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Short Summary
A long lasting yet still ongoing debate in community ecology is the question on what are the prevalent
forces which drive community assembly. Although ecologists agree that environmental factors are of
importance in structuring (plant-) communities many studies found evidence for stochastic events (e.g.
disturbance and the subsequent recolonization of a habitat) being the major driver during community
assembly. One specific aspect of stochastic events which particularly involve the sequence in which
species arrive and (in further) interact at a certain location are called priority effects.
The topic of this dissertation is the investigation of priority effects in plant communities, more detailed,
the potential for priority effects to influence central European semi-natural grasslands in terms of
functionality (biomass production), species composition and the interplay of both.
This has implications for the general understanding of (plant-) community assembly, restoration practise,
and land management as well as for conservation of central Europe’s semi-natural grasslands. This
dissertation project aims at using knowledge from ecological research which has been gathered over the
last decades and its application of recent concepts originating from community ecology, biodiversity
research, plant ecology and agricultural practise.
For this purpose, several experimental approaches were applied (ranging from greenhouse- to field
experiments, see chapter “A ladder of experiments”) which aim to elucidate the effects and the underlying
mechanisms through which priority effects may influence model plant communities (both, artificial and
semi-natural grasslands). At the same time, each one of these experiments involved at least another factor
added to the design to further elucidate the quality of mechanisms responsible for the impact of priority
effects on (model-) ecosystem function.
Within the four papers included in this dissertation priority effects are induced by either the sowing of
different starting communities (and community size) or by an experimental variation of arrival times of
different plant functional types (PFTs: legumes, forbs, grasses). Thereby I point out, that an increase in
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community productivity can be achieved as a result of priority effects by sowing legumes prior to other
functional groups. And, that this effect is stronger than effects of increased sowing density or time interval
between sowing events. After these insights were obtained from greenhouse experiments with model
communities, priority effects induced by a variation in arrival time of PFTs were tested under field
conditions, in regard to community assembly. I could show that the increase in aboveground productivity
(when legumes were sown first) was a result of different community biomass allocation patterns between
above- and belowground plant parts as a result of the varying order of arrival of PFTs. Thus, there was
interplay of belowground asymmetric competition leading to aboveground asymmetric competition in the
course of initial community assembly. Additionally, this effect was independent from differences in soil
conditions hinting at a higher importance of stochastic events for community assembly.
It can be concluded that the increased productivity of plots with legumes sown first (for the greenhouse
experiment as well as for the field experiment) was rather due to the observed differences in biomass
allocation than due to direct or indirect nitrogen facilitation because effects of nitrogen facilitation on
productivity would have been stronger if sown density of legumes increased. Since this was not the case in
the greenhouse experiment mentioned before (where sown density was a factor) nitrogen facilitation
seems to not play an essential role during initial community assembly. Additionally, there was no
evidence for any positive effect of legume presence on N concentrations (neither in plant material nor in
soil samples) or growth rates of legume neighbours in another experimental setup directly aimed at this
question.
The results of this thesis enable us to see community assembly not only as the process (or a sum of many
different processes) resulting in the patterns we observe when looking at the structure of plant
communities. If well understood, priority effects can be used to steer and direct community development
into desired trajectories. This could be shown within the methodical boundaries of this thesis, however
further research in this direction is necessary to investigate the plasticity of priority effects under different
environmental conditions, ecosystems and/or between different organisms.
2

Kurze Zusammenfassung
Innerhalb der auf Lebensgemeinschaften abzielenden ökologischen Forschung, wird seit jeher darüber
debattiert, was die maßgeblich für die Etablierung von Artengemeinschaften verantwortlichen, externen
Treiber sind. Obwohl sich viele Ökologen darüber einig sind, dass abiotische Umweltfaktoren eine
entscheidende Rolle bei der Zusammensetzung von (Pflanzen-) Gesellschaften spielen, deuten einige
Studien darauf hin, dass zufällige Ereignisse (z.B. Störung und die darauf folgende Neubesiedlung eines
Standortes) wichtiger sind.
Einen besonderen Aspekt der ökologischen Reaktion auf diese zufälligen Ereignisse stellen sogenannte
Priority Effects dar. Dabei handelt es sich im engeren Sinne um Effekte, die in Abhängigkeit von der
Reihenfolge der an einem Standort eintreffenden Pflanzenarten zwischen diesen stattfinden und dadurch
die Ausprägung der sich entwickelnden Pflanzengemeinschaften stark beeinflussen können. Die
vorliegende Arbeit beschäftigt sich mit der Erforschung von Priority Effects in Pflanzengemeinschaften
bzw. geht der Frage nach, inwieweit Priority Effects die Funktionalität (Produktivität) und
Artzusammensetzung von Grünland-Gemeinschaften, sowie das Zusammenspiel von beiden bestimmen.
Diese Dissertation zielt darauf ab, das innerhalb der letzten Jahrzehnte gesammelte Wissen (und seine
Anwendung) aus den Bereichen der Ökologie von Lebensgemeinschaften, Biodiversitätsforschung,
genereller Pflanzenökologie sowie landwirtschaftlicher Praxis zu nutzen, um die oben genannte Thematik
zu erforschen. Die Ergebnisse aus dieser Arbeit haben Relevanz für das generelle Verständnis über die
Bildung von Artengemeinschaften und können einen wertvollen Beitrag in Bereichen der
Renaturierungspraxis und des Landmanagements, sowie für den Naturschutz in Mitteleuropäischem
Grünland liefern.
Zu diesem Zweck wurden mehrere experimentelle Ansätze entwickelt (von Gewächshausversuchen bis
hin zu Freilandexperimenten, siehe Abschnitt “A ladder of experiments”) um Priority Effects und die zu
Grunde liegenden Mechanismen zu erforschen. Jedes dieser Experimente behandelt Priority Effects unter
Hinzunahme mindestens eines zusätzlichen Faktors um Wechselwirkungen mit einzuschließen und somit
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genauere Aussagen über die Plastizität und Auswirkungen von Priority Effects auf die genannten
Modellsysteme und deren Funktion treffen zu können.
Innerhalb der vier, hier vorgestellten, wissenschaftlichen Artikel werden Priority Effects entweder durch
die Aussaat unterschiedlicher Ausgangsgemeinschaften (mit unterschiedlicher Artenzahl) oder durch eine
Variation innerhalb der Aussaatreihenfolge von funktionellen Gruppen (Leguminosen, (nichtLeguminosen-)Kräuter, Gräser) erzeugt. Dabei wurde deutlich, dass durch die vorzeitige Aussaat von
Leguminosen eine Erhöhung der Gesamtproduktivität von experimentellen Graslandgesellschaften (unter
Gewächshausbedingungen) erreicht werden konnte. Zusätzlich konnte gezeigt werden, dass die
Aussaatreihenfolge einen deutlich größeren Einfluss auf die Produktivität hatte, als beispielsweise die
Menge der gesäten Samen oder die Wahl des Zeitintervalls zwischen den aufeinanderfolgenden
Aussaaten.
Nach den Erkenntnissen aus den ersten Gewächshausversuchen wurde dieser Ansatz (der wechselnden
Aussaatreihenfolge funktioneller Gruppen) weiter unter Freilandbedingungen erprobt. Diesmal unter
Einbeziehung der natürlichen Dynamik zu- & abwandernder Arten. Hier konnte gezeigt werden, dass die
Erhöhung der (oberirdischen) Produktivität (wenn Leguminosen zuerst gesät wurden) ein Resultat von
unterschiedlichen Allokationsmustern, in Abhängigkeit der Abundanz, der verschiedenen funktionellen
Gruppen war. Daraus folgerte ein Zusammenspiel unterschiedlich gewichteter, unterirdischer Konkurrenz,
welche sich anschließend auch auf das oberirdische Konkurrenzverhalten auswirkte und dadurch die
Artzusammensetzung und Abundanz von Arten (bzw. funktioneller Gruppen) innerhalb der Gemeinschaft
beeinflusste. Diese Muster konnte unabhängig von Bodenbeschaffenheiten nachgewiesen werden und
betonen die Wichtigkeit solcher zufälliger Ereignisse bei der Entstehung von Pflanzengesellschaften.
Schlussendlich kann davon ausgegangen werden, dass die beobachtete Produktivitätssteigerung in
Gemeinschaften in denen Leguminosen zuerst gesät wurden, eher auf die unterschiedlichen
Allokationsstrategien der funktionellen Gruppen zurückzuführen ist, als auf einen StickstoffdüngungsEffekt der Leguminosen,der mit der Aussaatdichte zugenommen haben müsste. Da dies weder im
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Gewächshausexperiment nachgewiesen werden konnte (wo Aussaatdichte eine der Behandlungen
innerhalb des Experiments darstellte) noch in anderen Experimenten, die speziell auf diesen Aspekt
abgezielt hatten, scheint Stickstoffdüngung durch Leguminosen kein relevanter Faktor in diesem
Zusammenhang zu sein.
Die Ergebnisse dieser Arbeit helfen uns dabei die Zusammensetzung von Lebensgemeinschaften nicht nur
als bloße Aneinanderreihung von Prozessen zu verstehen, die wir sehen, wenn wir die Struktur von
Lebensgemeinschaften betrachten. Bei richtigem Verständnis können Priority Effects dazu genutzt werden
um in die Entwicklung von Lebensgemeinschaften einzugreifen und diese in bevorzugte Bahnen zu
lenken. Dies konnte innerhalb des (methodischen-) Rahmens dieser Dissertation belegt werden aber
dennoch bedarf es der weiteren Erforschung von Priority Effects, z.B. in unterschiedlichen
Klimabedingungen, Ökosystemen und zwischen verschiedenen Organismen.
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1. Introduction
The following introductory paragraphs condense (1) the theoretical background of assembly theory and
the role of priority effects in community assembly. Additionally I shortly summarize further aspects,
relevant to this work such as filter theory, biodiversity effects and links to ecosystem function in
grasslands and how these interact with priority effects as well as the relevance of this topic towards
restoration practise. After that, I briefly discuss (2) priority experiments in ecology leading over to the
current state of art in ecological experiments on priority effects, including an overview of my own
experimental activities within this dissertation project, finishing with a timetable for the development and
measurements made in the Priority Effect field experiment. Hereafter a (3) summary of the manuscripts of
this cumulative thesis is given and how they relate to each other. At the end I mark potential research
challenges arising from these manuscripts and provide an outlook on future research directions. The
introduction ends with information on the publishing status of each manuscript, including a description of
my own contribution. In addition, tables which provide information on presentations of my research at
conferences and meetings as well as a table on trainings and workshops I have attended are shown.

