead to the loss

of several natural habitats. Ecosystems provide functions contributing to human well-being and these func-

tions could be estimated based on a monetary value. Among these ecosystems, wetlands and peatlands are of

primary importance, by hosting a speci�c �ora and acting as a carbon sink. Their waterlogged soils are an-

oxic, and the mineralisation of the organic matter is slow. Organic matter accumulates in the peat and thus

�xes atmospheric carbon in soil. But this function is directly linked to the humidity content, which depends

on precipitation rate and local climate. With ongoing climate changes and human pressure on peatlands,

these ecosystems are regressing all over the world. In Switzerland for example only 10% of the wetlands, that

still existed in the 19
th

century, remained until now. Henceforth, developing tools that allow the monitoring

of peatlands has become a key priority.

The aim of this thesis was to develop bio-indicators that can be used to monitor the status and functioning

of Sphagnum peatlands. Until now, monitoring of Sphagnum peatlands was mainly conducted through ve-

getation surveys. However, as vegetation responds to perturbation with a delay, its power to assess short

term changes is limited. Particularly, it is di�cult to estimate the impact of revitalisation actions (i.e. ma-

nipulation of water table, introduction of vegetation, etc.) on the global functioning of the peatland. While

vegetation takes years to re�ect changes, micro-organismal communities will react sooner. Among these

micro-organisms, testate amoebae, a group of unicellular protists building a shell (test), play an important

role in food web functioning in Sphagnum peatland’s soils and are well correlated to local changes. They

are now used to monitor various gradients like humidity, pH, nutrients contents and pollutants. The shell is

characteristic and allows the identi�cation to species level. Recently morphological traits were correlated to

ecological preferences of taxa and studies use them to underline environmental gradients. However, studies

in control conditions are needed to de�ne functional traits i.e. traits that are correlated with environmental

�lters. Therefore a clear de�nition of the correlation between morphological traits and ecosystem function-

ing is necessary.

In this thesis we showed that a group of selected testate amoeba taxa is more precisely correlated to micro-

gradient (humidity content) than vegetation along an altitudinal gradient of Sphagnum peatlands in Switzer-

land. We demonstrated that these ten selected taxa, which were easy to determine, allow to monitor the water

table depth along the pool – hummock gradient at each elevation while vegetation (global or vascular plant

and bryophytes separately) was better correlated to elevation or autocorrelated to the site itself. Henceforth,

these ten testate amoeba taxa describe the status and functioning of the bogs more precisely. In addition

we compared the structure of testate amoeba community and community weighted mean of functional traits

between an arti�cial peatbog (covering an area of 100m
2
) set up in the Botanical Garden in Neuchâtel and a

regenerated bog in Bois des Lattes (NE). Rebuilding a fully functional Sphagnum peatbog at low elevation is

challenging, especially with long warm and dry periods during the �rst year. Our results showed that testate

amoeba community structure changed drastically during this �rst year and seemed to indicate that the bog

functioning was deeply disturbed. Henceforth, the comparison between the community structure found on

bare peat in Bois des Lattes and the living community structure found in both samplings (2015 and 2016) in

the Botanical Garden was signi�cantly di�erent. In the Botanical Garden, Corythion dubium represented ca.

20% to 30% of the whole living population while the Di�ugia genus and Phryganella acropodia dominated

sampling in Bois des Lattes (ca. 25%). On the other hand, the global functioning of both sites appeared to be

quite similar based on functional traits and indicated a water stressed situation. Thus, even if the community

structure was relatively di�erent between the Botanical Garden bog and Bois des Lattes, the global function-
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ing remained in the same range in both sites.

We also monitored the changes in testate amoeba community structure and correlated functional traits with

water table �uctuations in a controlled experiment i.e. mesocosms. We assessed the response of testate

amoeba community structure and weighted mean of traits to three levels of water tables, wet (−4cm), inter-

mediate (−15cm, taken as control) and dry (−25cm). In wet and intermediate plots, little changes occurred

over 18 months and the community stayed largely dominated by Hyalosphenia papilio, a mixotrophic taxa

common in Sphagnum peatlands and with a relatively wide tolerance to �uctuation in water level depths. In

dry plots, the shift in community structure occurred rapidly and taxa related to dryer conditions dominated

the community (Nebela tincta group, Corythion dubium). In these plots, the shift in community weighted mean

of functional traits went towards small taxa, with a small hidden pseudostome (ventral and ventral-central)

and the loss of mixotrophy. In the follow-up of this experiment, we simulated a regeneration situation by

putting the water level at −10cm in all plots. Four samplings were taken into account, the �rst and the last

of the previous experiment and two additional samplings were done, two and six months after the rewetting.

Our results showed that, during the recovery period, the community structure of testate amoebae re�ected

the change in water level, in the former dry treatment. Taxa living in more humid conditions like H. papilio,

recovered whereas N. tincta, and C. dubium, taxa related to dry conditions, regressed in community struc-

ture. The community weighted mean of traits shifted and indicated that the environmental constraints were

less drastic in theses plots. Interestingly, the community structure and the weighted mean of traits in some

former wet and intermediate plots indicated that the local conditions should be dryer and, indeed, this re�ec-

ted the state of Sphagnum stems which was very dry in these plots.

This thesis con�rms the bio-indication potential of testate amoeba communities and functional traits in Sphag-
num peatlands monitoring. This can be used either for a follow- up of the revitalisation measures or to dia-

gnose their functioning. The trait based approach, by circumventing the di�culties of precise identi�cation

and by highlighting ongoing processes, provide cues to build bio-indication tools based on functional trait

classes and proportion without the need of complex statistics. Moreover, assessing the success of restora-

tion measures is important to assess the role of peatlands in the carbon cycle. In this context, easy to handle

bio-monitoring tools better correlated to very local hydrologic conditions are needed and testate amoeba com-

munity structure and community weighted mean of functional traits could play this role.

Keywords: Peatlands, bio-monitoring, testate amoebae, functional traits, revitalisation, ecosystem function-

ing, mesocosm studies
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Résumé

L’impact grandissant de l’homme sur les écosystèmes et les changements climatiques en cours font dispa-

raître nombre de milieux naturels dans le monde. Il est aujourd’hui acquis que les écosystèmes naturels et la

biodiversité ont un rôle important dans le bien-être de l’humanité et que les services qu’ils rendent ont une

valeur monétaire qui peut être estimée (services écosystémiques). Parmi ces écosystèmes, les zones humides

et les tourbières ont une importance particulière, liée autant à la �ore très spéci�que qui y vit qu’à leur rôle

de puits de carbone. En e�et, leurs sols, détrempés une grande partie de l’année, sont anoxiques et la ma-

tière organique s’y décompose très lentement. Elle s’y accumule, permettant de �xer dans le sol (la tourbe)

du carbone atmosphérique. Mais cette fonction est liée directement à l’engorgement en eau, qui dépend du

régime des précipitations et donc du climat. Dans un contexte de changement climatiques, mais aussi à une

pression anthropique croissante, les tourbières sont partout dans le monde en voie de régression. En Suisse,

par exemple, il ne reste actuellement que 10% des zones humides existantes au XIX
ème

siècle. Dès lors, il est

urgent de développer des outils qui permettent de suivre leur évolution.

L’objectif de cette thèse est de mettre au point des indicateurs permettant de suivre l’état des tourbières ainsi

que leur fonctionnement en tant qu’écosystème. Les relevés de végétation utilisés depuis longtemps per-

mettent de suivre les changements sur le long à très long terme ; cependant, cet outil est insu�sant pour

documenter des changements rapides de l’ordre de quelques mois. En particulier, lors de travaux de revitali-

sation, il est di�cile d’estimer l’impact des mesures prises (comme par exemple : manipulation de la nappe

d’eau, réintroduction d’espèces végétales, etc.) sur le fonctionnement général de la tourbière. Si la végétation

prendrait des années à se modi�er, les communautés de micro-organismes vont réagir en e�et beaucoup plus

rapidement. Parmi ces micro-organismes, les amibes à thèques, un groupe de protistes unicellulaires se pro-

tégeant dans une coquille (appelé thèque), jouent un rôle prépondérant dans le réseau trophique des sols de

tourbière et sont aujourd’hui reconnues comme étant de bonnes indicatrices de divers gradients tel l’humidité,

le pH, les nutriments ou les polluants. Les thèques de ces organismes ont une forme caractéristique qui permet

leur identi�cation au niveau de l’espèce. Des traits morphologiques ont été corrélés aux préférences écolo-

giques des espèces, et il est possible, en les observant, de mettre en évidence des �ltres environnementaux. La

dé�nition des traits fonctionnels nécessite des expérimentations en milieu contrôlé pour dé�nir clairement

les corrélations entre les traits morphologiques et le fonctionnement de l’écosystème.

Le premier article (chapitre 2) a permis de montrer qu’une sélection d’espèces d’amibes à thèque est plus �ne-

ment corrélée aux changements de micro-gradients (humidité) que la végétation dans un gradient altitudinal

de tourbières naturelles relativement préservées. En e�et, dans cette étude, nous montrons qu’un pool de dix

espèces d’amibes à thèque faciles à identi�er, permettent de suivre la profondeur de la nappe le long du gra-

dient gouille – buttes, à diverses altitudes alors que la végétation (globale ou séparée entre plantes vasculaires

et bryophytes) est plutôt mieux corrélée à l’altitude et autocorrélée au site lui-même. Dès lors, ces dix espèces

d’amibes sont de meilleures indicatrices de l’état et du fonctionnement de la tourbière.

Dans le second article (chapitre 3), nous comparons la structure de la communauté d’amibes ainsi que la

moyenne pondérée des traits fonctionnels entre une tourbière arti�cielle créée au Jardin Botanique de Neu-

châtel (d’une surface d’environ 100m
2
) avec une tourbière naturelle en cours de régénération (Bois des Lattes,

NE). Recréer une tourbière fonctionnelle à basse altitude est un solide dé�, surtout lorsque la météo impose

une longue sécheresse la première année. Nos résultats indiquent que la population d’amibes à thèque à for-

tement changé durant cette première année et semble indiquer que le fonctionnement de la tourbière a été

profondément perturbé. En e�et, la comparaison entre les communautés d’amibes sur le site de référence et les
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deux échantillonnages du jardin botanique (2015 et 2016) montrent des di�érences signi�catives ; alors queCo-
rythion dubium représente environ1/5-1/3 de tous les individus vivants rencontrés au jardin botanique, cette

communauté est dominée par Di�ugia sp. et Phryganella acropodia sur le site de référence (Bois des Lattes,

NE). Par contre, sur la base des traits fonctionnels, le fonctionnement semble assez proche entre les sites, avec

des signes indiquant un stress hydrique important mais comparable entre le site de référence (sphaignes sur

tourbe nue) et le jardin botanique.

La troisième partie de cette thèse nous a permis de corréler les traits fonctionnels avec la �uctuation de

la nappe d’eau dans une situation contrôlée en mésocosmes. Dans la première phase de l’expérimentation

(article 3, chapitre 4) le niveau d’eau a été réglé à −4cm (humide), −15cm (contrôle) et −25cm (sec) depuis le

sommet des capitulums et plusieurs échantillonnages ont été réalisés durant 18 mois. Les traitements mouillés

et contrôle ont peu changé durant cette phase, restant largement dominés par Hyalosphenia papilio, une es-

pèce mixotrophe fréquente en tourbière et avec une bonne tolérance aux variations de la nappe. Dans les

réplicas secs, nos résultats montrent que la population d’amibes à thèque répond rapidement au traitement

en basculant vers des espèces connues pour mieux tolérer les conditions sèches (groupe de Nebela tincta,

Corythion dubium). Les traits fonctionnels mis en évidence dans le traitement sec sont un biovolume plus pe-

tit, un pseudostome caché (ventral ou ventral-central) et étroit ainsi que la perte de la mixotrophie. Dans la

seconde phase (papier 4, chapitre 5), nous avons simulé une situation de régénération en remontant le ni-

veau d’eau à −10cm de la surface de la sphaigne. Quatre échantillonnages ont été pris en compte, le premier

et le dernier de la première phase, ainsi que deux échantillons 2 et 6 mois après l’égalisation du niveau d’eau.

Dans le traitement sec, la population d’amibes à thèque revient progressivement à son état du début de l’ex-

périmentation avec une diminution des taxa adaptés aux conditions sèches et la réapparition de taxa corrélés

à des conditions humides (et en particulier Hyalosphenia papilio). La moyenne pondérée des traits fonction-

nels se modi�e indiquant des contraintes environnementales moins drastiques. De façon intéressante, certains

échantillons des traitements humides et contrôle ont vu leur communauté d’amibes ainsi que leur moyenne

pondérée de traits indiquer que la situation locale était plus sèche et re�était ainsi l’état de la sphaigne dans

laquelle l’échantillonnage s’est fait.

Cette thèse permet de montrer le potentiel de bio-indication des amibes à thèque et de leurs traits fonctionnels

dans le suivi des tourbières, que ce soit pour suivre des mesures de revitalisation ou pour faire un diagnostic

de leur état et de leur fonctionnement. L’approche par les traits, en contournant la di�culté d’une identi�ca-

tion des taxa très précise et en mettant en évidence les mécanismes en cours, permettrait de créer un outil de

bio-indication basé sur des classes de traits et des proportions, ne nécessitant pas l’utilisation de statistiques

complexes.

Mots-clé : Tourbières, bio-monitoring, testate amoebae, traits fonctionnels, revitalisation, fonctionnement des

écosystèmes, études en mésocosmes
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Chapter 1

Introduction to the thesis:
Using testate amoeba community structure and functional

diversity to assess the impact of climate changes
on ecosystem functioning: �nding relevant and convenient
tools for bio-monitoring of Sphagnum peatlands evolution

or recovery.
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1.1. Introduction

1.1 Introduction

Although providing key ecosystem services,

wetlands are regressing all over the world, having

lost more than 50% of their surface in North America,

Europe, Australia, and China during the 20
th

century

(Costanza et al., 1998; Mitsch and Gosselink, 2000).

In 1971, countries and non-governmental organisa-

tions agreed upon the importance of protecting wet-

lands, in order to ensure their e�ective manage-

ment, and promoted an international cooperation

on these ecosystems (Ramsar, 2013). Understanding

their functioning, in particular in relation to climate

changes will likely give sound tools to better protect

or restore them.

1.1.1 Ecosystems

Ecosystem services

Since the end of 20
th

century, the impact of

humankind was demonstrated, both on climate

changes (IPCC, 2014) and ecosystems (Millenium

Ecosystem Assessment, MEA, 2005; Vitousek, 1997).

In addition to the changes in ecosystem functioning

through land conversion, water cycle modi�cation

or massive inputs of chemicals, fertilizers and pollut-

ants, the standardisation of crops, farming methods,

and landscapes has lead to a global biodiversity loss

(Cardinale et al., 2012; MEA, 2005). Since mid-1990,

several studies have demonstrated that biodiversity,

ecosystem functioning, and ecosystem services

were correlated (Cardinale et al., 2012; Chapin III

et al., 2000; Hooper et al., 2005; Loreau et al., 2001).

Ecosystem services provide an approximative

value of an ecosystem for human well-being

(MEA, 2005; Wallace, 2007). Estimating ecosystem

services based on monetary value is controversial

but it exerts a leverage on a wider audience, in-

cluding political and economic authorities (Boyd

and Banzhaf, 2007; Costanza et al., 1998; Fisher

et al., 2008; Gómez-Baggethun et al., 2010). To

achieve this accordingly, indices and quantitative

measurements of key "ecosystem service providers"

are necessary (Costanza et al., 2014, 1998; Kremen

and Ostfeld, 2005; Vačkář et al., 2012). Well known

indices such as species richness, species evenness,

α−, β− and γ−diversity, etc., which are based

on community species assemblage, are commonly

used. Nevertheless they might lead to controversy,

with contradictory results (Colwell, 2009; Loreau

et al., 2001). Beside these indexes, new tools have

emerged, such as functional diversity, which is based

on the assumption that species do not react equally

to environmental constraints (Keddy, 1992; Wood-

ward and Diament, 1991).

Figure 1.1 – Simpli�ed scheme of ecosystem dynamics.

Ecological niche and species pool are in constant inter-

actions by action and feedback (biotic and abiotic con-

traints). Global drivers impact on physico-chemical di-

mensions of local environment (humidity rate, temper-

ature, nutrient availability, etc.) and or on the species

community structure (change in species richness, com-

position, interaction, etc.). Species will respond to the

new constraints by selecting traits that are better adap-

ted to the situation (response traits) and, in return, will

impact on niche dimension (e�ect traits). Ultimately, eco-

system functioning and ecosystem services will evolve in

response of niche and species community changes.

Functional diversity

Functional diversity provides powerful tools,

which are well correlated with the functioning of

the ecosystem (Cadotte et al., 2011, 2009; Díaz

et al., 2007; Petchey and Gaston, 2002). Environ-

mental drivers (climate, land use changes, pollut-

ant deposition, etc.) a�ect ecological niches by in-

ducing physico-chemical changes. Species pool re-

sponds by shifting towardss taxa which are bet-

ter adapted to the new situation (habitat �lter-

ing theory, Woodward and Diament, 1991, Fig-

ure 1.1), and therefore, by feedback, the new com-

munity modi�es the dimension of the niche (bi-

otic constraints, Chapin III et al., 2000; Lavorel and

Garnier, 2002). At the ecosystem level, the func-

tion and services provided will be impacted (Cadotte

et al., 2011; Costanza et al., 2014, 1998). At com-

munity level, these changes are re�ected by modi-

�cation in the range traits of the species living in,
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Chapter 1

therefore traits can be related to ecosystem func-

tioning (Cadotte et al., 2011; Diaz et al., 2007; Gravel

et al., 2016; Lavorel and Garnier, 2002). Functional

traits are supposed to be directly related to envir-

onmental �ltering, either by responding to ecolo-

gical changes – response traits – or by impact-

ing ecosystem processes – e�ect traits (Chapin III

et al., 2000; Lavorel and Garnier, 2002). De�ned by

analogy to the Hutchinsonian niche, the functional

niche is a multidimensional space where axes are

related to functions or processes rather than to en-

vironmental factors (Rosenfeld, 2002). In this space,

the mean trait value of a pool of species allows to

model the response of the community to environ-

mental drivers (Ackerly and Cornwell, 2007). The

kind, range and relative abundance of functional

traits of taxa involved in response to environmental

�lters (rather than the taxonomic diversity itself) can

be used to estimate ecosystem functioning (Cadotte

et al., 2011; Loreau et al., 2001; Pavoine et al., 2011).

Functional diversity is now a well-recognized tool to

monitor impacts and responses to changes in ecosys-

tem functioning and of ecosystem services (Corn-

well, W.K. et al., 2008; Díaz et al., 2013; Hedberg

et al., 2013; Schnoor et al., 2015), and begins to be

applied to animals and micro-eukaryotes (Arrieira

et al., 2015; Gagic et al., 2015; Gerisch et al., 2012; Mc-

Gill et al., 2006; Mouillot et al., 2007).

According to Violle et al. (2007), functional

traits are measurable with morphological, physiolo-

gical or phenological characteristics at the individual

level of organisms. Selected traits must have a

signi�cant impact on organisms’ �tness (Cadotte

et al., 2011; Diaz et al., 2007; Mlambo, 2014; Vi-

olle et al., 2007). For instance, plant functional

traits are correlated to water and nutrient access

(growth form, rooting depth), �re survival (basal

area, leaf dry matter content), and to life and

growth strategies (seeds size, speci�c leaf area) (Kat-

tge et al., 2011; Lavorel and Garnier, 2002; Silva

et al., 2013; Violle et al., 2007). Animal func-

tional traits re�ect the capacity of transporting

nutrients (body size, mobility-related traits, be-

haviour, mouth parts), predation ability (hunting

tools, mouth dimension), or adaptation to hunt-

ing (body size, reproductive rate, elusiveness; Díaz

et al., 2013; BETSI, 2012). Micro-eukaryote func-

tional traits are related to life strategy (encyst-

ment, phylogenetic groups), nutrient availability

(biovolume, mixotrophy), adaptation to water re-

striction (test compression, position of aperture; Ar-

rieira et al., 2015; Fournier et al., 2012; Litchman

et al., 2007). However, functional diversity alone

cannot explain all biodiversity-related e�ects. Fur-

ther research is needed, either to consolidate and

widen this approach or to collect and measure func-

tional traits within various ecosystems and regions

in order to have standardized lists and protocols

(Blaum et al., 2011; Díaz et al., 2007).

1.1.2 Stresses and disturbances

Stresses and disturbances are major drivers

of community assembly and ecosystem processes

(Hooper et al., 2005). Both vary in intensity, fre-

quency, regularity and predictability (e.g. sea-

sonal or catastrophic). Accordingly, community re-

sponses range from slow turnover in community

composition to total die-out and recolonization (Par-

sons, 2005). Disturbances result in on-o�, nearly ex-

treme, perturbations that a�ect directly or indirectly

organisms. They strongly impact the community

structure by killing, displacing or damaging mem-

bers of one or more taxa and create opportunities for

new taxa to become established (Sousa, 1984) thus

introducing heterogeneity in ecosystems. Disturb-

ances are part of the cycle of all ecosystems by re-

newing them, and/or favouring r-organisms over K-

organisms (Frontier et al., 2008; Rykiel, 1985). On

the other hand, stresses create conditions that put

more pressure on organisms by restricting produc-

tion of the ecosystem and impacting species �t-

ness. Stresses are generally not lethal for organ-

isms. Therefore, they involve adaptive strategies and

trade-o�s to respond to chemical, physical or bio-

logical constraints but without, in most cases, rad-

ically changing the community structure (Frontier

et al., 2008; Grime, 1977). Both stress and disturb-

ance also have a temporal dimension, and depending

on their duration, the response of the ecosystem may

not be the same. In case of a sudden, brutal disturb-

ance, the community could recover after a period of

time, either by itself (i.e. phenotypic plasticity, en-

cystment, persistent seeds) or through immigration

from the less disturbed patches around. When per-

turbation is more severe, new species, that are bet-

ter adapted to the local conditions and favoured by

the lower competition potential of the former com-

munity, settle down (Frontier et al., 2008; White and

Pickett, 1985).

Ongoing climate changes and growing hu-

man impact increase the level and the variety

of perturbations on a wide range of ecosystems

(MEA, 2005). If some ecosystems are extending, most

of them are declining or are under high pressure

(MEA, 2005). Among them, wetlands, as highly com-

plex ecosystems, are particularly a�ected (Euliss Jr
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Ecosystem functioning

Impact on water storage 

and availiability

Stress & disturbance

Climate changes Direct human impacts

1. Altitudinal gradient

in natural peatlands
2. Transplanted peatland soil:

a semi-natural approach
3. Water level fluctuations effect:

a mesocosm approach

Response of peatlands testate ameoba community

Increased controlled conditions

500 m. a.s.l. 500 m. a.s.l.

1000 m. a.s.l.

2000 m. a.s.l.

Figure 1.2 – General structure of the thesis. This work will investigate the impact of global perturbation on Sphagnum
peatlands. As peatlands are very sensitive to changes in water content, we will investigate three di�erent situations,

with an increased control on water availability: 1) the impact of climate through an altitudinal gradient in natural peat-

lands, in Switzerland; 2) the evolution of a transplanted peatland at a lower altitude; 3) the adaptation of Sphagnum
peatland to strictly controlled water level in a mesocosm experiment, with two phases: the stressed phase with three

contrasted water levels (Climpeat experiment), followed by a recovery experiment with equalised water level.

et al., 2013; MEA, 2005). Since wetlands provide a

wide range of services including atmospheric car-

bon storage, regulation of hydrological cycles, nutri-

ent cycling, erosion regulation, etc., a better under-

standing of their functioning would improve protec-

tion and e�ective measures of recovery (Mitsch and

Gosselink, 2000; Ramsar, 2013).

1.1.3 Sphagnum peatlands

Sphagnum peatlands (also called mires, peat bogs

or raised bogs; Moore and Bellamy, 1974) are par-

ticular wetlands characterised by high water con-

tent, low nutrient availability and high acidity. Due

to water saturation of soil, mineralisation rates are

very low and favour organic matter accumulation

(Gobat et al., 2010; Goodall, 1983; Mitsch and Gos-

selink, 2000). Mainly (but not restrictively) dis-

tributed in mid to high latitudes of both hemi-

spheres, peatlands cover 3-5% of Earth’s land area

(Bridgham et al., 2006; Maltby and Immirzi, 1993)

and stock an estimate 500 ± 100 Gt carbon, equival-

ent of 50-75% of total atmospheric carbon (Solomon

et al., 2007; Yu, 2012). Acting as an important carbon

sink – when actively accumulating organic matter –

they contain one third of total soil organic carbon

(Turunen et al., 2002). Beside their role in the carbon

cycle, peatlands are also hotspots for biodiversity,

since they are hosting highly specialised fauna and

�ora (Barber, 1993; Chapman et al., 2003; Littlewood

et al., 2010). They also play an important role in

water regulation and puri�cation, educational op-

portunities, etc. (MEA, 2005). Nevertheless peat-

lands, and wetlands in general, are highly sensit-

ive to perturbations. With ongoing climate changes,

land use conversion and peat extraction, peatlands

are endangered (Belyea and Malmer, 2004; Bragazza

et al., 2016; Bridgham et al., 2006; Junk et al., 2012).

These perturbations, mainly related to lowering wa-

ter level, turn them in less anoxic ecosystems, accel-

erating plant material decomposition, and shifting

these ecosystems from carbon sink to carbon source,

thus acting as positive feedback on global warming

(Arneth et al., 2010; Belyea and Malmer, 2004; Dav-

idson and Janssens, 2006). Since the Ramsar Confer-

ence in 1971, a growing interest in protecting and

restoring wetlands in general, has arisen worldwide.

Whilst it is mainly based on vegetation sur-

veys, birds or invertebrates community structures,

microorganisms based measurement (community

structure, respiration rates, microbial biomass), peat

chemical analyses, hydrology studies, etc., peatlands
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restoration monitoring is often limited by a lack

of funding, a lack of knowledge about the large

scale functioning of peatlands, and a lack of in-

ternational consensus about monitoring tools, etc.

(Bonnett et al., 2009). In addition, recovery of

damaged peatlands is often slow and incomplete

and the fully biochemical functioning may occur

only after 50-100 years relative to untouched peat-

lands (Moreno-Mateos et al., 2012). Several re-

search groups of research have studied the rela-

tionships between peatlands and climate changes

but the magnitude of the response of peatlands

in continental climate setting is not really clear

yet (Bonnett et al., 2009). Among the parameters

involved in peatland functioning, the water con-

tent appeared to be one of the most important

(Mitsch and Gosselink, 2000; Zerbe et al., 2013). Mi-

croorganisms have signi�cant ecosystem functions

in peatlands (Gilbert and Mitchell, 2006; Laggoun-

Defarge et al., 2008). They are involved in nutri-

ent cycling and respond quickly and speci�cally to

environmental �uctuations. Therefore, using the

change in microbial community structure is relev-

ant to point out the ecological state of a peatlands

(Anderson, 2006; Gilbert and Mitchell, 2006; Jassey

et al., 2013a; Laggoun-Defarge et al., 2008; Lamento-

wicz et al., 2013).

1.1.4 Testate amoeba community

Testate amoebae are unicellular protists pro-

tecting themselves in a shell – called test – made

either by auto-production or by accretion of particles

found in the ecosystem (Meisterfeld, 2002a,b; Smith

et al., 2008). Regarded as being quite ubiquitous

and widely distributed and abundant (even if still

discussed today, see Finlay and Clarke, 1999; Foiss-

ner, 2006; Wilkinson, 2001), they preferentially live

in wet ecosystems (lakes, rivers, mosses and hu-

mid soils), and in estuarine environments (Meister-

feld, 2002a; Mitchell et al., 2008a; Warner, 1990).

Belonging to three phylogenetic groups (Arcellin-

ida, Euglyphida and Amphitrematidae), they exper-

ience several life strategies like r- and K-strategies,

mixotrophy, encystment, etc. (Coûteaux and Darby-

shire, 1998; Vincke et al., 2006; Wanner et al., 2008).

Their role in the soil food web occurs at di�erent

levels, either as predators – bacteria, fungi (Haus-

mann et al., 2003) or even nematodes (Mitchell, 2015)

– or as prey. They contribute to the turnover of car-

bon, nitrogen and silica and thus are key organisms

in soil nutrient cycles (Jassey et al., 2015; Schröter

et al., 2003; Wilkinson, 2008). This is the case in peat-

lands and forest humus in particular, in which test-

ate amoeba is the main group of protozoan (Gilbert

et al., 2003; Schröter et al., 2003; Gilbert et al., 1998).

The tests (shell) of testate amoebae are pre-

served in soils and sediments for years and al-

low the determination at a high taxonomic level

(Mitchell et al., 2008b). The community structure

of testate amoebae is well correlated with pH, hu-

midity, nutrient content (Bobrov et al., 1999; Booth

et al., 2008; Charman and Warner, 1992; Lamen-

towicz et al., 2010; Tolonen et al., 1992). They

are used in paleo-ecological reconstruction of past

environments (Charman, 2001; Warner and Char-

man, 1994) and biomonitoring, particularly in wet-

lands (Booth, 2001; Laggoun-Defarge et al., 2008; Qin

et al., 2013). For few years, testate amoebae have

integrated in functional diversity approaches, for

example for the restoration follow-up of a �ood-

plain in Switzerland (Fournier et al., 2012), in the

upper Paranà River in Brazil (Arrieira et al., 2015)

or in peatlands (Fournier et al., 2016, 2015; Jassey

et al., 2016; Lamentowicz et al., 2015).

1.2 Working hypothesis

A better understanding of the response of peat-

land to stress and disturbance is important to pro-

tect or restore them, in particular with ongoing cli-

mate changes (Belyea and Malmer, 2004; Bridgham

et al., 2006; IPCC, 2014). As optimal function-

ing of peatlands is related to water-logged con-

ditions (Quinty and Rochefort, 2003), �nding rel-

evant proxies that are able to show trends in

water level �uctuation or able to follow rewet-

ting of damaged peatlands is essential (Bonnett

et al., 2011; Trepel, 2007). Peatlands were tradition-

ally monitored based on vegetation surveys (Bonnett

et al., 2009; Graf et al., 2010; Hajkova et al., 2011)

but vegetation structure is expected to change over

few years and need trained sta� or specialists to re-

liably monitor them (Bonnett et al., 2009; Vittoz and

Guisan, 2007). In addition, recent works show that

multi-proxy approaches are more powerful in ecolo-

gical studies to highlight pattern and evolution (Bon-

nett et al., 2009, 2011; Vačkář et al., 2012). Test-

ate amoeba community structure responds rapidly

(days to month) to changes in water content (Ames-

bury et al., 2013; Charman and Warner, 1992; Marcisz

et al., 2014; Woodland et al., 1998). Since the begin-

ning of the century, they have been used to mon-

itor peatlands, e.g. to show the restoration rate, the

water level depth or the response to environmental

drivers (Gilbert and Mitchell, 2006; Laggoun-Defarge

et al., 2008; Lamentowicz et al., 2013). In this thesis,
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1.2. Working hypothesis

Figure 1.3 – Location, altitude and pictures of the four selected Sphagnum peatlands in the Bern Alps. All sites are pro-

tected by law since late 1980s and are registered as raised bogs in the Swiss Federal bogs and mires inventory. Below

the overview map stands the graphical representation of the distance between sites (1/2 scale – horizontal to vertical).

Figure 1.4 – Experimental design of the altitudinal comparison of response of vegetation and testate amoeba community

structure to environmental variables (see text for details). In each site, vegetation relevés and Sphagnum stems (for ex-

traction of testate amoebae) were collected along the humidity gradient, from pool to hummock (see below). Water

table depth was monitored over one year (summer 2010 to summer 2011) and temperature was taken into account dur-

ing growing season (ca. March to July 2011).
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we will use multi-proxy approaches, between veget-

ation composition, testate amoeba community struc-

ture and testate amoeba functional diversity under

controlled conditions in peatlands (Figure 1.2).

Working hypotheses:

1. Testate amoeba community structure shows

�ner micro-environmental gradients in peat-

lands compared to global vegetation surveys.

2. Functional diversity of testate amoeba com-

munity is complementary to testate amoeba

community structure to understand ecosys-

tem functioning of peatlands.

3. This double approach (functional diversity

and taxonomy based structure) allows to mon-

itor changes in ecosystem functioning, partic-

ularly by showing the current ecosystem func-

tioning during revitalisation or restoration of

peatlands.

To test our hypotheses involving testate amoe-

bae, bio-monitoring, Sphagnum peatlands and func-

tional diversity, we applied a progressive method go-

ing from natural peatlands to strictly controlled wa-

ter table level in a mesocosm study. The topics are: 1)

the response of testate amoeba community along an

altitudinal gradient of natural Sphagnum peatlands

in Switzerland; 2) the evolution of testate amoeba

community after the transplantation of Sphagnum
carpets at lower altitude, in a 100m

2
arti�cial peat-

land (Neuchâtel Botanical Garden); 3) the response

of testate amoeba community to water level changes

in a mesocosm experiment, in Neuchâtel Botanical

Garden.

1.3 Study sites

1.3.1 Altitudinal gradient in northern
Swiss Alps

The �rst study compared the structure of ve-

getation (vascular plants and bryophytes) and test-

ate amoeba community in four Sphagnum peatlands

along an altitudinal gradient, from the Swiss plat-

eau to pre-Alps (Figure 1.3). We compared the re-

sponse of a selection of ten testate amoeba morpho-

taxa (i.e. species or species-complexes) – selected ac-

cording to their sensibility to water table depth – and

the whole plant community to soil temperature, wa-

ter table depth, and carbon and nitrogen content of

Sphagnum mosses along the moisture gradient, from

pool to hummock (Figure 1.4). The selection of peat-

lands was made in order to compare sites as similar

as possible in Switzerland. All four peatlands are cat-

egorized as raised bogs in the Swiss Federal bogs and

mires inventory (Ecker et al., 2008).

In each site, vegetation relevés were made along

the humidity gradient observed in the �eld, from

pool to hummock (micro-habitat), with �ve replic-

ates for every micro-habitat. Simultaneously, Sphag-
num stems were collected in each sampling plot for

extraction of testate amoebae. Environmental vari-

ables were recorded all along the vegetation grow-

ing season (from about March to July 2011). Indir-

ect and direct gradient ordinations, multiple factor

analysis (MFA) and transfer function models for in-

ferring water table depth were expected to show

that a selection of ten testate amoeba taxa should be

more powerful (% variance explained in RDA) and

accurate (discrimination among habitats) indicators

of local conditions (micro-habitat type, water table

depth and Sphagnum C/N ratio) than the vegetation

(vascular plants and bryophytes either individually

or combined and considering the full diversity).

1.3.2 Arti�cial peatland

In 2014, an arti�cial raised bog was built in the

Botanical Garden of Neuchâtel (Mulhauser et al., ac-

cepted). Covering a surface of 100 m
2

and with a

maximal depth of 1.5 meter, it aimed to: 1) show

this ecosystem to the public and use it as an in-

formative and teaching tool, 2) favour the conserva-

tion of rare and endangered species ex-situ, 3) study

the challenges of peatlands restoration in challen-

ging climatic conditions. The bog was divided in

two parts, (with 0.5 m and 1.5 m peat depth), each

one being sub-shared in six sections (Figure 1.5).

Four treatments were applied: bare peat with and

without elimination of weeds (NP-W versus NP-

NW); vegetalized surface (peatlands speci�c veget-

ation) with and without weeding (P-W versus P-

NW; Figure 1.5). The vegetation is monitored three

times a year (spring, summer and autumn) and no-

peatlands plants are removed following each sur-

vey. Five piezometric tubes allowed to measure wa-

ter table depths all along the year, and were meas-

ured every two weeks.

Summer 2015 was very dry and warm and

the bog su�ered from severe drought from June

to December with rainfall events only in Septem-

ber. This unintentional experiment allows us to test

the resistance of the testate amoeba community in

Sphagnum patches according to their size and vascu-

lar plant cover (end-of-school project partly included

here). For this project, we selected 27 patches of liv-

ing Sphagnum with a diameter from 6 to 44cm and

8
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Figure 1.5 – Aerial image of the arti�cial peatbog, in the Botanical Garden of Neuchâtel. The bog is divided in two parts,

with 0.5m (on the right hand) and 1.5m peat depth (on the left hand). Each part is divided in six sections, with con-

trasting treatments: naked peat (NP) or with peatland speci�c vegetation (P), both with (W) or without (NW) weeding

(photo December 2015, ©Botanical Garden of Neuchâtel).

a cover from 0% to 90% (marked as permanent plots

for future works). The �rst sampling campaign was

conducted in September 2015, and preliminary res-

ults suggested that the community survived better

in most shaded plots, at least in small and medium

sized ones, with a shift towards most tolerant spe-

cies. In autumn 2016, two additional samplings were

made, the �rst one in permanent plots in Botanical

Garden, and the second one in a regeneration area

of a natural peatland in Bois des Lattes, Switzerland

(1000 m a.s.l.), to have a reference point (i.e. natural

reference). Environmental data include Sphagnum
taxa and vitality, size and vascular cover of Sphag-
num patches.

We followed the community of testate amoeba

through taxonomic and functional diversity, with

the structure of testate amoeba community from

Le Bois des Lattes as a reference (Ruiz-Jaen and

Mitchell Aide, 2005). We expected that the functional

diversity approach will provide informations about

the evolution of the niche constraints in the arti�-

cial peatland in response to water stress, in addition

to taxonomic based interpretation. In comparison

with the functional diversity in Bois des Lattes, we

expect to have a comprehensive view of the func-

tional niche we must favour to assess the success of

the restoration (Hedberg et al., 2013; Laughlin, 2014).

Figure 1.6 – Right hand: Installation of mesocosms in the

Neuchâtel Botanical Garden. The peat cores were �tted in

the blues tins and protected against direct sunlight. Left

picture: detail of the mesocosm installation. The grey

tubes contain a peat core with a Sphagnum fallax carpet

on top. The minimum water level was controlled using

a pump. The maximum water level was controlled by an

over�ow. The intermediate water level was controlled by

a slow-drip (pictures M. Mulot).

9
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Sphagnum layer

Peat core

Treatments

Wet (-4cm)

Intermediate (-15cm)

Dry (-25cm)

x 5 replicates

Climpeat experiment Disturbance phase Recovery phase

Figure 1.7 – top: Schematic representation of the mesocosm; a layer of Sphagnum fallax covers the top of the peat core.

The water table depth (WTD) was de�ned from the bottom part of living Sphagnum. The can was �lled up with wa-

ter coming from a pool-to-hummock gradient with the whole microbial community, allowing all plots to begin with

the whole range of expected community of testate amoebae. Bottom: Timeline of the Climpeat experiment (blue) and

the recovery experiment (red: disturbance phase, yellow: recovery phase), only T0 and T6/D1 were the same in both

experiments.

1.3.3 Mesocosms study

Modelling the complexity of relationships and

feedback between organisms and physico-chemical

variables is problematic. Disentangling links in

natural ecosystems by changing selected variables

is not really possible (Keddy, 1992; Macarthur

and Levins, 1967). Studies in mesocosms, albeit

simplistic, allow overcoming some of these lim-

itations by isolating the e�ect of only one vari-

able, whilst all other variables are being controlled

(Benton et al., 2007; Cadotte et al., 2011; Fraser and

Keddy, 1997).

In a collaborative project with Poland (Climpeat

project, funded by the Polish-Swiss Research Pro-

gramme), we built mesocosms in Neuchâtel and con-

ducted a study with acute control on water table

depth (Figure 1.6, Mulot et al., 2015). This mesocosm

approach allowed us to manipulate the water table

depth. We used three speci�c cases: draught (dry

treatment), no change (control treatment), and �ood

event (wet treatment). We followed the evolution

of testate amoeba community composition through

taxonomic and functional diversity approaches, over

a period of two and a half years. Sphagnum sampling

for testate amoeba extraction was made seven times

during the experimental period (Figure 1.7, cover-

ing ca. 2 years), together with the measurements

of environmental variables (temperature of peat, soil

moisture, air moisture and temperature, rain gauge,

and solar radiation). Multivariate approaches, both

taxonomic and functional diversities will improve

the comprehension of the evolution of niche charac-

teristics in response to the variation of a single vari-

able. We also expect to highlight the most mean-

ingful traits of testate amoeba taxa in response to

drought or �ooding aiming to develop tools for en-

vironmental monitoring of peatlands.

Following this experiment, in 2015, we equal-

ized the water level in all mesocosms to monitor re-

covery of testate amoeba community structure. We

made two additional samplings in May and Septem-

ber 2015 and compared the evolution of the com-

munity structure with the �rst experiment.
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Comparative ecology of vascular plant, bryophyte and testate
amoeba communities in four Sphagnum peatlands along

an altitudinal gradient in Switzerland
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Abstract

Monitoring tools are needed to assess changes in peatland biotic communities and ecosystem functions

in response to on-going climate and other environmental changes. Although the responses of soil organ-

isms and plants to ecological gradients and perturbations do not always correlate, peatland monitoring

is mainly based on vegetation surveys. Testate amoebae, a group of protists, are important contributors

to carbon and nitrogen cycling in organic soils and are useful bioindicators in peatland ecology and pa-

leoecology. There is however little comparative data on the value of testate amoebae, vascular plants and

bryophytes as bioindicators of micro-environmental gradients in peatlands.

We compared the relationships of testate amoebae, bryophytes, and vascular plants with soil temperat-

ure, water table depth, micro-habitats and the carbon and nitrogen content of Sphagnum mosses in four

peatlands along a 1300m altitudinal gradient in Switzerland. We used the full diversity of vascular plants

and bryophytes but only a selection of ten easily identi�able testate amoeba morpho-taxa (i.e. species or

species-complexes).

Indirect and direct gradient ordinations, multiple factor analysis (MFA) and transfer function models

for inferring water table depth showed that a selection of ten testate amoeba taxa are more powerful

(% of variance explained in RDA) and accurate (discrimination among habitats) indicators of local condi-

tions (micro-habitat type, water table depth and Sphagnum C/N ratio) than vegetation (vascular plants

and bryophytes either individually or combined and considering the full diversity).

Our study showed that a limited list of ten easily identi�able testate amoeba taxa have a higher bioindica-

tion value than the full bryophytes and vascular plants. Furthermore, testate amoebae can be analysed on

samples collected at any season (accessibility allowed and if precise sampling sites are well marked) – a

clear advantage for biomonitoring and can be used to infer past changes from the peat record at the same

taxonomic resolution. This simple approach could therefore be very useful for biomonitoring of peatlands.
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ecology; elevation gradient
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2.1. Introduction

2.1 Introduction

Ongoing rapid climate change, largely attrib-

uted to the increase in greenhouse gas emissions

(Pachauri et al., 2014), has stimulated a considerable

research e�ort on how biotic communities and re-

lated processes respond to these changes especially

with respect to carbon (C) dynamics. Peatlands stock

approximately the equivalent of 75% of total atmo-

spheric C (Gorham et al., 2003). If actively grow-

ing they represent a signi�cant C sink, but, when

mineralization surpasses accumulation (e.g. owing

to drainage or climate-related drought) they become

a C source (Moore and Knowles, 1989). Climate

warming or precipitation decrease may reduce C se-

questration even of pristine peatlands and limit the

regeneration potential of damaged peatlands (Jong

et al., 2010; Samaritani et al., 2011), thus feeding

back positively on warming (Arneth et al., 2010). It

is therefore important to assess how peatlands re-

spond to environmental change both in their struc-

ture (e.g. communities) and function (e.g. hydrology,

C-balance; Davidson and Janssens, 2006).

A powerful approach to understanding the ef-

fects of environmental perturbation is to use bioin-

dicators. As it is clearly not possible to study all liv-

ing organisms in detail the question then is to de-

termine which group of organism should be studied

and what information they can provide. To answer

this question comparative studies of di�erent func-

tional and taxonomic groups are required. Research

on peatland ecology has historically focused primar-

ily on vegetation and many assumptions on ecolo-

gical gradients or functioning are made on the basis

of vegetation patterns.

Some groups of peatland soil micro-organisms

have been quite well studied in the last few dec-

ades (Gilbert and Mitchell, 2006), and especially

the testate amoebae, a group of protists build-

ing a shell (called test). The shell allows re-

latively easy identi�cation and is preserved in

peat and in lake sediments thus making it pos-

sible to use them for paleoenvironmental recon-

struction. Testate amoebae are well correlated to

the main ecological gradients in Sphagnum peat-

lands, especially soil moisture (generally meas-

ured as water table depth), pH and nutrients

(Booth and Zygmunt, 2005; Mieczan, 2009; Swindles

et al., 2009). This has led to their use in the study

of primary (e.g. palaeoecological records, Chambers

et al., 2012; Charman, 2001; McMullen et al., 2004)

and secondary succession (Talbot et al., 2010). Test-

ate amoebae are increasingly considered as a use-

ful tool for peatland bio-monitoring and man-

agement (Davis and Wilkinson, 2004; Mitchell

et al., 2008b; Turner and Swindles, 2012). Although

the taxonomy of these organisms is not fully sat-

isfactory, recent studies have also shown that they

could provide valuable ecological information even

at low taxonomic resolution (Mitchell et al., 2014).

Few studies have compared the community pat-

terns of testate amoebae (or other soil microbes)

and plants or their respective potential as bioindic-

ators (see for example Hajek et al., 2011; Hajkova

et al., 2011). The existing ones (in peatlands and pro-

glacial succession) show some discrepancy between

the community-environment relationships (Carlson

et al., 2010; Lamentowicz et al., 2010) and transfer

function model performance (Mitchell et al., 2013)

of testate amoebae vs. bryophytes and/or vascu-

lar plants. In Sphagnum-peatlands, higher species-

environment correlations were found for testate

amoebae than for bryophytes, vascular plants or

both combined (Lamentowicz et al., 2010), while

transfer function performance (on raw data) was

higher for bryophytes for DWT but not for pH

(Mitchell et al., 2013). Here we address this question

in four Sphagnum peatlands located along elevation

gradient from the Swiss lowlands (ca. 600m a.s.l.) to

the subalpine-alpine limit (ca. 1900m a.s.l.).

To our knowledge, there are only three published

studies of testate amoeba communities along altitud-

inal gradients. In forests soils and mosses, between

400m and 2500m a.s.l., in Bulgaria, Todorov (1998)

showed that species richness decreased with altitude

and that there was a signi�cant di�erence among

the biotopes. Mitchell et al. (2004) studied testate

amoeba communities in a single moss species (Hy-
locomiums splendens (Hedw.) W.P. Schimp.) in the

northern Italian Alps between 1000 and 2000m a.s.l..

Community structure was found to be more strongly

correlated to soil chemical composition (silica vs.

calcareous) than to altitude and no signi�cant de-

crease in species richness was found with altitude.

Krashevska et al. (2007) studied the testate amoeba

communities in litter and upper soil horizons of

three sites in a tropical mountain forest at 1000, 2000

and 3000m a.s.l. in Ecuador. Testate amoeba density

was lowest at the mid altitude and highest at 3000m

a.s.l., with an opposite pattern for speci�c richness.

However part of these di�erences may be due to soil

type, which varied with altitude (alumic acrisol, gley

cambisol and podzol, respectively from the lowest to

the highest site) as well as vegetation. Indeed, test-

ate amoeba diversity and community structure were

shown to vary in relation to factors such as plant

functional richness (Ledeganck et al., 2003) and soil
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Rotmoos

1190 m asl

Trogenmoos

1460 m asl

Hohchräjen

1890 m asl
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Lörmoos
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Figure 2.1 – Location of the four studied Sphagnum peatlands in Switzerland

type (Bonnet, 1964). These factors should therefore

either be accounted for in numerical analyses, or ex-

cluded using appropriate sampling design.

Our goal here was not to speci�cally address

diversity or ecological patterns along this eleva-

tion gradient but by studying an altitudinal gradi-

ent, we aimed to simulate a change in temperature

(synchronic approach) while focusing on the same

speci�c microhabitats of Sphagnum-dominated peat-

lands. We covered a broader range of habitats at each

elevation than Mitchell et al. (2004) while still re-

maining in comparable biotopes at each study site,

unlike the other two cited elevation gradient stud-

ies. We aimed to answer two main questions: 1)

How do the relationships between testate amoebae,

bryophytes and vascular plants and the main micro-

and macro-ecological gradients compare and thus

what are their respective predictive power for these

variables? 2) How powerful are these three groups

for discriminating among di�erent micro-habitats

along the whole humidity gradient (pool to hum-

mock) within sites? As developing taxonomy expert-

ise represents a true limitation for the use of prot-

ists in biomonitoring, rather than using the full com-

munity we addressed these questions using a selec-

tion of 10 morpho-taxa that can easily be identi�ed

by untrained analysts after a short learning period.

2.2 Methods

2.2.1 Study sites

We selected four sites in the same meso-climatic

region (transition from Swiss Plateau to pre-Alps), in

Table 2.1 – Geographical and climatic characteristics of the four studied Sphagnum-dominated peatlands in Switzerland.

Site Coordinates Altitude Temperature Precipitation Study area taken in account

North East m a.s.l.
◦
C

a
mm

a
m

2 c

Lörmoos 7°17
′
39
′′

46°58
′
54
′′

580 7.9 1028 1600

Rotmoos 7°50
′
30
′′

46°47
′
39
′′

1190 4.7 ≈ 1300 to 1500
b

2200

Trogenmoos 7°51
′
48
′′

46°45
′
39
′′

1460 3.1 ≈ 1300 to 1500
b

1900

Hohchräjen 7°58
′
10
′′

46°36
′
41
′′

1890 1.0 1575 1800

a
Mean annual average for 1961–1990.

b
Estimated from MeteoSwiss general cartsmaps.

c
Estimated using the geoportal of canton Bern (https://www.geo.apps.be.ch/fr/).
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Figure 2.2 – Pictures of the selected testate amoeba morpho-taxa: (a) Archerella �avum, (b) Amphitrema wrightianum,

(c) Assulina muscorum, (d) Assulina seminulum, (e) Heleoperarosea, (f) Hyalosphenia elegans, (g) Hyalosphenia papilio, (h)

Nebela militaris, and (i) Nebela tincta s.s.l..

the northern Swiss Alps (canton Bern, Fig. 2.1). All

sites are legally protected at least since 1987 and are

categorized as open bogs in the Swiss Federal bogs

and mires inventory (Ecker et al., 2008). The four

study sites are located along an altitudinal gradient

from 580 m a.s.l. to 1890 m a.s.l. The regional climate

is temperate continental; only the lowest site (Lör-

moos, Table 2.1) is slightly drier and warmer than the

other three, being less in�uenced by higher rainfall

associated to mountains. General climatic data was

obtained from MeteoSwiss, the Swiss Federal O�ce

of Meteorology and Climatology. The two lower

sites have been impacted by peat harvesting and/or

cattle grazing, but the upper two are considered to be

relatively pristine (i.e. as close as can be in Switzer-

land).

2.2.2 Sampling design and �eldwork

Plots were selected in autumn 2010 in the main

micro-habitats within each study site: pool, pool

edge, dry hollow, lawn, hummock, and dry hum-

mock, with �ve replicates per micro-habitat in most

cases and three at the minimum (total: 19 to 25 plots

per site and 84 overall). Pools were missing in Lör-

moos owing to the general dryness of the site. As

Lörmoos was particularly dry in autumn 2010 and no

pools with standing water existed, we selected the

lowest microtopography habitats and called them

“hollows” to di�erentiate them with the pools with

standing water that existed in the other sites. These

hollows were indeed the wettest microsites in Lör-

moos. In Rotmoos the “pool edge” microhabitat

was clearly de�ned, with speci�c vegetation, ow-

ing to the steeper slope between the lawns and the

pools. Percentage cover of vascular plants and bry-

ophytes were estimated according to the Londo scale

(Londo, 1976). Nomenclature follows for vascular

plants and Jahns (2007) for bryophytes. Sphagnum
species were identi�ed, �rst in the �eld and iden-

ti�cations were con�rmed by microscopy following

Daniels and Eddy (1990).

An iron bar was inserted in each plot to ob-

tain a time-integrated measurement of the depth of

water table (DWT). The bars were left for ten to

twelve months (September to November 2010 – Au-

gust 2011). The DWT was estimated as the vertical
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Table 2.2 – Summary of environmental variables measured at four Sphagnum-dominated peatlands along an eleva-

tion gradient in Switzerland. DWT: depth to water table; GDD: growing-degree day; TMed: median soil temperature;

TRange: soil temperature range; AmpTm: mean of soil daily temperature range (the last four variables were measured at

7.5cm depth from the beginning of the growing season to July 2011). Di�erent letters indicate signi�cant di�erences

(Tukey Honest Signi�cant Di�erences calculated on transformed data; see text for further details).

Lörmoos Rotmoos Trogenmoos Hochräjen

580m a.s.l. 1190m a.s.l. 1460m a.s.l. 1890m a.s.l.

Mean se Mean se Mean se Mean se

N [%] 0.540
a

0.021 0.692
b

0.042 0.564
a,b

0.049 0.549
a

0.05

C [%] 43.1
a

0.3 43.0
a

0.1 42.8
a,b

0.2 42.2
b

0.1

C /N 81.6
a,b

2.6 67.4
a

3.7 84.8
b

5.6 84.9
b

5.7

DWT [cm] 21.5
a

3 12.2
b

1.3 8.1
b

1 10.5
b

1.5

GDD 1908.7
a

33.6 1499.7
b

7.3 1481.3
b

46.8 923.4
c

70.3

TMed [
◦
C] 13.6

a
0.2 12.7

b
0.1 13.1

a,b
0.3 12.7

b
0.2

TRange [
◦
C] 22.0

a
0.8 20.5

a
0.8 23.1

a
0.7 12.5

b
0.5

AmpTm [
◦
C] 3.3

a
0.7 4.0

a
0.6 4.8

a
0.5 2.8

a
0.2

distance between the top of the moss carpet and

the limit between the rusted and non-rusted parts

of the bars. Though more approximate than dir-

ect regular or continuous WTD monitoring, it al-

lowed us to estimate the maximum water level in

each plot. This method was adapted from the PVC

discoloration method (Booth et al., 2005) since the

PVC tapes we experimented with did not discol-

our under anoxic conditions (Mitchell unpublished).

Soil temperature was measured in three micro-

habitats and three replicates per site using HOBO

Pendant®Temperature/Alarm Data Logger (8K-UA-

001-08, precision 0.14◦C at 25◦C). The selection of

plots to be monitored was made in order to cover the

whole variability inside each micro-habitat. There-

fore at each site one or two micro-habitat(s) did not

have any measured temperature data. The data log-

gers were inserted at 7.5cm depth, corresponding to

the maximal density of testate amoeba shells (But-

tler et al., 1996; Mitchell and Gilbert, 2004) and pro-

grammed for one measurement every 15 minutes

from October 2010 to August 2011, except for the

highest site, which could not be accessed until May

2011.

2.2.3 Testate amoebae and moss
elemental chemistry

Five or six Sphagnum mosses were collected in

each plot and pooled to constitute a representative

sample of each plot. The section between 5 and

10cm under the top of the capitulum was used for

testate amoeba extraction, thus avoiding the ver-

tical micro-distribution of species in the upper cen-

timetres (Mitchell and Gilbert, 2004). Testate amoe-

bae were extracted using a standard sieving (200µm)

and back-sieving (15µm) method (Booth et al., 2010)

using deionised water. The shells were concentrated

by centrifugation and stored in 2mL tubes with three

drops of glycerol (C3H8O3) and one tablet of Lycopo-
dium clavatum (batch N° 938934, 10679 ±426 spores

per tab) standard preparation from Lund University

(Sweden) according to Stockmarr (1971). Sphagnum
C and N contents were measured by pyrolysis on the

moss remaining after testate amoeba extraction and

the C/N ratio calculated from these data.

Testate amoebae were identi�ed and counted

up to a minimum of 150 shells but any slide was

counted entirely to avoid possible bias due to the

uneven distribution of shells depending on size or

shape (i.e. smaller taxa being more likely to move

closer to the edges of the coverslip). To assess the

bioindicator potential of testate amoebae even with

minimal taxonomic knowledge, we selected ten taxa

which are abundant in Sphagnum peatlands, known

to be well correlated with humidity and pH gradi-

ents and are commonly used in paleo reconstruction

(Charman et al., 2004; Mitchell, 2003; Opravilova and

Hajek, 2006): acid pools taxa: Archerella �avum, Am-
phitrema wrightianum, Hyalosphenia papilio; acid

lawns: Heleopera rosea, Hyalosphenia elegans; acid

hummocks: Nebelamilitaris, Assulinamuscorum, As-
sulina seminulum, Nebela tincta s.l. and Nebela col-
laris, Figure 2.2. The taxonomic resolution we used

corresponds to the approach used in many palaeoe-

cological studies (Charman, 2001). Testate amoeba

taxa that did not correspond to the ten selected taxa

were also counted to reach the total of 150 shells.

This enabled us to calculate the contribution of the

selected taxa to the overall community.

Using a limited subset of ten taxa and a relat-

ively coarse taxonomic resolution has, potentially,

two main advantages: 1) it makes it easier for non-
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specialists to conduct similar analyses as only min-

imal training will be required to be able to identify

the ten selected morpho-types and 2) it strongly re-

duces the risk of confusion among analysts making

comparisons among studies much easier. As we tend

to calibrate a tool to monitor peatlands, the choice

of easily identi�ed taxa is a strong advantage with

respect to the potential use of this method by peat-

land managers or for high school and undergraduate

student projects. The potential disadvantage how-

ever is that a given species complex may include

taxa with contrasted ecological preferences in which

case the accuracy of the ecological inference would

be lower. This approach represents an alternative to

other approaches such as using genus-level identi-

�cation (Wilkinson and Davis, 2000) or using all taxa

but pooling morphologically similar taxa regardless

of taxonomic a�liation (Mitchell et al., 2014). Res-

ults were expressed in relative abundance (percent-

age of the total population) for multivariate numer-

ical analyses.

2.3 Results

2.3.1 Environmental data

The environmental data included depth to water

table (DWT), C and N content and the C/N ratio of

Sphagnum, altitude, micro-habitat, growing degree

days (GDD) calculated from the temperature data us-

ing the software HOBO®Ware Pro 3.2 (actual tem-

perature method, no cut-o�, threshold: 0
◦
C), median

temperature (TMed), temperature range (TRange)

and the mean of daily temperature range (AmpTMed)

during the main vegetation period. The vegetation

period was calculated from the beginning of increase

of GDD until July 31
st

2011 (peak biomass). Envir-

onmental data were used either globally or split in

two sub-matrices: micro-environmental (DWT, C, N,

C/N, AmpTm) and macro-environmental (Altitude,

GDD, TMed, TRange). Measured data for Sphagnum
total N, C and C/N and DWT (n=84) and temperat-

ure (GDD, TMed, TRange and AmpTMed, n=34) are

given in Table 2.2.

As only 34 from the 84 plots were equipped with

temperature data loggers, we completed the envir-

onmental dataset in order to work with the full ve-

getation and testate amoeba data. For the microhab-

itats for which temperature data was available we

calculated the mean of the three measured values

within the micro-habitat and used these values for

the two missing values. For the microhabitats lack-

ing temperature data we replaced the missing values

with predicted values based on the observed data and

the estimated joint distribution of the temperature

and all the other environmental variables. We used

a multiple imputation based on a bootstrapped EM

(expectation maximization) algorithm implemented

in the Amelia II (package Amelia II for R Project for

Statistical Computing, 2.14.0, (Honaker et al., 2011)).

Amelia �lls data gaps using a predictive model based

on principal component analyses (PCA) on all data

including samples for which all variables were meas-

ured and those which had data gaps. The miss-

ing values are calculated so as maintain the multi-

dimensional structure of the PCA. Furthermore the

model takes into consideration gradients or di�er-

ences among data subsets, in our case these were

the local (pool/hollow to hummock) humidity gradi-

ent and the four sites. Further information on the

algorithm is given in Honaker and King (2010). The

model was run �ve times and for each missing value

the average value of the �ve iterations was used.

2.3.2 Numerical analyses

A three-pronged approach was used to explore

the data:

A) We �rst compared the environmental vari-

ables among sites using ANOVAs and Tukey

HSD (Honest Signi�cant Di�erences) tests

with logarithm transformed data (natural log)

for N, C, DWT and AmpTm; square-root

transformation for GDD and TRange. We as-

sessed how the environmental variables, the

testate amoeba communities and the vegeta-

tion (i.e. vascular plants + bryophytes) var-

ied in relation to 1) micro-habitat and 2) alti-

tude using between class analysis (BCA). BCA

can be seen as a particular case of a principal

component analysis with respect to instru-

mental variables (PCAIV), in which a single

factor is used as instrumental variable. These

analyses were performed using R (R Core

Team, 2016) and the packages ade4 for R (Dolé-

dec and Chessel, 1987) and vegan for R (Ok-

sanen, 2015).

B) We then modeled the correlation between

each community and the environmental vari-

ables using redundancy analyses (RDA, vegan

for R Project, version 2.0-5, (Oksanen, 2015))

with Hellinger-transformed community data

and assessed using transfer function how each

data set performed to infer DWT. We used

four data sets for these analyses: 1) vegetation

(i.e. vascular plants + bryophytes), 2) vascular
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Table 2.3 – Percentage cover of vascular plants and bryophytes at four Sphagnum-dominated peatlands along an eleva-

tion gradient in Switzerland. Rare species with an overall mean < 1% are not shown.

Lörmoos Rotmoos Trogenmoos Hochräjen

580m a.s.l. 1190m a.s.l. 1460m a.s.l. 1890m a.s.l.

Average se Average se Average se Average se

Vascular plants
Andromeda polifolia 0 0 1.91 0.57 4.04 1.28 0 0

Calluna vulgaris 1.16 0.71 8.73 2.84 3.03 1.27 0.99 0.57

Carex limosa 0 0 0.63 0.63 5.11 2.39 11.37 3.08

Carex rostrata 0.47 0.2 6.56 2.86 0.33 0.33 11.72 2.42

Drosera sp. 1.39 0.58 1.64 0.6 3.35 1 0 0

Eriophorum vaginatum 5.55 1.69 2.23 0.93 1.92 1.07 9.98 3.16

Juncus �liformis 0 0 0 0 0 0 1.29 0.67

Menyanthes trifoliata 0 0 1.82 1.26 0 0 0 0

Molinia caerulea 3.27 1.55 3.78 0.84 0.03 0.03 0 0

Rhynchospora alba 2.66 0.75 0 0 0.08 0.08 0 0

Scheuchzeria palustris 0 0 0 0 2.01 1.12 0 0

Trichophorum cespitosum 0 0 13.11 2.45 18.18 3.16 0 0

Vaccinium oxycoccos 23.23 4.25 4.56 0.88 1.56 0.51 0 0

Vaccinium uliginosum 0 0 0 0 1.21 0.68 4.14 1.55

Bryophytes
Aulacomnium palustre 0.77 0.5 1.42 0.69 0 0 0.04 0.04

Polytrichum strictum 0.84 0.55 3.4 1.14 0.03 0.03 5.94 2.21

Sphagnum capillifolium s.l. 25.78 5.19 4.04 2.14 0 0 9.52 3.4

Sphagnum cuspidatum 0 0 3.37 1.99 5.51 3.24 0 0

Sphagnum fallax 17.92 6.25 0.26 0.26 22.85 4.88 21.24 5.23

Sphagnum magellanicum 14.16 5.48 17.6 4.33 22.91 5.74 19.29 5.04

Sphagnum majus 0 0 0 0 2.08 1.54 0 0

Sphagnum papillosum 1.49 0.87 24 4.6 0.96 0.71 0 0

Sphagnum russowii 0 0 0 0 0 0 2.17 1.5

Sphagnum subsecundum 0 0 0 0 0 0 1.16 0.96

Sphagnum tenellum 0 0 0.32 0.32 3.73 1.86 0 0

Rare species not shown: Carex pauci�ora, Eriophorum angustifolium, Nardus stricta, Phalaris arundinacea, Picea abies,
Pinus mugo, P. sylvestris, Vaccinium myrtillus, Viola palustris, Pleurozium schreberi, and Polytrichum commune.

plants, 3) bryophytes and 4) testate amoebae.

The environmental data were used as explan-

atory variables in the RDA. We tested each

explanatory variable independently as well as

the global model. Transfer function were built

using weighted averaging (wa), with tolerance

down-weighting, using the R package “rioja”

(Juggins, 2012). Prediction error was estim-

ated by a “leave-one out” cross-validation and

the performance of the models assess by the

correlation between observed and predicted

values and the root mean squared error of pre-

diction (RMSEP).

C) Finally we explored the correlative structures

among the six data matrices: 1) vascular

plants, 2) bryophytes, 3) testate amoebae, 4)

macro-environment, 5) micro-environment, 6)

site name and Humidity code (1 – pool to

5 for dry hummock) projected passively in the

analysis) using multiple factor analysis (MFA,

FactomineR for R Project, version 1.21, (Lê

et al., 2008). We quanti�ed the correlation

between each pair of matrices using the RV

coe�cient.

All analyses were conducted on both the extended

data set (i.e. including estimated missing temperat-

ure data) as well as on the samples for which direct

measurements were available.

2.3.3 Macro and micro-environmental
characteristics of the four sites

Sphagnum carbon content decreased from 43.1%
to 42.2% from the lowest to the highest site. Sphag-
num nitrogen content was highest at Rotmoos and

similar at the other three sites. As a result, Sphag-
num C/N ratio was signi�cantly higher at Rotmoss

than at the other three sites (Table 2.2, only mea-

sured data were taken in account). Average water

table was lowest at the low elevation site Lörmoos

(DWT = 21.5cm) and never reached the surface at

that site. The other three sites were wetter (DWT

= 8.1 to 12.2cm) and all included pools. GDD de-

creased signi�cantly with elevation. However, TMed,
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2.3. Results

Table 2.4 – Average density and relative abundance of ten testate amoeba morpho-taxa at four Sphagnum-dominated

peatlands along an elevation gradient in Switzerland.

Lörmoos Rotmoos Trogenmoos Hochräjen All sites

580m a.s.l. 1190m a.s.l. 1460m a.s.l. 1890m a.s.l.

Taxon Average se Average se Average se Average se Average

Density [103 ind/g]
Amphitrema wrightianum 0 0 26.7 9.0 16.5 4.8 191.9 93.8 55.3

Archerella �avum 3.3 1.4 5.6 2.5 28.9 13.6 63.0 21.4 23.6

Assulina muscorum 5.8 1.4 12.8 2.1 13.9 4.0 10.7 4.5 10.9

Assulina seminulum 1.9 0.3 1.4 0.3 1.3 0.3 4.8 2.2 2.3

Heleopera rosea 0.8 0.3 1.1 0.3 0.2 0.1 3.6 2.0 1.4

Hyalosphenia elegans 24.0 4.9 20.3 4.1 23.7 6.9 0 0 17.4

Hyalosphenia papilio 1.1 0.5 1.4 0.4 6.1 1.6 47.3 10.8 12.8

Nebela collaris 3.7 1.2 3.6 0.9 1.1 0.4 6.2 1.7 3.6

Nebela militaris 2.4 1.5 1.8 0.5 1.2 0.9 1.2 0.6 1.7

Nebela tincta 5.3 1.2 5.0 1.3 1.3 0.3 9.1 3.6 5.1

Total community 82.3 13.3 191.8 30.4 184.2 30.1 392.8 109.3 209.4

% of total community 58.7 41.5 51.1 86.0 64.0

Relative abundance [% of total count]
Amphitrema wrightianum 0 0 8.8 2.4 7.0 1.9 26.0 6.3 10.2

Archerella �avum 2.4 1.0 2.6 1.2 9.0 2.8 17.9 5.9 7.5

Assulina muscorum 8.1 1.6 7.5 0.9 5.7 0.9 2.8 0.9 6.1

Assulina seminulum 3.7 0.7 1.3 0.3 1.1 0.3 1.8 0.8 1.9

Heleopera rosea 1.2 0.4 0.8 0.2 0.3 0.2 2.3 1.2 1.1

Hyalosphenia elegans 30.3 5.9 15.0 3.0 19.3 4.5 0 0 16.3

Hyalosphenia papilio 1.0 0.4 1.0 0.3 3.2 0.7 16.0 2.3 4.9

Nebela collaris 6.6 2.1 3.5 1.2 1.1 0.4 5.2 1.7 4.0

Nebela militaris 2.5 1.4 1.4 0.4 1.1 0.8 0.7 0.2 1.4

Nebela tincta 8.0 2.0 4.7 1.2 1.3 0.4 5.8 2.2 5.0

TRange and AmpTMed - measured at a depth of 7.5cm

- did not show any signi�cant altitudinal trend.

2.3.4 Vegetation

The vegetation of the four sites included char-

acteristic Sphagnum peatland taxa such as Cal-
luna vulgaris, Carex rostrata, Drosera sp., Erio-
phorum vaginatum and Vaccinium oxycoccos for vas-

cular plants and Aulacomnium palustre, Polytrichum
strictum, Sphagnum magellanicum and S. capillifo-
lium for bryophytes (Table 2.3). Andromeda poli-
folia and Sphagnum cuspidatum were found only

at the two mid-elevation sites. The vegetation

at Lörmoos was dominated by V. oxycoccos while

species characteristic for very wet conditions were

sparse (C. rostrata, Rhynchospora alba). Rotmoos

included several species characteristic for slightly

minerotrophic conditions (e.g. Menyanthes trifoli-
ata, Trichophorum cespitosum and Sphagnum papil-
losum, Delarze et al., 2008). Trogenmoos contained

both rare species such as Scheuchzeria palustris and

Sphagnum majus, which are characteristic for Cari-
cion lasiocarpae, a rare vegetation type only occur-

ring in some of the best preserved mires (Delarze

et al., 2008), as well as T. cespitosum and Sphag-
num fallax, two taxa often associated with disturb-

ance (Grosvernier et al., 1997). The highest site, Ho-

chräjen, was characterized by some montane-alpine

taxa such as Juncus �liformis, Nardus stricta (not

showed in the table) and Vaccinium uliginosum (foot-

hills).

2.3.5 Testate amoebae

Testate amoeba density averaged 209 x 103 indi-

viduals per gram dry weight of Sphagnum and in-

creased almost �ve-fold (82.3 - 393 x 103 ind /g)

from the lower to the higher site (Table 2.4). The

ten selected taxa accounted for 64% of the total

community on average over the four sites. This

percentage was lowest at Rotmoos (41.5%) and

highest at Hochräjen (86%), mostly due to the high

abundance of three mixotrophic species character-

istic for wet habitats Amphitrema wrightianum (26%
of the total community), Archerella �avum (17.9%)

and Hyalosphenia papilio (16%) at the highest site

(Table 2.4). Noteworthy was also the absence of Hy-
alosphenia elegans from the highest site (Hochräjen)

while it was the most abundant taxon at the other

three sites (15−30.3%). By contrast A. wrightianum
was absent from the lowest site (Lörmoos) while it

was quite abundant (ranking 1
st

to 3
rd

in propor-

tion of the whole community) at the other three sites

(Table 2.4).