1.1 Background
1.1.1

Assembly theory and the importance of priority effects

Per definition, assembly theory is seen as the explicit constraints that limit how assemblages are selected
from a larger species pool (Weiher, Clarke & Keddy 1998). The original, yet ongoing debate leading to
this current “state of the art” is how exactly communities assemble and what factors, mechanisms and
rules apply during the process of species sorting resulting in the patterns we observe in nature. Through
the myriads of possible interactions among abiotic factors and species often varying across space and
time, this remains a task which aims at a considerably high goal. Nevertheless, disentangling what is
decisive for community composition and whether the co-occurrence of species is depending on their
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interaction within or between species, in exchange with environmental factors and/or is solely determined
by chance events is a key question in community ecology (Connor & Simberloff 1979; Drake 1990).
Jared Diamond (1975) proposed, after observing avian assemblages on islands near New Guinea, that
initial community composition (of primarily colonized habitats after disturbance e.g. primary succession)
was characterized by a set of “Assembly Rules” which could be predicted from the size of the species
pool, the abiotic environment and the interactions between component species. However, Diamond also
found, that in some cases community composition varied although these key factors appeared to be
similar. By then he suggested that the sequence and timing of colonisation/invasion could have substantial
relevance for community assembly and potentially lead to multiple stable equilibria, with some bird
species managing to outcompete others and thus limit the realised niche of the other species.
Even long before Diamond there have been contrasting concepts about succession and the generic mode of
community development mainly formulated and discussed by the two contemporaries Clements and
Gleason (Gleason 1926; Weaver & Clements 1938). In general the dynamics of community assembly
provide a solid framework for a general theory of community organisation (Drake 1990). Since our
understanding of the patterns of community assembly depend on which ecological theory works as the
general framework and whether communities exist in form of single or multiple stable equilibria, the two
opposing concepts of Gleason and Clements (as well as the current state of the discussion) will be
presented in the following.
Clements (1916) pictured the development of communities to be deterministic and considered them to
develop up to a single stable climax stadium which would be primarily a result of the available species
pool determined by the present environmental conditions. Based on the theories of Clements, Gleason
(1926) formulated an opposing concept in which he highlighted the importance of colonisation and
stochastic/random events. Thereby he included the fluctuation of available niches as disturbance occurs
within ongoing community development. The importance of historical contingency, in the sense of “which
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species’ do establish and propagate constitute a community” formed a non-deterministic counterpart to the
model of Clements.
Later, Lewontin (1969) postulated a theory which aimed to explain the observed structure of communities.
His approach was mainly driven by one of two paradigms: (1) (…) “History is relevant to the present state
of populations, species and communities, and that their present state cannot be adequately explained
without reference to specific historical events.” (2)”The latter approach has as a basic assumption that
only one stable point exists”, and that communities are steering towards that single climax solely driven
by fixed (environmental) forces. These ideas still resemble the main debate about assembly, but recent
studies suggest that there are both stochastic and deterministic forces at work. The current challenge is to
find out which aspect is the key driver of community assembly at any given time. A task of similar
importance is to find out what the effect sizes of random vs. deterministic forces may be along temporal,
spatial or biogeochemical gradients.
Sutherland (1974) picked up the work of Lewontin and tested his hypothesis on a range of different
community types at Beaufort, North Carolina. He found empirical evidence that the order of arrival of
species was a major determinant of later community structure. Thus, he introduced a new, intermediate
hypothesis on the nature of community development: The Alternative Stable States Model. In this model
communities are restricted and structured in their development to some extent by environmental factors
but also contain elements of randomness. Historical factors such as the order of arrival or the sequence of
colonization can cause priority effects, whereby those species’ that arrive first can significantly affect
further community structure. If priority effects occur at local alpha diversity scales, this can lead to
alternative stable states at slightly larger scales (beta diversity; see Martin & Wilsey 2012a).
Priority effects during community assembly provide the right conceptual framework within which to ask
how strong the role of random- versus deterministic drivers of change are in communities. Since then
many studies have found evidence for the ability of stochastic events to affect the outcome of community
assembly thus resulting in communities composed by different species (Drake 1991; Ehmann &
8

MacMahon 1996; Palmer, Young & Stanton 2002; Palmer et al. 2002; Ejrnaes, Bruun & Graae 2006a;
Körner et al. 2007a; Jiang & Patel 2008; Fukami & Nakajima 2011b; Kreyling, Jentsch & Beierkuhnlein
2011).
As reviewed by Chase (2003b), there is evidence for both sides. If certain conditions are met, communities
tend to be able to develop into alternative stable states (ASS) mainly driven by stochastic processes such
as the assembly history of the species contained (Neutral Theory). On the other side there is evidence, that
if relevant factors are constrained, communities tend to develop into just one stable state (mainly driven by
environmental factors) irrespective of their assembly history and the order of species’ arrival. In how far
this implies generality and is applicable throughout the vast range of ecosystems, community types,
trophic guilds and different environmental constraints existing on earth remains one of the challenges of
ecologists (Sutherland et al. 2013). However, initial community structure is contingent on the relative
arrival times of species (Young et al. 2015). Chase (2003) created a framework for synthesis to elucidate
under which conditions communities tend to develop into which directions and how this affects alpha-,
beta- and gamma diversity (see Fig. 1).
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a)

b)

Fig. 1: a) Schematic representation of community assembly when there is a single stable equilibrium for each
of several different environments. Differences in species composition from site to site (β-diversity) are the
result of different environmental filters. b) Schematic representation of community assembly when there are
multiple stable equilibria from different assembly histories (environmental conditions are identical). Local
diversity (α-diversity) and composition is the result of the regional species pool and the order in which species
enter a community. Differences in species composition from site to site (β-diversity) are the result of different
invasion sequences (modified from Chase (2003b)).

However, as Beisner & Haydone (2003) generally follow the same line of thought but point out that there
are two different ways to look at ASS. Either they are caused by a shift in variables contained in a system
(such as species occurrences, -richness or –abundances) or by a change to parameters (ecosystem
perspective) governing interactions of any kind (between species and/or environment). The latter would be
caused by changes in environmental conditions (e.g. climate change) and as a result not all kinds of ASS
would be realized at all times. In contrast, variables could be subject to change by (local-) perturbations
10

and thus evolve from one state to another while the original state may still persist where perturbations
were lacking. In this case there are two classes of ASS possibly arising from this point: (1) “If the system
of equations describing the transformation of a state is nonlinear...there may be multiple stable points with
all species present so that local stability does not imply global stability” (Lewontin 1969). (2) However,
there may be the case that only a subset of species continues to persist (or species new to the system are
being introduced) while others fall victim to (or being introduced by) species interactions (becoming
relevant only in course of dynamics altered by the perturbations).
Therefore, the mode through which plants interact with already existing elements of a plant community is
crucial for the further characterisation of the mechanisms behind the term “priority effects”. Within this
work the mechanisms of priority effects are considered similar to the facilitation/tolerance/inhibition
model of Connell & Slatyer (1977a). They characterize the influence of an already established community
element on that of a colonizing element either to be facilitative (positive), inhibitive (negative) or neutral.
Species which occupy similar niches and thus exert strong ecological competition for similar resources do
more likely follow the principle of competitive exclusion (Hardin 1960).
Tan et al. (2012a) used phylogenetic relatedness as a surrogate for niche similarity (sensu “phylogenetic
niche conservatism”) of species in artificial bacterial communities and showed the positive relationships
between phylogenetic diversity, priority effects and ecosystem function exist (for details see Experiments
on priority effects). Positive and/or negative interactions between plants can in turn influence whether
priority effects occur and how they affect community structure. Verbruggen et al. (2013) point out in a
recent review on mycorrhizal fungal establishment in agricultural soils that the outcome of interactions
contributing to priority effects might be heavily contingent upon whether interactions between species
arriving at different times are symmetrical. Hence who arrives first even becomes more important in face
of the actual outcome of interactions between species pairs.
Beyond these rather direct interactions, priority effects may also work indirectly via the plant-soil
feedback, either influencing the chemical composition of a site in favour of their own offspring (e.g. in
11

case of Eucalyptus regnans) or by having profound impact on the soil microbial community. This even is
possible beyond the total lifetime of the plants inhabiting a site when decomposing plant material is being
mineralized and these substances exert effects influencing plant growth and/or establishment of other
species (Facelli & Facelli 1993; Ladd & Facelli 2008b) and thus could be the reason for successful
invasion or colonisation of species during assembly (Walker, Walker & Hobbs 2007). One example is a
study by Hughes & Denslow (2005) on the effects of a non-native, N2-fixing shrub in Hawaiian wetland
systems. They could show that due to the invasion of Falcataria moluccana, biogeochemical cycling
(mineralisation rates) and community dynamics (species abundances) were persistently altered, even
facilitating the establishment of other non-native species into the system.

1.1.2

Filter theory

Another relevant theory for community assembly that is related to priority effects is filter theory. Here
community assembly is strongly influenced by species interactions and environmental constraints, so
called “filters” that allow certain species to establish at a site and others not (Kelt, Taper & Meserve 1995;
Hobbs & Norton 2004). These filters determine the conditions by which species are able to fulfil the
requirements to establish themselves, to persist and to propagate under the present constraints of biotic
and abiotic conditions. Only those species that can establish reproducing populations under the current
abiotic conditions are able to pass the “filter mesh” (Kelt, Taper & Meserve 1995). When new land opens,
these filters determine which species arrive when and whether they are able to establish a founder
community at the new habitat (and hence, being able to exert priority effects on following species).
Positive and negative interactions between organisms (biotic filters) can in turn trigger priority effects and
also their intensity. They can be the reason for successful invasion or colonisation of species in cleared or
degraded areas (Walker et al. 2007). In this sense, priority effects resemble one of the shapes the biotic
filter may take. This is the case if one species affects the establishment of another species (which is in the
state of “arriving”) at a given site/habitat.
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Habitats are often initially dominated by fast growing species adapted to the actual conditions (Grime
1974). In time, these species are then substituted by species with more competitive ability thus creating a
sequence of arrival and extinction within the assembly process. The filter concept in ecology is useful to
investigate whether abiotic or biotic factors are driving the community more strongly if one succeeds to
disentangle the relative effects of biotic and abiotic filters determining the realized species composition at
a given time. Often, it cannot however give insights into the effects of migration history or the outcome of
species interactions. But what we observe in terms of which species are extant at a site is actually the
outcome of both abiotic and biotic filters acting simultaneously as well as the establishment and local
extinction of a species population in time and space at a given site. Filter effects are considered important
mechanisms affecting community assembly and hence ecosystem processes and services.

1.1.3

Biodiversity, plant-plant interactions and effects on ecosystem functioning

Since biodiversity both, affects and responds to ecosystem properties, disentangling the feedbacks and
processes involved is vital for understanding the forces which structure communities (Hooper et al. 2005).
Over the past two decades, with accelerating global change and species loss, the question of what effects
diversity itself has on ecosystems has become more important for many ecologists. Biodiversity research
is now focusing more on how diversity as an explanatory variable affects productivity (or in general
ecosystem function) rather than as a response variable. Hence, Biodiversity-ecosystem functioning
experiments became a major part of ecological research.
We know that currently species are being lost at a rate unprecedented in human history (Loreau et al.
2001; Balvanera et al. 2006) and this emphasizes the need to maintain and restore biodiversity at
ecosystem level and to counteract negative effects of biodiversity loss (Hooper et al. 2012; Isbell et al.
2015). Positive effects of high plant species richness on community functioning have been reported in
numerous experiments, with the main outcome being that higher diversity (both in terms of plant species
richness and -functional richness) often leads to higher aboveground and (with a time lag) belowground
13

productivity as well as improved nutrient- and water cycling. Additional findings include positive effects
on stability and disease risk (Hättenschwiler, Tiunov & Scheu 2005; Keesing, Holt & Ostfeld 2006;
Tilman, Reich & Knops, Johannes M. H. 2006).
The link between plant diversity and (above ground-) productivity is being heavily discussed among
scientists, and started with Grime´s concept about the shape of the relationship between diversity and
productivity (HBM, sensu Grime1979). His concept states that in highly productive sites plant diversity is
limited by interspecific competition whereas in low productivity sites limited resource availability (and/or
high levels of disturbance) functions as a restriction towards species richness. At intermediate levels of
productivity Grime proposed species richness to be highest, controlled by a combination of both the
before mentioned extremes. After several studies in different ecosystems there is still uncertainty about
whether Grime´s concept is a generalizable model, which holds for the majority of ecosystems and under
different environmental conditions or it is just applicable to only certain sites (see e.g. Fraser et al. (2014)
for a recent review). Particularly in grassland ecosystems productivity seems to be positively correlated to
plant diversity (Hector 1999; Schläpfer & Schmid 1999; Roy, Saugier & Mooney 2001; Tilman et al.
2001) but factors that co-vary and thus modulate diversity and hence the effects of diversity on ecosystem
function need to be explored further (Hooper et al. 2005).
An important concept within the theoretical framework of biodiversity research, explaining the positive
effects of plant diversity on productivity is the so called “Complementarity Effect”. In many biodiversityecosystem functioning experiments niche complementarity between species varying in traits is thought to
lead to better overall resource-use at community level, and that particular combinations of functional
groups (particularly N2-fixers combined with grasses) as well as species richness can drive positive
diversity effects (Hooper & Dukes 2004a; Kirwan et al. 2007b; Oelmann et al. 2007b; Temperton et al.
2007b; Marquard et al. 2009c; Finn et al. 2013; Zuppinger-Dingley et al. 2014). It may be that this
complementarity between different functional groups is a driver of assembly over time, and hence
composition, stability and functioning of communities (Hooper & Vitousek 1998; Craine et al. 2003;
14

Young, Petersen & Clary 2005; Gillhaussen et al. 2014a) but there are not many studies addressing
complementarity in the context of assembly.
Some PFTs may even take the role of ecosystem engineers by improving the establishment and survival of
other species or even promoting their growth. N2-fixing legumes in particular introduce extra N into soils
and hence can significantly drive N cycling and community productivity due to their ability to increase N
availability either via N sparing or via N transfer. N sparing occurs when a legume uses lesser resources
from the soil N-pool when relying more on atmospheric nitrogen fixation and therefore leaving more
nitrogen for other members of the community. N transfer occurs when any legume N is being mineralized
and reenters the N cycle, via decomposition, exudation or direct transfer via mycorrhizae. There are few
ecological studies that have addressed the different possible mechanisms of N transfer, instead the main
focus has been on the relative role of the two main aspects of N facilitation: N transfer and N sparing as
well as species-identity effects on the interaction outcome across environmental gradients (Brooker &
Callaway 2009; Temperton et al. 2012b). A few of studies have explored the relative strength of N sparing
versus N transfer and found that N sparing seems to play a key role in the shorter term (Carlsson & HussDanell 2003; Carlsson et al. 2009a). Over the longer term, under field conditions, however, as
aboveground biomass is removed as hay in mown grasslands, there is evidence that N transfer may play
an important role as well as N sparing during N facilitation (Temperton et al. 2007b; Gubsch et al. 2011).
These results agree with the stress gradient hypothesis (Bertness & Callaway 1994). This hypothesis states
that positive interactions should increase as one moves from benign to harsh environments. Especially in
harsh environments (e.g. low initial nutrient content or high environmental stress) legumes may have a
positive effect not only on productivity (Maestre et al. 2009) but also on assembly processes. This would
be the case, when allowing certain species to pass through the filters due to specific and positive
interactions with already present species, without which it would not manage to establish. An example is
when a nurse plant enables another species to establish under harsher (climatic) conditions that it is
normally accustomed and hence allowing it to survive and adapt to this environment (Valiente-Banuet et
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al. 2006) or (in the case of a legume) by increasing the probability of establishment for species which
require higher N concentrations in the soil (Rascher et al. 2012). In such a case (biotic-) facilitation
increases establishment of species who would have been assorted by the abiotic filter elsewhere.

1.1.4

Priority effects and implications for restoration ecology

Central European grasslands belong to the world’s most species rich ecosystems on small scales (Wilson
et al. 2012). They require management to survive (mowing, grazing) but land managers are increasingly
giving up on managing especially marginal sites. These areas usually are un-feasible for land managers
when the effort (regardless whether it is monetary effort or workload) exceeds the benefit. This together
with agricultural intensification pose some of the major threats to extensively managed, species-rich
grasslands (Temperton et al. 2012a).
Given the background of restoration ecology, the reestablishment of ecosystem services on degraded land
is of great interest (Hobbs & Harris 2001). Therefore, community assembly is a key issue related to
restoration dynamics (Temperton 2004). To regain the ability of a once established systems to sustain
ecosystem services over a long period of time is a main goal of restoration. Thus a high diversity, selfsustaining semi-natural ecosystem with the potential of delivering profitable feedstock with low effort is
of high interest for restoration approaches. By finding a way to increase diversity and productivity at the
same time win-win situations between land owners, conservationists and the increasing demand for food
and renewable energy can be achieved (Tilman et al. 1997; Isselstein, Jeangros & Pavlu 2005a; Tilman,
Hill & Lehman 2006; Tilman et al. 2006; Bullock, Pywell & Walker 2007b; Tilman et al. 2009; Weigelt
et al. 2009). If a change in the prioritisation of restoration attempts would evolve, which would aim
towards sites unsuited for intensive agriculture (e.g. marginal sites) as well as towards restoring
biodiversity, this win-win situation could become reality and thereby counteract biodiversity loss and
environmental degradation (Rey Benayas & Bullock 2012).
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A study by Fukami et al. (2005) introduced initial species composition (under certain constraints ) as a
potential way of fostering priority effects through increasing the hypothetical number of species
interactions by increasing diversity within the starting community, hence the influence of initial (sown)
diversity became subject in our own further experiments and investigations (and therefore was included as
a factor into my experiments; see Manuscript 4).
In a slightly different context, also other groups found positive effects of sowing high diversity mixtures in
applied research during restoration attempts in old fields (Dedov et al. 2006; Bullock et al. 2007b; Bullock
et al. 2007b; Leps et al. 2007; Fagan et al. 2008). First to mention is a study by Bullock et al. (2001b)
where he observed positive effects of sown plant species diversity on productivity among seven sites in a
restoration experiment and found that the increase in hay yield was on average 60% compared to low
diversity plots. In 2007b they could show, that sowing high diversity mixtures increases both, diversity
and productivity still detectable after eight years and in two different sites in southern England. They
proposed that the variation in hay yield was related to differences in the number of non-leguminous forbs,
therefore increased hay yield was an effect of the greater range of life forms within plants contained in the
high diversity mixture, rather than a simple fertilizing effect of legumes (see paragraph on Biodiversity,
plant-plant interactions and effects on ecosystem functioning).
Evolving models of succession, assembly and state-transitions are at the heart of both community ecology
and ecological restoration (Young et al. 2005). Testing how we can use priority effects for improving
diversity as well as community function is an exciting field of research with direct relevance for
restoration and management. As previously discussed, time and order of arrival of species can have
profound effects on the long-term trajectories of communities (Hoelzle, Jonas & Paschke 2012; Vannette
& Fukami 2014). From the very first start of the debate on how communities assemble, priority effects
were considered a crucial theoretical element within that concept, and are currently being explored as
potential management tool in ecological restoration (Temperton 2004; Martin & Wilsey 2014; Wilsey,
Barber & Martin 2015; Young et al. 2015).
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Recently, studies showed that priority effects could be used to successfully assist the establishment of
less-competitive species in communities (Porensky, Vaughn & Young 2012; Cale et al. 2013). A number
of experimental studies on perennial herbaceous plant communities in California have shown that already
a few weeks of differences in arrival time can significantly affect community structure (Abraham, Corbin
& D’Antonio 2009; Grman & Suding 2010a; Stevens & Fehmi 2011; Dickson, Hopwood & Wilsey 2012;
Cleland, Esch & McKinney 2015). And that these priority effects in natural communities also depend on
species specific germination time.
In a further study, already small priority effects of native perennial grasses over exotic annual grasses
resulted in substantially greater cover by the natives (Vaughn and Young 2015 in press.). That means,
priority effects may be particularly relevant for testing the mechanisms underlying the competitive
advantage of (invasive) annual plants over (native) perennials (Young et al. 2015). It has been stated and
confirmed that the competitive advantages of annuals over perennials are driven by the earlier germination
and initially higher growth rates of the annuals (Harmon & Stamp 2002; Verdú & Traveset 2005; Lulow
2006; Grman & Suding 2010a; Cleland et al. 2015). However, most of these studies were carried out at a
single site and in a single planting year. In consequence, it cannot be concluded from this on the general
strength and consequences of priority effects. .