21



Chapter 2

 d = 2

 L 

 R 

 T 

 H 

 d = 2

Pool 
Pool Edge 

 Dry Hollow

Lawn 

 Hummock 

Dry Hummock 

Environment and sites Vegetation and sites

Environment and micro-habitats

 d = 0.2

Pool 
Pool Edge 

 Dry Hollow

 Lawn 

 Hummock 

Dry Hummock 

 d = 0.2

 L 

 R 

 T 

H

Pool 

Pool Edge 

 Dry Hollow

 Hummock 
Dry Hummock 

 d = 0.5

 L 
 R 

 T  H

 d = 0.2

Vegetation and micro-habitats Testate amoeba and micro-habitats

 Lawn

Testate amoeba and sites

Figure 2.3 – Between class analysis of environmental data (left), vegetation (centre), and testate amoeba communities

(right) from four Sphagnum-dominated peatlands in relation to sites (top row) and micro-habitats (bottom row). L: Lör-

moos (alt: 580 m); R: Rotmoos (1190 m); T: Trogenmoos (1460 m); H: Hochräjen (1890 m).

2.3.6 Between class analyses

The �rst set of between class analyses (BCAs),

revealed contrasted altitudinal patterns of envir-

onmental characteristics, vegetation and testate

amoeba communities (Figure 2.3, boxes 1-3). The

BCA on environmental data showed the altitudinal

gradient and a high similarity between the two in-

termediate sites. In the vegetation BCA the four

sites were well separated, but the pattern did not

correspond to the altitudinal gradient. The eleva-

tion gradient was also visible on the testate amoeba

BCA although the lowest site partly overlapped with

the two intermediate sites and the overall spread

within each site was higher than for the environ-

mental data. In the BCAs with micro-habitats as

explanatory factor the humidity gradient was well

correlated to axis 1 (Figure 2.3, boxes 4-6). In the

vegetation BCA the hollows and pool edges were

clearly separated while drier micro-habitats over-

lapped. Micro-habitats were better separated based

on testate amoebae than on the environmental data.

The unusual (rather dry) hollows of Lörmoos stood

out in the BCAs on environmental as well as on ve-

getation data and in the testate amoeba BCA it’s po-

sition was close to hummocks and lawns. The pool

edges (only de�ned in Rotmoos) also stood apart in

the vegetation BCA, while this was not the case for

the analyses based on environmental characteristics

and testate amoeba, where pool edges were projec-

ted close to pools.

2.3.7 Direct gradient analyses
of the correlation of each
community with the soil dataset
and performance of transfer
function models

All eleven variables tested individually in the

RDA signi�cantly explained some part of variance

in the testate amoebae and vascular plant data sets

while for bryophytes two variables were not signi-

�cant (TRange and AmpTm). Highest correlations

were found with testate amoebae for eight variables,

with vascular plants with two (GDD and TRange)

and with bryophytes with one (TMed, Table 2.5, up-

per part).

Vascular plants showed higher correlation than

bryophytes for all variables related to altitude

(macro-env), except for TMed. This agrees with the

presence or higher abundance of some vascular plant

species either at high elevation (J. �liformis or V.
uliginosum) or low elevation (V. oxycoccos). Like-

wise the similar pattern observed for testate amoe-

bae agrees with the distribution of H. elegans (ab-

sent from the highest site) and A. wrightianum (ab-
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2.3. Results

Table 2.5 – Summary results of redundancy analyses (RDAs) on vascular plant, bryophyte and testate amoeba com-

munity data, macro- and micro-environmental variables from four Sphagnum-dominated peatlands along an elevation

gradient in Switzerland. Percentage of variance explained by individual macro- and micro environmental variables and

associated p-value from RDAs on vegetation (vascular plants + bryophytes), vascular plants, bryophytes and testate

amoeba data. Highest scores for each variable are underlined and highest scores per data set are bolded. Upper table:

whole dataset with calculated missing values (n = 84), lower table: variance explained with sample directly measured (n

= 34).

Whole dataset (n = 84) Bryophytes + Vasc. Vascular plants Bryophytes Testate amoebae

% p-Value % p-Value % p-Value % p-Value

Macro-environment

Altitude 9.3 0.005 17.6 0.005 4.6 0.005 19.0 0.005

GDD 7.5 0.005 14.1 0.005 3.9 0.010 13.8 0.005

T
Range

5.5 0.005 10.5 0.005 1.2 0.360 8.0 0.005

T
Med

5.5 0.005 5.4 0.005 6.0 0.005 4.0 0.010

All macro-env. 22.8 0.005 33.0 0.005 16.6 0.005 32.1 0.005
Micro-environment

DWT 13.1 0.005 14.4 0.005 11.6 0.005 26.0 0.005

C 9.3 0.005 7.3 0.005 12.2 0.005 17.5 0.005

N 6.0 0.005 3.8 0.005 6.9 0.005 10.3 0.005

C/N 5.0 0.005 3.0 0.024 5.8 0.005 8.7 0.005

AmpT
Med

4.6 0.005 5.4 0.005 2.5 0.071 5.7 0.005

All micro-env. 28.9 0.005 30.4 0.005 27.4 0.005 47.1 0.005
Descriptive variables

Micro-habitat 28.6 0.005 27.4 0.005 27.8 0.005 38.9 0.005

Site 28.1 0.005 39.1 0.005 22.6 0.005 26.6 0.005

Raw dataset (n = 34) Bryophytes + Vasc. Vascular plants Bryophytes Testate amoebae

% p-Value % p-Value % p-Value % p-Value

Macro-environment

Altitude 12.2 0.005 20.6 0.005 6.3 0.077 23.5 0.005

GDD 9.3 0.015 16.2 0.005 5.1 0.140 16.2 0.005

T
Range

9.4 0.005 13.5 0.005 3.3 0.400 9.6 0.015

T
Med

6.0 0.033 7.3 0.017 6.5 0.059 4.1 0.240

All macro-env. 29.5 0.005 42.5 0.005 18.7 0.046 39.1 0.005
Micro-environment

DWT 14.2 0.005 14.7 0.005 11.6 0.010 24.3 0.005

C 6.7 0.015 6.6 0.024 8.2 0.024 15.7 0.005

N 6.5 0.013 4.0 0.260 7.3 0.036 10.4 0.013

C/N 6.0 0.028 2.9 0.350 7.6 0.017 9.0 0.027

AmpT
Med

6.2 0.025 8.0 0.013 3.2 0.370 9.1 0.020

All micro-env. 33.9 0.005 35.6 0.005 28.7 0.005 50.7 0.005
Descriptive variables

Micro-habitat 31.7 0.005 31.9 0.005 27.6 0.005 45.0 0.005

Site 33.3 0.005 44.4 0.005 27.1 0.005 32.4 0.005

sent from the lowest site). Correlations with all

micro-env variables (related more to micro-habitat

variation) were highest for testate amoebae. Cor-

relations with bryophytes were higher than with

vascular plants for moss elemental chemistry vari-

ables (C, N, and C/N) while the opposite was true

for DWT and AmpTMed, two variables measured

below the moss carpet. In the variance partition-

ing (based on RDA) the whole macro-env dataset

explained a similar proportion of variance of the

vascular plants and testate amoeba data (respect-

ively 33.0% for vascular plants and 32.1% for test-

ate amoeba, Table 2.6), but a lower proportion of

the bryophyte data (16.6%). Micro-env variables ex-

plained a higher proportion of the testate amoeba

than the vascular plant and bryophyte data (respect-

ively 47.1%, 30.4% and 27.4%).

The descriptive variables were most strongly

correlated with vascular plants for the site (39.1%)

and with testate amoebae for micro-habitats

(38.9%), in agreement with the BCA analysis. In

line with the RDA results with micro-environmental

variables, the performance of DWT transfer function

models was highest for testate amoebae, somewhat

lower for vascular plants and whole vegetation and

lowest for bryophytes (Table 2.6).
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Table 2.6 – Performance of testate amoebae-based transfer function for DWT based on data from four Sphagnum-

dominated peatlands along an elevation gradient in Switzerland: leave-one out cross-validated tolerance down-weighted

[inverse (WA.inv.tol) and classical (WA.cla.tol)] weighted average models.

Whole vegetation Vascular plants Bryophytes Testate amoebae

RMSEP R
2

RMSEP R
2

RMSEP R
2

RMSEP R
2

WA.inv.tol 7.00 0.46 6.66 0.51 7.84 0.32 5.91 0.61

WA.cla.tol 7.60 0.47 6.91 0.52 11.88 0.33 6.77 0.62

RMSEP: root mean square error of prediction; R
2

: correlation between observed and predicted values.

2.3.8 Combined analysis of testate
amoeba, vegetation and
environmental data

The position of samples in the multiple factor

analysis (MFA, Figure 2.4) showed quite clearly the

altitudinal and humidity gradients. All Hochräjen

plots were well separated from the three other sites,

which partly overlapped in the ordination space.

Rotmoos and Trogenmoos overlapped with respect

to the altitudinal gradient except for the wettest

micro-habitats. The position of samples from the

lowest site suggested drier conditions than for the

other three sites and the micro-habitat described as

hollow appeared to be more similar to the lawns than

to the pools of the other sites.

In the projection of species and variables, pools

were associated to relatively high N content and

higher median soil temperature (Figure 2.5). Hum-

mocks and dry hummocks were correlated with low

water table (i.e. high DWT) and high C/N ratio. The

altitudinal gradient was correlated with TRange and

GDD. Altitude was best correlated with two testate

amoeba taxa, H. papilio for the higher site and H. el-
egans for the lowest one, together with two vascu-

lar plants, Vaccinium oxycoccos and Molinia caerulea.

The pools of the higher site were characterized by

A. wrightianum and A. �avum for the testate amoe-

bae, Carex limosa and C. rostrata for the vascular

plants and Sphagnum fallax for the mosses. The

same micro-habitats in Trogenmoos and Rotmoos

were correlated with A. muscorum for the testate

amoebae, T. cespitosum for the vascular plants and
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Figure 2.4 – Multiple factor analysis (MFA) of vascular plant, bryophyte and testate amoeba community data, macro-

and micro-environmental variables from four Sphagnum-dominated peatlands along an elevation gradient in Switzer-

land. Left: projection of centroids of qualitative variables (site names and micro-habitats) projected passively on the

MFA. Right: Individual factor map, showing the position of samples in the MFA. Humidity gradient go from top left part

of the graph to bottom right angle and altitude gradient go from bottom left part to top right part.
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2.4. Discussion

Table 2.7 – RV coe�cients from the multifactor analysis (MFA) on vascular plants, bryophytes, testate amoebae, micro-

environmental variables, macro-environmental variables from four Sphagnum-peatlands along a 1300 m elevation gradi-

ent in Switzerland. The descriptive variables were passively projected in the analysis. Upper half matrix: p-values; lower

half matrix: RV coe�cients. MFA indicates the correlation and p-value with the overall combined ordination.

Vasc. plant Bryophytes Amoebae Micro-env. Macro-env. MFA

Vascular plants 1 <0.001 <0.001 <0.001 <0.001 0.769

Bryophytes 0.248 1 <0.001 <0.001 0.001 0.594

Amoebae 0.543 0.257 1 <0.001 <0.001 0.747

Micro-env 0.324 0.263 0.431 1 <0.001 0.661

Macro-env 0.375 0.115 0.296 0.164 1 0.542

MFA 0.769 0.594 0.747 0.661 0.542 1

S. papillosum and S. cuspidatum for the mosses. The

position of the Lörmoos hollow samples clearly sug-

gested that they were drier than pools at the other

sites.

The RV coe�cients of the MFA (Table 2.7),

which correspond to a squared Pearson correlation

coe�cient showed that micro-environmental vari-

ables were more strongly correlated to testate amoe-

bae while macro-environmental variables were more

strongly correlated to vascular plants. The analysis

of the reduced data set yielded similar results (details

not shown).

2.4 Discussion

2.4.1 Macro- and micro-environmental
characteristics of the four sites

We aimed to select four comparable sites while

covering a range of climatic conditions found along

the elevation gradient and other factors potentially

in�uencing peatland ecosystems that may also vary

along this gradient. Indeed, several factors are as-

sociated to altitudinal gradients including di�er-

ences in the degree of human impact, precipitation

rates, duration of snow cover and pollution levels

(Körner, 2007). The soil chemistry data measured

at the four sites were within the range expected

for Sphagnum-dominated peatlands (Bragazza and

Gerdol, 2002; Waughman, 1980) and with the ex-

ception of the lowest site all micro-sites could be

found at each site. Inter-site di�erences re�ect cli-

matic gradients (e.g. drier lower site), ombrotrophy-

minerotrophy gradient (somewhat higher minero-

trophic in�uence at the Rotmoos site), and history

of human impact (drainage at the lowest site). As

such these four sites therefore provide a reasonable

range of general characteristics to allow the compar-

ative study of species-environment relationships for

vascular plants, bryophytes and testate amoebae.

2.4.2 Community & environment
relationships – micro-habitats
and DWT

As expected community structure of vascular

plants, bryophytes and testate amoebae all re�ec-

ted well the pool-hummock gradient as shown by

signi�cant correlations to micro-habitat type (ex-

plaining 27.4% to 38.9% of the species data in the

RDA) and the depth to the water table (explaining

11.6to26% of the data). However, a striking result of

this study is that ten testate amoeba taxa were more

strongly correlated than vascular plants, bryophytes,

or both combined to micro-habitats (38.9% vs. 27.4
to 28.6%) and to the humidity gradient (26% vs.

11.6 to 14.4%). With the exception of temperature-

related variables and sites the correlation of all vari-

ables were about two times higher with the ten se-

lected testate amoeba taxa than with all bryophytes,

all vascular plants or both groups combined. The

performance of transfer functions also logically per-

formed better with the testate amoeba data than the

vascular plants and bryophytes. Furthermore the

performance of the models is comparable to that of

models based on the full diversity of testate amoe-

bae.

It may appear surprising that bryophytes are

not better related to micro-environmental variables.

Indeed, they could be expected to respond in a

similar way than testate amoebae to humidity and

nutrients gradients. Some variables not taken in

account like niche competition, sensitivity to mi-

croclimatic variations, interstitial water conductiv-

ity or nutrients may be more important for bry-

ophytes than for testate amoebae and could explain

the relative weakness of the relationships observed

here (Bragazza, 1997; Buttler et al., 1998; Malmer

et al., 1992; Mitchell et al., 2000). However our

results agree with a recent comparative ecological

study of testate amoebae, bryophytes and vascular

plants in fens and bogs, which showed that test-
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ate amoeba communities were more strongly cor-

related to all measured variables (Conductivity, pH,

magnesium, calcium and DWT) than bryophytes

or vascular plants or both combined (Lamentowicz

et al., 2010).

The absence of Amphitrema wrightianum at the

lowest site is in line with its association with bog

pools, which were absent from that site. Archerella
�avum, a species characteristic for wet and oligo-

trophic lawns, was rare at the two lower sites, in line

with average drier (Lörmoos) or more minerotrophic

(Rotmoos) conditions. Both taxa were abundant at

the upper two sites, and especially at the highest one.

However, these two taxa may respond to site history

(e.g. peat harvesting and subsequent revitalization,

Buttler et al., 1996; Laggoun-Defarge et al., 2008) as

much if not more than to di�erences in climate, soil

moisture or nutrient content.
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Figure 2.5 – Correlation circle map of the MFA of vas-

cular plant, bryophyte and testate amoeba community

data, macro- and micro-environmental variables from

four Sphagnum-dominated peatlands along an elevation

gradient in Switzerland (see Figure 2.4). For clarity,

only variables with a score over cos
2
=0.2 are represen-

ted. T Amoebae: testate amoebae, Micro-env: micro-

environmental variables (N, C, C/N, AmpTMed), Macro-

env: macro-environmental variable (Alt, GDD, TMed,

TRange).

2.4.3 Community patterns in relation to
sites

The four sites were best de�ned by the vegeta-

tion data (explaining 39.1% of variance in the RDA

vs. 22.6% and 26.6% for bryophytes and testate

amoebae respectively). This di�erence seems partly

due to the presence of characteristic subalpine plant

species at the highest site (e.g. Juncus �liformis, Nar-

dus stricta), to di�erences in trophic status among

sites (Menyanthes trifoliata indicating more minero-

trophic conditions at Rotmoos), and to the absence of

some taxa at some sites in part due to the absence of

pools at the lowest site: Carex limosa and C. rostrata
both require very wet conditions that were rare or

absent at the lowest, driest site (Lauber et al., 2007).

These patterns may, however, also relate to the his-

tory of the sites. For example Vaccinium oxycoc-
cos was shown to be favoured by bog revitalization

measures (Graf et al., 2010) and this is in line with its

high abundance at the lowest site.

2.4.4 Community patterns in relation to
elevation and temperature

Testate amoeba communities were correlated to

altitude and GDD gradient in the same range as

vascular plants, but bryophytes were only weakly

correlated to these two variables. The correlation

of vascular plants along the altitude gradient �ts

with the known distribution of plants along eleva-

tion gradients and could thus be expected despite

the fact that this study was focused on a very spe-

ci�c ecosystem and a limited potential list of plant

species. By contrast, such a result was not expec-

ted for testate amoebae, which are usually primarily

correlated to micro-environmental conditions such

as DWT (Booth et al., 2008).

All other factors being equal, species such as

Carex limosa, C. rostrata, Archerella �avum and Am-
phitrema wrightianum which are associated with

wetter conditions can be expected to be more abund-

ant at higher elevation where the summer hydric

stress is shorter and less intense than at lower

elevation. A recent study showed that testate

amoeba communities are correlated not only to

DWT but also to moisture variability (Sullivan and

Booth, 2011). Moisture variability is likely to be

lower at higher elevation and this could partly ex-

plain altitudinal patterns. Such di�erences may also

have implications for the functioning of microbial

food webs (Lamentowicz et al., 2013).

A recent study using a similar approach (i.e. four

Sphagnum-dominated peatlands along an elevation

gradient in Switzerland, two of which – the highest

and lowest sites - were identical as in this study)

showed that altitude explained a third of the vari-

ance in testate amoeba community data while DWT

only explained a marginal fraction (Lamentowicz

et al., 2013). This result was explained by the fact that

only a single habitat (lawns) was sampled and thus

the DWT gradient was very short. In our study we

sampled the full DWT gradient within each site and
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DWT emerged as the strongest variable explaining

testate amoeba community structure. Altitude ex-

plained a smaller fraction (19% vs. 33%) of variance

than in the study of Lamentowicz et al. (2013). This

di�erence between the two studies may be due to the

di�erent taxonomic resolution, to the fact that alti-

tude explains a di�erent proportion of variance de-

pending on the microhabitat, or to the fact that only

two of the four sites were shared between the two

studies.

The distribution pattern of the two Hyalosphenia
species in our study and the one of Lamentowicz

et al. (2013) suggests a possible response to eleva-

tion with H. elegans being limited to warmer con-

ditions and H. papilio to colder sites. However,

the absence of H. elegans in Hochräjen, the highest

site, is most likely not due to severe weather con-

ditions as it was found near the Arctic Circle (Bey-

ens and Chardez, 1995; Payne et al., 2006) and it

was abundant in a Sphagnum magellanicum sample

from the Northwest Territories, Canada (Mitchell,

unpublished data). A possible alternative explan-

ation is that H. elegans tolerates moisture �uctu-

ations somewhat better than H. papilio (Sullivan and

Booth, 2011). The absence of H. elegans from the

highest site could also be due to slightly more min-

erotrophic conditions at this site (e.g. runo� in�uen-

cing hydrochemistry during snowmelt). In line with

this, H. elegans was shown to respond very strongly

(100%) to N & P enrichment (Mitchell, 2004). How-

ever, this species did not show a clear response to N

addition (Mitchell, 2004).

With only four sites it is clearly impossible to

generalise such results. Further studies, ideally in-

cluding a higher number of sites and experimental

manipulations of climate DWT and other environ-

mental factors are clearly needed to explore in more

depth the relationship between Sphagnum peatland

testate amoeba communities and altitude.

2.4.5 Implications for bioindication

Although vegetation analysis is a well-

established method for the peatland monitoring

our study showed that the analysis of testate amoe-

bae provides more accurate information on micro-

environmental conditions than vascular plants

and/or bryophytes. Furthermore we show that it

is not necessary to know all testate amoeba taxa to

obtain valuable ecological information; a carefully

selected list of a limited number of easily identi�able

taxa su�ces for bioindication purposes. The genera-

tion time of testate amoebae ranges from a few days

to weeks depending on taxa and environmental con-

ditions is much faster than that of bryophytes and

vascular plants (Schönborn, 1986). Communities are

rather stable under natural conditions between sea-

sons (Warner et al., 2007), but they can change over

a period of several months when conditions change

(Marcisz et al., 2014). Thus testate amoebae respond

to environmental changes at an appropriate speed

for being used in monitoring programs.

An additional advantage of testate amoeba ana-

lysis is that samples can be collected at all seasons

(providing sites are accessible and sampling sites are

permanently marked – e.g. with long sticks – to be

found beneath the snow). Sampling is much faster

than the time required for vegetation relevés and

thus more site can be studied in a given �eld cam-

paign. The time needed for microscopic analyses is

reasonable once the species are known (and learning

this is quick for the selected taxa). Testate amoeba

analysis for peatland bioindication purposes is there-

fore a potentially very powerful and economically

interesting approach.

2.5 Conclusion

Although testate amoebae are regularly used

for paleoenvironmental reconstruction, their useful-

ness in biomonitoring is not yet fully recognized

beyond academic research. Our study shows how

a selection of only ten, easily identi�able testate

amoeba morpho-taxa can provide valuable ecolo-

gical information on micro-environmental condi-

tions in Sphagnum-dominated peatlands. An un-

trained analyst can learn to identify these ten taxa in

a few hours and only a simple microscope is needed

for the analyses. This method therefore has the po-

tential to become part of the standard toolkit of peat-

land managers.
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Impact of two hot and dry summers on testate amoeba
community structure and functional diversity of

an arti�cial bog
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Abstract

Central Europe peatlands have been strongly damaged by human impacts and conservation e�orts now

aim to preserving the remaining sites and restoring damaged ones. But such e�orts are potentially jeop-

ardized by on-going climate warming. A small (100m
2
) arti�cial peatland was built in the Botanical Garden

of Neuchâtel in the autumn of 2014 with the aim to study peatland restoration in a climatically challenging

context (i.e. the Swiss lowlands 550m a.s.l.). The very hot and dry summers of 2015 and 2016 provided an

unintentional experiment opportunity to test the resistance of biotic communities to unfavourable con-

ditions. We focus on testate amoebae, a key functional group in microbial food webs, commonly used as

indicators of current and past ecological conditions (e.g. water table depth, pH). We assessed the changes

in testate amoeba community structure and functional traits in Sphagnum patches of contrasted sizes and

shading by vascular plants collected in the experimental bog in the autumns of 2015 and 2016. We also

collected analogous samples in a naturally regenerating cutover peatland in the Jura Mountains at 1000m

a.s.l. as a reference. Living and dead assemblages were counted separately to assess the recent (ca. 1 year)

shifts in communities.

The comparison of living and dead assemblages showed an increasing representation of testate amoeba

taxa indicative for dry conditions (Corythion dubium, small Euglypha sp.) in 2015 and a further weaker

shift in 2016. This shift was mirrored by changes in traits with an increased proportion of smaller taxa

with a small pseudostome and a loss of mixotrophy, coherent with the draughts of 2015 and 2016. Con-

trary to our hypothesis the shift to dry indicators was more marked in the larger and more shaded

moss patches, due to the better survival, and hence potential for community shifts in these patches

while the communities in the smaller/less shaded barely survived. Communities in the reference site

contained a lower proportion of wet indicator species than the initial communities in the arti�cial bog,

re�ecting the origins of the transplanted vegetation, but this pattern reversed by the end of the second year.

On-going climate warming is likely threatening the survival of bogs at the warm/dry limit of their distri-

bution, and even more the restoration of damaged bogs. However, change in the vegetation can be slow

and managers need early indicators of change. Our results illustrate the usefulness of testate amoebae as

bioindicators of hydrological conditions in secondary bogs. Assessing the success of restoration measures

is essential, but often not done by lack of �nancial resources. The analysis of testate amoebae is an eco-

nomical option for rapid assessment of restoration success and could easily be implemented in the toolkit

of peatland managers.

Keywords: Peatlands, testate amoebae, functional traits, arti�cial bog, botanical garden, reference site,

regeneration.
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3.1. Introduction

3.1 Introduction

Sphagnum-dominated peatlands are ecosystems

with permanent waterlogged soils, low nutrient

availability and high acidity (Mitsch and Gos-

selink, 2007). Anoxic conditions hamper organic

matter mineralisation leading to carbon accumu-

lation. Northern peatlands represent an import-

ant carbon stock of 500±100Gt (gigatons), repres-

enting ca. 1/3 of all soil C trapped in ca. 3% of

total land area (Gorham, 1991; Yu, 2012). Peatlands

are threatened by direct impact such as peat min-

ing (Ramsar, 2013) and ongoing climate changes,

resulting in the release of C and thus feeding

back positively to warming (Davidson and Jans-

sens, 2006; Fleischer et al., 2016). Peatlands con-

tain a relatively small number of highly specialised

taxa, well-adapted to the characteristic drastic con-

ditions. These species are however poor competit-

ors (MacArthur and Wilson, 1967) and when condi-

tions change (e.g. due to nutrients input, drought,

or drainage) less-specialised and more competitive

species colonise, leading to a loss of biodiversity

and C-sequestration function (Chapman et al., 2003).

Peatlands also represent invaluable archives of past

environmental changes and human history (Buck-

land, 1993). Understanding global change e�ects

on peatlands is therefore relevant at the global

(C-cycling) and local/regional (biodiversity conser-

vation, preservation of peat archives) scales. To

achieve this a combination of observational, exper-

imental and modelling approaches are used. Our

focus here is on an experimental and observational

study making use of an arti�cial peatland built in a

botanical garden for outreach, conservation and re-

search purposes.

In 2014, a small (ca. 100m
2
) raised bog was

constructed in the Botanical Garden of Neuchâtel,

Switzerland (Figure 3.1) and planted with character-

istic species collected from regional pristine and re-

generating cutover bogs. As high moisture and low

nutrient contents are needed to ensure the viability

of speci�c raised bog plants and associated micro-

bial communities (Andersen et al., 2013), recreating

a lowland peatbog is challenging, because the local

climate at ca. 530m a.s.l. is warmer and drier than in

the mountains at ca. 1000m a.s.l.. In 2015, extended

periods of drought occurred in Switzerland (Météo-

Suisse, 2016) followed by a humid winter 2015-16

and spring in 2016 with more than 750m of rain for

the �rst semester in Neuchâtel (75% of mean annual

amount), followed by a short but intensive heatwave

in the summer of 2016 (MétéoSuisse, 2017). In the fall

of 2015, the bog was very dry with deep cracks in the

peat and a drastic reduction of the water table (low-

est average of �ve measurement points on August 8
th

2015: −59.7cm; Sup. Figure 3.A1). The rainy spring

of 2016 provided suitable conditions for the recov-

ery of the bog vegetation. A vegetation survey in-

deed showed that most of the plants and bryophytes

survived (Mitchell et al., unpublished data). How-

ever, the high water level of spring 2015 was never

again reached for any extended period since (Sup.

Figure 3.A1), suggesting that appropriate water level

for the long-term survival of the bog cannot be main-

tained in the long-term. These meteorological con-

ditions of 2015 and 2016 therefore represented a �rst

real challenge for this experimental bog, as well as

a valuable unintentional experiment opportunity to

test the resistance of characteristic bog communities

to unfavourable conditions.

Figure 3.1 – The experimental raised bog in Botanical

Garden of Neuchâtel in spring 2015. Top: global view on

May the 4
th

during the very wet spring period, right in-

sert: Vaccinium myrtillus, left insert: Vaccinium oxycoc-
cos. Left pictures, gradual drying of “fen” area (top to

bottom: May the 4
th

, May the 13
th

, June the 2
nd

), dur-

ing that period, the water table dropped from 19cm above

ground level to 8cm under ground level. Right pictures

(top to bottom and left to right): Eriophorum vaginatum,

Betula nana, Sphagnum patches with Drosera rotundifolia
and apparition of �rst cracks on bare peat; Polytrichum
strictum, Pinus mugo subsp. uncinata; Drosera rotundifo-
lia.
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To assess the impact of these two climatically chal-

lenging years on the bog, we analysed the pat-

terns of testate amoeba communities in Sphagnum
patches of di�erent size, and covering a broad range

of shading from vascular plants in 2015 and 2016.

Testate amoebae are unicellular protists building

a shell (named test). They represent the domin-

ant micro-eukaryotes in Sphagnum peatlands (Gil-

bert and Mitchell, 2006). Owing to the relatively

short generation times (weeks to months – allow-

ing communities to adapt to changing conditions),

their community turnover along environmental

gradients, and the decay-resistant tests they pro-

duce, testate amoebae are useful indicators to mon-

itor changes in environmental conditions (Mitchell

et al., 2008b). Testate amoebae are widely used

as paleohydrological indicators (Booth, 2002; La-

mentowicz et al., 2015; Payne et al., 2008; Swindles

et al., 2009; Qin et al., 2013) and increasingly also as

biomonitors in peatland monitoring and restoration

(Booth, 2008; Davis and Wilkinson, 2004; Daza Secco

et al., 2016; Laggoun-Defarge et al., 2008; Sullivan

and Booth, 2011). They have indeed been shown

to re�ect water table depth and hydrochemistry

more accurately than vegetation in Sphagnum peat-

lands (Koenig et al., 2015) and to respond rapidly to

changes in hydrology and peatland restoration (But-

tler et al., 1996; Daza Secco et al., 2016; Lamentowicz

et al., 2013; Marcisz et al., 2016).

Testate amoebae can be used as bioindicators us-

ing the classical taxonomical approach as well as

the functional traits approach. Here we explore

both. Functional diversity and community weighted

mean of traits are meaningful tools to meas-

ure and estimate ecosystem functioning (Laliberté

et al., 2014; Lavorel and Garnier, 2002; Ricotta and

Moretti, 2011). The assumption of the functional

diversity approach is that species morphology and

life history traits re�ect and a�ect niche dimensions

(Kearney et al., 2010; Mouillot et al., 2007; Villéger

et al., 2011). Well-selected traits can be used to as-

sess the impact of stress or disturbance on com-

munities by revealing changes in niche dimensions

(Fournier et al., 2015; Moretti and Legg, 2009; Mouil-

lot et al., 2013), and, through these e�ect on com-

munities, inform on ongoing ecological processes

(e.g. changes C cycling due to alterations of

the food web structure). The selection of traits

should be done carefully and the relation between

traits and environmental �ltering assessed or at

least strongly suspected (Mlambo, 2014; Petchey

and Gaston, 2006). This approach was �rst de-

veloped for plants and animals and is now being ex-

plored for microorganisms such as ciliates and test-

ate amoebae (Fournier et al., 2015, 2016; van Bel-

len et al., 2016). The functional traits approach

allows partly overcoming identi�cation di�culties

and provides more directly ecologically informat-

ive information than change in taxonomic composi-

tion (Booth, 2008; Daza Secco et al., 2016; Fournier

et al., 2015; Koenig et al., 2015; Lamentowicz

et al., 2013, 2015). For example, Fournier et al. (2012)

demonstrated that testate amoeba functional traits

were related to soil moisture in a �oodplain. Mar-

cisz et al. (2016) showed that the proportion of

mixotrophic taxa decreased and the proportion of

small taxa with a hidden (plagiostomic) aperture in-

creased in response to �re and peat extraction in two

paleaoecological datasets in Poland. In the meso-

cosm study (Chapter 4), we observed a decrease of

mixotrophic taxa and an increase in small taxa with

a ventral or ventral-central aperture in response to a

lowering of the water level.

We hypothesised that 1) the community struc-

ture and community weighted mean of functional

traits (CWM) of testate amoebae from Sphagnum
patches growing on bare peat would change in re-

sponse to the severe droughts of 2015 and 2016

and 2) that the magnitude of this e�ect would be

highest in small Sphagnum patches with low shad-

ing by vascular plants as compared to larger, more

shaded patches. We expected shifts in CWM to re-

�ect change in moisture condition and to inform

on change in microbial food web structure. We

compared these temporal patterns with the testate

amoeba communities of similar Sphagnum patches

sampled in a naturally recovering peatland located

at 1000m in the Jura Mountains, used as a reference

and expected to see clearer di�erence in the lowland

experimental site.

3.2 Materiel and methods

3.2.1 Experimental bog and study design

The experimental bog was built in autumn 2014

in the Botanical Garden of Neuchâtel at 530m a.s.l..

A ca. 60cm layer of clay-rich sediments (marls)

was overlain with 0 5 - 1 5m of peat collected

from a former peatland in the Jura Mountains near

Neuchâtel. This bog aims to show to the public

an example of these threatened ecosystems [90% of

the surfaces have been lost to peat harvesting and

conversion to agricultural land in Switzerland and

90% of the remaining 10% surfaces are degraded

(Grünig, 1994)] and use it as an educational tool. A
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Figure 3.2 – Localisation of the Botanical Garden in Neuchâtel and the Bois des Lattes peatland, Vallée des Ponts de

Martel (Neuchâtel), Switzerland. Maps are taken from the geoportail of Neuchâtel, on July 10
th

2017, http://sitn.ne.ch/

theme/main

second aim is to maintain in ex-situ some region-

ally rare and endangered plant species such as Betula
nana L.. The third aim is to conduct experimental

studies on aspects of peatland restoration in chal-

lenging climatic conditions (Mulhauser et al., accep-

ted). The water level depth is measured weekly in

�ve piezometers tubes inserted in di�erent parts of

the bog (Mulhauser et al., accepted) and vegetation

surveys are conducted yearly.

To compare our experimental results with a real-

istic situation we selected as a reference site the

Bois des Lattes (BdL) peatland, the largest remaining

peatland of Switzerland (Vallée des Ponts de Mar-

tel, 1000m a.s.l., Table 3.1, Figure 2). The site was

intensively exploited until the mid-20
th

century for

peat extraction and is now protected by law. In 2015,

drainage ditches were �lled in to increase the level

of water table in a formerly exploited zone. This al-

lowed spontaneous recolonization by bog vegetation

in patches of di�erent sizes. On September 16
th

2016

we collected 12 samples at this site.

In order to assess how the size of patches and

shading by vascular plants in�uenced the survival

of testate amoebae during a drought period, we se-

lected Sphagnum carpets with various sizes and de-

grees of vascular cover. We measured the diameter

of each selected patch (average of several measure-

ments if the patch was of irregular shape) and es-

timated vascular plant cover using the Londo semi-

quantitative scale (Londo, 1976). Sphagnum patches

were selected in a large former cutover peat surface

(ca. 8 ha) to cover the whole range of potential vas-

cular cover (10 − 100% in both sites) and patch dia-

meters (6 − 35cm, – i.e. available range in BG and

13−45.5cm in BdL – i.e. patches smaller than 13cm

could not be found).