1.2 Ecological experiments
Experiments, especially in ecology, are heuristic tools which aim to advance our knowledge on the basis
of what we know (Beierkuhnlein & Nesshöver 2006) but at the same time they need to reduce the
complexity of an observed system to the variables of interest (possibly without neglecting relevant
properties). Since our knowledge on natural systems and their underlying processes is considerable but yet
limited and much of the knowledge about these systems has been created through observational studies,
ecological experiments bear the challenge to adequately display the real spatio-temporal heterogeneity of
ecological objects (and all relevant interactions) and to test mechanisms within the limits of our current
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knowledge. Into this context, a quote coming from Tansley (1935) fits well, saying: “Actually the systems
we isolate mentally are not only included as parts of larger ones, but they also overlap, interlock and
interact with one another. The isolation is partly artificial, but it is the only possible way we can
proceed”.
Experimental approaches are required for mechanistic explanations of ecological phenomena (Agrawal et
al. 2007). The quality of an experimental approach, however, depends on whether the effective variables
are considered (Hurlbert 1984). This may lead researchers to focus their attention on processes and/or
observations which they consider to be of importance but in fact they are not the key drivers of a system.
We aim to go beyond of what we know and apply treatments which we hypothesise on behalf of previous
insights and our resulting understanding. However, in the design of ecological experiments one must be
aware of the level of abstraction an experiment is being carried out on as well as the effect of the
treatments on any of the inherent elements of the system, to not (unintentionally) make mistakes which
may lead to “hidden treatments” (Huston 1997), or the misinterpretation data (Grime 1998; Loreau 1998).
In “artificial” experiments (e.g. greenhouse- or lab experiments) therefore simplification is the principal
approach through which we are trying to concentrate on specific and/or isolated processes of relevance
and gain further insights. This works through partially excluding “unknown” or undesired interactions
thus reducing the noise of our own callowness, aiming to create universally applicable laws (Cartwright
1983).
In contrast, field experiments comprise these momenta of natural interactions of unknown quality to us,
forming a different approach from the “isolated”, simpler experiments in the lab or greenhouse. By
exposing an experimental setup to natural conditions we allow for real-world interactions and make a reallife benchmark with what has (optimally) been found before and therefore account for the complexity of
natural conditions. However, we generally do not know (especially up to the initial time point a field
experiment is assembled) about the multitude and magnitude of effects interfering/interacting with our
experimental manipulations. We have to be aware of the fact, that such field experiments – through the
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rather narrow framework in which they operate (e.g. specific soil conditions or environmental
background) only work within these boundaries and results obtained can often only be interpreted under
these specific conditions. In that sense, field experiments remain case studies (Norby & Luo 2004) that
allow taking real-life, natural conditions into account but only deliver results for a rather narrow set of
conditions.
Overall, experiments enable to manipulate elements within a “natural” framework and enable to falsify
hypothesis in a way which is impossible with pure observational studies. Worth mentioning is the fact that
experiments allow to ask context specific questions which a proper design is allowed to answer. These
answers then are of a quality which is rarely found by pure observational studies. Treatments can be
applied and directly referenced to “untreated” control conditions thus acquiring much higher precision and
quality of results (by being able to increase the certainty of our findings by increasing replication)
compared to observational studies.

1.2.1

Experiments on priority effects and effects on community function

1.2.1.1 Priority effects in model ecosystems
The question to what extent community assembly or more precisely assembly history affects ecosystem
function and what particular processes stand behind the term “priority effects” has led to a recent revival
of this topic popular among theoretical ecologists from the beginning of the last century. Fukami (2004)
created a lab experiment in microcosms using different uni-cellular organisms such as protists and rotifers
to artificially alter ecosystem size and assembly history and monitored assembling communities for 50100 generations. The results showed that history affected diversity more strongly in smaller ecosystems,
presumably owing to greater priority effects that occurred here. He further argued that, because species
immigration is essentially stochastic, ecosystem size is variable and priority effects can have a strong
impact, possibly also shaping size-diversity patterns in natural communities.
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As mentioned above, the debate on whether communities are restricted in their development by
environmental forces or assembly history is still ongoing. Fukami et al. (2005) contributing to this
discussion, described a grassland field experiment in which they influenced initial species composition by
sowing different diversity seed mixes (zero, four and fifteen species) and allowed for subsequent natural
colonisation to see if communities converge in their species composition and traits due to environmental
drivers. They found out that the answer depended on the level of community organisation, since initial
differences in species composition were still affecting community composition after 9 years but species’
traits converged. The bottom line was that the simultaneous operation of species-level priority effects and
trait-based assembly rules drove community assembly, confirming both sides in the debate (since species
turnover was highest in unsown plots). This experiment inspired the study performed in Manuscript 1
insofar that the initial species composition was influenced but natural colonisation was allowed (as also
was the case in the Priority Effect Experiment described below). In this study in the Habitat Garden
Assembly Experiment in Jülich, we tested whether sowing two differently diverse seed mixtures often
used in the restoration of dry acidic grassland would create any priority effects over time. We found that
the sowing event was still detectable in the community after four years in terms of aboveground biomass
as well as the proportions of plant functional groups present, but that species richness varied strongly each
year. Thus we found a priority effect but not for all parameters studied.
As experiments on the assembly of plant communities are usually constrained by the relatively slow
turnover and generation times inherent to the system, some theoretical ecologists tend to use more
simplified systems by studying microbial communities in constrained environments such as microcosms.
Although results from these studies may not be directly be transferable to higher organisms, these studies
can provide interesting insights and pointers for what to focus on in higher organism interactions during
assembly. In a study by Fukami et al. (2010) the effects of a small variation in assembly history during
early community assembly of wood-decaying fungi exerted strong variation on community structure and
as a result also on function (carbon dynamics), attributable to the outcome of competitive and facilitative
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interactions during assembly. This points out that the outcome of priority effects on the individual species
level could be translated also to higher levels of ecological organisation.
This latter aspect was confirmed by another study which was carried out on wood inhabiting fungi, but
under natural levels of environmental variation, showing that the effects of assembly history (order of
species arrival) on species population dynamics and thus community structure consistently transfer to
ecosystem level processes such as nutrient cycling (carbon, nitrogen and decomposition (Dickie et al.
2012). Nevertheless, a recent study suggests that consequences of priority effects for species coexistence
requires explicit consideration of environmental variability (Tucker & Fukami 2014).
The strength of competitive interactions during priority effects possibly resulting in an exclusion of later
arriving species could experimentally be related to the phylogenetic relatedness of observed species pairs
in another microbial study working with yeast communities (Peay, Belisle & Fukami 2012). Their study
showed that competition between closer relatives was more intense owing to higher ecological similarity,
consistent with Darwin's naturalization hypothesis.
Tan et al. (2012) also used phylogenetic relatedness as a surrogate for niche similarity of species in a
similar experiment on microbial communities and showed the positive relationships between phylogenetic
diversity, priority effects and ecosystem function exist, highlighting the importance of priority effects for
understanding the links between species diversity and ecosystem function. Despite these studies being
performed on microbial communities we hypothesised priority effects in plant communities to be stronger
between species with the same phylogenetic background but on the other hand that complementarity
between species should be stronger if the phylogenetic relatedness is lower. Therefore we chose to work
rather with plant functional types (species groups categorized by their differences in traits) since within
the community of biodiversity ecologists there is a consensus that not diversity per se -but functional
diversity contribute more to the positive effects of biodiversity on ecosystem level (Diaz & Cabido 2001).
Thus we were particularly interested in varying the arrival order of plant functional types to increase
productivity by niche complementarity over time.
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1.2.1.2 Priority effects: Experiments with plant communities
Ejrnaes, Bruun and Graae (2006a) manipulated timing of arrival of pre-selected species groups
(“specialists” and “generalists”) , fertility, soil and disturbance in grassland microcosms and found that
species composition was mainly influenced by timing of arrival but also that “the probability for multiple
equilibria appeared to increase with productivity and environmental stability”. These findings propose
historical contingency to be more influential even if the influence of environmental factors on species
richness and invasibility was strong.
Koerner et al. (2007a) found strong priority effects of sowing legumes before other plant functional types
for both aboveground and belowground community productivity in a pot experiment (partially) under
natural conditions. They could show that species composition, dominance structure and also productivity
were significantly regulated by planting one functional group ahead of the others. This effect was still
detectable after two growing seasons and four cuttings.
Also manipulating the arrival order of plant functional types in a grassland mesocosm experiment, Kardol
et al. (2013b) found that timing of seed arrival affected plant community divergence and leaf chemistry
but not community productivity or gas exchange and that the effects of timing of arrival were stronger on
more fertile soils, possibly because of increased growth and hence asymmetric competition exerted by the
plants sown first.

2. Own contribution within research on priority effects
2.1 A ladder of experiments
As mentioned above, ecological experiments serve a heuristic purpose. They allow the experimenter to
make empirical observations, to test hypotheses and to infer or to induce principles coming from smaller
systems and to convert findings into theoretical frameworks. By this, one might either be able to form a
new theory or to prove/confirm an already existing theory. The scale (time and space) in which an
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experiment takes place specifies the level of abstraction on which results can be interpreted. For example,
results stemming from a greenhouse experiment have limited generalizability but can often elucidate
mechanisms more directly/easily than field experiments. To be able to deduct the mechanisms and
understand how priority effects function in and on ecosystems we therefore chose an approach in which
we started a set of three experiments, ranging from greenhouse to the field addressing priority effects. We
created a ladder of experiments, where we started off with a (reductionist) greenhouse experiment, going
over an intermediate microcosm experiment under natural climate conditions, to a rather comprehensive
field experiment.
a) The greenhouse experiment
This first experiment served principle of reductionism and was set up for the purpose to test what
had been previously found (e.g. Körner et al. (2007a), Kardol et al. (2013b)). Thus, in contrast to
preceding studies that tested priority effects of different PFTs by sowing one PFT five weeks
ahead of the others this experiment was extended by the factors “Seeding density” and “Sowing
interval” as factors possibly interacting with priority effects. We confirmed the findings of Körner
et al. (2008) showing an increased aboveground community biomass production when legumes
were sown first but we also found that the priority effects of sowing one PFT first was larger in
effect size than any density or sowing interval treatments. The main mechanism behind the
observed priority effect was considered to be size asymmetric competition. This is promoting the
PFT sown first in respect to later sown PFTs, as well as smaller rooting systems of legumes
allowing better root foraging of the later arriving PFTS in the legume-first treatment. We could
not test this mechanism in this study as we did not measure belowground productivity. Further
details on the rationale behind this experiment and its results can be read in Manuscript 3.
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Fig. 2: Experimental communities consisting of 28 typical central European grassland species (Forbs: 14,
Legumes: 7, Grasses: 7) grown in pots with sown densities of 1,5, 2,5 and 5 g/m2, crossed with PFT order of
arrival (Forbs, Legumes and Grasses) treatment and an intervall of either 3 or 6 weeks between sowing
events.