We estimated a Sphagnum vitality index di�er-

entiating “healthy” mosses (i.e. green or red de-

pending on the species) and “dead or dying” mosses

(i.e. dry and yellowish). Sphagnum taxa were iden-

ti�ed macroscopically. About ten randomly picked

Sphagnum mosses were sampled in each patch, on

September 16
th

2015 (BG-2015), and on October 27
th

2016 (BG-2016) for testate amoeba extraction. The

top 3cm of the mosses (including the capitulum) was

�xed with a 4% solution of glutaraldehyde (C5H8O2),

allowing to di�erentiate the living and recently dead

amoeba assemblages (Mitchell and Gilbert, 2004).
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Table 3.1 – Location and long-term (1981-2010) climatic characteristics (MétéoSuisse, 2016, 2017) of the study sites.

Site GPS Altitude
a

Global

radiation
a

Mean

annual tem-

perature
b

Average

precipita-

tion
b

Total

amount of

snow
b

Days with

snow
b

North East m a.s.l.

kWh/m
2

/year

◦
C mm cm/year days /year

Botanical

Garden

46°59
′
59
′′

6°56
′
8
′′

529 375 10.2 978 45.6 13.4

Bois des

Lattes

46°58
′
32
′′

6°42
′
25
′′

1000 1073 5.7
c

1500
c

300
c

45.5
c

a
Geoportal of Service d’Information du Territoire Neuchâtelois (SITN)

b
Federal O�ce of Meteorology and Climatology MeteoSwiss, mean value 1981-2010.

c
Rounded mean value between La Brévine, NE, 11 km West of Bois des Lattes and la Chaux-de-Fonds, NE, 12 km Nord-East

3.2.2 Testate amoebae

Testate amoebae were extracted by standard

sieving (15µm) and back sieving (150µm – Botan-

ical Garden –, 250µm – Bois des Lattes –, Booth

et al., 2010; Charman, 2001). Rose Bengal was added

to stain the cytoplasm and di�erentiate living from

dead individuals. One tablet of Lycopodium clavatum
(standard preparation of Dept. of Quaternary Geo-

logy, Lund University – Sweden – batch No. 938934,

10679 ±400 spores per tab) was added for dens-

ity calculation (Booth et al., 2010; Stockmarr, 1971).

Testate amoebae were identi�ed at morpho-species

level under light microscopy at 200x and 400x mag-

ni�cation. This work was partly done in the frame

of undergraduate projects and identi�cation of some

taxa was challenging. In order to ensure consistency

and avoid possible bias due to taxonomic confusion

(Heger et al., 2009; Payne et al., 2011) the follow-

ing grouping of taxa was applied. Centropyxis aero-
phila includes C. aerophila, C. cassis, C. platystoma
and Cyclopyxis kahli; Corythion dubium includes C.
delamarei; Cryptodi�ugia sp. includes several other

small taxa (C. oviformis, C. minuta); Di�ugia lu-
cida type includes all Di�ugia larger than 50µm and

Di�ugia pulex type includes Di�ugia taxa smal-

ler than 50µm, with a shell made of xenosomes

(e.g. Cryptodi�ugia sacculus, Schoenbornia humic-
ola and Pseudodi�ugia sp.); Euglypha taxa were split

into two groups, large taxa (>60µm) and small taxa

(<60µm). Taxa from the Nebela tincta-collaris group

(Kosakyan et al., 2012) were split between N. tincta
(<95µm, N. tincta s.str., N. gimlii, N. guttata, N. ro-
tunda) and N. collaris (>95µm; N. collaris, N. bo-
hemica); Phryganella acropodia includes Cyclopyxis
eurystoma. Morphotaxa were grouped by water

table depth optima, in three classes, <15cm, 15−30cm

and >30cm, based on several datasets (Poland,

Petchora – Russia, Jura – Switzerland; Lamento-

wicz and Mitchell, 2005; Mitchell et al., 1999; Lem-

onis, 2012). We counted a total of 100 individuals

from the Bois des Lattes samples. In the Botanical

Garden, only limited amounts of Sphagnum could be

sampled to avoid signi�cantly impacting the already

stressed vegetation. As a result, in these samples we

aimed for minimum total counts of 50 individuals

(Payne and Mitchell, 2008). In all cases counting was

stopped after a maximum of two hours.

3.2.3 Functional diversity

The community weighted mean (CWM) of func-

tional traits was calculated separately on both liv-

ing and dead assemblages. Morphometric traits

were measured during counting under light micro-

scopy, randomly. As test length and biovolume

were correlated (R
2

adjusted: 69%, calculated on

data from a previous study, Koenig unpublished), we

used the test length as a proxy for biovolume, as

length is easier to measure. Community weighted

mean of traits represent the mean value of each trait

weighted by the species’ relative abundance (Dray

and Legendre, 2008; Lavorel and Garnier, 2002; Sud-

ing et al., 2008). Functional traits are assumed to re-

�ect the local ecological conditions and can be used

to estimate the niche dimension through the func-

tional niche (multi-dimensional space in which traits

are axes Villéger et al., 2011). We selected traits ex-

pected to respond to changes in humidity:

1. Mixotrophy: binary (1 = mixotrophy, 0 = het-

erotrophy). The presence of photosymbionts

is interpreted as an adaptation to wet oli-

gotrophic conditions such as existing in bog

pools. Mixotrophy is both a response trait

[mixotrophs being indicative of wet condi-

tions (Mitchell et al., 1999)] and an e�ect trait

[mixotrophs were shown to enhance carbon

�xation (Jassey et al., 2015)].

36



3.2. Materiel and methods

2. Test compression: binary (1 = compressed;

0 = round in cross-section). Compressed tests

are expected to favour the survival in thin

water �lm but at the cost of increasing ma-

terial relatively to amoeba biovolume (Bon-

net, 1964).

3. Origin of test material: factor with four levels

(protein, idiosomes, xenosome_prey, xeno-

some_particles). Testate amoeba shells are

composed of organic material (protein test),

secreted silica plates (idiosomes), or made

of particles found in the environment (xeno-

somes, either prey skeleton reused in test con-

struction or inorganic particules). The pres-

ence of taxa is related to the availability of test

material (Gilbert and Mitchell, 2006; Schwind

et al., 2016)

4. Pseudostome position: factor with three levels

(terminal, ventral, ventral-central). The posi-

tion of the pseudostome could represent an ad-

aptation to moisture as exposed aperture (ter-

minal) is better adapted to wet environments

and a hidden one to drier conditions (Bon-

net, 1964).

5. Pseudostome size: quantitative (range: 4.5 to

55.8µm). The aperture size is an e�ect trait

as it determines the range of prey: taxa with

a large aperture have a higher trophic pos-

ition in microbial food-webs (i.e. predators

of other protists and micro-eukaryotes) while

taxa with a small aperture are mainly bacte-

rivorous (Jassey et al., 2013b).

6. Test length: quantitative (range: 18.2 to

153.7µm). Used as a proxy for biovolume. This

is a response trait: larger taxa have longer gen-

eration times than small taxa and are thus ex-

pected to both be more sensitive to perturba-

tion and to recover more slowly from perturb-

ations. As larger taxa generally also have large

aperture, this is also to some extent an e�ect

trait.

3.2.4 Numerical analyses

Rare taxa (i.e. mean relative abundance < 1%)

were excluded from the data set (Table 3.A2). All

analyses were made on relative abundance after re-

moval of these taxa, or on density. Mean, standard

error, median, minimum and maximum were cal-

culated on relative abundance and on density, on

the whole dataset, for each site separately, and / or

with respect to living and dead assemblage. Di�er-

ence in mean values between sites or between liv-

ing and dead assemblages were tested using Wil-

coxon rank sum test as the data neither followed

normality nor homoscedasticity criteria. Statistical

tests between living and dead assemblages were con-

sidered as repeated measurements. The same ap-

plied to the BG-2015 and BG-2016 data sets given

that the same patches were sampled. Pairwise com-

parison for CWM of each trait between sites where

tested by Wilcoxon rank test, with Holm correction

and exact p-value. For ordinations, species data were

square root-transformed (i.e. Hellinger transforma-

tion, Legendre and Gallagher, 2001) to balance the

in�uence of rare and abundant taxa and the com-

munity weighted mean of traits data were standard-

ised. We computed indirect ordinations (principal

component analyses) on taxonomic and CWM to as-

sess the community patterns. Finally, we assessed

the signi�cance of selected environmental variables

(sites, Sphagnum vitality index, vascular cover, patch

size and Sphagnum taxon) using an analysis of vari-

ance based on redundancy analysis (variance parti-

tioning).

We performed β-diversity analyses between all

pairs of testate amoeba assemblages (relative abund-

ance data), using the Bray-Curtis index, which is

equivalent to the Sørensen-Dice diversity index for

abundance data (Baselga and Orme, 2012; Jari Ok-

sanen et al., 2016). We performed a multivariate ho-

mogeneity of groups dispersion analysis, based on

a principal coordinates analysis with spatial median

type (Baselga and Orme, 2012). As the density of liv-

ing assemblages in 2015 was very low, we applied the

bias adjustment for calculating groups dispersion,

the null hypothesis (H0) for the analysis of variance

(anova) being that there was more variance between

sites than between groups. Finally, to test our hy-

pothesis that shade (provided by vascular cover) and

patch size should protect the testate amoeba com-

munity against the e�ect of drought, we plotted the

β-diversity between 1) living and dead assemblages

for each site, 2) living assemblages in BG-2015 and

BG-2016, versus the gradient of 1) vascular cover as

percentage of the maximum for the site, 2) patch size

as percentage of the maximum for the site, 3) the av-

erage of both.

All analyses were carried out with the R stat-

istical software (R Core Team, 2016). Ordination

were computed using the package vegan (Jari Ok-

sanen et al., 2016), β-diversity indexes were cal-

culated with the package betapart (Baselga and

Orme, 2012) and community weighted mean of func-
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Figure 3.3 – Biplots of overall density of testate amoebae assemblages in the Neuchâtel Botanical Garden experimental

peatland (BG-2015 and BG-2016) and the Bois des Lattes reference peatland (BdL) in relation to Sphagnum patch dia-

meter (x axis) and percentage vascular plant cover (y axis). The surface of each circle is proportional to density: light

grey background: total density of dead + living assemblages; green: density of living assemblages. Di�erences between

all pairs of data sets were signi�cant (p-value < 0.05, data not shown). In BG-2015 the percentage of living testate

amoebae was positively correlated to the vascular cover for patches < 20cm. However, no such pattern was observed

in BG-2016 and BdL.

tional traits was calculated using the package FD

(Laliberté et al., 2014).

3.3 Results

3.3.1 Climate and sampled moss patches
at the two sites

The average climate (mean value for 1981-

2010) is sunnier, colder and wetter in the ref-

erence site (Bois des Lattes – BdL) than in the

Botanical Garden (BG, Table 3.1): solar radi-

ation: ∆ BG-BdL: −700 kWh/m
2
/year, annual tem-

perature: ∆ BG-BdL: 4.5◦C, average precipita-

tion: ∆ BG-BdL: 540mm/year, cumulative amount

of snow and number of days with snow cover:

∆ BG-BdL: −250cm/year and −32days/year, res-

pectively (MétéoSuisse, 2017). The years 2015 and

2016 were hotter and drier than the long-term av-

erage in both BG and BdL. At BG-2015 was the

hottest year since 1864 (1.29◦C above the mean

of 1981-2010, in Neuchâtel) and the second hot-

test summer after 2003. In North-western Switzer-

land, total hours of sunlight were 125% and pre-

cipitations 73% of the mean for 1981-2010 (Météo-

Suisse, 2016). The situation in 2016 was less extreme:

average temperature was above the mean for 1981-

2010 (+0.6◦C), but total hours of sunlight and pre-

cipitation were within the norm of 1981-2010. How-

ever, this lack of overall di�erence was due to the

very wet and cold spring. The second half of the year

was warmer with a short but record heatwave in

summer and an extremely warm September (+2.7◦C
in Neuchâtel, since the beginning of measurements,

in 1864; MétéoSuisse, 2017). Overall the BdL site was

slightly less impacted than Neuchâtel during the cli-

mate anomaly in 2015 and 2016 (Sup. Figure 3.A2).

Vascular cover was not signi�cantly di�erent

between the two sites (Student t-test = −0.072,

p-value = 0.943, Sup. Table 3.A1) but Sphagnum
patches were on average signi�cantly larger in BdL

(t-test = 3.903, p-value = < 0.001, Sup. Table 3.A1

and Sup. Figure 3.A3). Sampling in BdL was done

mostly in Sphagnum magellanicum patches (66.6%),

and to a lesser extent in S. fallax and S. rubellum
(16.6% each, Sup. Table 3.A1). The BG samples were

mainly taken in S. fallax (44.4%) and S. magellan-
icum (33.3%), and the remaining in other Sphagnum
taxa. Overall most sampled Sphagnum mosses were

alive (BG-2015: 77.8%, BG-2016: 91.7%, and BdL:

83.3%), the remaining being half dry and possibly

already dead respectively.
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3.3. Results

3.3.2 Testate amoeba density and
community structure

The density of testate amoebae was signi�c-

antly di�erent between site and sampling date be-

ing higher in BdL (10.8± 1.2 x 10
4

ind /g dry Sphag-
num), lower in BG-2016 (3.59±0.86 x 10

4
ind /g), and

lower in BG-2015 (2.68±0.25 x 10
4

ind /g, Figure 3.3,

details on Sup. Table 3.A3). The proportion of liv-

ing individual was highest in BG-2016 (62% ± 6%),

lower in BdL, (43% ± 2.7%), and lowest in BG-2015

(25% ± 0.7%, Figure 3.4 and Sup. Table 3.A3).

We identi�ed a total of 24 morphotaxa, and

after removing rare taxa (mean relative abundance<
1%), 17 morphotaxa remained for further analyses

(Sup. Table 3.A2). Overall, the most abundant taxa

were Corythion dubium (10.9%), small Euglypha sp.

(10.2%), Hyalosphenia papilio (9.6%), Di�ugia pulex
group (9.5%), Phryganella acropodia (9.3%) and Ne-
bela tincta (9.1%), Sup. Table 3.A2). Large Eu-
glypha sp., were the most frequent (found in 93.3%
of samples) but were not abundant (4.5%). The other

frequent taxa were C. dubium, small Euglypha sp.,

Nebela tincta, N. colaris, P. acropodia, Assulina mus-
corum and H. papilio (60 − 83.3%). The smallest

taxa were the most abundant (D. pulex, P. acropodia,

small Euglypha and N. tincta, 5.6−10.3 x 10
3

ind /g).

Archerella �avumwas never found alive and could be

a contamination from the adjacent bare peat.

In BG-2015 only one species was found mostly

alive: C. dubium (292 x 103% of living individu-

als/gram, relative abundance: 15.3% Figure 3.4 and

Table 3.2). Hyalosphenia papilio was the most abund-

ant taxon (24.1%, Table 3.2), but only 8.6% of in-

dividuals were alive (Wilcoxon test, p-value: 0.03,

Sup. Table 3.A4). The next most abundant taxa

were N. tincta (15.2%, of which 20.2% alive) and

Hyalosphenia elegans (10.4%, of which 17.7% alive).

In BG-2016, no taxon showed signi�cant di�erence

between the proportion of living and dead individu-

als. The overall community composition was di�er-

ent from that of 2015. The most abundant taxon was

C. dubium (18.1%, of which 78.1% alive) followed

by small taxa of Euglypha sp. (16%, of which 73.1%
alive), A. muscorum (15.4%, of which 61% alive), Ne-
bela collaris (12.2%, of which 69.4% alive), P. acro-
podia (11.9%, of which 41% alive), and Centropyxis
aerophila (9.1%, of which 62.7% alive). Other taxa

accounted for less than 5% of the community. Ex-

cept for P. acropodia, each of the most abundant

taxum (i.e. relative abundance > 10%) had a higher

proportion of living than dead individuals. In BdL,

the most abundant morphotaxa were Di�ugia pulex
(22%, 50.1% of which alive), P. acropodia (14.2%,

of which 44.1% alive), N. tincta (9.9%, of which

41.2% alive) and large Euglypha “small taxa” (9.1%,

of which 44.8% alive). All other taxa each accounted

for less than 7% of the total community (Table 3.2,

Figure 3.4, Sup. Table 3.A4).

3.3.3 Community weighted mean of traits

The CWM of BG-2015 shifted clearly between

the dead and living assemblages towards smal-

ler taxa (Wilcoxon p-value: 0.044), more com-

pressed (p-value: 0.021), with a smaller pseudo-

stome (p-value: 0.013), an increased proportion

of tests made of agglutinated particles (xeno-

somes, p-value: 0.013), and a loss of mixotrophy

(p-value: 0.013). By contrast, there was no signi-

�cant di�erence in CWM between living and dead

assemblages in BG-2016 (Figure 3.5). The CWM of

traits of BG-2016 (dead and living assemblages) were

similar to the living assemblage of BG-2015. In BdL,

the CWM did not di�er signi�cantly between living

and dead assemblages, except for mixotrophy which

was signi�cantly lower in the living assemblage

(Wilcoxon rank test p-value: 0.006; Figure 3.5; Sup.

Table 3.A5). The CWM of BG-2016 showed few dif-

ferences with either BdL 2016 (living and dead as-

semblages) and living assemblage of the BG-2015

samples (Figure 3.5 and Sup. Table 3.A5).

3.3.4 Multivariate analyses of taxonomic
and CWM data

The principal component analysis (PCA) of spe-

cies data showed a clear separation among the three

data sets (Fig. 3.6a), in agreement with the above-

mentioned clear contrasts in taxonomic composi-

tion. The distance between living and dead as-

semblages in the ordination space, which re�ects the

temporal shift in community structure, was highest

in BG-2015 and lowest in BdL.

The PCA on CWM of traits also showed a con-

trast among the three data sets, although not as clear

as for the taxonomic data (Fig. 6b). The BdL samples

appear as intermediate between BG-2015 and BG-

2016 on the biplot of the �rst two axes. Mixotrophy,

large taxa, taxa with a large pseudostome and tests

made of protein were highly correlated and char-

acterised some samples of the dead assemblage of

BG-2015 and BdL. The large Sphagnum patches of

BG-2016 were correlated with idiosome tests, a vent-

ral pseudostome, small taxa, and taxa with a small

aperture, but anti-correlated with mixotrophy. By

contrast, small patches of BG-2016 had a similar

CWM pattern as the small patches of BdL, with a test
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Living population: green; empty tests: grey

Figure 3.5 – Boxplots of community weighted mean of traits in living and dead testate amoeba assemblages in the

Neuchâtel Botanical Garden experimental peatland (BG-2015 and BG-2016) and the Bois des Lattes reference peatland

(BdL). Boxes represent standard error and vertical middle black line the mean values of CWM for the site (z-scored).

Traits are arranged in the order of decreasing humidity, with traits expected to decrease with water stress at the top,

and traits expected to increase with water stress at the bottom. Stars indicate signi�cant trait di�erences between living

and dead assemblages, based on a Wilcoxon rank test for paired value and exact p-value when available.

made of xenosomes, a ventral-central pseudosome, a

low degree of compression and a low proportion of

mixotrophs.

In the redundancy analyses, the selected vari-

ables (i.e. sites – BdL, BG-2015, BG-2016 –, liv-

ing vs. dead assemblages, vascular cover, patch size

and Sphagnum taxon) jointly explained 37.3% of the

variance of the testate amoeba community data, and

36.1% of the CWM data (Table 3.3). Site alone sig-

ni�cantly explained (p-value: 0.001 in both cases)

the highest part of the variance: 21.2% (community

data) and 21.5% (CWM). For the community data,

three other variables were signi�cant: Sphagnum
taxon (7.5%, p-value: 0.002), living vs. dead as-

semblages (3.8%, p-value: 0.002) and vascular cover

(2.9%, p-value: 0.006). For the RDA on CWM

data, only one additional variable was signi�cant:

Sphagnum patch size (3.15% of variance explained;

p-value: 0.017).

3.3.5 How well do patch size and shading
explain the shifts in communities?

The projection of principal coordinates analysis

of β-diversity between living population at each

sampling site and date (Figure 3.6) indicated that al-

though all sites were relatively well separated, the β-

diversity was signi�cantly higher only between BdL-

2016 and BG-2015. β-diversity did not di�er between

living and dead assemblages in BdL and in BG-2016

and neither vascular cover nor patch size seemed to

have an impact on the testate amoeba assemblages

(Figure 3.8). Contrary to our hypothesis, in BG-2015,

β-diversity between living and dead assemblages in-

creased with shading, and to a lesser extent with in-

creasing patch size (Figure 3.8).

BdL 2016

BG 2015

BG 2016

Bray index turnover

PCoA 1

P
C

o
A

 2

−0.4 −0.2 0.0 0.2 0.4 0.6

−
0
.6

−
0
.4

−
0
.2

0
.0

0
.2

0
.4 anova p−value 0.019

Figure 3.6 – Principal coordinate projection of β-diversity

(Bray-Curtis index) calculated between all pairs of living

testate amoeba assemblages from the Neuchâtel Botan-

ical Garden experimental peatland (BG-2015 and BG-

2016) and the Bois des Lattes reference peatland (BdL).

β-diversity was signi�cantly higher between BG-2015

and BdL than inside each of these two groups or between

BG-2015 or BdL and BG-2016. The analysis takes into ac-

count the adjustment for small sample bias.
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3.3. Results

Taxa not projected:

a) species

b) CWM of traits

Figure 3.7 – Principal component analyses of amoeba assemblages in the Neuchâtel Botanical Garden experimental peat-

land (BG-2015 and BG-2016) and the Bois des Lattes reference peatland (BdL): a) Hellinger-transformed community data

and b) standardized community weighted mean of functional traits. For better readability, some taxa with low scores

on both axes were not projected on the biplot. Axes 1 and 2 were signi�cant in the PCA on community data and jointly

explained 39.8% of the variance. The four �rst axis were signi�cant in the PCA on CWM data and together explained

63.8% of the data (axes 3 and 4 are shown in Sup. Figure 3.A2). Ellipses indicate the standard deviation around the

centroid for each data set (living and dead assemblages combined). The six data sub-sets are shown by di�erent sym-

bols: BdL alive: green triangles, BdL dead: grey triangles, BG-2015 alive: green squares, BG-2015 dead: grey squares,

BG-2016 alive: green circles, BG-2016 dead: grey circles. Symbol sizes indicate patch size and shading indicate the % of

vascular plant cover.
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3.4 Discussion

3.4.1 Testate amoeba density and
community composition in the two
sites

Testate amoeba density was ca. three time higher

in the Bois des Lattes peatland (BdL), a naturally re-

generating bog in the Jura Mountains used as a ref-

erence, than in the arti�cial peat bog in the Botan-

ical Garden (BG) of Neuchâtel (Figure 3.3). But

both were within the range reported from Sphag-
num peatlands (Mitchell and Gilbert, 2004; Gilbert

and Mitchell, 2006).

Testate amoeba communities di�ered among

the three sites (Figure 3.9 & 3.10) but gener-

ally corresponded to communities reported from

relatively dry Sphagnum peatland (Lamentowicz

et al., 2013; Mitchell et al., 1999; Opravilova and

Hajek, 2006). In BG-2015, some taxa were indicat-

ive for wet or relatively wet oligotrophic conditions

(H. papilio, H. elegans; Mitchell et al., 1999), but

the overall (living + dead) community was never-

theless dominated by C. dubium. This taxon, which

was dominant in both BG-2015 and BG-2016, is fre-

quently reported from dry bog habitats (Mitchell

et al., 1999) as well as from perturbed or stressed

environments (e.g. dry mosses on walls and trees,

tundra, etc.; Beyens et al., 1986; Bonnet, 1991). The

rest of the community in 2016 indicated relatively

dry conditions. In BdL, the dominant taxa (Di�ugia
pulex group, Phryganella acropodia group, small Eu-
glypha and Nebela tincta) mostly indicated low wa-

ter table (i.e. > −25cm; Bobrov et al., 2002; Lamen-

towicz et al., 2011; Mitchell et al., 1999). The taxo-

nomic composition of living and dead assemblages

were quite similar. Only three taxa showed signi�c-

ant di�erences between living and dead population,

but these taxa were not dominant (i.e. < 5% of rel-

ative abundance).

3.4.2 Magnitude of the two summer
droughts and e�ects on testate
amoeba communities

By sampling the top 3cm of Sphagnum mosses

and counting the dead and living assemblages sep-

arately we were able to assess the recent changes in

community structure (i.e. ca. one year), and speci�c-

ally how the communities and associated functional

traits responded to two years of drought.

Although not identical, both sites experienced

extreme climatic conditions in 2016, the summer of

2015 being more extreme. Thus, we hypothesised

that these conditions impacted the testate amoeba

communities. The expected impact should logically

be highest in BG-2015 for two reasons: The �rst

reason is that the moss patches planted in the ex-

perimental bog originated from both secondary and

pristine bogs and some were kept in the Botanical

Garden for a few years in very wet conditions prior

to building the bog. This is indeed re�ected by the

high abundance of taxa such as Hyalosphenia papilio
in the dead assemblage of BG-2015. The second

reason is that the drought and heat wave was most

extreme in 2015. Thus, the contrast between the “ori-

ginal” conditions experienced by the communities

and the conditions to which they were exposed to

was strongest in 2015. In 2016, the climate was less

extreme and communities had already partly adap-

ted to the drier conditions and thus a lesser shift in

community structure could be expected.

In agreement with this, our results showed that

the testate amoeba communities from the Botan-

ical Garden clearly shifted in 2015, as shown by

the contrast between dead and living assemblages

and the high mortality (ca. 75%). The community

structure shifted towards taxa related to drier con-

ditions such as C. dubium (alive: 80.5%) together

with the loss of taxa related to humid conditions

(H. papilio alive: 8.6%, H. elegans alive: 15.6%,

H. rosea alive: 0%, N. collaris alive: 0%, Fi-

gure 3.3; Bobrov et al., 2002; Booth, 2002; Lamen-

towicz et al., 2011; Mitchell et al., 1999).

By contrast, communities from the Botanical

Garden bog did not change much more in 2016,

likely because their structure corresponded to the

dry conditions. Indeed, the most abundant taxa in

living population in 2016 were C. dubium (20.1%),

small Euglypha (18.1%) andA.muscorum (16.6%, Fi-

gure 3.9), all of which tolerating relatively dry con-

ditions and nutrient inputs (Booth, 2001; Gilbert and

Mitchell, 2006; Mitchell et al., 1999; Opravilova and

Hajek, 2006). Nevertheless, the percentage of liv-

ing individuals increased markedly (+232%). The

adaptation to new conditions was therefore mostly

achieved during the year 2015.

Despite the 2016 drought the communities of

BdL remained quite stable (Jassey et al., 2011;

Mitchell and Gilbert, 2004). It however remains pos-

sible that, like in the Botanical Garden, more marked

shift in communities took place in BdL in 2015 as

compared to 2016.

The CWM of the BG-2016 living and dead as-

semblages and the BG-2015 living assemblages were

more similar to the living and dead assemblages of

the BdL reference site. These results suggest that,
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Figure 3.8 – Principal coordinate projection of β-diversity (Bray-Curtis index) calculated between all pairs of living test-

ate amoeba assemblages from the Neuchâtel Botanical Garden experimental peatland (BG-2015 and BG-2016) and the

Bois des Lattes reference peatland (BdL). β-diversity was signi�cantly higher between BG-2015 and BdL than inside

each of these two groups or between BG-2015 or BdL and BG-2016. The analysis takes the adjustment for small sample

bias into account.
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Figure 3.9 – Illustrations of the dominant testate amoeba taxa from the Neuchâtel Botanical Garden experimental peat-

land (BG-2015 and BG-2016) and the Bois des Lattes reference peatland (BdL; living and dead assemblages combined).

All taxa are shown at the same scale. The illustrated morphotaxa jointly accounted for ca. 75% of the assemblage. Rose

Bengal was used to di�erentiate living/encysted (with pink cytoplasm) from dead individuals.
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Figure 3.10 – Distribution of functional traits for living testate amoeba assemblages from the Neuchâtel Botanical Garden

experimental peatland (BG-2015 and BG-2016) and the Bois des Lattes reference peatland (BdL). The �rst two graphs

show the proportion of each categorical traits as selected by the functional composition of FD package (funcomp,

type=”All”). The last four graphs indicate the mean and standard error (error bars) for continuous and binary traits.

As some samples had only few individuals in each category we did not test the di�erent sites statistically.
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3.4. Discussion

although the taxonomic composition of communit-

ies di�ered among the three sample sets, the abiotic

conditions (e.g. moisture content) assumed to con-

trol communities through ecological �ltering were

comparable to a regenerated bare peat bog. By con-

trast, the CWM of traits from BG-2015 indicated that

the original testate amoeba community was adap-

ted to more humid conditions than the ones found

in Sphagnum patches in Bois des Lattes. The strong

contrast between these initially much wetter condi-

tions and the drought experienced during the sum-

mer 2015 had a dramatic e�ect on testate amoeba

communities. Shifts in testate amoeba communit-

ies in response to experimental manipulation of wa-

ter table depth were previously observed at a similar

speed (Mulot et al., 2017; Marcisz et al., 2014).

3.4.3 Testate amoeba community shifts in
the two study sites vs. patch size and
shading

We hypothesised that the testate amoeba com-

munity would survive better in large patches with

high vascular cover as this combination would

a) maximise the potential storage of water (due to

higher overall volume of the mosses) and b) min-

imise water loss. Reduced water moss is due to

the lower surface/volume ratio of the larger moss

carpets and to the reduced water vapour gradient

between the moss surface and the air directly above

the mosses under the shade of vascular plants. To

assess how patch size and shading in�uenced the

magnitude of the shift in testate amoeba communit-

ies, we calculated the β-diversity between living

and dead assemblages as a measure of changes in

population structure. We did not �nd any signi-

�cant correlation in BdL and BG-2016 between β-

diversity and patch size and/or shading. However,

in BG-2015, contrary to our hypothesis, β-diversity

was lower in open patches than in shade ones (Fig-

ure 3.8). We explain this apparent contradiction by

the fact that in the less shaded patches the com-

munities barely survived while in the shaded patches

the amoebae could remain active; nevertheless, the

dry-adapted taxa (e.g. Corythion, Euglypha) thrived

better and increased their relative abundance in the

community. As a result, the community shift meas-

ured as β-diversity was higher in the more shaded

moss patches. This is further supported by the fact

that very few living individuals remained in open

patches (Figure 3.3). The living population thus only

corresponded to the remains of the original com-

munity, without any (or only very little) replacement

of taxa.

3.4.4 Evolution of functional niche

Functional traits were selected in relation to wa-

ter stress. When conditions become drier, the thick-

ness of the water �lm becomes thinner and nutrient

content and prey availability change. A compressed

and small test with a ventral or ventral-central aper-

ture theoretically allows the amoeba to stay active

even in a thin water �lm (Fournier et al., 2012; Mar-

cisz et al., 2016; Payne et al., 2016b). Under drier

conditions, bacteria and fungi populations increase

and this is re�ected in smaller pseudostome size

(Bragazza et al., 2016; Jassey et al., 2013a,b; Gavazov

et al., 2017). Finally, mixotrophy is expected to de-

crease as nutrient availability increases due to higher

mineralisation, thus reducing the competitive ad-

vantage mixotrophs have over heterotrophs (Jassey

et al., 2015; Stoecker, 1998). In BG-2015 the func-

tional niche clearly di�ered between dead and living

assemblages, indicating a shift towards drier condi-

tions with a decrease in mixotrophy, test length and

pseudostome size and an increase in shell compres-

sion (Fournier et al., 2015; Jassey et al., 2013a,b; Mar-

cisz et al., 2016).

The relationship between pseudostome posi-

tion and water level has so far been explored us-

ing mesocosm experiments, �eld experiments and

observational studies along humidity gradients in

natural peatlands (Fournier et al., 2016; Marcisz

et al., 2016; Payne et al., 2016b). Our results sug-

gest that it could be interesting to monitor spe-

ci�cally functional traits in regenerated bogs to as-

sess adaptations to local constrains. As adaptations

are trade-o� between niche �lters, competition, ac-

cess to nutrient, etc. (Holyoak et al., 2005; Kearney

et al., 2010; Tilman, 1982; Vandermeer, 1972), long

term studies could highlight temporal patterns from

the stressed stage to the stable community weighted

mean of traits.

The shift in test material is more explainable

as protein test was mainly related, in the Botan-

ical Garden, to the presence of Hyalosphenia ssp.

which disappeared completely between 2015 and

2016. In BdL, the dominance in CWM of xeno-

some tests might be related to a broader presence

of mineral particles and to a more complex com-

munity structure, including the presence of test-

ate amoebae occupying di�erent trophic levels in-

cluding bacterivorous, fungivorous but also micro-

eukaryotic predators (Geisen et al., 2015; Gilbert and

Mitchell, 2006; Jassey et al., 2012).

The CWM of mixotrophy calculated on living

assemblages was highest in BG-2015, almost nil in

BG-2016 and intermediate in BdL. Mixotrophy was
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Table 3.3 – Variance partitioning of testate amoeba assemblage and CWM of functional traits data based on redund-

ancy analyses. “Site” is a categorical variable for the three sampling sites grouped together, and explained the highest

fraction of variance in both datasets. TA living state corresponds to living vs. empty assemblages, Vascular cover (%

estimated), patch size (average diameter of the patch), Sphagnum sp. categorical variable for the four sampled taxa (S.
magellanicum, S. fallax, S. rubellum, and other Sphagnum taxa). Signi�cant variable are in bold (p-value < 0.05)

Testate amoeba community CWM of traits

Df Variance % F p-value Df Variance % F p-value

Site 2 3.61 21.2% 8.63 0.001 2 2.37 21.5% 8.58 0.001
TA living state 1 0.65 3.8% 3.10 0.002 1 0.29 2.7% 2.11 0.074

Vascular cover 1 0.50 2.9% 2.38 0.006 1 0.18 1.6% 1.28 0.27

Patch size 1 0.31 1.8% 1.48 0.119 1 0.43 3.9% 3.15 0.017
Sphagnum sp. 3 1.28 7.5% 2.04 0.002 3 0.70 6.3% 1.68 0.069

Residual 51 10.66 62.7% 51 7.03 63.9%

shown to vary seasonally (Marcisz et al., 2016) and

in relation to sunlight (Schönborn, 1965). In our case

as we sampled during the same season (fall) and after

long sunny period, mixotrophy should be high if

it was locally suitable (Marcisz et al., 2016; Schön-

born, 1965). Here we have the opposite and this is

in line with dryer and less oligotrophic local condi-

tions where mixotrophy gave no additional advant-

age (Jassey et al., 2013b).

The CWM of test length and pseudostome size

were small in both BG and BdL, indicating that

water stress was high in both sites and that the

community was mainly dominated by bacterivor-

ous testate amoebae (Fournier et al., 2015; Marcisz

et al., 2016; van Bellen et al., 2016).

The dead assemblages were expected to re-

�ect the shape of the original community (Mitchell

et al., 2008b). But so far, we do not know if this

“old” community was viable in the climatic con-

text of the Botanical Garden regardless of the unex-

pected drought. The comparison between all three

sites and particularly when considering only living

populations indicated few di�erences (Figure 10) in

CWM, illustrating the rapidity of community shifts

and the pertinence of separating living and dead as-

semblages.