b) Mesocosm experiment
In 2011 we initiated two similar priority effect experiments at two sites across Germany. One was
a microcosm experiment in large containers (1m x 1m x 1m) filled with top-soil collected on an
old field site in western Germany. Order of arrival of three different plant functional types
(legumes, grasses and non-legume forbs) was varied with different intervals (2, 4 or 6 weeks)
between sowing the first and subsequent PFTs. Additionally these treatments were fully crossed
within two diversity levels (high: 28 species and low: 8 species diversity) and plots were
randomized within the setup. Priority effects were found in the first year of sowing forbs before
the other groups, but this effect changed over time, possibly due to cutting/mowing and was not as
strong as the legume-first effect in the greenhouse experiment (see Fig. 2). Response parameters
were species specific cover as well as community biomass, additionally plots were cut twice a
year (in June and September) and biomass was removed from the plots (see Temperton et al. book
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chapter in Foundations of Restoration Ecology Island Press submitted). Intense April drought
impeding germination of sown seeds as well as competition mainly from forbs coming up from
the seedbank (weedy arable species) were the reasons for the deviating results compared to other,
similar experiments. Nevertheless, we decided to keep up the experiment to use it as a testing
platform for methods (e.g. ingrowth cores which were later used in the Priority Effect field
experiment or transferring the Optode technique to field conditions) as well as following effects of
diversity on community productivity over time (until June 2013). Although, this experiment did
not yield any further insights on the mechanisms through which priority effects regulate
community function in exchange with climate or plant diversity, it brought up valuable points
(together with the Bernburg field experiment) and practice to be addressed and used in later
experiments (results will be published as part of a book chapter by Temperton, von Gillhaussen,
Baasch and Kirmer, “Timing is everything? Linking biodiversity & ecosystem functioning with
assembly for restoration practice” in Foundations of Restoration Ecology 2nd edition, Island
Press, submitted)
1)

2)
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Fig. 3: Contrasting results of sowing legumes first. Data originating from 1) the greenhouse experiment and 2)
the mesocosm experiment (in photo). Graphs taken from Temperton (2012).

c) The Bernburg Field Experiment
In 2011, the lab of Professor Sabine Tischew in eastern Germany (in collaboration) also set up a
field experiment to test priority effects with a similar approach on their much sandier soils in
Bernburg. In this context we investigated the suitability of seed addition with varying PFT sowing
sequence to restore degraded ecosystems and to improve ecosystem function at the same time.
Apart from exporting the original idea into the field, we teste the step-wise (“mechanistic”)
seeding approach previously already applied in the other experiments against a simpler sowing
technique (“restoration”) where the whole seed mixture was sown after the initial sowing of one
PFT, The restoration approach considered easier to handle by restoration practitioners and farmers
(see Fig. 5). Response parameters were species specific cover as well as community biomass,
additionally plots were mown twice a year and biomass was removed from the plots (in June and
September, according to agricultural practise). Unfortunately this experiment which started in the
same year as the mesocosm experiment experienced the same complications. The early onset of
drought and the emergence of weedy species from the seedbank delayed and overshadowed
germination of sown target species and possible priority effects. We did find however, that the
longest sowing interval showed a tendency towards a priority effect. In addition it was interesting
to note that contrary to other studies we did not find that priority effects were stronger in this lessnutrient rich environment than say the Priority Effect field experiment in Jülich. This is discussed
in the book chapter by Temperton (2012).
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Fig. 4: Fieldsite in Bernburg (Saxony-Anhalt, Germany) with experiemntal manipulations investigating
different seed addition techniques to make use of priority effects for restoration (Foto: Anita Kirmer).

2.2 The Priority Effect Experiment
In 2012 we established a large scale field experiment to test effects of varying arrival order of PFTs on
community functioning under natural conditions. With our knowledge from previous experiments, we
aimed to create a system that provides ecosystem services (biodiversity, productivity) with low to zero
input regarding management intensity on one hand but with the ability to deliver usable feedstock for
example for bioenergy conversion on the other hand.
According to Chase (2003b), if experimentally tested, priority effects and thereby the evidence for their
ability to create multiple stable equilibria in communities requests three conditions to be met: (1) The
initial abiotic conditions must be identical (which is never the case in natural systems) and well known.
(2) Many replicates of communities where only the sequence of colonization is varied must be studied,
and (3) a long enough time period for communities to approach some sort of equilibrium or limit cycle.
Additionally, for studies running on a landscape scale (or observations in natural systems), all species
from the regional species pool need to have repeated access to the observed community.
Taking this into account we set up a fully crossed and randomized, factorial experiment located near the
Forschungszentrum Juelich GmbH, at an old field site of app. 0,5 ha size. The species composition
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consists of typical central European grassland species sown (two diversity levels: 9 and 21 species,
according to ) on two different soil types (A: Cambisol, B: Anthrosol). Experimental factors are tested in
large plots of 4x4m each with eight replicates per treatment (four on each soil type) and a respective
number of control plots as well as monocultures and plots without any sowing. Unlike most biodiversityecosystem functioning experiments plots were not weeded after initial sowing and therefore open to
assembly of non-target species. Within the experiment we are testing the effects of species richness as
well as sowing sequence on the assembly of a semi-natural, sown grassland. Through differences in
assembly sequence (varying arrival order of three different plant functional types: grasses, forbs, legumes;
with a five week interval between sowing events) we aim to influence species composition and dominance
structure of the resulting communities in such a way that we are able to use plant-plant interactions
(complementarity effects, legume facilitation) to positively influence nutrient use efficiency and thus
productivity.
In the year of establishment we measured species specific cover, aboveground biomass production and
belowground productivity (in the first 8 weeks of establishment using the in-growth core method). Since
long-term studies in (restoration-) ecology are scarce (Vaughn & Young 2010) and often yield the most
valuable results (Likens 1989) we conducted this experiment as a long term experiment also to be able to
assess positive diversity effects (which are thought to increase with time) and stability, convergence or
divergence of resulting alternative stable states. Details on experimental setup, site preparations and
results from the first year of establishment can be seen in Manuscript 4. To my knowledge, besides some
studies observing priority effects on landscape scale and/or in the context of restoration practise and nature
conservation (Grman & Suding 2010a; Martin & Wilsey 2014; Wilsey et al. 2015; Young et al. 2015),
this is one of the very first times priority effects and their effects on community assembly have been tested
experimentally in the field.

29

Table 1: Overview on temporal progression and own contribution to the research activities within the Priority
Effect Experiment.

Action

Time frame

Own contribution

Project idea
(Vicky Temperton, Johannes Max)

2011

Part of discussion, pre-experiments

Further development of research
questions and experimental design

2011

Part of discussion, literature research,
development of protocols, initial sampling,
species and site preparation

Initial setup of the experiment

2012

Preparation, coordination and execution

Data collection and site maintenance

2012- 2014

Coordination and execution

External co-operations with Andreas
Burkhard (FZJ), Dr. Nicolai D.
Jablonowski (FZJ), Denny Popp (UFZ)

since 2013

Coordination of sample- and data transfer
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Fig. 5: Schematic representation of the Priority Experiment Jülich (upper image) with plot descriptions
reflecting treatments. Arial image (bottom left) and digital elevation model (bottom right) of the Priority
Effect Experiment in Jülich, Germany (Foto: Andreas Burkhard).
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3. Summarizing Discussion and Conclusion
The prevailing question on which this thesis is based on is, to what extent we are able to use our
knowledge on ecological systems to influence (or direct) community assembly in early development
stages and guide it towards a desired trajectory or function. More directly: are we able to use priority
effects to influence community composition and make further use of biodiversity effects (such as
facilitation or complementarity) to improve the quality and quantity of biomass in semi-natural
grasslands? If so, this could be very useful during ecological restoration of semi-natural grasslands, a
habitat of very high species diversity at small scales that is currently highly endangered by intensification
and land abandonment (Temperton 2012; Habel et al. 2013).
In sown grasslands, we are able to reduce some of the key driving factors during assembly, such as
dispersal limitation which we are obliged to accept in natural systems. Although the assembly processes
which mediate between a potential species pool and the realized community (through environmental and
biological filters (sensu Kelt et al. 1995; Hobbs & Norton 2004) are still persisting, dispersal and
microsite limitations usually don´t play much of a role in sown (mesic) grasslands (Münzbergová &
Herben 2005).
Manuscript 1 (Plueckers et al. 2013a) displays some of these particularities of working on assembly
related research questions in semi-natural grassland communities in nutrient poor sites (dry acidic), in the
closer context of restoration. Here the role of starting diversity (simulated by two different starting
community sizes) was investigated as means to simulate differing dispersal filters which are seen as one
intersect between potential species pool (gamma diversity) and realized species pool (alpha diversity).
Previous experiments had shown that starting diversity may tremendously affect productivity (Bullock et
al. 2001b; Bullock et al. 2007b; Pywell et al. 2007) and other ecosystem functions such as stability or
arthropod diversity (Dedov et al. 2006; Bezemer. & van der Putten 2007b). Over a period of four
consecutive years, the priority effect of different starting diversity caused varying effects on response
variables, also with differing persistence over time. While aboveground productivity was still affected by
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starting diversity after four years, effects on other response variables like total species number or total
cover however were not significant. Although we could show, that community functionality (biomass)
was affected by the priority effect (created by a different starting diversity) low establishment of target
species was observed (40% in the fourth year). This was mainly attributed to an unsuitability of abiotic
niches for the species’ sown and the lack of proper regeneration niches for some of the species (microsite
limitation). Additionally an explanation for the lack of the treatment effect on many of the measured
response parameters could be the low responsiveness of the observed system due to low nutrient
availability and thus growth –and thereby- interactions between plants could have been dampened
compared to more mesic systems.
However this study lead to substantial insights for future approaches studying priority effects.
1) The species pool selected for the experiment should match the environmental constraints of the
system observed.
2) Responsiveness of the system should allow fast assessment of possible effects and mechanisms
and the dynamics of the system should be followed over a number of years.
3) The measured response parameters should be selected carefully and should be broad so as to
capture possible priority effects.
Already Ejrnaes et al. (2006a) and Kardol (2013b) pointed out in their studies on priority effects that the
most plausible explanation for the results found is to be the outcome of asymmetric competition between
species establishing first and species that try to colonize thereafter. At the same time, they both point at
the importance of resource availability for the outcome of this interaction.
Coming from the background of working in nutrient poor (dry acidic) grassland types we therefore
considered nutrient availability to be one of the key drivers, shaping the outcome of plant-plat interactions
in the context of priority effects. In this context the role of nitrogen fixing legumes became a central focal
point in my research and this especially under harsh environmental conditions (sensu the stress-gradient
hypothesis). Legumes are actively or passively affecting nutrient cycling, leading to a net positive effect
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on plant and community performance (Brooker et al. 2008) since legumes rely also on atmospheric
nitrogen through their association with N2-fixing rhizobia. Root systems of legumes can be less extensive
in biomass and occupied area, leaving space which may grant later arriving species more resources in
terms of soil space (niche space) left to explore (Ravenek et al. 2014b).
Apart from their reduced demand on soil nitrogen (N-sparing), facilitation could be shown via root
exudation or mycorrhizal network linkages (N-transfer) (Paynel, Murray & Cliquet 2001; Govindarajulu
et al. 2005) or through the mineralisation of N-enriched legume tissue when plant parts die off (Tomm et
al. 1995) posing a potential benefit to later stages of community development. Especially in systems with
low plant-available-nitrogen, N2-fixation is observed to be highest (and even more when non-legumes are
present in the community, sensu Temperton et al. (2007b)) resulting in enhanced facilitative effects
(Hartwig 1998; Nyfeler et al. 2011; Bessler et al. 2012).
These positive interactions were subject of my further investigation of possible mechanisms behind
priority effects in Manuscript 2. Therein we addressed an issue which is however still a main challenge in
the field of plant-plant interactions: how to assess plant interactions belowground? In particular I was
interested in the quantification of belowground processes in respect to N-facilitation, more precisely
finding evidence of increased nitrogen availability for non-legume species when growing together
(intercropped) with a legume. Intercropping in agricultural practise has been practiced for a long time as a
means of improving nitrogen content and retention in agricultural systems (Horwith 1985; Mariotti et al.
2009; Tosti & Thorup-Kristensen 2010). Besides this, it is thought to play a major role in biodiversity
effects with many studies addressing this mechanism behind positive biodiversity-productivityrelationships (Shen & Chu 2004).
Especially disentangling the links between N transfer and N sparing N is tricky during experiments. We
aimed to see if we could detect any preferential movement of non-legume roots towards those of the
legume (or under the legumes roots) which we would expect if N sparing was playing a key role in the
interaction. In addition, the critical issue of how to separate the roots of different species is a key
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challenge that a number of labs have been working on over the past decade. Possible methods include
analysis of root DNA (Mommer et al. 2008) or infrared spectroscopy (Roumet et al. 2006) as well as
using pant species that have been genetically transformed to express green or red fluorescent proteins
(Faget et al. 2009). We used the latter approach in MS 2. Therefore we designed an approach in which we
combined different methods, inside climate chambers to be able to visually assess the rhizosphere and
distinguish rooting systems of our experimental plants. We planted species mixtures (one legume together
with a non-legume, as well as two legume forbs together with a non-legume) and monocultures in
rhizotrones (see Fig 7.).

Fig. 6: Example of rhizotrons which have been used to assess root architecture and distribution in the
experimental setup of Manuscript 2. Plants grow in a flat, rectangular, pot-like container consisting of a
transparent side on which roots are forced to grow along by tilting the container in an angle of approx. 20°
towards the transparent side. Shreds on the transparent side show the planar optodes for pH, Co 2 and O2.
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We used genetically modified maize plants (Zea mays), which allowed us to visually distinguish the roots
of the maize plants by an expression of green fluorescent protein inside the roots, together with nonmodified common bean (Phaseolus vulgaris). Additionally, we combined this method with planar optodes
by which we were able to track pH changes over time, in specific regions of interest (ROIs) where roots of
both species did interact and compared this to ROIs without interaction. Although our method succeeded
in distinguishing the roots of different species grown in natural soil and following pH dynamics in the
rhizosphere of two species over time (what has, never been possible before up to that point), we did not
manage to find evidence for N facilitation in the maize when growing with the legume (no higher leaf N
values or clear changes in δ15N when growing near the legumes; data not shown in MS 2).
The priority effect found by Koerner’s assembly experiment (described in chapter “Priority effects:
Experiments with plant communities”) was strong and statistically sound for different communities
varying in species composition (communities were comprised of randomly selected species from a defined
species pool). Especially the question of to what extent the observed effect depends on factors, such as
community size and density or time interval between the plantings was relevant for assessing the nature of
priority effects. Since up to that time we were not able to propose legume facilitation as one of the key
drivers of increased productivity in communities where legumes were planted ahead of other PFTs we
hypothesized that if N-facilitation was occurring between legumes and non-legumes, the magnitude of a
potential positive effect would increase with increasing individual numbers (Marquard et al. 2009a). Thus
we introduced sowing density into our experiments as a factor possibly correlating with facilitation
intensity. At the same time varying density and the time interval between plantings were considered as
means to simulate dispersal frequency of natural assemblages. Manuscript 3 offers an answer to some of
these questions, going beyond what Koerner et. al. (2007) did. At the same time it opened the stage for
another set of questions, extending this research once more.
The next step was to expand our proof of principal from our greenhouse experiments to field conditions
since greenhouse experiments and results obtained from there only offer limited transferability when
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interactions under natural environmental conditions are allowed (see section on ecological experiments
above).
In the Priority Effect Experiment in Jülich, we included additional factors likely to modulate either
ecosystem function or modulate the priority effect itself. The factors we also tested were: diversity of
starting community (Bullock et al. 2001b; Bullock et al. 2007b; Leps et al. 2007), soil type (van de
Voorde, van der Putten & Bezemer 2011; Hendriks et al. 2013) and sowing sequence of PFTs (Körner et
al. 2007a; Kardol et al. 2013b) to investigate the effects of the size of the regional species pool (sown
starting diversity) together with the interaction of the time of arrival of the different PFTs: legumes,
grasses and non-legume forbs. To be able to extent the findings of this experiment beyond the limited
constraints of a single field experiment, we conducted our setup on two different soils, thus strengthening
the generalization potential of the results obtained and maximizing predictions to a range of varying
environmental conditions.
In Manuscript 4 we assessed community composition and above- and belowground productivity as a
proxy for ecosystem functioning during initial assembly within the first growing period in 2012. The main
aim of this approach was to evaluate the options of using priority effects for restoration purposes or in
(extensive) agricultural production systems as a tool to increase productivity by optimizing nutrient-use
whilst at the same time reducing workload intensity. Unlike other biodiversity-ecosystem-functioning
experiments we sowed communities in the beginning but then did not weed allowing for natural assembly
and interactions with invading species. Based on the results from Bullock et al. (2007b) and Körner et al.
(2007a), biodiversity effects and the interplay of positive interactions among PFTs were hypothesized to
increase productivity aboveground whilst reducing it belowground.
Results showed that different biomass allocation patterns between above- and belowground plant parts
were found. The dominance of species from the respective PFT sown first (despite the exclusion of
aboveground competition by mowing before the second sowing) suggests that there was interplay of two
factors during initial community assembly: belowground asymmetric competition leading to aboveground
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asymmetric competition. At the end of the first vegetation period we found effects of legumes arriving
first on both below- and aboveground productivity.