These results indicate a high mineralisation rate

and a low capacity for C �xation and indeed likely

an indication that these peatlands are C sources

(Bragazza et al., 2016; Jassey et al., 2013a, 2015). The

comparison with the BdL reference site revealed that

the structure of the community, based on functional

traits indicated comparable drivers, i.e. hydric stress,

in both BdL and BG.

3.4.5 Global evolution of the bog in
Botanical Garden and future
challenges

When we sampled the Botanical Garden in 2015,

the bog showed clear signs of impact from the long

and dry summer, with deep cracks in the peat. The

very low density of living amoebae in BG-2015 and

the shift in testate amoeba community structure

suggested that the peatland was in a very critical

condition. Even with the heavy rains of the fol-

lowing winter / spring, the water level in the bog

barely reached the surface again and the “pools” re-

mained dry. Despite this, the speci�c bog vegeta-

tion generally reminded alive until 2016 and most of

the Sphagnum patches survived, although they ten-

ded to become smaller and drier than in 2015 (data

not shown). The evolution of testate amoeba com-

munities re�ected the macroscopic state of Sphag-
num patches and con�rmed that the humidity was

lower.

The community structure was clearly di�erent

between the three data sets (PCA, Figure 3.7), which

was also con�rmed by the 21.2% of variance ex-

plained only based on sites (Table 3.3). On the other

hand, the community weighted mean of traits indic-

ated that the functional niche was similar between

BG and BdL. Therefore, in BG, the shift in com-

munity structure and functional traits space stayed

within the range of a community living in drier parts

of oligotrophic and acidic bogs (Booth, 2001; Lamen-

towicz et al., 2013; Lamentowicz and Mitchell, 2005).

The important shift in community structure found

in BG-2015 could be due to the drought, to the trans-

plantation of the Sphagnum carpets to lower altitude

or to a change in humidity between the original peat-

bog and the arti�cial one, more likely a mix of all.

Our results show that it will be very challenging

to maintain the arti�cial bog in the Botanical Garden.
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A key condition to keep a bog active is maintaining

waterlogged conditions during long periods (Mitsch

and Gosselink, 2000). In the experimental bog, the

water level almost never reached the soil surface

again after the 2015 drought. These low conditions

stimulate peat mineralisation, releasing nutrients for

plant growth and favouring non-bog vegetation in-

cluding plants species from the surrounding mead-

ows and forests. Without intensive weeding, sev-

eral speci�c peatland plant species may not remain

(e.g.Drosera rotundifolia seems to have disappeared),

although some characteristic bog species can grow

well on relatively dry bogs, including Vaccinium oxy-
coccos (Ecker et al., 2008; Graf et al., 2010).

This study encounters some limitations. The

sampling in BG was made with parsimony to pre-

serve the bog as much as possible. As the dens-

ity of testate amoebae was very low, some samples

had only few living individuals (ca. 10). Secondly,

we compared the community structure to BdL. This

choice was coherent as some Sphagnum patches

came from this peatland. However, some Sphagnum
patches also came from other sites and from more

natural settings. Our results nevertheless show that

such comparative studies would be extremely valu-

able, ideally comparing Sphagnum patches from the

same site (BdL) some of which transplanted in the

experimental site.

Nevertheless, the testate amoeba community

structure and the community weighted mean of

traits gave coherent results and allowed us to inter-

pret the ongoing processes. Moreover, the selected

traits indeed seem pertinent to assess the impact of

drought on the Sphagnum–inhabiting microorgan-

isms and are coherent with the macroscopic state of

the experimental bog. By developing a set of traits

that is easy to measure for non-specialists, like pres-

ence of photosymbionts (mixotrophy), class of test

length and/or position of the pseudostome, monit-

oring tools could be developed to follow the accli-

mation of such ecosystems along with vegetation

relevés, which are expected to react on longer time

(Artz et al., 2008; Daza Secco et al., 2016; Mitchell

et al., 2000).

3.5 Conclusions

Botanical gardens are privileged places for plant

conservation and public information. By integrat-

ing also experimental ecosystems such as peatlands,

even if they are not as spectacular as tropical green-

houses, they could increase public awareness for the

challenges of biodiversity and ecosystem conserva-

tion and restoration. Moreover, by giving an easy

access to environments like peatlands, they bring

some rare ecosystems which are worth to be protec-

ted worldwide to the attention of a wide public. Us-

ing soil microorganisms as indicators for the man-

agement of these ecosystems also nicely illustrates

how di�erent spatial and temporal scales should be

integrated in ecology.
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Appendix

Supplementary tables

Table 3.A1 – Characteristics of sampled patches in the Neuchâtel Botanical Garden experimental peatland and Bois des

Lattes: patch size (average diameter) and vascular cover (% estimated). Di�erences were tested with a Student t-test as

the data followed assumptions for normality and homoscedasticity.

Botanical Garden Bois des Lattes Student t-test

Mean (se) Range Mean (se) Range t p-value

Patch size [cm] 16.1(2.1) 6.0 to 35.0 30.4 (3.0) 13.0 to 44.5 3.903 <0.001

Vascular cover [%] 49.2 (7.1) 10 to 100 48.3 (9.1) 10 to 90 -0.072 0.943

Sphagnum fallax 44.4% 16.7%

Sphagnum magellanicum 33.3% 66.7%

Sphagnum rubellum - 16.7%

Sphagnum sp. 22.2% -

Sphagnum vitality BG-2015 BG-2016 BdL

Alive 77.8% 91.7% 83.3%

Half dry 22.2% 8.3% 16.7%

Table 3.A2 – Descriptive statistics for the overall testate amoeba community data (living individuals and empty tests in

the Neuchâtel Botanical Garden experimental peatland – 2015 and 2016 – and Bois des Lattes reference site). Morphotaxa

are ordered by decreased abundance and taxa in grey were discarded before the analyses. n: number of sampling plots

were the taxa occurred, N: total number of sampling plots (30).

Frequency Relative abundance Density (ind /g dry Sphagnum)

Morphotaxa absolute N relative N/n mean % se % median % min % max % mean se median min max

Corythion dubium 25 83.3% 10.9 3.0 3.7 0 63.3 3761 912 1968 0 21832

Euglypha “small taxa” 22 73.3% 10.2 2.2 7.4 0 65.5 6254 1331 4597 0 27361

Hyalosphenia papilio 17 56.7% 9.6 3.2 1.7 0 71.8 4258 1558 731 0 42864

Di�ugia pulex 14 46.7% 9.5 2.4 0.0 0 41.7 10271 3234 0 0 78445

Phryganella acropodia 19 63.3% 9.3 1.8 8.1 0 32.1 7421 1980 3416 0 52157

Nebela tincta 22 73.3% 9.1 1.9 6.1 0 38.2 5617 1269 2401 0 25982

Nebela collaris 20 66.7% 6.6 1.6 3.7 0 37.7 4387 1379 1663 0 35868

Assulina muscorum 18 60.0% 6.5 2.2 1.8 0 46.0 2611 797 885 0 17872

Centropyxis aerophila 17 56.7% 5.7 1.6 1.6 0 33.7 2163 605 725 0 12713

Hyalosphenia elegans 18 60.0% 5.1 1.3 1.5 0 31.0 2922 1061 707 0 29714

Euglypha “big taxa” 28 93.3% 4.5 0.8 3.6 0 18.0 3226 759 1561 0 14517

Cryptodi�ugia sp. 13 43.3% 3.3 1.3 0.0 0 35.7 2222 612 0 0 13074

Archerella �avum 17 56.7% 2.1 0.5 1.2 0 10.9 1816 558 567 0 13074

Assulina seminulum 17 56.7% 2.0 0.5 0.9 0 11.5 1252 323 608 0 6049

Heleopera rosea 9 30.0% 1.5 0.6 0.0 0 11.9 980 556 0 0 16168

Hyalosphenia minuta 5 16.7% 1.2 0.6 0.0 0 14.3 1064 513 0 0 11007

Heleopera sylvatica 12 40.0% 1.0 0.4 0.0 0 11.3 648 237 0 0 4986

Trinema lineare 6 20.0% 0.7 0.4 0.0 0 10.7 223 101 0 0 2155

Di�ugia lucida 7 23.3% 0.4 0.1 0.0 0 2.9 257 103 0 0 2420

Trigonopyxis arcula 6 20.0% 0.3 0.1 0.0 0 1.9 217 101 0 0 2487

Nebela militaris 5 16.7% 0.2 0.1 0.0 0 2.0 228 100 0 0 2155

Arcella catinus 2 6.7% 0.2 0.2 0.0 0 4.3 65 48 0 0 1324

Bullinularia indica 2 6.7% 0.1 0.1 0.0 0 2.1 53 37 0 0 914

Amphitrema wrightianum 2 6.7% 0.1 0.0 0.0 0 0.9 82 57 0 0 1244
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Table 3.A3 – Density [10
3

ind /g dry Sphagnum] and proportion [%] of living testate amoebae amoebae in each sample of

the Neuchâtel Botanical Garden experimental peatland (2015 and 2016) and Bois des Lattes reference site. Mean values

are signi�cantly di�erent between all pairs of sites, based on a Wilcoxon rank test (results not included).

BdL 2016 BG 2015 BG 2016

Sample Density Prop. alive Sample Density Prop. alive Sample Density Prop. alive

BdL_L0_1 135.56 26.6% BG_L0_A 20.20 9.5% BG_L0_A 8.87 56.0%

BdL_L0_2 105.59 33.3% BG_L2_B 26.56 26.9% BG_L2_B 34.13 65.5%

BdL_L1_3 126.77 43.2% BG_M0_A 31.11 8.5% BG_M0_A 26.93 41.4%

BdL_L1_5 79.19 50.0% BG_M0_B 19.45 36.2% BG_M0_B 15.05 75.0%

BdL_L2_1 51.60 51.4% BG_M1_A 26.10 16.7% BG_M1_A 17.34 71.4%

BdL_L2_2 76.65 51.7% BG_M1_B 24.13 71.7% BG_M1_B 34.76 69.8%

BdL_M0_2 77.05 40.0% BG_S0_B 23.02 17.2% BG_S0_B 41.32 32.7%

BdL_M1_2 188.99 34.6% BG_S1_B 26.67 17.6% BG_S1_B 95125 88.5%

BdL_M2_3 84.10 42.4% BG_S2_B 44.25 22.5% BG_S2_B 49.85 54.7%

BdL_S0_3 65.86 42.4%

BdL_S1_2 141.55 47.0%

BdL_S2_1 162.27 56.2%

Mean 107.92 43.0% 26.83 25% 35.93 62.0%
se 12.32 2.7% 2.48 6.7% 8.60 6.0%

Table 3.A4 – Wilcoxon rank test value for density of living testate amoebae, each taxon between the living population

and the empty tests in the Neuchâtel Botanical Garden experimental peatland (2015 and 2016) and Bois des Lattes

reference site. NA (not available) correspond to taxon not present in the selected site.

BdL BG-2015 BG-2016

Taxon V p-value V p-value V p-value

Archerella �avum 55 0.006 15 0.059 3 0.371

Assulina muscorum 35 0.021 6 0.181 5 0.590

Assulina seminulum 20 0.059 6 0.855 1 0.423

Centropyxis aerophila 3 0.584 33 0.042 4 0.855

Corythion dubium 55 0.006 3 0.142 5 0.151

Cryptodifugia sp. 4 0.019 3 0.371 0 NA

Difugia pulex 27 1.000 0 NA 1 1.000

Euglypha “small taxa” 54 0.529 33 0.042 4 0.108

Euglypha “big taxa” 45 0.205 4 0.855 3 0.584

Heleopera rosea 10 0.059 60 0.181 3 0.371

Heleopera sylvatica 23 0.529 6 0.181 1 1.000

Hyalosphenia elegans 22 0.205 32 0.059 3 0.371

Hyalosphenia minuta 0 0.059 0 NA 0 NA

Hyalosphenia papilio 14 0.529 36 0.014 4 0.789

Nebela collaris 18 0.636 1 1.000 11 0.673

Nebela tincta 42 0.450 36 0.014 0 0.371

Phryganella acropodia 48 0.519 0 NA 21 0.272

Table 3.A5 – Wilcoxon rank test for each functional trait between living and dead testate amoeba assemblages in the

Neuchâtel Botanical Garden experimental peatland (2015 and 2016) and Bois des Lattes reference site.

BdL BG-2015 BG-2016

CWM V p-value V p-value V p-value

Mixotrophy 55 0.006 44 0.008 9 0.201

Test length 63 0.064 40 0.039 30 0.426

Pseudostome size 55 0.233 44 0.008 33 0.25

Pseudostome Terminal 27 0.38 27 0.234 22 1

Test Protein 47 0.569 35 0.164 14 0.106

Xenosomes prey 32 0.622 19 0.944 22 0.624

Xenosomes particles 20 0.151 44 0.008 21 0.726

Idiosomes 61 0.092 6 0.055 13 0.301

Test compression 38 0.97 1 0.021 12 0.8

Pseudostome Ventral-central 43 0.791 0 NA 23 0.151

Pseudostome Ventral 59 0.129 9 0.234 15 0.426

52



Appendices

Table 3.A6 – Pairwise comparison (Wilcoxon rank test with “Holm” correction for the p-value) community weighted

mean (CWM) of selected traits between pairs of data sets (Bois des Lattes: BdL, Neuchâtel Botanical Garden: BG-2015

and BG-2016 ) and living assemblages (_A) / dead assemblages (_D)

Mixotrophy BdL_A BdL_D BG_T1_A BG_T1_D BG_T2_A

BdL_D 0.271 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 0.032 0.758 0.031 - -

BG_T2_A 1 0.020 0.604 0.023 -

BG_T2_D 1 0.429 0.604 0.023 0.604

Test length
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 0.007 0.013 0.195 - -

BG_T2_A 1 1 1 0.047 -

BG_T2_D 1 1 1 0.219 1

Pseudostome size
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 0.014 0.014 0.047 - -

BG_T2_A 1 1 1 0.047 -

BG_T2_D 1 1 1 0.156 0.750

Pseudostome Terminal
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 1 1 0.936 - -

BG_T2_A 1 1 1 0.195 -

BG_T2_D 0.034 0.02 1 0.023 1

Test Protein
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 0.045 0.066 0.211 - -

BG_T2_A 0.001 0.001 0.09 0.045 -

BG_T2_D 0.047 0.04 0.104 0.023 0.211

Xenosomes prey
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 1 1 1 - -

BG_T2_A 1 1 1 1 -

BG_T2_D 1 1 1 1 1

Xenosomes particles
BdL_D 1 - - - -

BG_T1_A 0.003 0.003 - - -

BG_T1_D 0.056 0.080 0.047 - -

BG_T2_A 0.875 0.992 0.237 1 -

BG_T2_D 0.875 1 0.112 1 1

Idiosomes
BdL_D 1 - - - -

BG_T1_A 1 1 - - -

BG_T1_D 1 1 0.219 - -

BG_T2_A 0.094 0.373 0.387 0.039 -

BG_T2_D 0.084 0.373 0.734 0.023 0.602

Test compression
BdL_D 1 - - - -

BG_T1_A 0.023 0.011 - - -

BG_T1_D 1 1 0.13 - -

BG_T2_A 1 1 0.32 1 -

BG_T2_D 1 1 0.13 0.3 1

Pseudostome Ventral-central
BdL_D 0.254 - - - -

BG_T1_A 0.211 1 - - -

BG_T1_D 0.031 0.148 0.98 - -

BG_T2_A 0.015 0.052 1 0.98 -

BG_T2_D 0.015 0.052 1 0.98 1

Pseudostome Ventral
BdL_D 1 - - - -

BG_T1_A 0.001 0.001 - - -

BG_T1_D 0.001 0.001 - - -

BG_T2_A 0.922 0.936 0.18 0.18 -

BG_T2_D 1 1 0.11 0.11 0.18
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Supplementary �gures
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Figure 3.A1 – Fluctuation of water table depth measured in �ve piezometers in the Neuchâtel Botanical Garden experi-

mental peatland between March 2015 and April 2017. The horizontal line represents the ground level (i.e. peat surface

or top of moss carpet). The peatland was very wet during the spring of 2015 and then the water table dropped sharply

during the summer drought of 2015. The water level then increased again during the winter and spring 2016 but then

dropped again in the summer 2016 and did recover since.
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Figure 3.A2 – : Principal component analyses of standardized community weighted mean of testate amoeba functional

traits in the Neuchâtel Botanical Garden experimental peatland (BG-2015 and BG-2016) and the Bois des Lattes reference

peatland (BdL): Top: axes 2 and 3, bottom: axes 3 and 4. The six data sub-sets are shown by di�erent symbols: BdL alive:

green triangles, BdL dead: grey triangles, BG-2015 alive: green squares, BG-2015 dead: grey squares, BG-2016 alive:

green circles, BG-2016 dead: grey circles. Symbol sizes indicate patch size and shading indicate the % of vascular plant

cover.
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Taxonomic and functional traits responses of Sphagnum
peatland testate amoebae to experimentally manipulated

water table
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Abstract

Biomonitoring tools are useful to assess the impact of environmental changes on the functioning of eco-

systems. Existing tools mostly require species identi�cation, thus allowing to estimating changes in

biodiversity, and possibly inferring ecosystem functioning, using functional diversity and traits based ap-

proaches.

Testate amoebae are good indicators of surface moisture conditions in Sphagnum peatlands and are

routinely used in palaeoecology. Their shells (tests), on which identi�cation is based, can also be used to

de�ne functional traits and thus to infer changes in ecosystem functioning.

We investigated the response of testate amoeba communities to manipulated water table depth (wet:

−4cm, intermediate: −15cm, and dry: −25cm) over time (seven time points, 19 months) using meso-

cosms by comparing two approaches: community composition and functional composition responses,

using a combination of morphological (biovolume, length, aperture size and position) and physiological

(mixotrophy/heterotrophy, shell material) traits.

This is the �rst study investigating the temporal dynamics of environmental �ltering on testate amoeba

assemblages. Taxonomical and functional approaches showed similar response patterns, con�rming that

water level acted as a strong environmental �lter. After one year Hyalosphenia papilio decreased in the

dry treatment, and the community structure shifted towards a dominance of dry indicators (Nebela tincta
complex, Corythion dubium, Euglypha compressa) and the selected functional traits (smaller, heterotrophic,

compressed species, with a ventral aperture) corresponded to drought adaptations.

In line with recent observational and transfer function studies exploring the use of testate amoebae func-

tional traits, our experimental results illustrate how well-selected traits could be used to monitor the

impact of present and past climatic changes on Sphagnum peatlands.

Keywords: Testate amoebae, mesocosm experiment, functional diversity, functional traits, Sphagnum
peatland, biomonitoring, water table depth
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4.1. Introduction

4.1 Introduction

Biomonitoring tools are useful to assess the im-

pact of environmental changes on the functioning

of ecosystems. Finding and testing relevant proxies

to monitor the evolution of ecosystems are therefore

priorities in applied ecological research (Bartkowski

et al., 2015; Laurila-Pant et al., 2015). In addition

to describing biodiversity itself, good bioindicators

should also inform about ecosystem services. Bio-

monitoring approaches are now accepted as stand-

ard tools to assess environmental quality (European

Commission, 1999; Finlayson, 1994).

Functional diversity (FD) is a useful tool to

model ecosystem functioning. Based on the re-

lationship between environmental constraints and

community structure, through functional traits,

FD allows assessing the impact of environmental

changes on both community structure and eco-

system functioning (Bockstael et al., 2000; Cadotte

et al., 2011; Keddy, 1992; Woodward and Dia-

ment, 1991). Species traits may explain both the ef-

fects of environmental changes on community struc-

ture, (response traits) and the feedback from spe-

cies presence on ecosystem functioning (e�ect traits,

Lavorel and Garnier, 2002). Traits used for FD ana-

lysis should ideally relate to niche characteristics

and/or directly or indirectly to ecosystem processes

(Mlambo, 2014; Violle et al., 2007). The FD ap-

proach was initially developed for macroscopic or-

ganisms such as plants, �shes and soil inverteb-

rates, for which di�erent sets of traits have been val-

idated and more recently for microorganisms (Ar-

rieira et al., 2015; Barnett et al., 2013; Fournier

et al., 2016, 2015, 2012; Jassey et al., 2016; Lamen-

towicz et al., 2015; Marcisz et al., 2016; van Bellen

et al., 2016; Violle et al., 2011). Our focus here is on

the impact of climate change on testate amoebae liv-

ing in Sphagnum peatlands.

Sphagnum-dominated peatlands are key ecosys-

tems in the global Carbon cycle as C stores and sinks

(Frolking and Roulet, 2007; Turunen et al., 2002),

but are threatened by direct human impact (peat

harvesting, drainage) and climatic change (warm-

ing, drought) (Belyea and Malmer, 2004; Bonn

et al., 2016; MEA, 2005; Briones et al., 2014). The

key to peat accumulation is the low decompos-

ition rate, which is driven by the anoxic con-

ditions in the usually water-logged soils (Belyea

and Malmer, 2004; Rydin et al., 2013). Sphag-
num-dominated peatlands, are primarily situated

in high latitudes where documented and predicted

climate warming are greatest (IPCC, 2013; Has-

sol, 2004). Understanding their response to cli-

matic change is therefore a research priority (Belyea

and Malmer, 2004; Pachauri et al., 2014; Rydin

et al., 2013).

As the vegetation of peatlands is dominated by

perennial plants, shifts in vegetation in response

to environmental changes are slow. By contrast,

soil microorganisms, including protists such as test-

ate amoebae, have short generation times and are

thus well adapted to being used as early warn-

ing indicators of environmental changes (Buttler

et al., 1996; Gilbert et al., 1998; Laggoun-Defarge

et al., 2008). Even within stable conditions, test-

ate amoebae were shown to be better indicators of

micro-environmental gradients than plants (Koenig

et al., 2015). Testate amoebae are a polyphyletic

group of protists building a shell (i.e. "test"). They

are known to be well correlated with environmental

gradients like soil moisture, water table depth, pH,

or nutrients content (Booth and Zygmunt, 2005; Jas-

sey et al., 2011; Swindles et al., 2009). Their decay-

resistant shell, well preserved in peat and sediments

after the organisms death, allows past climates to

be reconstructed by inferring ancient local con-

ditions through testate amoeba community struc-

tures (Chambers et al., 2012; Talbot et al., 2010).

In addition, testate amoebae functional traits can

also be de�ned in accordance with functional di-

versity assumptions and be used for biomonitoring

or paleoreconstruction (Fournier et al., 2015; Jas-

sey et al., 2016; Kajukało et al., 2016; van Bellen

et al., 2016).

The structure of testate amoeba communities liv-

ing in peatlands has long been shown to be well

correlated to factors such as water table depth and

pH (Amesbury et al. 2013; Jassey et al. 2011; Marcisz

et al. 2014; Mazei et al. 2007; Mieczan 2009; Swindles

et al. 2009; Wilken et al. 2013). The inform-

ative power of testate amoebae relies strongly

on the accuracy of identi�cation. However, due

to taxonomic uncertainties (Booth, 2008; Mitchell

et al., 2013, 2008b; Payne et al., 2012), a signi�cant

yet unknown fraction of the data used in ecological

studies contains errors. Although numerical exper-

iments showed that such taxonomic inconsistencies

generally have little e�ect on ecological interpreta-

tion, (Payne et al., 2011), it is nevertheless desirable

to develop bioindication tools that are robust to po-

tential identi�cation biases.

The mechanistic approach to community as-

sembly states that community membership is con-

strained to those species with the appropriate func-

tional traits to reach a site (i.e., are able to over-

come a dispersal �lter) and are able to spread
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under the circumstances set by the environment

and other organisms (i.e., the abiotic and biotic

�lters Belyea and Lancaster, 1999; Lebrija-Trejos

et al., 2010). The role of environmental �ltering in

shaping testate amoeba communities and diversity

patterns has been studied in tundra and taiga eco-

systems (Mazei, 2008; Mazei et al., 2009, 2011; Tsy-

ganov et al., 2015) and in primary succession of mine

tailing (Dunger et al., 2001). Testate amoeba func-

tional traits (phylogenetic grouping, origin of shell

material, shell size and compression) were shown

to correlate to environmental conditions in a �ood-

plain (Fournier et al., 2012). In Sphagnum peatlands,

mixotrophic testate amoebae (i.e. species harbour-

ing endosymbiotic algae), which dominate micro-

eukaryotic communities under wet conditions such

as bog pools, were shown to signi�cantly contrib-

ute to the C sink function (Jassey et al., 2013a, 2015).

Understanding the functional responses of peatland

testate amoebae to environmental �ltering would

therefore be useful to better assess the e�ect of wa-

ter level on peatland functioning through its impact

on a key functional group of soil microorganisms.

From a bioindication perspective, it is essential to

understand the dynamic processes involved in en-

vironmental �ltering in order to test the causality of

relationships and determine at which temporal scale

organisms can be used as bioindicators – and this

can only be achieved using experimental approaches

(Marcisz et al., 2014).

We monitored the temporal pattern of the re-

sponse of testate amoeba communities and cor-

responding variations in traits (Ackerly and Corn-

well, 2007) using a Sphagnum peatland mesocosm

experiment with arti�cially manipulated water table

(Mulot et al., 2015). Our hypothesis was that the

testate amoeba community weighted mean of traits

(CWM: the abundance-weighted mean of the species

trait values within a community) and community

structure would exhibit similar responses to wa-

ter level manipulation, but that the CWM would

be more directly ecologically informative than com-

munity structure in understanding ecosystem func-

tioning.

4.2 Material and methods

4.2.1 Experimental design

The mesocosms were plastic tanks �lled with

water (Annexe 1). In the centre of each tank a PVC

tube (45cm high, 12cm diameter with regularly-

spaced lateral holes to allow water movement) con-

tained a peat core topped with a carpet of Sphag-
num fallax collected. The water level in each meso-

cosm was adjusted to maintain three average water

table depths (−4cm,−15cm, and −25cm, hereafter

referred to as "wet", "intermediate" and "dry" treat-

ments). Each treatment was replicated �ve times,

giving a total of 15 mesocosms. The Sphagnum car-

pets were collected in a peatland in the Jura Moun-

tains (Creux de l’Epral, 47°12
′
18.3

′′
N; 6°56

′
5.83

′′
E;

altitude: 990 m). Each carpet was seeded with a wa-

ter extract from pool, hummock, and lawn ("bog mi-

crobial cocktail") to provide the full community po-

tential (Mulot et al., 2015). Therefore, the communit-

ies should be undistinguishable at T0 in all meso-

cosms. For the extraction of testate amoebae, the top

three centimetres of Sphagnum mosses were collec-

ted on 02/08/2012 (T0), 04/10/2012 (T1), 29/11/2012

(T2), 04/03/2013 (T3), 11/08/2013 (T4), 15/12/2013

(T5), and 27/03/2014 (T6). Water levels were recor-

ded twice a day using automatic custom piezometers

as described in Mulot et al. (2015).

4.2.2 Testate amoeba isolation and
characterization

Testate amoebae were extracted by sieving

and back-sieving through mesh �lters (Booth

et al., 2010; Jassey et al., 2011). A minimum of 100

individuals (living + dead) per sample were coun-

ted. The rationale for including living as well as

dead individuals was that this corresponds to the

community that eventually will be preserved in the

peat and recovered in palaeoecological studies. Our

focus here is thus not speci�cally on the living com-

munity and thus a potential limitation inherent to

this choice is that by including the dead amoebae we

expect some lag in the response to the experimental

treatment. In some late dry samples, testate amoeba

density was very low and only 50 individuals could

be found. As the diversity in these samples was low

due to the strong dominance of one species (Hya-
losphenia papilio), and given that we had �ve rep-

licates per treatment, having only 50 specimens in

a few samples was considered as acceptable (Payne

and Pates, 2009). Identi�cation of morpho-species

followed Charman et al. (2004) and Mitchell (2003).

While this clearly underestimates diversity, it cor-

responds to the standard generally used in palaeoe-

cological studies and that retains most ecological

signal (Mitchell et al., 2014). Some taxa were thus

lumped into broad morphological groups: Nebela
tincta complex (as de�ne by Kosakyan et al., 2012),

Euglypha ciliata and E. compressa, and Cyclopyxis
eurystoma and C. kahli to overcome likely identi�ca-
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Table 4.1 – Description, ecological meaning and references for the six functional traits selected for testate amoeba taxa.

Unit Description Type of trait Ecological meaning References

Biovolume µm3
Volume of shell (90%
occupied by the living

amoeba)

Response Related to the

metabolic rate and the

capacity of the food

web to process energy.

Fournier et al. (2012)

Laggoun-Defarge

et al. (2008)

Makarieva et al. (2008)

Test length µm Maximal length of the

shell

Response Proxy for biovolume

(assuming isometry).

Aperture position Factor From a terminal

aperture to the

completely central one.

Response Represents the ability

to survive in thin water

�lm and thus the ability

to remain active and

contribute to the food

web in dry conditions.

Fournier et al. (2012)

Lamentowicz

et al. (2015)

Test material Factor Protein, silica or agglu-

tinated made (organic

debris, diatom frustules,

mineral particles)

Response Availability of material

and / or prey to con-

struct the test. Source

of material appear to be

a major regulator of

abundance and reparti-

tion of testate amoebae

along Sphagnum parts.

Gilbert and

Mitchell (2006)

Test compression Binary 0: not compressed

1: compressed

Response Survival potential in

drier situations and

thus potential

contribution to the food

web in dry conditions.

Fournier et al. (2012)

Mixotrophy Binary Presence (1) or not (0)

of photosynthetic

endosymbionts

E�ect Mixotrophy is a key

factor in oligotrophic

conditions and plays a

role in peatland C

cycling.

Fournier et al. (2015)

Jassey et al. (2015, 2011)

Aperture size µm Width of the shell

aperture

E�ect Related to prey size and

food web functioning

Jassey et al. (2013a)

tion biases when data from di�erent analysts is com-

bined (Amesbury et al., 2016; Mitchell et al., 2014).

Seven samples were discarded because of distur-

bances in the mesocosm or technical problems dur-

ing sampling or preparation, resulting in 98 �nal

samples.

The chosen traits and their ecological meaning,

as de�ned by Lavorel and Garnier (2002), Messier

et al. (2010), Mlambo (2014) are given in Table 4.1.

Test length was also used as a proxy for biovolume;

as these two variables were strongly correlated

(R2 = 0.69) only biovolume was kept for further

analyses. Biovolume is also ecologically more rel-

evant as it is known to indicate the metabolic rate

and the capacity of the food web to process energy

(Fournier et al., 2012; Jassey et al., 2013a; Laggoun-

Defarge et al., 2008; Makarieva et al., 2008; Tsy-

ganov et al., 2012). All traits were measured on the

observed material. The morphological dimensions

were measured directly at 400x magni�cation us-

ing an inverted IX-81 Olympus microscope, and the

Olympus cellSens Dimension software. Biovolume

was calculated according to the general shape of the

shell, applying geometrical formulas as in Fournier

et al. (2015).

4.2.3 Numerical analyses

We �rst assessed how the experimentally-

induced changes in testate amoeba community

structure translated into inferred water table depth

as if these communities were used in a palaeo-

ecological study. To this aim, we inferred the the-

oretical water table depth (WTD) based on the ob-

served community structure of each sampling date

with a transfer function. To build this transfer func-

tion we used a training set from the Jura Mountains

(Mitchell et al., 1999), but keeping only the species

common to both data sets and samples with a depth

to water table lower than 40cm, corresponding to

the possible range of water levels in the mesocosm

63



Chapter 4

experiment. We used the weighted average (WA)

model, with a leave-one-out cross validation (Jug-

gins, 2015). The signi�cance of similarity between

communities throughout the experiment was as-

sessed by an analysis of similarity (anosim, vegan

package), with a Bray-Curtis dissimilarity measure

and 999 permutations. ANOSIM is a non-parametric

analyse allowing us to test the di�erence between

and within groups for two or more groups, using the

rank of dissimilarity values (Clarke, 1993). We then

computed the community weighted mean (CWM,

funcomp, FD package, Laliberté et al., 2014) of se-

lected traits (biovolume, test length – only for lin-

ear regression with biovolume – , aperture position,

test compression, mixotrophy and aperture size) in

each sample. The CWM represented the average

of each trait value weighted by the relative abund-

ance of each species, based on the fourth-corner ap-

proach (Dray and Legendre, 2008). To compare the

response of community traits and community taxo-

nomic composition to water level through time, we

�nally computed a principal response curves (PRC)

analysis (prc, vegan) on Hellinger transformed spe-

cies dataset and standardized CWM of traits. PRC

is a multivariate tool based on eigenvector ordina-

tion (special case of redundancy analysis) suitable

for time series with contrasted treatment (Van den

Brink and Ter Braak, 1999).

All analyses were carried out on R statistical soft-

ware (R Core Team, 2016). Community based meas-

ures were computed using the R package vegan (Ok-

sanen, 2015), while functional diversity measures

were calculated using the R package FD (Laliberté

et al., 2014) and mean water table depth was assessed

with transfer function using R package rioja (Jug-

gins, 2015).

4.3 Results

4.3.1 Testate amoeba diversity and
community structure and inferred
water table depth

A total of 17 morpho-species were recorded in

the samples (Table 4.2). The richest samples were

the dry plots at T4-T5 with a species richness of 10-

11 and the poorest sample (intermediate, T5) showed

only two species. Hyalosphenia papilio was the most

abundant taxon, representing 78% ± 2.2% of the

total count on average. The two next most abund-

ant taxa were Nebela tincta s.l. (5.5% ± 0.9%) and

Arcella catinus (4.4% ± 0.5%; Table 4.2).
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Figure 4.1 – Inferred water table depth (WTD) based on

the testate amoeba community structure in Sphagnum fal-
lax mesocosms with controlled water table depth. For

each sampling point the mean inferred WTD and stand-

ard error is shown for each treatment (black dots and

lines). The mean water table depth measured in each

mesocosm is shown as a grey dotted line. The community

structure at the beginning of the experiment was domin-

ated by indicator species of wet and the inferred water

table depth was −5.5 ± 0.5cm (se)

The communities were similar in all treatments at

the beginning of the experiment (analysis of similar-

ities at T0: R = 0.05, p = 0.242, Table 4.3) and sub-

sequently diverged among treatments (maximum at

T5, R = 0.62, p = 0.001, Table 4.3). Hyalosphenia
papilio strongly dominated the communities in the

wet and intermediate treatments throughout the

duration of the experiment (min: 78.4% wet at T5,

max: 92.9% intermediate at T3; Table 4.4). In wet

plots, some taxa expanded slightly by the end of the

experiment (Amphitrema wrightianum, Phryganella
accropodia), but otherwise, the community structure
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Table 4.2 – Overall relative abundance of testate amoeba taxa over the whole duration of the experiment (n = 98
samples), mean, median, standard error (se), minimal (min) and maximal (max). Taxa are ordered by decreasing mean

relative abundance.

n mean median se min max

Hyalosphenia papilio 98 78.08% 85.37% 2.23% 0.57% 98.61%

Nebela tincta s.l. 98 5.46% 2.05% 0.91% 0.00% 43.25%

Arcella catinus 98 4.36% 3.13% 0.52% 0.00% 38.36%

Corythion dubium 98 2.87% 0.00% 1.21% 0.00% 83.43%

Centropyxis aculeata 98 1.80% 0.31% 0.49% 0.00% 34.78%

Phryganella acropodia 98 1.50% 0.00% 0.45% 0.00% 27.87%

Heleopera rosea 98 1.40% 0.00% 0.36% 0.00% 25.16%

Euglypha compressa/ciliata 98 1.31% 0.48% 0.21% 0.00% 10.42%

Assulina muscorum 98 0.90% 0.00% 0.14% 0.00% 5.83%

Hyalosphenia elegans 98 0.74% 0.00% 0.13% 0.00% 8.23%

Archerella �avum 98 0.62% 0.00% 0.23% 0.00% 16.36%

Physochila griseola 98 0.27% 0.00% 0.13% 0.00% 8.94%

Cyclopyxis eurystoma/kahli 98 0.17% 0.00% 0.08% 0.00% 7.69%

Trinema lineare 98 0.17% 0.00% 0.06% 0.00% 4.48%

Amphitrema wrightianum 98 0.16% 0.00% 0.07% 0.00% 3.92%

Argynnia dentistoma 98 0.12% 0.00% 0.05% 0.00% 3.73%

Assulina seminulum 98 0.08% 0.00% 0.03% 0.00% 2.30%

was rather stable over the course of the experiment.