3.1 Emerging research questions
3.1.1

Alternative stable states and their temporal stability

A topic heavily discussed in ecology are alternative stable states as a consequence of different assembly
history (Beisner et al. 2003; Jiang et al. 2011). The idea behind is that communities at a given site and of a
common species pool can be found in one of different possible stable states, with the option to leave this
state as a consequence of a shift in parameters, either reflecting environmental perturbations or a change
of environmental drivers (Fukami & Nakajima 2011b). The colonization history creates different
pathways within community development by affecting the success of later species through priority effects
(Shulman et al. 1983; Fukami 2004). Research into the assembly of ecological communities has shown
that the extant composition of communities is strongly influenced by historical factors and sometimes
even has stronger influence than the effects of abiotic conditions on community composition (see chapter
Assembly theory and the importance of priority effects above).
Martin & Wilsey (2012a) show that alternative (native or exotic species-dominated) states could be
created under the same environmental conditions just by altering assembly history in a prairie restoration
experiment. It is unclear whether achieved differences in community composition induced by different
assembly histories are stable in time (or may even become stronger with time, leading to compositional
divergence) or whether compositional differences faint with time as communities with different assembly
histories become more similar (compositional convergence).
Fukami & Nakajima (2013) advocate to rather use the term “alternative transient states” than talking of
alternative stable states since the latter term implies that community assembly is linear. In fact it is rather a
cyclical process frequently being perturbed by disturbances thus he states that a state remains only stable
for a limited time. Also explicitly testing priority effects and their contribution to (alpha-, beta- and
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gamma-) diversity across different scales and/or along environmental gradients still remains to be done.
However, the current model of assembly and succession integrating the theory of alternative stable (or
transient) states reflects the most useful approach of community development and assembly dynamics.
Still it needs to be tested (for a number of different habitats and/or community types) for generality.
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Abstract
Priority effects caused by species that arrive first during assembly can have long-lasting effects on both
structure and functioning, but the role of the sequence of arrival of different plant functional types
(PFTs) has not yet been investigated in under field conditions. In this grassland experiment, we tested
the effects of arrival order of three different plant functional types (grasses, forbs, and legumes) as well
as sowing either low or high diversity mixtures (9 or 21 species) on species composition and productivity
(both above- and belowground) to reveal possible priority effects on assembly and ecosystem
functioning during initial assembly of such grasslands. Both factors were tested on two sites representing
different soil types (Cambisol and Anthrosol). The arrival order of PFTs influenced community
composition in favor of species within the respective PFT sown first. Overall, plots in which legumes were
sown first and control plots (sown at the same time) were more productive in aboveground biomass
than grasses or forbs sown-first, and this was attributable to different functional compositions, especially
legume dominance. Belowground we found opposite patterns of productivity: legume-first plots were
least productive belowground versus grasses-first were most productive. Both above- and belowground
productivity were modulated by soil type. No significant effects of sown species richness on
aboveground productivity were found. The different biomass allocation patterns to above- and
belowground tissues were clearly linked to the functional composition, in particular presence of
dominant legumes. This in turn was controlled by priority effects induced by the experimental
manipulation of the arrival time of different PFTs. The persisting dominance of species from the
respective PFT sown first (despite the exclusion of aboveground competition by mowing before the
second sowing) shows that there was interplay of two factors governing initial community assembly:
belowground asymmetric competition leading to aboveground asymmetric competition.
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Introduction
Priority effects during plant community assembly occur when species that establish first significantly
affect further assembly and hence also following community trajectories. They can lead to lasting
differences in species or functional composition (Ladd & Facelli 2008a; Grman & Suding 2010b; Fukami &
Nakajima 2011a; Martin & Wilsey 2012b; Plueckers et al. 2013b) and hence can potentially drive local
ecosystem properties and functioning (Fukami et al. 2006; Tan et al. 2012b; Kardol, Souza & Classen
2013a; Roscher et al. 2014). Priority effects can even have a stronger influence on community
composition than abiotic conditions or resource availability (Chase 2003a). Thus, during the assembly of
plant communities, a range of different community trajectories can be found which can lead to so-called
“alternative stable states” (ASS) that are relatively stable at local alpha diversity scales (Temperton &
Hobbs, R. J. 2004; Martin & Wilsey 2012b). While much is now known about the link between plant
diversity and ecosystem functioning in experimental grasslands (Cardinale et al. 2007; Marquard et al.
2009b; Cardinale et al. 2013; Marquard et al. 2013) such experiments usually ignore effects of timing of
arrival of different species or functional groups since species mixtures are sown or transplanted at the
same time. If priority effects can play a key role in grasslands especially at alpha diversity scales , then
the identity and effect of early arriving species at a site could be a key driver in affecting ecosystem
functioning and ensuing diversity over time.
Ejrnaes, Bruun & Graae (2006) manipulated timing of arrival, fertility, soil and disturbance in grassland
microcosms and found that species composition was mainly influenced by timing of arrival but also that
“the probability for multiple equilibria appeared to increase with productivity and environmental
stability”. Also using grassland species, Kardol et al. (2012) found that timing of seed arrival affected
plant community divergence and leaf chemistry but not community productivity or gas exchange and
that the effects of timing of arrival were increased with soil fertility. Ejrnaes et al. (2006b) also found that
assembly history influenced species composition of grassland- and generalist plant communities,
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illustrating historical contingency (Belyea & Lancaster 1999), even if environmental factors influenced
species richness and invasibility strongly.
Priority effects and plant functional types
The traits of species that establish first at a disturbed site can significantly influence further assembly
with some species acting as inhibitors, facilitators or neutrally towards newcomers (Connell & Slatyer
1977b). Plants that establish first can gain a competitive advantage over species arriving later, altering
resource availability at a site which in turn has an impact on the establishment and growth of species as
well as on ongoing trajectories. Recently, controlled experiments have directly manipulated timing of
arrival as a key component of possible priority effects, altering which plant functional types (hereafter
called PFTs) arrive first (Ejrnaes et al. 2006b; Körner et al. 2007b; Kardol et al. 2013a; Gillhaussen et al.
2014b). Results of these studies indicate, that legumes sown prior to grasses and forbs create
communities with higher aboveground (Körner et al. 2007b; Gillhaussen et al. 2014b) and lower
belowground productivity (Körner et al. 2007). Körner et al. (2007) hypothesized that lower
belowground productivity in treatments where legumes were sown first was due to smaller legume root
systems (when deriving most N2 from the atmosphere) and hence increased nutrient availability for nonlegume neighbors arriving at a later time (the so-called N sparing effect, see Temperton et al. 2007).
Clearly, seeding density and the sowing interval between sowing events has influence onthe early stages
of community assembly but von Gillhaussen et al. (2014) found that sowing legumes before other PFTs
created a stronger priority effect than sowing density or sowing interval did. However, none of these
studies have shown how priority effects of PFT arrival affect community assembly and productivity
(below- and aboveground) under field conditions.
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Priority effects and the role of species interactions
Bullock et al. (2001a; 2007a), aiming to test whether positive diversity effects found in biodiversity
experiments could be applied to the restoration of grasslands, sowed either low- or high diversity
restoration seed mixtures (all species at the same time) on ex-arable land. They found that even under
the same environmental conditions, initially sown, high species mixtures had a positive effect on both
aboveground productivity and diversity over many years in 17 different restored calcareous grasslands
(compared to sown low diversity mixtures). This can be seen as a priority effect on the whole system in
terms of affecting the trajectory and functioning of the communities.
Complementarity between PFTs as well as assembly sequence is important for priority effects.
Biodiversity experiments often find positive effects of plant species richness on ecosystem functioning
particularly between specific combinations of functional groups (e.g. N2-fixing legumes combined with
grasses) (Hooper & Dukes 2004b; Kirwan et al. 2007a; Oelmann et al. 2007a; Marquard et al. 2009b).
Positive interactions between legumes and other PFTs (as well as the extent of N sparing versus N
transfer, sensu Temperton et al. 2007) are modified by the diversity and abundance of the interacting
partners (Spehn et al. 2002; Temperton et al. 2007a) as well as by soil fertility (Märtin 2010).
Complementarity (as well as competition) between functional groups occurs both above- and
belowground (Marquard et al. 2009b; Ravenek et al. 2014a). So far, few studies have addressed the
relevance of belowground processes during community assembly (but see Frank et al. (2010)).
Mommer et al. (2010) focused on vertical niche differentiation of root biomass of multi-species mixtures
in comparison to monocultures in phytotrons. Already in the first year species in mixtures were on
average more productive belowground than expected from monocultures, possibly preceding also
aboveground overyielding. Ravenek et al. (2014) hypothesized that spatial niche differentiation in
rooting patterns between plant species (and PFTs) may be a key driver of the observed biodiversity
effect on belowground biomass, leading to more efficient overall belowground resource-use with
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increasing diversity. They reported a positive effect of diversity on standing root biomass (albeit with a
time lag of four years) but no evidence for spatial niche differentiation. In contrast, strong evidence for
positive effects of grasses and negative effects of legumes on standing root biomass were observed
(Ravenek et al. 2014). Whether biodiversity can promote the productivity of agriculturally managed
grasslands and how it interacts with priority effects during initial assembly is, however, largely
unexplored (Isselstein, Jeangros & Pavlu 2005b).
To investigate the effects of order of arrival of different PFTs as well as sown diversity effects, we set up
a field experiment with these two factors tested on two different soil types. Additionally, we were
interested in finding out whether former results from greenhouse experiments (Körner et al. 2007b;
Gillhaussen et al. 2014b) could be confirmed under field conditions. Since Bullock et al. (2007) and
Bezemer & van der Putten (2007a) found strong priority effects of sowing different degrees of diversity
on productivity and established species richness, we hypothesize that sowing low vs high diversity as
well as changing the order of arrival of PFTs (as in the controlled experiment of Körner et al. 2007) may
create large priority effects. Any such effects, if desirable, could be used to improve the restoration
outcome in species-rich grasslands, thus ensuring that their overall productivity remains high over a long
period of time and creating a win- win situation among conservationists and farmers (by creating a highly
diverse system with low input and high productivity).
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The experiment has a multi-factorial design with order of arrival of different plant functional types and
species richness tested on two different soils for their effects on above- and belowground productivity as
well as on composition of the emerging communities. The following hypotheses were tested:
1) Sowing legumes first creates a priority effect by increasing aboveground community biomass
yield and negatively affecting overall belowground root productivity.
2) Initial species richness creates a priority effect, which increases aboveground biomass yield in
the high diversity mixtures.
3) Soil type modulates overall productivity but priority effects will have a stronger effect on
productivity irrespective of soil properties.
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Materials and Methods
Experimental site
The Priority Effect Experiment is located on an ex-arable field southeast of Jülich (in North RhineWestphalia, Germany) near the village of Daubenrath (altitude 94 m NN; 50°53’51.53” N, 6°25’21.09” O).
Mean annual air temperature at the nearest meteorological station (approx. 1 km distance from the field
site) is 9.9°C (1961-2012) and mean annual precipitation of 699 mm. The site was cultivated as an arable
field until 2006 (mainly for the cultivation of vegetables and root crops) and was then used as extensive
grassland from 2006 until the establishment of the experiment in 2012. Prior to the establishment of the
experiment the field was ploughed and raked multiple times during the winter 2011/2012 to counteract
germination of weeds from the soil seed-bank and to create bare ground.
Before the start of the experiment a soil survey was conducted in December 2011 where 72 soil samples
were taken from the Ap horizon using an Auger corer in every plot of the later established main plots in a
4 x 4 m grid. The soil samples were stored at -18°C and later analyzed for mineral nitrogen (Nmin: nitrate,
ammonia), Ctot, Ntot, Catot, Fetot, Ktot, Mgtot, Motot and pH of the soil solution extract (CaCl2).
Additionally an assessment on the basis of four soil profiles (two on Area A and B respectively) was
performed, where soil type, grain size and soil skeletal content were assessed. As a result of the soil
survey, the experiment was set up on two areas (Area A and B see Fig.1) reflecting the soil types Stagnic
Cambisol on area A (depth of > 140cm with nearly no soil skeleton in the first 30 cm) and a slightly
elevated (app. 1.8m), piled up Anthrosol (depth of >150, with a soil skeletal content of 10-25% in the first
30cm). The soil survey followed the official German soil mapping guidelines (Sponagel 2005).
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Experimental Design
a)

b)

Figure 1: a) A schematic representation showing the distribution of plots and treatments on area A and B and b) an arial image
(lower left) and a digital elevation model (right image) depicting differences in elevation between area A and B. Plot descriptions
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represent either sown diversity (HD, LD) treatments or PFT order of arrival treatment (F: forbs, G: grasses, L: legumes and C:
simultaneously sown controls) and the respective number of replicate. N= 4 per Area. The grey plots in a) next to area A shows
18 monoculture plots, with two plots (2x2m) per species for all species contained in the low diversity seed mixture. The grey
rectangle next to area B shows 11 “No-cutting” plots where no mowing between the 1st and 2nd sowing occurred, providing a
test of whether priority effects occur when aboveground competition is not reduced between the two sowing events (data from
monocultures and “No-cutting” plots not shown here).