By contrast, in the dry plots, H. papilio decreased

strongly over time from 81.3% to 16.9%, and some

taxa indicative for high water table, disappeared

(e.g. Archerella �avum, Cyclopyxis eurystoma/kahli),
while dry indicators increased (e.g. Corythion du-
bium, Nebela tincta s.l., Assulina muscorum).

In wet plots, the inferred water table depth was

constant at around −2cm throughout the experi-

ment, increasing to 0cm at T6 (Figure 4.1). In inter-

mediate plots, the trend was very similar to that of

wet plots, with a slight lowering of the water table

depth after T3 until T6 to −4cm. In dry plots, the

inferred water table depth lowered to −20cm by T6.

Table 4.3 – Analysis of similarity among treatments for

each sampling time (T0-T6) based on a Bray-Curtis dis-

similarity index and 999 permutations.

R Statistic Sig

T0 0.05 0.242

T1 0.15 0.087

T2 0.18 0.030

T3 0.33 0.006

T4 0.51 0.009

T5 0.62 0.001

T6 0.56 0.001

4.3.2 Change in traits space over time

The community weighted mean of traits illus-

trates how the space de�ned by selected traits (re-

lated to the ecological niche) was �lled and how

the traits space evolved over the experiment (Fig-

ure 4.2). Aperture position, test material and aper-

ture size remained similar in the wet and interme-

diate plots over the entire course of the experiment,

while a clear shift occurred in the dry plots. After

T4 a shift in test material was observed in dry plots

from protein to silica and agglutinated (Figure 4.2c).

At T6 the community in dry plots was dominated

by ovoid, agglutinated or silica test, and a ventral

position of aperture (Figure 4.2a). The proportion

of mixotrophic species stayed around 60% over the

course of the experiment in the wet and intermediate

plots (Figure 4.2d), but decreased gradually in the dry

plots from to less than 20% by T6. By contrast, test

compression did not vary in the dry and intermedi-

ate plots but decreased between T3 and T5 in the wet

plots (Figure 4.2e), and was tended to increase again

at T6. Pseudostome (aperture) size decreased in dry

plots from T3 onwards (Figure 4.2f). Test length and

biovolume decreased slightly in dry plots from T3

onwards and remained stable in wet and intermedi-

ate plots (Figure 4.2 g&h).

4.3.3 Principal response curves

The two principal response curves (PRC) ana-

lyses on 1) Hellinger-transformed species data and

2) CWM of Gower distance and standardized traits

data, with treatment and time as explanatory vari-

ables, were signi�cant (p < 0.01, based on the ana-

lysis of variance of the analysis). These two ana-

lyses explained 61.9% and 61.0%, respectively of the

variance: speci�cally, the conditional, constrained

and unconstrained fraction of variance in the Spe-
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Table 4.4 – Relative abundance of testate amoeba taxa per treatment (wet, intermediate – inter – and dry plots) and

sampling time (T0 to T6), with number of plots counted (n), mean (%) and standard error (se %). In order to show the

pattern, species are ordered in increasing optimal water table depth (WTD, Optima and tolerance – Tol) as inferred using

a transfer function from the Jura Mountains peatlands (Mitchell et al., 1999). Grey bars are proportional to average rel-

ative abundance in the time/treatment to highlight the pattern in the dataset (conditional colouring in MS Excel). In dry

plots, the shift of community structure towards an increasing dominance of dry adapted species appears signi�cantly.

Optima Tol. n mean se n mean se n mean se n mean se n mean se n mean se n mean se

Amphitrema wrightianum 9.4 4.1 Wet 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 3.1 0.4

Archerella flavum 10.9 8.5 Wet 5 4.6 2.2 5 0.1 0.1 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Cyclopyxis eurystoma/kahli 11.1 9.2 Wet 5 0.5 0.3 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.4 0.4 5 0.0 0.0 5 0.0 0.4

Physochila griseola 15.2 7.1 Wet 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.5 0.5 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Hyalosphenia papilio 16.1 10.1 Wet 5 84.4 3.9 5 92.4 3.2 5 92.6 1.9 5 89.1 4.3 3 84.9 4.5 5 78.4 4.1 5 84.4 0.3

Centropyxis aculeata 17.0 7.0 Wet 5 0.8 0.5 5 0.0 0.0 5 0.2 0.2 5 2.7 1.0 3 1.5 0.3 5 0.0 0.0 5 1.7 0.0

Hyalosphenia elegans 19.2 9.9 Wet 5 0.3 0.2 5 0.4 0.4 5 0.3 0.2 5 3.0 1.5 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Phryganella acropodia 21.6 11.5 Wet 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 6.9 2.6 5 15.2 3.8 5 7.4 0.0

Heleopera rosea 22.3 6.9 Wet 5 1.2 0.8 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 2.7 1.0 5 0.3 0.2 5 1.0 0.0

Argynnia dentistoma 23.7 7.0 Wet 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.2 0.2 3 0.0 0.0 5 0.0 0.0 5 0.0 3.5

Corythion dubium 23.7 11.0 Wet 5 0.0 0.0 5 0.1 0.1 5 0.0 0.0 5 0.0 0.0 3 0.2 0.2 5 0.0 0.0 5 0.0 0.7

Nebela tincta s.l. 23.8 12.6 Wet 5 1.8 0.6 5 2.7 1.1 5 2.5 0.8 5 1.5 1.0 3 0.2 0.2 5 1.0 0.7 5 0.3 0.4

Trinema lineare 24.2 11.3 Wet 5 0.4 0.3 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 3.0

Arcella catinus 24.7 8.7 Wet 5 3.5 1.4 5 3.9 2.2 5 2.3 1.4 5 1.8 0.6 3 3.2 1.2 5 4.3 1.8 5 1.1 0.0

Euglypha compressa/ciliata 25.5 9.6 Wet 5 1.7 0.5 5 0.4 0.3 5 1.0 0.6 5 1.2 0.8 3 0.0 0.0 5 0.0 0.0 5 0.4 0.6

Assulina muscorum 25.5 11.4 Wet 5 0.6 0.5 5 0.0 0.0 5 1.2 1.0 5 0.0 0.0 3 0.0 0.0 5 0.7 0.7 5 0.6 1.5

Assulina seminulum 29.7 12.7 Wet 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Amphitrema wrightianum 9.4 4.1 Inter 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Archerella flavum 10.9 8.5 Inter 5 0.0 0.0 5 0.3 0.2 5 0.0 0.0 5 0.0 0.0 3 0.2 0.1 5 0.6 0.4 5 0.0 0.2

Cyclopyxis eurystoma/kahli 11.1 9.2 Inter 5 0.2 0.1 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.1 0.1 5 0.0 0.0

Physochila griseola 15.2 7.1 Inter 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.2 0.1 5 0.0 0.0 5 0.2 1.6

Hyalosphenia papilio 16.1 10.1 Inter 5 86.4 2.7 5 89.5 0.6 5 90.5 1.3 5 92.9 1.6 3 80.6 3.3 5 81.6 6.5 5 83.9 0.6

Centropyxis aculeata 17.0 7.0 Inter 5 0.8 0.2 5 0.1 0.1 5 0.3 0.3 5 0.2 0.2 3 0.5 0.4 5 0.0 0.0 5 0.5 0.0

Hyalosphenia elegans 19.2 9.9 Inter 5 0.7 0.3 5 1.9 0.6 5 0.5 0.2 5 0.0 0.0 3 1.7 1.5 5 0.4 0.3 5 0.4 0.2

Phryganella acropodia 21.6 11.5 Inter 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 2.6 0.7

Heleopera rosea 22.3 6.9 Inter 5 0.5 0.5 5 0.2 0.1 5 1.4 0.8 5 0.0 0.0 3 1.5 1.3 5 0.2 0.2 5 1.1 0.0

Argynnia dentistoma 23.7 7.0 Inter 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.3 0.2 3 0.0 0.0 5 0.1 0.1 5 0.0 1.1

Corythion dubium 23.7 11.0 Inter 5 0.2 0.2 5 0.1 0.1 5 0.2 0.2 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 0.7

Nebela tincta s.l. 23.8 12.6 Inter 5 3.6 0.6 5 2.5 0.8 5 1.3 0.4 5 0.8 0.3 3 1.6 0.9 5 0.1 0.1 5 2.0 0.2

Trinema lineare 24.2 11.3 Inter 5 0.1 0.1 5 0.0 0.0 5 0.0 0.0 5 0.2 0.2 3 0.0 0.0 5 0.0 0.0 5 0.0 0.0

Arcella catinus 24.7 8.7 Inter 5 6.5 2.0 5 2.7 0.8 5 4.2 1.3 5 4.9 1.5 3 10.5 2.8 5 15.7 6.2 5 7.1 0.0

Euglypha compressa/ciliata 25.5 9.6 Inter 5 0.1 0.1 5 0.7 0.2 5 1.0 0.8 5 0.1 0.1 3 0.6 0.3 5 0.0 0.0 5 0.5 0.0

Assulina muscorum 25.5 11.4 Inter 5 0.8 0.2 5 1.8 0.7 5 0.5 0.3 5 0.6 0.4 3 2.4 1.8 5 1.2 0.9 5 1.8 0.2

Assulina seminulum 29.7 12.7 Inter 5 0.1 0.1 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 5 0.0 0.0 5 0.0 1.1

Amphitrema wrightianum 9.4 4.1 Dry 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 4 0.0 0.0 5 0.0 0.0

Archerella flavum 10.9 8.5 Dry 5 4.5 3.1 5 1.3 1.3 5 0.3 0.3 5 0.1 0.1 3 0.1 0.1 4 0.0 0.0 5 0.0 0.0

Cyclopyxis eurystoma/kahli 11.1 9.2 Dry 5 0.4 0.4 5 0.4 0.2 5 1.5 1.5 5 0.0 0.0 3 0.0 0.0 4 0.0 0.0 5 0.0 0.0

Physochila griseola 15.2 7.1 Dry 5 0.0 0.0 5 0.1 0.1 5 0.0 0.0 5 0.0 0.0 3 5.5 2.8 4 0.0 0.0 5 1.1 0.9

Hyalosphenia papilio 16.1 10.1 Dry 5 81.3 5.9 5 85.7 2.6 5 77.7 6.9 5 77.6 3.9 3 42.5 12.9 4 25.2 5.4 5 16.9 6.1

Centropyxis aculeata 17.0 7.0 Dry 5 0.5 0.4 5 1.2 0.4 5 1.0 0.7 5 2.4 1.0 3 9.0 3.3 4 10.6 8.1 5 7.6 5.1

Hyalosphenia elegans 19.2 9.9 Dry 5 0.5 0.4 5 0.8 0.5 5 1.3 0.9 5 0.2 0.2 3 2.1 0.2 4 0.7 0.4 5 1.1 0.5

Phryganella acropodia 21.6 11.5 Dry 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 5 0.0 0.0 3 0.0 0.0 4 0.0 0.0 5 0.0 0.0

Heleopera rosea 22.3 6.9 Dry 5 0.7 0.3 5 0.3 0.2 5 0.9 0.6 5 0.5 0.3 3 8.8 1.9 4 2.7 2.0 5 9.0 5.1

Argynnia dentistoma 23.7 7.0 Dry 5 0.0 0.0 5 0.1 0.1 5 0.0 0.0 5 1.7 0.6 3 0.0 0.0 4 0.0 0.0 5 0.1 0.1

Corythion dubium 23.7 11.0 Dry 5 0.7 0.7 5 0.7 0.5 5 0.0 0.0 5 0.4 0.3 3 0.8 0.5 4 24.3 9.8 5 33.7 16.4

Nebela tincta s.l. 23.8 12.6 Dry 5 4.3 1.9 5 3.1 1.0 5 9.6 2.9 5 12.4 3.9 3 23.2 10.5 4 25.9 7.0 5 21.8 5.7

Trinema lineare 24.2 11.3 Dry 5 0.0 0.0 5 0.3 0.3 5 0.9 0.9 5 0.6 0.4 3 0.9 0.9 4 0.2 0.2 5 0.0 0.0

Arcella catinus 24.7 8.7 Dry 5 5.3 1.9 5 2.8 0.9 5 3.2 1.4 5 1.6 0.8 3 2.5 1.4 4 4.0 1.9 5 1.8 0.8

Euglypha compressa/ciliata 25.5 9.6 Dry 5 1.8 0.8 5 1.8 0.5 5 3.0 1.0 5 2.3 0.8 3 3.7 2.0 4 3.3 2.0 5 4.4 2.1

Assulina muscorum 25.5 11.4 Dry 5 0.0 0.0 5 1.4 0.3 5 0.4 0.4 5 0.1 0.1 3 0.7 0.3 4 2.2 1.3 5 2.3 0.7

Assulina seminulum 29.7 12.7 Dry 5 0.0 0.0 5 0.2 0.2 5 0.0 0.0 5 0.1 0.1 3 0.3 0.3 4 1.0 0.6 5 0.1 0.1

T3 T4 T5 T6

Taxa

WTD (cm)

Treatment

T0 T1 T2
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Figure 4.2 – Temporal changes in community weighted mean of traits (CWM) from testate amoeba communities in

Sphagnum fallax mesocosms with controlled water table depth: a-c dominant traits for each treatment, d-h temporal

patterns of individual traits with �tted smooth regression lines.
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Figure 4.3 – Principal Response Curves (PRC) on testate amoeba community data from Sphagnum fallax mesocosms

with controlled water table depth for (a) the species (Hellinger transformed), and (b) the CWM of traits (Gower dis-

tance and standardized) as response, and the treatment (WTD) and time as explanatory variables. Intermediate water

level plots were de�ned as "control" treatment, the two other lines represented the variation of communities in compar-

ison with intermediate plots. The measured water table depth (WTD) from the top of the Sphagnum layer in the wet,

intermediate and dry treatments were respectively −4cm, −15cm, and −25cm.

cies PRC was 14.2, 47.8 and 38.1, respectively, while

these fractions in the CWM PRC were 17.8, 43.2 and

38.9 (Figure 4.3). Testate amoeba communities do

not diverge signi�cantly between the intermediate

and wet plots (Figure 4.3a), both being dominated by

Hyalosphenia papilio. By contrast, the communities

in dry plots gradually diverged over time mainly due

to the replacement of H. papilio species from the Ne-
bela tincta complex and Corythion dubium.

The PRC based on community weighted mean

of traits (Figure 4.3b), shows a very similar pattern,

but with more �uctuation. No clear di�erence is ob-

served between the wet and intermediate plots. The

dry plots diverged rapidly from the other two treat-

ments. The traits positively correlated to the change

were ventral aperture, more compressed agglutinate

or silica made test, small shell and aperture sizes. By

contrast, mixotrophy, test made of protein, and lar-

ger species characterized the wet and intermediate

plots.

4.4 Discussion

We investigated the response of testate amoeba

communities to experimentally-manipulated water

level by comparing two approaches: community

composition and functional composition responses.

The two approaches showed similar response pat-

terns, with water level acting as a strong environ-

mental �lter.

4.4.1 E�ect of the treatment on
community composition and
inferred water table depth

The transfer function allowed us to assess how

well the theoretical water table depth inferred from

the testate amoeba community structure in the

mesocosms matched the observed water table. The

principal response curves showed the general pat-

terns of response and allowed identifying the most

responsive taxa.

At the beginning of the experiment, communit-

ies were largely dominated by Hyalosphenia papilio.

The optimal water level forH. papilio as calculated in

the transfer function was −16cm±10cm suggesting

that intermediate plots (−15cm) were best suitable

for this species and that dry and wet plots would be

less – but both equally so – favourable to this species.

This is in line with previous studies that have regu-

larly identi�ed H. papilio as an indicator of moder-

ately moist conditions (Booth and Meyers, 2010; La-

mentowicz and Mitchell, 2005). However, the the-

oretical optimum water table for this species may

be lower than the true optimum because calcula-

tions were based on one-o� water table measure-

ments taken in summer (Mitchell et al., 1999), as in

most transfer function studies (but see Sullivan and

Booth, 2011), while the average water table over the

growing season is most likely higher due to higher

rainfall and/or lower evaporation in spring and au-

tumn. In support to this view, the proportion of

H. papilio found at the beginning and at the end of
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4.4. Discussion

the experiment was exactly the same in wet plots

(84.4%) and only slightly lower (but not signi�cantly

so) in intermediate plots (T0: 86.4%, T6: 83.9%).

This indeed suggests that the optimum average wa-

ter level for this species is between −4 and −15 cm.

The lack of contrast between the intermedi-

ate and wet treatments as shown in the PRC sug-

gests that wet indicators failed to become estab-

lished in the wet plots. This could be due to sev-

eral causes. As mesocosms were isolated from nat-

ural peatlands, colonisation did not compensate for

local species extinction and potentially more com-

petitive species absent at the beginning of the ex-

periment could not reach the plots. Aiming to over-

coming this bias, we seeded all plots with "bog mi-

crobial cocktail" (i.e. a mixture of water extrac-

ted from pools, lawns and hummocks), with the

hope that both dry and wet indicator taxa would

develop in the corresponding treatments. However,

despite adding this "bog microbial cocktail", wet in-

dicator species were either too rare to be detec-

ted at the beginning of the experiment (e.g. Am-
phitrema wrightianum, Physochila griseola), or were

observed in low density and then rapidly declined

(e.g. Archerella �avum, Cyclopyxis eurystoma/kahli).
Therefore, well-established species such asH. papilio
could persist over time even in potentially sub-

optimal conditions (Fournier et al., 2016; Holyoak

et al., 2005; Leibold et al., 2004). Obviously, this bog

microbial cocktail addition did not su�ce to provide

viable populations of species from the full range of

micro-environmental conditions. The reason may be

that bog pool taxa are especially sensitive to disturb-

ance and did not survive long-enough to build large

populations, especially given the strong dominance

of H. papilio. This should be further tested but if true

would suggest that these wet indicators are indeed of

especially high bioindication value for peatland con-

servation.

By contrast to wet indicators, all dry indicator

taxa were detectable at the beginning of the experi-

ment, although at very low abundance. It is there-

fore not surprising that the e�ect of water level

depth on testate amoeba communities, as re�ected

by the inferred water table as well as the PRC, was

stronger and more rapid in dry plots. The mean in-

ferred water level in dry plots decreased progress-

ively and reached the experimental water table depth

at T5. This shift was primarily due to a clear de-

crease of H. papilio and an increase in abundance of

species characteristic for drier situations such as Ne-
bela tincta s.l., Corythion dubium and Euglypha com-
pressa/ciliata (Bobrov et al., 2002; Booth, 2001; La-

mentowicz and Mitchell, 2005; Mieczan, 2009). With

a water level of −25cm still within its theoretical

range of tolerance (16±10cm), H. papilio maintained

its population until T3, before decreasing abruptly in

favour of Nebela tincta �rst and then (after T4) Cory-
thion dubium. These two species together accounted

for more than half of the testate amoeba community

at T5 and T6. Therefore, even in suboptimal condi-

tions, H. papilio dominated the community structure

during eight months (including one winter) before

better-adapted taxa were able to take over at the be-

ginning of the second growing season.

In our experiment, the response to the low wa-

ter level treatment was fast: a clear response was

already visible at T1, two months after T0. It is pos-

sible that microbial communities responded more

rapidly to the lowered water level than in a natural

site because the structure of the mesocosms did not

bu�er water table drawdown as would happen in

natural peatland. If true, the e�ect of a similar drain-

age in natural peatland would be slower. Further ex-

periments in situ would be needed to test this. Nev-

ertheless, the dataset used to calibrate the transfer

function was taken in the Jura Mountains, includ-

ing the two peatlands where the Sphagnum carpets

(Creux de l’Epral, Jura, 990 m a.s.l.) and the "bog

microbial cocktail" (Le Cachot, Neuchâtel, 1050 m

a.s.l.) were collected (Mitchell et al., 1999; Mulot

et al., 2015). Accordingly, the shift in the community

structure observed in the dry treatment is coherent

with natural communities observed in drier micros-

ites in Sphagnum peatland of the region (Mitchell

et al., 1999).

The observed change in testate amoeba com-

munity structure could be related to the growth of

both bacteria and small micro eukaryotes stimulated

by oxygenation of the peat (Bragazza et al., 2016; Jas-

sey et al., 2013b). This could explain the shift in test-

ate amoeba community towards species belonging

to another food web level (i.e. bacterivores). Such

a community shift has been interpreted as being in-

dicative for a change in C cycling at the surface of

Sphagnum peatlands leading to the release of C to

the atmosphere and faster nutrient cycling (Gilbert

et al., 2003; Jassey et al., 2013a, 2012). The water

level in the dry plots, ca. −25cm, is indeed known

to strongly disturb peatland functioning (Dieleman

et al., 2014; Jassey et al., 2013a; Mitsch and Gos-

selink, 2007) and peatland restoration generally aims

to raise the water table above this level (Quinty and

Rochefort, 2003).
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4.4.2 Environmental �ltering and
functional traits

Our experimental design allowed us to invest-

igate the environmental �ltering e�ect of water

table on testate amoeba functional traits. High

water level selected for larger species, and fa-

voured mixotrophs (Figure 4.3), as expected (Jassey

et al., 2012, 2015). Mixotrophic testate amoeba rep-

resent up to 70% of the microbial biomass in Sphag-
num peatlands (Jassey et al., 2013b) and were shown

to contribute to C sequestration in peatlands (Jas-

sey et al., 2015). Mixotrophy is a feeding strategy

well adapted for oligotrophic aquatic conditions that

characterize the pools of Sphagnum peatlands (Go-

maa et al., 2014; Jassey et al., 2013a). Mixotrophy was

thus expected to be favoured by high water level.

In our study, mixotrophy was associated with

test made of protein (i.e. H. papilio, Archerella
�avum). Proteinaceous tests are translucent, allow-

ing sunlight to reach photosymbionts. Test secretion

is still a poorly known process (Netzel, 1983; Nomura

et al., 2014) but it is likely that this requires more en-

ergy and thus a higher metabolic activity than build-

ing an agglutinated test using material from the en-

vironment. The relationship between mixotrophy

and size is hence logical, as biovolume is correl-

ated with metabolism (Makarieva et al., 2008) and

the number of mitochondria (Kosakyan et al., 2015).

Biovolume is positively correlated with water level

and thus prey size can be expected to increase un-

der wetter conditions. This in turn would explain

the selection in wet mesocosms of testate amoeba

species with larger pseudostome which were shown

to occupy higher tropic levels as inferred from car-

bon and nitrogen stable isotope analyses (Jassey

et al., 2013b, 2012). The drawback is that larger

species are dependent on constant moisture to sur-

vive, be it due to their dependency on speci�c prey

or to their likely lower physiological tolerance to

drought. It should however be noted that not all

peatland mixotrophic testate amoebae build pro-

teinaceous shells (e.g. Amphitrema ssp., Heleop-
era sphagni, Placocista spinosa) and Amphitrematidae
have small apertures.

Ventral (plagiostome) or hidden (cryptostome)

apertures as well as test compression, are considered

as adaptations to drought, allowing testate amoe-

bae to remain active even in a thinner water �lm

(Fournier et al., 2015; Gilbert et al., 2003; Lamento-

wicz et al., 2015). In support for this view, in dry plots

ventral aperture emerged as a signi�cant trait at T6.

Furthermore, community structure shifted towards

the dominance of silica and agglutinate test com-

position, a common trait in mineral soils (Seppey

et al., 2016; Szelecz et al., 2014; Tsyganov et al., 2012).

On the contrary, in wet plots, where a compressed

test does not represent a speci�c advantage, the pro-

portion of species with a compressed test declined.

4.4.3 Future use of functional traits in
ecological studies of testate
amoebae

As highlighted by the PRC, functional traits are

intrinsically more ecologically informative than the

identity of the corresponding species to interpret

the functioning and the evolution of our system.

Taxonomy-based analyses could be comparatively

more di�cult to interpret in relation to ecological

processes. Indeed, selected traits relate directly to

the ecology and the abilities of the investigated spe-

cies, and provide a �ner and more consistent sig-

nal than the community composition. As misiden-

ti�cation currently represents a limitation of ecolo-

gical and palaeoecological studies of testate amoe-

bae (Heger et al., 2009; Mitchell et al., 2014; Payne

et al., 2011), although some information is lost us-

ing functional traits, this approach can inform more

directly about the status of an ecosystem (Fournier

et al., 2015, 2012).

An additional advantage of the traits approach

is that it allowed overcoming biogeographical lim-

itations. Indeed, as testate amoebae are increas-

ingly being shown to have limited geographical dis-

tribution (Smith et al., 2008; Swindles et al., 2014),

a strict taxonomical approach would lead to high

community turnover along geographical gradients

that may not correspond to changes in functioning.

Using a functional traits approach allows focusing

speci�cally on the functionally relevant signal in the

community data. Our aim was to assess the relev-

ance of functional diversity for understanding en-

vironmental �ltering. An advantage of the trait ap-

proach is that non-specialists of testate amoeba tax-

onomy may use the functional response based on

morphologic characterization of the observed spe-

cimen or a relatively crude morphotype approach.

Functional diversity analysis is therefore both prac-

tical and informative.

4.5 Conclusion

We studied the response of testate amoeba com-

munities to experimentally manipulated water table,

with the aim to better understand the impact of

climatic changes on Sphagnum peatlands. The re-

70



4.6. Acknowledgements

sponse of testate amoeba communities to experi-

mentally manipulated water table depth was in line

with the known ecological preferences of species

documented in observational studies and coherent

with the impacts on vegetation and decomposition.

The shift in selected traits also re�ect the change

in humidity content of the top-layer Sphagnum (not

quanti�ed but clear from visual observations). The

reduced dominance of mixotrophic species and the

shift to smaller taxa suggests functional changes in

communities with an alteration of the microbial food

web (i.e. increase in bacterivory vs. eukaryvory) and

impact on C cycling (i.e. faster C turnover and re-

duced C �xation by mixotrophs). This is in line with

recent evidence for a key role played by mixotrophic

testate amoebae in the functioning of Sphagnum
peatlands (Jassey et al., 2015). As these changes are

relatively easy to measure, using well selected func-

tional traits on testate amoeba community could give

peatlands managers practical and resource-e�cient

tools to monitor the evolution or recovery of pro-

tected peatlands. The next steps will be to further

experiment the e�ects of water table changes (e.g.

drought followed by a recovery), combining meso-

cosms experiments and �eld studies and to further

assess how selected response and e�ect traits can in-

form on the evolution of natural or semi-natural eco-

systems facing environmental changes.
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Can Sphagnum testate amoeba communities recover
from drainage? Results from a three year mesocosm

experiment.
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Abstract
Sphagnum peatlands represent a globally signi�cant pool and sink of carbon but these functions are

threatened by ongoing climate change. Testate amoebae are useful bioindicators of hydrological changes.

Existing inference models are based only on observational studies and very little experimental work has

been done on the impact of water table changes on communities.

We used a mesocosm experimental setting to assess �rst during a "disturbance phase" the impact of three

contrasted water table position simulating wet (−4cm), intermediate (−15cm) and dry (−25cm "stress") con-

ditions and subsequently during a "recovery phase" at −10cm for all plots. The experiment lasted a total

of three years. We assessed the response of testate amoeba communities using taxonomic and functional

trait approaches (community weighted means of traits – CWM). The selected functional traits were hypo-

thesised to be correlated to moisture content (response traits: shell size, aperture position) or trophic role

(e�ect traits: mixotrophy, aperture size controlling prey range).

The mixotrophic species Hyalosphenia papilio dominated the wet and intermediate plots during the dis-

turbance phase. In dry plots, the community shifted to a dominance of "dry indicators" (Corythion dubium,

Nebela tincta, Cryptodi�ugia oviformis) and with a CWM of traits corresponding to adaptation to thin

water �lms (loss of mixotrophy, and dominance of smaller taxa with ventral or ventral-central aperture).

During the recovery phase, communities in some wet and intermediate plots shifted either towards a more

balanced community with some indicators – and associated traits – of drier conditions while other wet and

intermediate plots retained similar communities, the di�erence between these two groups being re�ected

by the macroscopic characteristics of the Sphagnum carpet (better preserved in the second group). In the

former dry plots, indicators and traits of wet conditions increased by the end of the experiment.

This is the �rst experiment simulating a disturbance and subsequent recovery in Sphagnum peatlands and

focusing on the response of testate amoebae. The results generally con�rmed that testate amoebae respond

within a few months to hydrological changes and thus represent useful biomonitors for assessing current

and past hydrological changes in Sphagnum peatlands.
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5.1. Introduction

5.1 Introduction

The increasing in�uence of human activit-

ies on the biosphere makes it necessary to as-

sess how direct and indirect impacts are af-

fecting ecosystems (MEA, 2005). Biomonitoring

is an e�cient approach for evaluating environ-

mental health in general and speci�cally the im-

pact of perturbation but also ecosystem restor-

ation (MEA, 2005; Bonnett et al., 2011; Bonn

et al., 2016; Norris et al., 2011; Church et al., 2014).

Bioindicator taxa must be sensitive enough to rap-

idly react to environmental changes, and have meas-

urable characteristics (e.g. community composition,

morphology, or function) that are correlated to rel-

evant processes (e.g. C sequestration Niemi and

McDonald, 2004; Payne, 2013). Protists play es-

sential functional roles and are useful bioindicators

in aquatic as well as terrestrial ecosystems (Caron

et al., 2009; Wilkinson and Mitchell, 2010; Norris

et al., 2011; Pinto et al., 2014). Our focus here is on

the use of testate amoebae living in Sphagnum peat-

lands as indicators of hydrological changes.

Testate amoebae are a polyphyletic group of

unicellular protists building a shell, named "test".

Although they are generally studied as a homo-

geneous ecological and functional group, they be-

long to three phylogenetic groups, each of which

has speci�c morphological traits: i) Arcellinida (Ko-

sakyan et al., 2016), with "lobose" (wide) pseudopods,

ii) Euglyphida, (Cavalier-Smith and Chao, 2003)

with "�lose" (narrow) pseudopods and (for most

group) a test produced with self-secreted silica scales

(idiosomes), both groups with a single pseudostome

(aperture) to the test and iii) Amphitremidae (Go-

maa et al., 2013) with "�lose" pseudopods and two

pseudostomes. Some taxa (in all three groups) pos-

sess photosynthetic endosymbionts (i.e. they are

mixotrophic). Identi�cation is based on test char-

acteristics, thus allowing the use of this group in

palaeoecological studies (Charman, 2001). Tests are

made of self-secreted protein, self-secreted silica

plates (idiosomes) or of agglutination (xenosomes)

of either prey [diatom frustules, euglyphid plates,

i.e. kleptoplastidy –][] (Lahr et al., 2015) or min-

eral particles present locally (Ogden and Hed-

ley, 1980; Delaine et al., 2017). Testate amoebae are a

dominant group of micro-organisms in wet and hu-

mid environments (Gilbert et al., 1998; Gilbert and

Mitchell, 2006) and play a central important role in

soil microbial food webs and C cycling in Sphag-
num peatlands (Wilkinson and Mitchell, 2010; Jas-

sey et al., 2015). Their community structure is well

correlated with key environmental gradients such as

humidity (generally measured as water table depth),

pH, or nutrient richness (Mitchell et al., 2008b).

Recently, the functional diversity framework

has been applied to testate amoebae and results

are promising for an application in biomonitoring

and paleoenvironmental reconstruction (Fournier

et al., 2012, 2015; Galka et al., 2013; Kajukało

et al., 2016; van Bellen et al., 2016). Selected mor-

phological and physiological traits were shown to be

linked to processes, such as ecosystem recovery fol-

lowing perturbation (wetlands, �oodplain, Fournier

et al., 2012). As functional traits are directly

linked to ongoing processes, they could be used

to monitor ecosystem functioning and give in-

formation of ecological niche dimensions (Mouillot

et al., 2007; Holt, 2009; Kearney et al., 2010). This

approach has been developed initially for plants,

macro-invertebrates and �shes and was more re-

cently applied to micro-eukaryotes and especially

testate amoebae (Fournier et al., 2012, 2015; Arrieira

et al., 2015; Kajukało et al., 2016; Marcisz et al., 2016).

To be relevant, functional traits must be

related to known ecological processes and

must be measurable at the species level (Violle

et al., 2007; Mlambo, 2014). In practice, traits are

most often selected based on correlations revealed

in observational ecological studies. Although such

studies are quite convincing, they should ideally be

tested further using controlled experiments to link

traits to a speci�c environmental change. Mesocosm

experiments provide the necessary level of control to

assess how selected traits respond to manipulation,

while other variables are kept (approximately) con-

stant in the di�erent treatments (Benton et al., 2007).

We set up a mesocosm experiment to simulate

the e�ect of water table changes on Sphagnum-

peatlands (Mulot et al., 2015). Over twenty months

(August 2012 to March 2014), we followed the re-

sponse of testate amoeba community structure to

three water levels: dry (−25cm from the moss sur-

face = D), intermediate (−15cm = I) and wet (−4cm

= W). We assessed the changes in taxonomic and

functional diversities (Koenig et al. submitted). At

the end of the experiment, the mesocosms were kept

in operation, providing the opportunity for further

experimentation. In March 2015, all water levels

were set at −10cm to monitor the resilience of test-

ate amoeba communities. Samples were collected

and analysed in May and September 2015 to assess:

1) How the testate amoeba communities will recover

poststress and 2) How similar the taxonomic and

functional trait responses will be.
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Figure 5.1 – Left: schematic cross-section through a mesocosm showing the peat and Sphagnum layer. Right: expec-

ted evolution of community structure or traits over the stress and recovery phases. At the onset of the experiment (T0)

the community included the whole range of species living in pool, lawn and hummock, taken in a natural Sphagnum
peatland. D1 is the point of maximum disturbance e�ect and R1 and R2 are sampling points during the recovery phase.

Dotted lines represented the possible evolution of both species community structure and community weighted mean of

functional traits in response to disturbance. Full recovery depended on the survival potential of species. The new equi-

librium represents the situation when the local conditions or present species pool do not allow a full recovery of the

original state. In our case this is due to the fact that some species are likely to be lost during the disturbance phase.

5.2 Material and Methods

5.2.1 Experimental design

Mesocosms were constituted of tanks �lled with

water (Figure 5.1). In each tank a pierced PVC tube

(45cm high, 12cm diameter) was �lled with a peat

core topped with a carpet of Sphagnum fallax (Mulot

et al., 2015). The system allowed manipulating the

water level independently in each mesocosm. The

Sphagnum carpets were collected simultaneously on

the same Sphagnum patch, in the Creux de l’Epral

peatland, Canton du Jura (47°12
′
18.3

′′
N; 6°56

′
5.83

′′
E;

elevation: 990m a.s.l.), and were seeded with a wa-

ter extract from pool, hummock and lawn to provide

the full community potential at the beginning of ex-

periment, 02/08/2012 (T0) (Mulot et al., 2015). The

water table was set at −4cm (wet treatment), −15cm

(intermediate treatment) and −25cm (dry treatment),

with �ve replicates of each treatment. The dis-

turbance e�ect was recorded at 27/03/2014 (D1).

One year later (27/03/2015) water level was set at

−10cm in all mesocosms (i.e. beginning of recovery

phase) and we monitored the changes in the testate

amoeba community twice during the growing sea-

son. Samplings were made on 18/05/2015 (R1) and

24/09/2015 (R2, Figure 5.1). At each sampling date,

we collected the top three centimetres of Sphagnum
stems. Sample codes indicate treatment, replicate

and sampling date, e.g. D4_R2 corresponds dry treat-

ment, replicate 4 sampled on 24/09/2015.

5.2.2 Testate amoeba isolation and
characterization

Testate amoebae were extracted by siev-

ing and back-sieving through mesh �lters (15 -

200µm, Booth et al., 2010; Jassey et al., 2011). We

aimed for minimum counts of 100 individuals per

sample alive and dead pooled together. In some

plots, testate amoeba density was very low and

less than 50 individuals were counted (D2_D1: 47;

D4_D1: 29; W2_D1: 28; W2_R1: 17). Identi�ca-

tion was made following Charman et al. (2004) and

Mitchell (2003)’s keys at the species or species com-

plex level. Some taxa were grouped into broader

morphological groups, in particular taxa from the

Nebela tincta group (Kosakyan et al., 2013). Cyc-
lopyxis arcelloides includes Cyclopyxis kahli (found

only in one sample at R2) and C. eurystoma. Hele-
opera sylvatica includes H. petricola. To reduce the

impact of rare species, taxa that do not exceed a

mean of 3% in one treatment at one sampling time

(n=5) were discarded (Argynnia dentistoma, Assulina
seminulum, Bullinularia indica, Cryptodi�ugia sac-
culus, Heleopera sphagni, Hyalosphenia elegans, Pla-
giopyxis labiata, Sphenoderia lenta, Trigonopyxis ar-
cula, Trinema complanatum, Wailesella eboracencis)
before carrying out any further analyses.
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Table 5.1 – Description, ecological meaning and references for the six functional traits selected for testate amoeba taxa.

Unit Description Type of trait Ecological meaning References

Biovolume µm3
Volume of shell (90%

occupied by the living

amoeba)

Response Related to the

metabolic rate and the

capacity of the food

web to process energy.

Fournier et al. (2012)

Laggoun-Defarge

et al. (2008)

Makarieva et al. (2008)

Aperture position Factor From a terminal

aperture to the

completely central one.

Response Represents the ability

to survive in thin water

�lms and thus the abil-

ity to remain active and

contribute to the food

web in dry conditions.

Fournier et al. (2012)

Lamentowicz

et al. (2015)

Test material Factor Protein made,

Idiosomes (secreted

bio-siliceous plates),

Xenosomes (built with

particles collected in

environment: organic

debris, diatom frustules,

mineral particles)

Response Availability of material

and / or prey to con-

struct the test. Source

of material appear to be

a major regulator of

abundance and reparti-

tion of testate amoeba

along Sphagnum parts.

Gilbert and

Mitchell (2006)

Test compression Binary 0: not compressed

1: compressed

Response Survival potential in

drier situations and

thus potential

contribution to the food

web in dry conditions.

Fournier et al. (2012)

Mixotrophy Binary Presence (1) or not (0)

of photosynthetic

endosymbionts

E�ect Mixotrophy is a key

factor in oligotrophic

conditions and plays a

role in peatland C

cycling.

Fournier et al. (2015)

Jassey et al. (2015, 2011)

Aperture size µm Width of the shell

aperture

E�ect Related to prey size and

food web functioning

Jassey et al. (2013a)

5.2.3 Functional traits

Traits chosen to assess the impact of water

level on community structure followed the require-

ments of functional diversity (Table 5.1, Lavorel and

Garnier, 2002; Messier et al., 2010; Mlambo, 2014).

Test compression, an aperture in ventral po-

sition and small biovolume allow amoebae to

stay active in thin water �lm (Laggoun-Defarge

et al., 2008; Fournier et al., 2012; Tsyganov

et al., 2012). Mixotrophy is believed to be an

adaptation to low nutrient availability (Fournier

et al., 2012; Jassey et al., 2013a) while test mater-

ial informs on the abundance of mineral particles

or prey incorporated in test construction (Gil-

bert et al., 2003; Gilbert and Mitchell, 2006; Jassey

et al., 2011; Schwind et al., 2016). Finally, aperture

size was demonstrated to be correlated to prey size

and thus the trophic level, small apertures corres-

ponding to microbial feeder and large apertures to

predator of micro-eukaryotes and micro-metazoan

(Jassey et al., 2013a; Gomaa et al., 2014). The mor-

phological dimensions were measured directly at

400x magni�cation using an inverted IX-81 Olym-

pus microscope, and the Olympus cellSens dimension
software. Biovolume was calculated according to the

general shape of the shell, applying the formulas of

Fournier et al. (2015).

5.2.4 Numerical analyses

Gradient analyses

The structure and temporal changes of the test-

ate amoeba communities in the three treatments

was �rst assessed based on the relative abundance

of species over sampling time. Species were clas-

si�ed according to their optimal water table depth

calculated with a transfer function (weighted aver-

aging regression) based on an independent dataset

(Mitchell et al., 1999).

We then computed the community weighted

mean (CWM) of selected traits (biovolume, aperture

position, test compression, test composition, mixo-

trophy and aperture size) in each sample. CWM rep-
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resented the average of each trait value weighted by

the relative abundance of each species (Dray and Le-

gendre, 2008; Ricotta and Moretti, 2011).

We analysed the temporal patterns of com-

munity structure and community weighted mean

of functional traits using principal component ana-

lyses (PCA) in which we projected passively treat-

ment and time. Prior to PCA, the species dataset

was Hellinger transformed according to Legendre

and Gallagher (2001) and the CWM of traits dataset

was standardised. Permutational multivariate ana-

lysis of variance was used to assess the di�erence

in testate amoeba community structure between

sampling times for each treatment separately. This

analysis partitions dissimilarities between groups

and tests the signi�cance of those partitioning (An-

derson, 2001; Oksanen, 2015). We used a Bray-Curtis

distance matrix of relative abundance of species with

999 permutations and analysed each treatment sep-

arately. The signi�cance between sampling time for

community weighted mean of traits was tested by

analyses of variance with random e�ect and Tukey

multiple comparisons of mean (Bonferroni correc-

tion), for each treatment separately.

Null models for functional diversity

To disentangle habitat selection and biotic inter-

action, recent studies suggested the use of null mod-

els to test the assembly processes between species

community structure, phylogenetical dataset and

functional traits (Webb et al., 2006; Cavender-Bares

et al., 2009; Mason et al., 2008; Chase et al., 2011).

These methods are applicable also with species

abundance instead of phylogenetical communities.

The standardized e�ect size of mean pairwise dis-

tance (ses.mpd) compare the observed distance sep-

arating samples based on species community struc-

ture in relation with the pool of functional traits, and

the same distance based on a random community

matrix with respect to the speci�c richness of the

original community and the original traits matrix

(Kembel, 2010). The standardized e�ect size is cal-

culated by:

ses.mpd =
mean(Mnull) −Mobserved

sd(Mnull)
(5.1)

where Mnull = randomized mean pairwise dis-

tance, Mobserved = observed pairwise distance,

sd(Mnull) = standard deviation of randomized pair-

wise distance (Kembel, 2010). When ses.mpd is sig-

ni�cantly lower than expected by chance, the main

drivers of community structure are related to hab-

itat �ltering; when it is signi�cantly higher, biotic

factors are more likely to be the driver. As the traits

matrix included binary variables, semi-quantitative

factors and quantitative traits, the Gower distance

was applied, using the method “Podani” for ordinal

variables (Gower, 1971; Podani, 1999).

All analyses were carried out with the R stat-

istical software (R Core Team, 2016). Ordina-

tions were computed using the package vegan (Ok-

sanen, 2015). The community weighted mean of

functional traits was calculated using the package

FD (Laliberté et al., 2014). Standardized e�ect size

and null model were computed with package Pic-

ante (Kembel et al., 2010) and optima and tolerance of

species were calculated with the package rioja (Jug-

gins, 2015).

5.3 Results

5.3.1 Testate amoeba community
composition and treatment e�ects
on community structure

Hyalosphenia papilio was the only taxon found in

all samples and the most abundant overall, account-

ing for over half for the community on average and a

median abundance of 72.9%. Corythion dubium, Ne-
bela tincta s.l., Assulina muscorum, Phryganella ac-
ropodia, Centropyxis aculeata, Arcella catinus, Hele-
opera rosea, and Euglypha ciliata each contributed>
2% of the overall community and occurred in> 45%
of all samples (Table 5.2). Eighteen other morpho-

taxa were less abundant and frequent (Table 5.2).

The three treatments had contrasted e�ects on

the relative abundance of individual taxa (Table 5.3).

In wet and intermediate treatments, the abund-

ance of H. papilio decreased while A. muscorum and

P. acropodia increased. Speci�c richness did not

change signi�cantly in these two treatments. In dry

plots, the situation was di�erent (Table 5.3). By

R1, H. papilio declined sharply (to 6.7% on aver-

age) and the community was dominated by C. du-
bium, N. tincta, and Cryptodi�ugia oviformis. By

R2, H. papilio began to recover regaining dominance

(23.6%) and the community was co-dominated by N.
tincta (15.2%), H. rosea (12.2%), Physochila griseola,

Cyclopyxis arcelloides, C. aculeata and A. muscorum
(7.8 − 8.6%). This was the most balanced com-

munity in the entire experiment. The speci�c rich-

ness in dry plots increased signi�cantly from 5.2
taxa at T0 to 10.2 taxa at R1 (ANOVA p-adjusted T0-

R1: 0.002) and 10.6 taxa at R2 (ANOVA p-adjusted
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Table 5.2 – List of testate amoeba taxa, number and relative frequency of occurrence, mean, standard error (se), me-

dian, minimum and maximum relative abundance. Taxa are ordered by mean relative abundance over the four sampling

times and within all treatments (n = 60). Rare taxa (i.e. maximum abundance in any single treatment and time <3%)

are indicated in grey and were excluded from numerical analyses.

Morphotaxa N n/N mean se median min max

Hyalosphenia papilio Leidy, 1874 60 100.0% 56.6% 4.1% 72.9% 0.6% 94.7%

Corythion dubium Taranek, 1871 29 48.3% 7.1% 2.1% 0.0% 0.0% 83.4%

Nebela tincta s.l. (Leidy) sensu Kosadyan and Lara, 2012 41 68.3% 7.0% 1.3% 2.2% 0.0% 41.7%

Assulina muscorum Gree�, 1888 39 65.0% 6.7% 1.7% 1.2% 0.0% 70.0%

Phryganella acropodia (Hertwig & Lesser, 1874) Hopkinson, 1909 28 46.7% 4.1% 1.0% 0.0% 0.0% 33.3%

Centropyxis aculeata (Ehrenberg, 1838) 36 60.0% 3.0% 0.8% 0.6% 0.0% 30.8%

Arcella catinus Penard, 1890 44 73.3% 2.9% 0.4% 1.7% 0.0% 10.9%

Heleopera rosea Penard, 1890 32 53.3% 2.7% 0.7% 0.6% 0.0% 25.2%

Euglypha ciliata type 37 61.7% 2.0% 0.4% 0.7% 0.0% 13.7%

Cryptodi�ugia oviformis Penard, 1902 5 8.3% 1.4% 0.7% 0.0% 0.0% 31.6%

Physochila griseola (Wailes & Penard, 1911) 13 21.7% 1.2% 0.4% 0.0% 0.0% 17.6%

Cyclopyxis arcelloides (De�andre, 1929) 13 21.7% 1.0% 0.6% 0.0% 0.0% 37.7%

Archerella �avum (Archer, 1877) Loeblich and Tappan, 1961 10 16.7% 0.9% 0.4% 0.0% 0.0% 16.4%

Amphitrema wrightianum Archer, 1869 11 18.3% 0.8% 0.3% 0.0% 0.0% 11.1%

Heleopera sylvatica Penard, 1890 14 23.3% 0.6% 0.2% 0.0% 0.0% 8.9%

Pseudodi�ugia gracilis Schlumberger, 1845 12 20.0% 0.5% 0.2% 0.0% 0.0% 5.9%

Hyalosphenia elegans Leidy, 1874 22 36.7% 0.5% 0.1% 0.0% 0.0% 5.1%

Heleopera sphagni Leidy, 1874 11 18.3% 0.5% 0.2% 0.0% 0.0% 9.6%

Trinema complanatum Penard, 1890 5 8.3% 0.2% 0.1% 0.0% 0.0% 7.4%

Assulina seminulum (Ehrenberg, 1848) 8 13.3% 0.1% 0.0% 0.0% 0.0% 0.9%

Sphenoderia lenta Schlumberger, 1845 3 5.0% 0.1% 0.0% 0.0% 0.0% 1.8%

Bullinularia indica (Penard, 1907) 3 5.0% 0.1% 0.0% 0.0% 0.0% 2.1%

Plagiopyxis labiata Penard, 1910 2 3.3% 0.0% 0.0% 0.0% 0.0% 1.6%

Wailesella eboracencis (Wailes & Penard, 1911) 1 1.7% 0.0% 0.0% 0.0% 0.0% 2.4%

Cryptodi�ugia sacculus Penard, 1902 1 1.7% 0.0% 0.0% 0.0% 0.0% 1.3%

Argynnia dentistoma (Penard, 1890) 1 1.7% 0.0% 0.0% 0.0% 0.0% 0.6%

T0-R2: 0.002). Within treatment, the community

structure changed signi�cantly over the duration of

the whole experiment (multivariate analyse of vari-

ance, dry plots R2: 58.5%, p-value 0.001; interme-

diate plots R2: 40.1%, p-value 0.001; wet plots R2:

36.8%, p-value 0.016, Table 5.4).

The principal component analysis (PCA) based

on species data (Figure 5.2a) further illustrated these

patterns: At T0 communities were strongly dom-

inated by H. papilio, and not signi�cantly di�erent

among treatments. Communities in the intermedi-

ate and wet treatments shifted from T0 to D1 with

increasing representation of P. acropodia andA.mus-
corum (bottom right quadrat of the ordination dia-

gram). At the start of the recovery period, the com-

munity structure diverged between two groups of

samples. The communities of six samples (I1, I2,

I4, I5, W1, W3) was still dominated by H. papilio,

but to a lesser extent, together with A. muscorum
and P. acropodia, during the whole recovery period.

The last four samples (I3, W2, W4, W5, labelled on

the PCA) diverged towards a community composi-

tion dominated by A. muscorum and C. dubium and

with the quasi disappearance of H. papilio (centre of

the diagram); the communities in these plots were

more similar to those of dry plots at D1 and R1. W2

should be interpreted very carefully at R1 as only 18

individuals were counted, but the overall community

structure recovered in density at R2 (117 individuals

counted). In dry plots, the community structure di-

verged from the wet and intermediate plots (left of

the diagram). At D1, it was dominated by N. tincta,

H. rosea, and C. dubium and had further diverged

by R1 with a highest relative abundance of C. du-
bium. By R2, community structure was again similar

to that of D1.

5.3.2 Treatment e�ects on testate amoeba
functional traits

The �rst two axes of the PCA based on com-

munity weighted mean (CWM) of functional traits

(Figure 5.2b) explained over 80% of the variance in

the data (axis 1 = 59.6%, axis 2 = 20.7%). As axis 2

was signi�cant based on the Kaiser-Guttmann rule

(Kaiser, 1991) but just not signi�cant according to

the broken stick model (MacArthur, 1957), we de-

cided to interpret both axes, as broken stick models

often underestimates the signi�cance (Cangelosi and

Goriely, 2007). The three treatments showed con-

trasting temporal patterns in the CWM ordination

space. At T0 all treatments were correlated to a high

proportion of mixotrophic species (left of the dia-

gram), a compressed, proteinaceous test, with a ter-

minal aperture and a large biovolume, re�ecting the

dominance of H. papilio. In the Intermediate treat-

ment, no strong change was observed. In the wet

plots, a shift was observed towards taxa with smal-

ler biovolume and aperture size, test built with xen-

osomes and idiosomes and a ventral position of the
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Table 5.3 – Mean relative abundance and standard error (se, n = 5) and speci�c richness of testate amoeba taxa in

Sphagnum fallax from a mesocosm experiment on four sampling times, details for the three treatments (dry, intermedi-

ate, and wet). T0: onset of the experiment, D1: after eight months of treatment, R1 and R2: three, and six months after

maintaining the water level −10cm. Taxa are listed in increasing water table depth optimum (Opt). Grey bars in cells

are proportional to the mean relative abundance of each taxa in plots. The di�erence in mean speci�c richness was only

signi�cant in the dry treatment between T0-R1 and T0-R2 (ANOVA and Tukey HSD test, in bold).

Morphotaxa Opt. Tol. Treat. Mean se Mean se Mean se Mean se

Amphitrema wrightianum 9.4 4.1 Wet 0.0% 0.0% 3.1% 0.4% 6.1% 2.4% 0.5% 0.5%

Pseudodifflugia gracilis 9.4 7.5 Wet 0.0% 0.0% 0.0% 0.0% 0.4% 0.4% 1.0% 0.7%

Archerella flavum 10.9 8.5 Wet 4.7% 2.2% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1%

Cyclopyxis arcelloides 11.1 9.2 Wet 0.6% 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Physochila griseola 15.2 7.1 Wet 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.2% 0.9%

Hyalosphenia papilio 16.1 10.1 Wet 85.0% 3.9% 84.4% 3.5% 55.5% 11.2% 36.1% 14.6%

Centropyxis aculeata 17.0 7.0 Wet 0.8% 0.5% 1.7% 1.5% 1.3% 1.2% 7.1% 6.4%

Cryptodifflugia oviformis 19.5 13.2 Wet 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Euglypha ciliata 19.6 11.8 Wet 1.7% 0.5% 0.4% 0.4% 0.5% 0.4% 5.7% 2.5%

Phryganella acropodia 21.6 11.5 Wet 0.0% 0.0% 7.4% 3.0% 17.0% 5.2% 11.1% 6.0%

Heleopera rosea 22.3 6.9 Wet 1.2% 0.8% 1.0% 0.6% 0.0% 0.0% 1.9% 1.3%

Heleopera sylvatica 23.0 11.9 Wet 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.0% 0.7%

Corythion dubium 23.7 11.0 Wet 0.0% 0.0% 0.0% 0.0% 6.4% 1.8% 4.2% 2.4%

Nebela tincta s.l. 23.8 12.7 Wet 1.8% 0.6% 0.3% 0.3% 1.2% 1.2% 4.4% 3.0%

Arcella catinus 24.7 8.7 Wet 3.5% 1.4% 1.1% 0.7% 1.4% 1.1% 1.8% 0.8%

Assulina muscorum 25.5 11.4 Wet 0.7% 0.5% 0.6% 0.4% 10.2% 7.3% 22.9% 14.3%

Specific richness 6.6 0.7 4.8 0.6 5.8 0.6 8.2 1.5

Amphitrema wrightianum 9.4 4.1 Inter 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.1%

Pseudodifflugia gracilis 9.4 7.5 Inter 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.7% 0.7%

Archerella flavum 10.9 8.5 Inter 0.0% 0.0% 0.0% 0.0% 0.3% 0.3% 1.8% 1.2%

Cyclopyxis arcelloides 11.1 9.2 Inter 0.2% 0.1% 0.0% 0.0% 0.2% 0.2% 1.4% 1.2%

Physochila griseola 15.2 7.1 Inter 0.0% 0.0% 0.2% 0.2% 0.0% 0.0% 0.9% 0.9%

Hyalosphenia papilio 16.1 10.1 Inter 87.2% 2.7% 84.2% 1.1% 68.2% 4.8% 56.2% 8.0%

Centropyxis aculeata 17.0 7.0 Inter 0.9% 0.2% 0.5% 0.2% 0.6% 0.5% 4.3% 4.3%

Cryptodifflugia oviformis 19.5 13.2 Inter 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Euglypha ciliata 19.6 11.8 Inter 0.1% 0.1% 0.5% 0.2% 0.3% 0.2% 0.4% 0.3%

Phryganella acropodia 21.6 11.5 Inter 0.0% 0.0% 2.6% 1.6% 5.3% 3.1% 6.1% 3.7%

Heleopera rosea 22.3 6.9 Inter 0.5% 0.5% 1.1% 0.6% 0.3% 0.3% 1.3% 1.2%

Heleopera sylvatica 23.0 11.9 Inter 0.0% 0.0% 0.0% 0.0% 0.2% 0.2% 0.9% 0.5%

Corythion dubium 23.7 11.0 Inter 0.2% 0.2% 0.0% 0.0% 6.6% 6.0% 1.3% 0.8%

Nebela tincta s.l. 23.8 12.7 Inter 3.6% 0.6% 2.0% 0.7% 1.4% 1.4% 4.0% 3.5%

Arcella catinus 24.7 8.7 Inter 6.6% 2.0% 7.1% 1.1% 1.4% 0.5% 3.0% 0.8%

Assulina muscorum 25.5 11.4 Inter 0.8% 0.2% 1.8% 0.7% 15.2% 3.3% 17.4% 4.9%

Specific richness 5.8 0.5 6.0 0.3 6.6 0.5 7.6 1.5

Amphitrema wrightianum 9.4 4.1 Dry 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Pseudodifflugia gracilis 9.4 7.5 Dry 0.0% 0.0% 0.0% 0.0% 1.1% 0.6% 3.4% 0.8%

Archerella flavum 10.9 8.5 Dry 4.6% 3.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Cyclopyxis arcelloides 11.1 9.2 Dry 0.4% 0.4% 0.0% 0.0% 1.1% 1.1% 8.4% 7.6%

Physochila griseola 15.2 7.1 Dry 0.0% 0.0% 1.1% 0.9% 2.9% 1.7% 8.6% 3.5%

Hyalosphenia papilio 16.1 10.1 Dry 81.7% 5.7% 17.1% 6.1% 6.7% 2.6% 23.6% 6.6%

Centropyxis aculeata 17.0 7.0 Dry 0.5% 0.4% 7.7% 5.1% 2.8% 1.1% 8.2% 1.9%

Cryptodifflugia oviformis 19.5 13.2 Dry 0.0% 0.0% 0.0% 0.0% 18.3% 5.9% 0.0% 0.0%

Euglypha ciliata 19.6 11.8 Dry 1.8% 0.8% 4.5% 2.1% 4.2% 1.7% 5.0% 1.2%

Phryganella acropodia 21.6 11.5 Dry 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.7% 0.3%

Heleopera rosea 22.3 6.9 Dry 0.7% 0.3% 9.2% 5.3% 3.7% 0.8% 12.2% 2.6%

Heleopera sylvatica 23.0 11.9 Dry 0.0% 0.0% 0.0% 0.0% 1.3% 1.0% 3.1% 1.7%

Corythion dubium 23.7 11.0 Dry 0.7% 0.7% 33.9% 16.5% 30.1% 9.4% 3.5% 1.7%

Nebela tincta s.l. 23.8 12.7 Dry 4.3% 1.9% 22.2% 5.9% 24.8% 6.6% 15.2% 1.8%

Arcella catinus 24.7 8.7 Dry 5.3% 2.0% 1.9% 0.8% 1.2% 0.8% 0.4% 0.2%

Assulina muscorum 25.5 11.4 Dry 0.0% 0.0% 2.3% 0.7% 1.9% 0.9% 7.8% 5.3%

Specific richness 5.2 0.9 7.4 0.4 10.2 0.7 10.6 0.5

T0 D1 R1 R2
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Figure 5.2 – Principal component analyses (PCA) of a) testate amoeba species and b) community weighted mean (CWM)

of functional traits in Sphagnum fallax from a mesocosm experiment simulating water table changes. The species dataset

was Hellinger transformed and the CWM data were scaled. Projection of descriptors (left) and samples (right), scaling

2. On the right plots, arrows represent the time line for each treatment (mean coordinates of the �ve sampling plots

of each treatment and time). In both PCAs, axes 1 and 2 were the only signi�cant axes and accounted respectively

for 60.4% (species based) and 80.2% (CWM based) of the variance. Characteristic plots for wet and intermediate treat-

ments were labelled. Taxa abbreviations: Amp_wri: Amphitrema wrightianum, Pse_gra: Pseudodi�ugia gracilis, Arc_�a:

Archerella �avum, Cyc_arc: Cyclopyxis arcelloides, Phy_gri: Physochila griseola, Hya_pap: Hyalosphenia papilio, Cen_-

acu: Centropyxis aculeata, Hel_syl: Heleopera sylvatica, Cry_ovi: Cryptodi�ugia oviformis, Eug_cil: Euglypha ciliata,

Phr_acr: Phryganella acropodia, Hel_ros: Heleopera rosea, Cor_dub: Corythion dubium, Neb_tin: Nebela tincta s.l., Arc_-

cat: Arcella catinus, Ass_mus: Assulina muscorum.
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Figure 5.3 – Evolution of standardized e�ect size of mean pairwise distance between sampling plots relatively to a null

model (random species matrix with respect to observed speci�c richness, see text for details) of testate amoeba com-

munity weighted mean (CWM) of functional traits data from a Sphagnum fallax mesocosm experiment simulating water

table changes. The mean pairwise distance represents the distance separating communities based on the pool of func-

tional traits. Horizontal grey dotted line represents the limit of p-value of 0.05, points below the line are signi�cantly

di�erent from the null model. Each replicate was represented separately, with a grey scale.

aperture (axis 2). As for the community biplot, the

dispersion of samples from the wet plots was wide,

for the recovery phase (R1 and R2): W2 and W3 are

correlated to a ventral-central aperture, with non-

compressed, idiosomes tests, while W4 and W5 are

correlated to smallest taxa with a small ventral aper-

ture and a test built from xenosomes. This com-

position of traits is similar to that observed for dry

plots at maximum disturbance (D1-R1). In dry plots,

the CWM of traits evolved towards small species,

with small, ventral pseudostome and compressed

test made with xenosomes at D1, corresponding to

the maximal e�ect of the treatment. After restoring

the hydrological conditions, the community mix of

traits returned towards larger species, with a central-

ventral aperture and idiosomes tests.

Figure 5.3 shows the evolution of standardised

e�ect size of mean pairwise distance (ses.mpd) based

on species traits for each plot. In dry plots, the trend

was negative since D1, all treatments and sampling

dates but one showing negative values as compared

to the null model, two of these plots being signi�c-

antly di�erent from the null model. In wet plots, the

trend was towards a positive distance from the null

model but two samples (W2 and W5) showed the op-

posite at R2, again illustrating the high dispersion of

responses in this treatment. In intermediate plots,

no clear trend was visible.

5.4 Discussion

Our aim was to assess the resilience capacity

the Sphagnum testate amoeba community following

an experimental hydrological perturbation which in-

cluded three treatments: 1) wet (mild perturbation),

2) dry (severe perturbation) and 3) intermediate (“no

perturbation”, considered here as control). The dura-

tion of the �rst experiment was long enough (almost

three years) to induce a deep change in mesocosm

functioning. In dry samples, the mineralisation of

peat was obvious and Sphagnum fallax was replaced

by other bryophytes and ferns, like in drained peat-

lands (Grosvernier et al., 1997; Graf et al., 2010).

Our results showed that the duration of the per-

turbation (i.e. thirty-two months) was clearly suf-

�cient to allow both the moss (i.e. amoeba habitat)

Sphagnum fallax and their associated microbial com-

munities (among which testate amoebae) to respond

�rst to the experimental hydrological perturbation

and second to the experimental “restoration”. Both

the testate amoeba community structure and com-

munity weighted mean of functional traits reacted

within one growing season to the restored condi-

tions. The response patterns we observed are gen-

erally in line with known ecological preferences of

species derived from observational studies and the

response of testate amoeba communities to a manip-

ulative �eld experiment simulating a hydrological
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Table 5.4 – Permutational multivariate analysis of variance of testate amoeba community dataset from Sphagnum fallax

mesocosm experiment simulating water table level changes by treatment and between sampling time. Sampling time

was signi�cantly di�erent in all treatments.

Treatment Df SumsOfSqs MeanSqs F-value R
2

p-value

Dry Time 3 2.34 0.78 7.52 0.58 0.00

Residuals 16 1.66 0.10 0.41

Total 19 4.00 1.00

Intermediate Time 3 0.37 0.12 3.56 0.40 0.00

Residuals 16 0.55 0.03 0.60

Total 19 0.92 1.00

Wet Time 3 0.88 0.29 3.11 0.37 0.02

Residuals 16 1.51 0.09 0.63

Total 19 2.39 1.00

Df: degree of freedom, SumOfSqs: sequencial sum of square, MeanSqs: mean square.

gradient (Marcisz et al., 2014).

5.4.1 Community structure and response
to water table changes

At the beginning of the experimentation, the

community was dominated by Hyalosphenia papilio,

a frequently dominant taxon in oligotrophic Sphag-
num peatlands and especially Sphagnum fallax
poor-fens (Lamentowicz and Mitchell, 2005; Jassey

et al., 2013b).

In the dry treatment, the community structure

shifted by D1, as expected, towards a dominance

of taxa characteristic for drier conditions: Nebela
tincta s.l., Corythion dubium, Assulina seminulum,

Centropyxis aculeata (Bobrov et al., 1999; Mitchell

et al., 1999; Lamentowicz and Mitchell, 2005), which

is similar to the community structure observed on

bare peat or early stages of spontaneous cutover

bog regeneration (Buttler et al., 1996; Laggoun-

Defarge et al., 2008). This e�ect remained until

R1 and a recovery became clear by R2 (Mitchell

et al., 1999; Mazei et al., 2009).

Present at the beginning of the experiment,

Archerella �avum, a mixotrophic species well adap-

ted to situations where nutrient availability is low

(Jassey et al., 2013b, 2015) and characteristic for mod-

erately wet micro-habitats (Mazei et al., 2009), disap-

peared completely in the dry plots. The increase in

species richness at R1 and R2 suggests that some taxa

were not detected at T0, possibly due to the strong

dominance of H. papilio, but were recorded at R1 and

R2 when this species decreased.

Unlike the evolution in dry plots, neither the in-

termediate nor the wet treatment showed a clear

change in community composition during the dis-

turbance period (T0-D1). It seems that the wa-

ter level contrast between the intermediate and

wet treatments was not high enough to a�ect the

population dynamics of H. papilio and the com-

munity structure thus remained similar in both treat-

ments until D1. This lack of contrasted response

of H. papilio between these two treatments is in

line with its relatively wide tolerance to water level

(Table 5.3 Booth and Meyers, 2010).

During the recovery phase, with a mean wa-

ter table position at −10cm, the relative abundance

of H. papilio declined and that of several taxa re-

lated to drier conditions increased (i.e. Assulina
muscorum, Phryganella acropodia, Figure 5.4 Bobrov

et al., 1999; Mitchell et al., 1999). However, two pat-

terns were observed (Fig 2a): the community struc-

ture of some wet and intermediate plots changed and

became similar to that of the dry treatment, while

the other wet and intermediate plots remained rel-

atively stable during this phase, despite a decrease

of H. papilio. This unexpected trend is however co-

herent with the contrasted evolution of the meso-

cosms (Suppl. Figure 5.1). Indeed, when the water

level was moved to −10cm in all plots, we observed

that the structure and vitality of the moss carpet had

considerably changed in some mesocosms. This was

most clear in dry treatments where the Sphagnum
fallax carpet was quite completely replaced by other

bryophytes and ferns (Suppl. Figure 5.1), but also in

some wet and intermediate plots.

5.4.2 Treatment e�ects on testate amoeba
functional traits

This clear community shift in the dry treatment

corresponded to a shift in traits with an increased

representation of smaller taxa, of shells with small

ventral pseudostomes, a loss of mixotrophy, and an

increase in idiosomes and xenosomes tests. These

changes are in line with the drier conditions and

thinner water �lm (Fournier et al., 2015; Marcisz

et al., 2016; Payne et al., 2016b). The clear de-
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crease in mixotrophy (related to the diminution of

H. papilio which was not replaced by another mixo-

trophic taxa) indicates that mixotrophy does not rep-

resent an advantage in drier conditions, even when

light availability remains constant. Mixotrophy was

shown to be related to nutrient content and C cyc-

ling: a higher proportion of mixotrophs in the com-

munity being associated with higher C sequestra-

tion (Jassey et al., 2013b, 2015). The reduction of

mixotrophy thus indicates an important functional

change in the testate amoeba community in the dry

plots during the disturbance phase. The shift in

traits also indicates a lowering of the trophic level

the community (i.e. more bacterivory as opposed

to eukaryvory), suggesting a faster turnover of car-

bon and nutrients (Jassey et al., 2013a, 2015; Fournier

et al., 2015).

During the recovery phase (R1-R2) in the dry

treatment, the shifts of both community structure

and traits towards the situation of T0 are in line

with the increased humidity. This suggests that the

functional niche and the food web structure respon-

ded the manipulated water table in the dry treat-

ment (Kearney et al., 2010; Jassey et al., 2013a).

Moreover, the trend towards the recovery of the ori-

ginal niche indicates that mesocosms are adequate

tools to model the evolution of natural ecosystem

(Benton et al., 2007).

The CWM did not di�er signi�cantly between

the wet and intermediate treatments. In these two

treatments, changes occurred only after D1, with a

slow transition towards traits indicating drier con-

ditions, at least in some plots. CWM of traits fur-

ther suggests that the state of Sphagnum layer was

the main driver in wet & intermediate plots (Suppl.

Figure 5.1) while water table depth impacts more

strongly the testate amoeba community structure

in the dry plots. This is in line with previous ob-

servations on the stronger role of moisture condi-

tions in the moss carpet in shaping testate amoeba

communities rather than a possible direct impact of

water table position (Buttler et al., 1996; Mitchell

et al., 1999; Booth, 2001, 2002; Jassey

et al., 2011; Payne et al., 2016a).

5.4.3 Community assembly: habitat
�ltering vs. biotic factors

We used the null model approach to disen-

tangle biotic from abiotic drivers of community as-

sembly. Changes in ecological niche should impact

on testate amoeba community structure and this

will be re�ected by the CWM of traits. The dis-

tance between sampling plots (mean pairwise dis-

tance) should be signi�cantly lower than the dis-

tance calculated by chance in plots where abiotic

drivers are more important than competition (Chase

et al., 2011; Fournier et al., 2012; Arrieira et al., 2015).

In our experiment, the trend in dry plots was negat-

ive (signi�cantly in two replicates, Figure 5.3) and,

indicated that the community of testate amoeba

was mainly drifted by environmental �lters (Villéger

et al., 2008). The same pattern occurred in two rep-

licates of the wet treatment (W2 and W5), consist-

ently with the state of Sphagnum stems in these

plots. The shift towards less anoxic conditions (re-

lated to dryness) imply an important constraint for

the communities living in Sphagnum and, as one

of the most important groups, testate amoebae re-

spond strongly to the change. By highlighting dir-

ectly the loss of mixotrophy and the increase of

smaller taxa, mainly bacterivorous, CWM of traits

showed that dryness deeply a�ects ecosytem func-

tioning and impact on nutrient and carbon cycles

(Jassey et al., 2013a,b, 2015).

5.5 Conclusion and suggestion for
future work

Our goal was to monitor the recovery of testate

amoeba community to a water level comparable to

natural Sphagnum peatlands using a mesocosms ex-

periment. Due to the relatively small diameter of the

moss carpets (12cm), survival of Sphagnum mosses

cannot be guaranteed. Larger mesocosms would be

useful to conduct longer-term experiments, but at a

higher cost. The choice of the size is clearly a trade-

o�. Furthermore, over the course of our experiment,

the di�erential growth of the mosses and mineraliza-

tion of the underlying peat caused the surface of the

moss carpet to strongly diverge among treatments

(ca. 20cm height di�erence by the end of the ex-

periment), thus creating additional microclimatic ef-

fect (shading). Nevertheless, the survival of testate

amoeba communities throughout the experiment, al-

lowed us to assess for the �rst time experimentally

community recovery in response to a raise in wa-

ter level comparable to what is aimed for in peatland

restoration projects. The results show the in�uence

of both the water table and the structure of the moss

carpet and con�rm the usefulness of testate amoebae

as biomonitors in peatland.

The response patterns of the community

weighted mean of functional traits were similar

to those of testate amoeba community structure

and both were well correlated to ecological con-

straints. The CWM approach however presents the
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Figure 5.4 – Top: summary representation of the evolution of testate amoeba communities from a Sphagnum fallax

mesocosm experiment simulating water table changes. The size of illustrated species is approximately propotional to

their relative body size. As communities in the intermediate and wet treatments were not signi�cantly di�erent, they

are pooled together for the species based evolution (upper part). The three most abundant taxa (mean abundance) at

each sampling time are represented (four at T0). Present at the beginning of the experiment, A. �avum recovered only

slightly in intermediate plots at R2 (not shown). Small taxa (P. acropodia, A. muscorum, C. oviformis, C. dubium) in-

creased after the disturbance (arrow) and in dry plots H. papilio almost disappeared at R1 and recovered at R2. Bottom:

Evolution of testate amoeba functional traits. Di�erent signs or letters indicate signi�cant di�erences. The lines show

the cubic spline interpolation of the CWM of trait at each sampling point (n = 5). As for species-based evolution, in

the wet and intermediate treatments the disturbance e�ect remained in the recovery phase in some plots, as shown by

the increasing spread of points and constantly decreasing spline line. By contrast, in dry plots, the maximum stress re-

sponse was observed at D1 and R1 followed by a partial recovery at R2. In the dry treatment, the dominant positions of

the pseudostome was ventral at D1 and terminal at R1.
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advantage of revealing more directly the impact of a

stress, as noted for the diverging response of some

wet/intermediate plots in the recovery phase. In

addition, the functional diversity approach circum-

vents to some extent the need for high taxonomic

resolution, which may not be easily achieved for

non-specialists and can lead to erroneous interpret-

ation in some cases (Heger et al., 2009; Mitchell

et al., 2014). Testate amoeba taxonomy is con-

stantly changing and molecular based studies are

revealing cryptic diversity (Lara et al., 2007; Heger

et al., 2009; Kosakyan et al., 2013, 2016; Singer

et al., 2015; Oliverio et al., 2014). This will require

a renewed e�ort to characterise the ecological in-

formation that can be inferred from this larger num-

ber of taxa. Until a better taxonomy is available,

the functional diversity approach, based on easily-

measurable morphological traits represents a power-

ful approach to infer ecological processes (Fournier

et al., 2012, 2015; de Bello et al., 2010; Mitchell

et al., 2014). Measuring the proportion of mixo-

trophs, the size and position of the pseudostome

or the size category of testate amoebae is thus a

promising approach to monitor the impact of per-

turbations or restoration on Sphagnum peatlands

(Fournier et al., 2015; Marcisz et al., 2016; Payne

et al., 2016a). To our knowledge these tools have

not yet been used in environmental consulting or by

managers, but we feel that the potential is clearly

there.
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Appendix

Supplementary material

Table 5.A1 – Correspondence of sampling codes and date between the �rst experiment (Koenig et al., accepted) and this

experiment.

Treatment Sampling dates Replicates

Treatment/Date Dry Intermediate Wet 2012-08-02 2014-03-27 2015-05-18 2015-09-24

Koenig et al. (accepted) BM IM HM T0 T6 na na 1-5

Recovery experiment D I W T0 D1 R1 R2 1-5
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Chapter 6

Discussion and Conclusion to:
Using testate amoeba community structure and functional

diversity to assess the impact of climate changes
on ecosystem functioning: �nding relevant and convenient
tools for bio-monitoring of Sphagnum peatlands evolution

or recovery.
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6.1. Context

6.1 Context

With ongoing climate changes and human

pressure on ecosystems worldwide, the under-

standing and quantifying of services provided

by ecosystems has become highly important

(IPCC, 2014; MEA, 2005). Ecosystem services include

all the functions contributing to human well-being

and the monetary values of these services can be es-

timated (Costanza et al., 1998; MEA, 2005). Ecosys-

tem services provided by peatlands include climate

regulation, either by increasing carbon �xation or

by reducing carbon emissions. The carbon pool and

sink function of peatlands can however easily be

lost when these ecosystems are damaged (Belyea

and Malmer, 2004; Fleischer et al., 2016; Mitsch and

Gosselink, 2007).

Sphagnum peatlands, mainly found in boreal re-

gions (but not exclusively), are characterised by wa-

terlogged soils with anoxic conditions, high acidity

and low nutrient content (Gobat et al., 2010; Mitsch

and Gosselink, 2007). Due to the anoxic condi-

tions, mineralisation rates are low which leads to

the accumulation of carbon in the soil (Bridgham

et al., 2006; Maltby and Immirzi, 1993). While peat-

lands represent only 3% of the Earth’s land sur-

face, they contain ca. 500±100 giga−tons of carbon

(Gt C), which represents the equivalent of 1/3 to

1/2 of all atmospheric carbon (Gorham, 1991; Ram-

sar, 2013; Yu, 2012).

Peatlands have su�ered from direct (peat har-

vesting, drainage, conversion to agricultural land, af-

forestation) and indirect (pollution by nutrients, cli-

mate change, alteration of regional hydrology) im-

pacts. Since the end of the 20
th

century, an increas-

ing interest emerged to protect and restore the re-

minding peatlands and, in Western Europe, a sub-

stantial amount of money was spent in revitalisa-

tion projects (Andersen et al., 2017). However, in

their review, Andersen et al. (2017) highlighted that

in most cases, little if nothing is invested in mon-

itoring restoration success, and they suggested the

implementation of long-term monitoring and re-

search programmes to assess the success of con-

ducted measurements. In this context, the develop-

ment of bio-monitoring tools that are easy to handle

and to implement will greatly improve the follow-

up of peatland restoration and will allow the com-

parison between sites. Until now, peatlands monit-

oring was mainly conducted using vegetation sur-

veys (Bonnett et al., 2011; Graf et al., 2010). These

require profound knowledge in botany, are time con-

suming (quantitative survey) or are based on estim-

ation (semi-quantitative survey). In addition, they

depend on the season and need to be conducted by

the same botanist to avoid a bias in estimation (Vit-

toz and Guisan, 2007). Moreover, the impact of per-

turbation or regeneration measures will be re�ec-

ted by a change in vegetation many years later. In

this context and as most of the functions of peat-

lands are related to waterlogged soils (i.e. carbon

�xation, preservation of specialised plants, water �l-

tration, bu�er e�ect against �ood, etc. Haapalehto

et al., 2011; MEA, 2005), �nding organisms that re-

spond more rapidly to changes in the water content

is of primary importance.

6.2 Biomonitoring of Sphagnum
peatlands through changes
in testate amoeba community
structure and weighted mean
of functional traits

The central point of this thesis was to test the

use of testate amoeba community in the context

of Sphagnum peatlands monitoring and to address

some theoretical issues related to the selection of

functional traits. As the carbon �xation function in

Sphagnum peatlands is mainly related to the level

of water table, monitoring tools giving direct or in-

direct information on humidity and/or water level

depth are essential. Such tools have to be well cor-

related to ecosystem functioning and thus to eco-

system services and must be easy to use also for

non-specialists (e.g. natural park managers and their

sta�, environmental consultants). To achieve this,

we followed a three-step approach (Figure 6.1) by:

1) comparing changes in testate amoeba and ve-

getation community structures along an altitudinal

gradient of Sphagnum peatlands in Switzerland; 2)

de�ning a framework allowing to monitor change

in testate amoeba community structure and select-

ing functional traits indicating a water stress in a

controlled experiment; 3) applying this framework

in the follow-up of a transplanted bog and compar-

ing the functioning of the bog to a reference site.

Each step was planned to answer questions emer-

ging from the previous one and aims to re�ne the use

of testate amoeba community structure and func-

tional traits in bio-monitoring of Sphagnum peat-

lands.
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Altitudinal gradient

in natural peatlands

Transplanted peatland soil:

a semi-natural approach

Water level fluctuations effect:

a mesocosm approach

Are changes in community 

structure of testate amoeba

better correlated with micro-

gradient than vegetation 

surveys?

How to quantify and 

correlate ongoing 

processes to change in 

testate amoeba 

community structure?

Could we apply this 

framework in a practical 

case of bio-monitoring  in 

peatlands?

Question:

Experiment:

A selection of ten taxa, 

which are easy to identify,  

is better correlated to 

humidity gradient than 

vegetation.

Our controlled experiment 

allows us to correlate the 

changes in community 

structure and weighted 

mean of functional traits to 

water table depth.

The comparison between a 

regenerated peatland and 

an artificial bog shows that 

the community structure 

was significantly different 

but that the global humidity 

was quite similar.

Discussion:

New questions: How to easily quantifiy the 

response, without strong 

skills in statistics?

How  to correlate the 

changes in community 

structure to ongoing 

processes?

Do the mesocosms give a 

realistic picture of natural 

peatlands?

Could we use this framework 

to monitor natural peatlands?

What are the underlying 

processes?

.

2000 m. a.s.l.
1000 m. a.s.l.

500 m. a.s.l 500 m. a.s.l.

How strong is the link between 

changes in community weighted 

mean of traits and below ground 

processes?

Is it possible to construct a 

framework easy to use in practice?

Online tools which allow easy  

interpretation of the community 

structure and which provide a 

diagnostic on ongoing processes 

should be developped.

Figure 6.1 – Global overview of the thesis with each step as described in text. The whole project was constructed to test

the possible use of testate amoeba community structure and community weighted mean of functional traits in practical

peatlands management.
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6.2. Biomonitoring of peatlands through changes in testate amoeba community

6.2.1 Testate amoeba community
structure as a biomonitoring tool
in Sphagnum peatlands

Using taxonomic groups to follow changes in

ecosystems requires some prerequisites (Bonnett

et al., 2011; Noss, 1990; Trepel, 2007). According to

Noss (1990), a bioindicator should be (amongst oth-

ers): 1) su�ciently sensitive to provide early warn-

ing of change; 2) distributed over a broad geograph-

ical area; 3) able to give continuous assessment over

a wide range of stress; 4) easy and cost-e�ective

to measure, collect, assay and calculate; 5) relev-

ant to ecologically signi�cant phenomena. Further-

more, in ecosystems particularly sensible to stress

and disturbances, the impact of sampling should

be as little as possible. Testate amoebae ful�l sev-

eral (if not all) above assumptions and could be

used in bio-monitoring programmes (Payne, 2013).

As a dominant taxonomic and functional group

in Sphagnum peatlands, they play a central role

in carbon and nutrient cycles and respond rap-

idly to changes in their environment (Gilbert and

Mitchell, 2006; Jassey et al., 2013a, 2015; Mar-

cisz et al., 2014; Wilkinson, 2008; Wilkinson and

Mitchell, 2010). Moreover, changes in testate amoeba

community structure are expected to re�ect ongo-

ing processes, particularly related to humidity, acid-

ity and nutrient cycles (Bobrov et al., 2002; Gil-

bert and Mitchell, 2006; Qin et al., 2013; Wilkin-

son, 2008; Wilkinson and Mitchell, 2010).

The use of testate amoeba community structure

in peatlands and wetlands is now well established

but requires profound knowledge in taxonomy and

ecological interpretation (Heger et al., 2009; Mitchell

et al., 2008b; Payne, 2013). Moreover, as com-

munity structure might per se be di�erent at ref-

erence sites, it could be di�cult to interpret on-

going processes only based on the comparison of

community structures between di�erent sites. The

functional trait based approach allows to overcome

some of these limitations in bio-monitoring (de Bello

et al., 2010; Fournier et al., 2015). Our work gave

new evidence to the relationship between functional

traits and niche constraints. Establishing a frame-

work using easy measurements with an optical mi-

croscope and the addition of manipulations e.g. wa-

ter stress should help to implement the use of testate

amoebae in bio-monitoring of Sphagnum peatlands.

In chapter 2, we assessed that a selection of ten

testate amoeba morphotaxa was better correlated to

the humidity gradient and to moss carbon and ni-

trogen contents along the altitudinal gradient than

vegetation (vascular plants and bryophytes). By re-

�ecting humidity and nutrient content of Sphagnum
patches, these ten morphotaxa could thus be used

to follow the impact of revitalisation measures and

to assess the impact of climate change on peatlands.

Moreover, the identi�cation of these morphotaxa

is relatively easy using an optical microscope and

sampling could be done without prior knowledge

other than choosing the patches according to the

aim of the study. In addition, as the switch between

carbon sink and source in Sphagnum peatlands is

directly linked to the water table depth (Bragazza

et al., 2009; Fleischer et al., 2016; Gorham, 1991),

these taxa provide indirect information on organic

matter mineralisation (Bragazza et al., 2016; Jassey

et al., 2013a).

This �rst experiment was limited by the lack

of reference studies using these taxa as a bio-

monitoring tool. Here, we used indirect and direct

ordinations but these approaches require expertise

in multivariate analyses and may have a deterrent ef-

fect on the sta� of natural ecosystem managements.

By analysing a broader range of samples, from di�er-

ent macro-climatic zones and micro-environmental

conditions, we should be able to calibrate the ra-

tio of each morphotaxa in the community structure

and to relate it to the water level and carbon bal-

ance. Comparison tables, both visual and quantit-

ative, are required, allowing interpreting the com-

munity structure in terms of the proportion of each

taxon. Moreover, controlled experiments and addi-

tional proxies could add value and thus support the

implementation of testate amoeba as a robust bio-

monitoring tool.

6.2.2 Assessing the impact of water table
depth on testate amoeba community
structure and weighted mean
of functional traits

In the mesocosm study (chapters 4 & 5), we fol-

lowed the changes in testate amoeba community

structure and functional traits in a controlled exper-

iment of manipulated water table. Our experiment

covered the whole process from the start of the dis-

turbance to the recovery after the rewetting process.

By isolating one variable, the other variables staying

comparable between treatments, we could assess the

change in community structure related to the vari-

ation in humidity content. The functional trait ap-

proach brought an additional dimension to the ex-

periment and allowed us to highlight some mechan-

isms hidden behind the shift in community structure

and particularly the niche �ltering process (Maire

et al., 2012; Mouillot et al., 2007).
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Recent studies correlated testate amoeba func-

tional traits to local conditions and particularly

humidity (Fournier et al., 2012, 2015; Kajukało

et al., 2016; Marcisz et al., 2016; Payne

et al., 2016b; Schwind et al., 2016), food web func-

tioning (Jassey et al., 2012, 2013b), nutrients and

availability of micro-particles for shell building

(Jassey et al., 2015; Schönborn, 1963; Wanner and

Meisterfeld, 1994). In the �rst part of the experiment

(chapter 4), we correlated the lowering of the water

table with a shift in community weighted mean of

traits towards: 1) an increased proportion of small

taxa; 2) a hidden pseudostome (ventral or ventral-

central); 3) a diminution of the pseudostome size;

and 4) the loss of mixotrophy. This set of traits re-

�ects a drastic change in ecosystem functioning,

related to a thickening of the acrotelm (i.e. the oxic

layer in Sphagnum peatlands) which stimulates the

development of primary decomposers, bacteria and

fungi (Andersen et al., 2013; Bragazza et al., 2016). In

the recovery experiment (chapter 5), we simulated a

regeneration process by increasing the water table

in the replicates. Testate amoeba community re-

sponded to changes in less than six months and the

response was in line with previous studies show-

ing that the structure of the community was correl-

ated to micro-environmental gradients such as the

position along the stem or humidity content (Jas-

sey et al., 2011; Mieczan, 2010; Mitchell et al., 1999).

The evolution of dry plots suggested that the use

of mesocosms, as ecosystem modelling, to study

restoration ecology in Sphagnum peatland is real-

istic. The change in testate amoeba community

structure went towards the recovery of taxa that

are correlated to medium-wet conditions like Hy-
alosphenia papilio and Heleopera rosea, and the de-

cline of taxa adapted to dryness like Nebela tincta s.l.

and Corythion dubium. The community weighted

mean of traits showed a recovery of mixotrophy, an

increase in test length, variation of the pseudostome

size and terminal pseudostome position, indicating

that local conditions were less drastic and allowed

testate amoeba community to recover. The C �x-

ation possibly resumed (or at least the rate of C

loss declined – inferred from the increase in propor-

tion of mixotrophs), and the trophic level of testate

amoeba community increased, indicating a change

in food web functioning (Gravel et al., 2016; Jassey

et al., 2013b; Wilkinson and Mitchell, 2010).

6.2.3 Practical application of testate
amoeba in bio-monitoring

The third step was to apply our framework in

practise. The hot and dry summer of 2015 gave us

the opportunity to make use of a real-life situation

with the follow-up of an arti�cial bog experiment in

the Botanical Garden of Neuchâtel (Chapter 3). We

decided to monitor the community of testate amoe-

bae based on taxonomic and functional approaches

and to compare it to a reference site, located in Bois

des Lattes (canton of Neuchâtel.

Our results indicated that the community struc-

tures in the Botanical Garden were signi�cantly dif-

ferent than those found in Bois des Lattes on bare

peat. Moreover, in the Botanical Garden in 2015,

the shift in community structure between living test-

ate amoebae and empty amoeba tests indicated that

most of the original population died out, probably

due to the dryness. The empty tests community

structure in the Botanical Garden in 2015 indic-

ated more humid conditions than the one found in

Bois des Lattes. In the Botanical Garden, Sphagnum
patches from various sites from the Jura were trans-

planted into the Botanical Garden and some of them

were maintained in wet conditions for at least two

years until the bog was built. The community has

survived in most patches until the summer of 2015.

After the dry and hot summer, in the Botan-

ical Garden (both sampling dates), the community

structure was dominated by Corythion dubium, a

pioneer taxon related to dry conditions (Payne

et al., 2015; Smith, 1996). We assumed that a trans-

itional phase was ongoing in 2015 between the trans-

plantation of Sphagnum patches into the Botanical

Garden and the community found in 2016. Based

on community weighted mean of traits, both sites

were signi�cantly di�erent but to a lower extent.

In Bois des Lattes, the broad presence of taxa with

a test made of xenosomes (mainly Di�ugia ssp.),

linked to the local conditions, i.e. the presence of

mineral particles, explained most of the di�erence.

A focus on traits related to humidity constraints,

revealed that, in the Botanical Garden, the humid-

ity rate was comparable to the humidity conditions

found in Sphagnum patches laying on bare peat, in

Bois des Lattes. We concluded that after the hot and

dry summer of 2015, the niche constraints in the

Botanical Garden were similar to one found in the

reference site. The community weighted mean of

traits con�rmed the transitional status of the 2015

sampling in the Botanical Garden and the di�erence

between the community weighted mean of traits in

the living population and empty tests clearly indic-
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6.3. Linking community structure, functional traits and ecosystem functioning

ated a shift towards drier conditions.

The shift in community structure is di�cult

to interpret as the ecological preference of Cory-
thion dubium is not clearly established yet. Most of

studies linked C. dubium to the margin of ombro-

trophic peatlands (Mitchell et al., 1999; Opravilova

and Hajek, 2006). Often related to the driest

part of acid peatbogs, this taxon could be also

found in forest humus, in Arctic or Antarctic areas

(Beyens et al., 1990; Payne et al., 2015; Royles

et al., 2013; Smith, 1996). Thus, interpreting that the

bog is shifting towards meadow, forest or other kind

of terrestrial ecosystems, only based on the wide

presence of C. dubium, is hasty. The trend in the

Botanical Garden evolved from a situation with low

niche �ltering and high food web level for testate

amoeba community – re�ected by CWM of traits on

empty tests in 2015 – towards more stressed condi-

tions with high niche �ltering – related to a thin-

ner water �lm – in 2016. This indicated that test-

ate amoeba community had a lower level in food

web functioning, this being related to the loss of lar-

ger taxa, often predators of smaller ones (Fournier

et al., 2012; Jassey et al., 2012, 2013b; Mouillot

et al., 2007). Compared with Bois des Lattes, where

we sampled on bare peat, the functioning of the ar-

ti�cial bog is rather similar in 2016, con�rming that

the water table never reached the ground level over

the last few months.

6.3 Linking community structure,
functional traits
and ecosystem functioning

6.3.1 Taxonomic community structure

The shift in community structure is summar-

ised in Figure 6.2, including the main taxa found

during this thesis and ordered regarding their tol-

erance to water stress. Amphitrema wrightianum
and to a lesser extend Archerella �avum, the two

taxa found in waterlogged conditions, may be de-

scribed as �agship taxa for a high water level, as they

will be quickly impacted by dryness. For instance,

they were never found alive neither in the Botan-

ical Garden nor in Bois des Lattes, but were very

abundant in pools along the altitudinal gradient and

they reappeared in some plots after rewetting of the

mesocosms during the recovery period. On the other

end of the humidity gradient are testate amoebae

living in dryer conditions and some of them could

be de�ned as �agship taxa of dryness or perturba-

tion, particularly Assulina muscorum, Corythion du-

bium, some big Euglypha ssp., Nebela militaris and

small taxa of N. tincta group. By comparing the pro-

portion of these taxa in the testate amoeba com-

munity along a sequence of sampling (e.g. accord-

ing to a natural gradient, the reference site, along a

time series, etc.) a �rst diagnosis can be made and al-

lows an insight in ongoing processes. But using only

taxonomic dynamics in monitoring may hide the sig-

nal because some taxa (for example, Hyalosphenia
papilio or H. elegans) can widely dominate the com-

munity, as it was the case in the mesocosm exper-

iment. Moreover, as some groups were understud-

ied, inferring below ground processes only based on

community structure is slightly hazardous.

6.3.2 Community weighted mean
of functional traits

The functional traits approach allows to in-

terpret ongoing processes and to link them to

global functioning of the peatland. In waterlogged

conditions, the environmental constraints on test-

ate amoeba community are less drastic and test-

ate amoebae are represented at several levels of

food web structure from predatory to bacterivor-

ous (Alley, 1982; Jassey et al., 2011; Tilman, 1982).

When water stress increases, adaptations which al-

low the individual to stay active in a thin water

�lm like hidden pseudostome (ventral or ventral-

central), small and compressed test are better ad-

apted and these traits dominated the community

weighted mean (Figure 6.3). Testate amoeba predat-

ors are often large taxa with a wide terminal pseudo-

stome (Fournier et al., 2015; Gilbert et al., 2003; Jas-

sey et al., 2012; Lamentowicz et al., 2013). These

traits represent a disadvantage when the water �lm

is thin and lead to the diminution of predatory

testate amoeba taxa. The predation pressure on

small, bacterivorous taxa decreased, explaining the

shift, but little is really known about these relation-

ships (Geisen et al., 2017; Jassey et al., 2012; Wilkin-

son, 2008). Our results in mesocosms are in line with

some pioneer’s works made in projects of �oodplain

restoration, peatlands monitoring, palaeo-ecology

reconstruction, etc. (Fournier et al., 2015; Jas-

sey et al., 2013a; Kajukało et al., 2016; Marcisz

et al., 2016). These studies suggested that biovolume,

pseudostome size and position, and test compression

re�ect changes in humidity level and thus give in-

sight in belowground processes. But further works

are needed to really understand the complexity of

the relationships within the testate amoeba com-

munity, and to link it to niche �ltering and to select

meaningful functional traits.
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Assulina muscorum

Nebela militaris

Euglypha compressa 
(big taxa)

Nebela tincta group

Corythion dubium

Heleopera rosea

Hyalosphenia elegans

Hyalosphenia papilio
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Figure 6.2 – Summary of testate amoeba community structure. The arrow indicated the direction of water stress, cor-

responding to the lowering of water table. Morphotaxa are grouped in three categories corresponding to water content:

high humidity content (water table depth – WTD: < 10cm, corresponding to pools), medium humidity content (WTD:

10 to 20cm, corresponding to lawns) and dry conditions (WTD: 20 to 30cm corresponding to hummocks). Pictures re-

spect the proportion between individuals and black line measure 50µm. NB: only morphotaxa related to this work are

included but they do not represent the whole community that could be found in each micro-habitat.
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6.4. Perspectives and follow up

Mixotrophy is both an e�ect trait re�ecting

the impact of the taxa on niche dynamic and

a response trait to local conditions (Lavorel and

Garnier, 2002; Stoecker, 1998; Violle et al., 2007).

Mixotrophy gives an advantage when nutrient avail-

ability is low or variable by giving an alternative

source of energy (Jassey et al., 2015; Stoecker, 1998).

It was assessed to enhance carbon �xation in peat-

lands but this function is lost with rising temper-

atures or decreasing humidity content, either by

the shift towards more heterotrophy (in mixotrophic

taxa) or by the loss of mixotrophic taxa themselves

(Jassey et al., 2015; Wilken et al., 2013). Thus, in-

cluding the mixotrophy in bio-monitoring should

re�ect carbon �xation function together with hu-

midity content (Jassey et al., 2015). In our experi-

ments (Figure 6.3), mixotrophy was the trait which

was the best in relation with dryness. In these

studies, mixotrophy was mainly depending on the

wide presence of Hyalosphenia papilio. This nutri-

tion mode is often related to humidity content but as

H. papilio lives in the very upper part of Sphagnum
stems, where the light availability is maximal (Mar-

cisz et al., 2014; Mitchell, 2004; Schönborn, 1963),

the relationship is not so obvious. Mixotrophy is

an important feature in carbon �xation, but it re-

mains largely understudied and available studies

were mainly conducted with planktonic or bacterial

communities (Matantseva and Skarlato, 2013) or are

related to phylogeny (Gomaa et al., 2014). In the

context of climate changes, carbon storage and car-

bon exchange, a deeper understanding of the link

between mixotrophy and carbon cycle, also in ter-

restrial ecosystems, is essential and could help to re-

duce the pressure on peatlands and wetlands world-

wide.

6.3.3 Below-ground – above-ground
relationships

If the lowering of the water table impacts the

testate amoeba community as an environmental �l-

ter, the opposite e�ect occurs at the upper scale

(Figure 6.3). Waterlogged and oligotrophic soils

act as a strong driver on plant communities and

only taxa with adaptations to the very drastic con-

ditions found in peatlands could settle in (Man-

neville et al., 2006; Mitsch and Gosselink, 2007). Spe-

cialised plants have often low growing rates and

are less competitive (K-strategists) than generalist

and they can di�cultly compete against taxa with

high growing rates and high competition qualit-

ies (r-strategists). The drainage of peatlands leads

to successional changes towards a new equilib-

rium, often meadows followed by forests (Jukaine

et al., 1995; Punttila et al., 2016). Revitalisation meas-

ures usually include rewetting by rising water level,

removal of trees and introduction of peatlands veget-

ation (Quinty and Rochefort, 2003; Schumann and

Joosten, 2008). Nevertheless, even after rewetting

measures, vegetation needs time to recover. In Fin-

land, Haapalehto et al. (2011) found, that if rewet-

ting measures in degraded peatlands reverses the ve-

getation succession with recovering of bog taxa like

Sphagnum ssp, and Eriophorum vaginatum, the pro-

cess is slow, even if some studies highlighted that

recovery could occur in less than eight years (Poulin

et al., 2013). Haapalehto et al. (2011) also showed

that some vascular plants common in wet hollows

(Scheuchzeria palustris, Carex limosa) were still ab-

sent after ten years. Assessing the changes in hu-

midity sooner than by monitoring vegetation suc-

cessions will improve the follow-up of revitalisation

measure in peatlands, at least by indicating if meas-

ures for rewetting were su�cient or not.

6.4 Perspectives and follow up

When up-scaled to the entire ecosystem, our res-

ults suggested that the regeneration process of dam-

aged peatlands, by rising the ground water level,

impact su�ciently, and rapidly, the abiotic condi-

tions in the soil to induce major changes in biotic

composition and associated functions. The growing

body of evidence demonstrates the clear and rapid

response of testate amoebae to hydrological changes

in Sphagnum peatlands and how these communities

relate to essential functions such as C sequestration

(Bragazza et al., 2016; Buttler et al., 1998; Laggoun-

Defarge et al., 2008). Given the global concern

about the e�ects of ongoing climate change on biod-

iversity, ecosystem functioning and ultimately eco-

system function relevant to human well-being, po-

tentially simple and informative monitoring tools

are precious. The analysis of testate amoebae to as-

sess spatial patterns (e.g. along natural or human-

impacted ecological gradients) and temporal (e.g.

following ecosystem restoration) changes in the car-

bon sink function is such a tool. From a manage-

ment perspective, testate amoebae o�er the advant-

age of providing insights on below-ground processes

that are directly relevant for a key function and that

change faster than vegetation.

Our framework allowed us to highlight ongo-

ing processes in mesocosms and in the arti�cial

peatbog in the Botanical Garden, but more work

should be done to re�ne the tool. For example,
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Figure 6.3 – Evolution of functional traits of testate amoebae along the stress gradient and impact of change in water

content at the microbial and ecosystem scales. The shift in traits indicated that environmental �ltering increased on the

community of testate amoebae, but at the ecosystem scale, the lowering of water table represented a decrease of niche

constraints which could favour the arrival of more competitive and fast-growing plants coming from the surroundings.

we do not know the long-term evolution of test-

ate amoeba communities in recovery areas like in

Bois des Lattes. The sampling we conducted gave

us a snapshot of the situation. Our results indic-

ate that the situation should be stable (little vari-

ation between living population and empty tests),

but we need to test it all along the year as season-

ality is known to a�ect testate amoeba population

(Lamentowicz et al., 2013; Lara et al., 2011; Warner

et al., 2007). Permanent plots in regeneration areas

and in natural peatlands, with seasonal or annual

sampling could improve our knowledge on variation

of testate amoeba community structure and com-

munity weighted mean of traits in response to re-

wetting measures. Even if discussed today, test-

ate amoebae are quite cosmopolite and identical

morphotaxa are found overall in comparable ecosys-

tems, at least in the northern hemisphere (Finlay and

Clarke, 1999; Mitchell et al., 2008b). Therefore, creat-

ing a monitoring tool based on testate amoebae is not

an utopia. Recently, a transfer function was made

with a pan-European dataset of testate amoebae with

the aim to calibrate the reconstruction of palaeo-

hydrology across Europe (Amesbury et al., 2016).

To achieve that, they de�ned morphotaxa (related

as “type”) to overcome taxonomic inconstancy, and

provided a calibration framework that should allow

the reconstruction of past climates by inferring wa-

ter table �uctuation in European peatlands. The

same work should be done to construct and calibrate

identi�cation keys for bio-monitoring. Moreover,

as most relevant traits in testate amoebae are re-

lated to speci�c characteristics (mixotrophy, pseudo-

stome position, test compression, test material, even

class size, etc.), a reference guide comparable to

the databases for life-history traits of European

�ora (Kleyer et al., 2008) and for micro-invertebrate

(BETSI, 2012; Moretti et al., 2017), should be set up as

an interpretation key for ongoing processes. Large

existing datasets could then be used to calibrate this

tool, applicable in peatlands monitoring at a large

scale, at least in Europe. As highlighted by Ander-

sen et al. (2017) and Bonnett et al. (2011), follow-

ing revitalisation measures with easy-to-handle, in-

expensive tools is primordial, both to assess the suc-

cess of revitalisation, particularly in terms of carbon

and nutrient cycles, and also for biodiversity preser-

vation, and to provide a feedback to taxpayers.

Furthermore, few researches, if any (but

see Meyer et al., 2013), were conducted on test-
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ate amoeba functional traits responding to vari-

ation in nitrogen and carbon dioxide content or

impact of pollutants on Sphagnum peatlands. These

factors were known to deeply impact peatlands evol-

ution and induced massive changes in the com-

munity structure of testate amoebae (Bragazza

et al., 2006, 2012; Breeuwer et al., 2008; Meyer

et al., 2012; Mitchell, 2004; Nguyen-Viet et al., 2008).

The de�nition of functional traits well correlated to

changes in nutrient content of peatlands will add

value to support the introduction of testate amoebae

in practical bio-monitoring. Even if peatlands res-

toration is mainly related to the water table depth,

atmospheric deposition of fertilisers could shift a bog

to a fen or allow fast-growing plants to settle even in

humid conditions and switch a peatland from carbon

sink to carbon source (Bragazza et al., 2006; Freeman

et al., 2004; Turunen et al., 2004).

6.5 Conclusion

At each step of this work, we aimed to provide

conditions which could be applied in practice. Test-

ate amoeba communities react quickly to changes in

humidity and a selection of ten easy-to-determine

taxa together with community weighted mean of

functional traits on the whole community made it

possible to analyse ongoing processes. With only

two hours per sample on well-selected samples (i.e.

along a humidity gradient, with respect of patch size,

along a regeneration gradient, etc.) the ongoing pro-

cesses could be assessed with small means and no

prior taxonomic training. The use of testate amoeba

functional traits as a tool to follow changes has only

recently started to be explored and is not yet used

in applied research (Marcisz et al., 2014, 2016; Payne

et al., 2016a). With further development and op-

timisation, this kind of tool could be very useful

for peatland ecosystem management, and could be

used by non-specialists, in complement to routine

approaches such as vegetation surveys or water table

depth measurements. User-friendly illustrated iden-

ti�cation keys with ecological information for each

morphotaxon could help the implementation of test-

ate amoeba community and functional traits ana-

lyses in Sphagnum peatlands bio-monitoring. An

additional step could be made with the set-up of a

web platform, allowing to upload datasets of test-

ate amoeba communities and community weighted

mean of traits, based only on taxonomic invent-

ory. A full analysis of these communities should

then help to widely use testate amoebae in bio-

monitoring. Such platforms already exist, for ex-

ample, the NINJA platform (Nematode INdicator

Joint Analysis) that gives a diagnosis of soil quality

based on nematodes community structure (Sieriebri-

ennikov et al., 2014).

Peatlands are now rare in Switzerland, they

have su�ered a loss of 90% of surfaces together

with an alteration of hydrology and/or nutrient

pollution in most of the remaining surfaces (Graf

et al., 2010; Grünig, 1994). Conserving the remain-

ing bogs and restoring the damaged ones is there-

fore a major challenge (Graf et al., 2010). Peat-

lands host glacial relic communities of plants, an-

imals and other organisms, most of which are loc-

ally threatened and further endangered by climate

changes and human pressure. Additional tools to as-

sess their health and recent evolution based not only

on vegetation surveys but also focusing on below-

ground organisms and processes would provide use-

ful information to help to support conservation and

restoration e�orts. This ultimately improves the ca-

pacity of peatlands to provide ecosystem services in

Switzerland.
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