The field experiment is multi-factorial with the factors sown diversity and PFT order of arrival as the two
main factors. Treatment levels were high- (HD) and low diversity (LD) for sown diversity and grasses-first
(G-first), legumes-first (L-first) and forbs-first (F-first) or control (sown at the same time) for PFT order of
arrival. The experiment covers two different soil types, separated by a slight elevation, giving two
different areas, Area A and B (see Figure 1), each with exactly the same treatment factors and replicates
(n= 4 per Area, n= 8 for the whole experiment, resulting in a total number of 72 plots). The two different
seed mixtures (“high diversity” and “low diversity”) were sown in the experiment to assess the effects of
species richness on ecosystem functions and diversity outcomes in the assembling communities (see also
Bullock et al. 2007). All plant species in the low diversity mixture were a subset of the species contained
in the high diversity mixture (see Table 1). All plots were mown twice per growing season (according to
agricultural practice in managed mesic grasslands). In 2012 mowing was executed on July 30th and
October 4th since the experiment was establishing itself in this first year and peak biomass was later than
usual (normally in May). A non-clonal grass species, Festuca rubra spp. commutatis, was sown in the
areas between the plots as lawn paths.
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Table 1: Plant species chosen for the Priority Effect Experiment with the respective PFT (column 1) assigned for each species
(column 2). Species were selected from a species pool of the typical central European grassland types. Species pools for high and
low diversity (HD and LD) mixtures were fixed (not random). Species contained in the low diversity mixture are shown in column
3.

Present
in LD
plots

Present in
HD plots

PFT

Species

Forb

Achillea
millefolium

1

Forb

Crepis biennis

0

Forb

Galium verum
Glechoma
hederacea
Leontodon
hispidus
Leucanthemum
vulgare
Plantago
lanceolata
Arrhenatherum
elatius

0

0

Grass

Bromus erectus
Dactylis
glomerata

Grass

Festuca pratensis

1

Grass

Helictotrichon
pratense

0

Grass

Holcus lanatus

1

1

Grass

Poa pratensis

0

1

Legume Lotus corniculatus 1
Trifolium
Legume hybridum
0
Legume Trifolium pratense 1
Legume Medicago sativa 1

1

Legume Onobrychis
vicifolia
0
Legume Lathyrus pratensis 0

1

Forb
Forb
Forb
Forb
Grass
Grass

1
1
1
1
0
1
0
1
1
1
1
1
0
1
1
1
1

1

1
1
1

1

The PFT order of arrival treatment was created by sowing the species of one PFT first on 19.04.2012 (or
all at the same time for the control) and the other species of the two remaining PFTs at the same time on
31.05.2012, resulting in the four treatment levels: F-first, G-first, L-first and control (all PFTs sown at the
same time). The length of the interval between sowing events was based on previous greenhouse
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studies (see von Gillhaussen et al. 2014) where 6-week intervals produced larger priority effects than a 3week interval. Before the 2nd sowing was done all plots were mown with a lawnmower at a cutting
height of 30 mm, to reduce initial aboveground competition and to allow subsequently sown species to
better germinate and establish. This was performed in order to increase complementarity between PFTs.
None of the plots was weeded thus allowing colonization and assembly processes after the one sowing
event. In addition to the sown plots, four blank plots were established where no seeds were sown, as a
free succession control. The main experiment thus consists of 72 plots of 4x4 m. In addition, 18 smaller
plots of 2 x 2 m were also established with monocultures of the low diversity treatment species
(replicated twice).
Species selection
Seeds were obtained from a local regional source within North Rhine-Westphalia (Rieger-Hofmann
GmbH, Blaufelden-Raboldshausen, Germany), mixed manually to the correct seed mixture. Each seed
mixture, except for the simultaneously sown control groups, was further separated into a first- and
second sowing mixture, for the PFT order of arrival treatment. The seed mixtures were mixed with sand
to ensure a proper handling and a more even distribution of seeds on the plots at the time of sowing.
The target sowing density was 5 g m-2 divided equally among the species of each mixture. The number of
PFTs within each of the seed mixtures was always equal (high diversity: forbs: 7, grasses: 7, legumes: 7 or
low diversity: forbs: 3, grasses: 3, legumes: 3) and the number of seeds taken for each species was
adjusted according to their thousand seed weight. Seeds were sown by hand into the previously
prepared (raked) plots at a sowing distance of approx. 30 cm above ground level to avoid seed
distribution by wind. Afterwards each plot was flattened with a 50 kg roller to ensure proper adherence
of seeds to soil particles and to avoid herbivory.
Species selection was supposed to reflect species that were relatively dominant and common in
grasslands of the surrounding area. The target plant community (Arrhenatherion) is a semi-natural
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species rich mesophilic grassland, consisting of typical central European grassland species (Ellenberg
1988). In total, a fixed set of 21 common species (7 forbs, 7 grasses and 7 legumes) was selected for the
high diversity communities. A randomly chosen, fixed subset of 3 forbs, 3 grasses and 3 legumes was
selected to represent low diversity communities (see Table 1). Species were selected taking their
performance in previous experiments (e.g. (Pywell et al. 2003; Gillhaussen et al. 2014b) and preexperiments into account.
. Species were classified into three different plant functional types (PFTs) and this was intentionally held
broad, to create general functional envelopes in which plant species’ in all likelihood would differ
significantly in their functional and morphological traits (based on Roscher et al. 2004 for the Jena
Experiment, except that forbs were not split into small and tall forbs). We defined three different PFTs:
(non-legume) forbs, grasses and legumes. Forbs included any non-legume, non-grass species; grasses
included members of the Poaceae family which are morphologically most different from the other
groups (common prevailing traits of this group are a perennial life cycle and a caespitose growth).
Legumes are forbs of the Fabaceae family which vary from species of other PFTs by their ability to fix
atmospheric nitrogen and use it as a nitrogen source.
Sampling and Data Collection
The core area within every plot (3.5 x 3.5 m) was not used for any other sampling except biomass
harvesting and species- specific cover estimates. To identify treatment effects on plant community
composition plant cover per species was estimated prior to the harvest of aboveground biomass. These
estimates were performed using a modified cover estimation method following Braun Blanquet (Londo
1976).
Total aboveground biomass production (dry matter yield, g/m2) was measured at two harvest events in
2012 (31.07 – 03.08 and 04. – 05.10.2012). Two 0.1 m2 rectangles (20 × 50 cm), randomly positioned
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each time, were harvested in each plot at each harvest. All aboveground plant material within the
rectangle was cut approx. 2 cm above the soil surface and samples were dried at 70°C (until constant
weight) before weighing. After biomass-sampling all plots were mown with a lawnmower at 80mm, cut
plant material was removed from the plots. The outer area of each plot (approx. 60cm wide) was
designated as a “measurement zone” where destructive measurements (e.g. soil samples) were possible
without interfering with overall community establishment and assembly.
Assessment of fine root productivity, standing root biomass and root decay
Root growth and turnover were estimated with the aid of the ingrowth-core (IGC) method (Steen 1984;
Hansson, Steen & Andren 1992; Steingrobe, Schmid & Claassen 2000) in the low diversity G-first L-first
and control treatments. Prior to the sowing (on 05.04.2012) mesh bags (Polyamide fiber, length 45 cm,
mesh size 1 mm, diameter 4 cm) were fitted into pre-drilled holes (diameter 5 cm) at an angle of 45° to
soil surface, covering a soil depth of approx. 30 cm. Four IGCs were installed in each plot with a distance
of at least 1 m between each bag. Prior to their activation the IGCs were protected by inserting PVCtubes (diameter 4 cm) into the mesh bags. All non-active IGCs were covered with plastic caps. The soil
material used to fill the IGCs was taken from an area next to the experimental plots with corresponding
soil properties. Before soil material was collected the surface of this area was covered with an opaque
plastic film for 10 weeks to suppress any plant growth and to obtain soil material free from living roots.
Subsequently, soil material (0-30 cm depth) was extracted, air-dried (for 3 days inside a greenhouse at
20°C) and sieved (2 mm). The first set of IGCs was filled on 23.05.2012. The mesh bag of each ICG was
stepwise filled by repeatedly pulling out the PVC tube for a few centimeters, inserting a small quantity of
soil material pushing it into the ICG and compacting it with a wooden stick. In order to achieve a soil
density inside the mesh bags, similar to that of the surrounding plot, the dry bulk density was
determined previously and an according soil quantity was filled into the ICGs. At the time of activation
weed plants in an area of 50 x 50 cm around the IGCs were carefully removed to ensure that only roots
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of the sown species were included into the assessment. A detailed description of the Ingrowth core
method is provided by Steingrobe et al. (2000; 2001).
After activation the IGCs remained inside the soil for two weeks where fine root ingrowth into the mesh
bags was allowed. Only one IGC at a time was active inside the plots reflecting the fine root productivity
of a certain 2 week period (from here on called generation). Whenever one generation of IGCs was
sampled, a reference soil core was taken from the plot for the examination of overall standing root
biomass. Root decay inside the IGC during the 2 weeks exposure period was considered negligible, thus
total root length inside the IGCs was considered to represent total root productivity for the given 2weeks period and soil volume of the cores (Steingrobe et al. 2001). After one generation had been
sampled the next generation was activated to allow a continuous monitoring of fine root productivity for
a total of 8 weeks over the time span from 23.05 to 18.07.2012. Sampling dates were 06.06. (1 st
generation), 20.06. (2nd generation), 04.07.2012 (3rd generation) and 18.07.2012 (4th generation). After
two weeks of active exposure, mesh bags were pulled out and the roots were washed out carefully over
a 500 µm sieve. Then root length was determined by a line intersection method according to Newman
and Tennant (Newman 1966; Tennant & Tennant 1975). Measured root length was related to the
volume of the IGCs allowing the calculation of the average root length density (RLD, cm root per cm 3
soil). Root decay was calculated as follows: (RLDcore(time2) + RLDref(time1)) – RLDref(time2), where RLDref
is the root length density of the reference cores (standing root biomass) and RLD core is the root length
density inside the IGCs.
Statistical analysis
The field experiment is multi-factorial in design with the fixed factors Sown diversity and PFT order of
arrival as the two main factors and Area as a fixed factor. Sown diversity had two levels: high (HD: 21
species) and low diversity (LD: 9 species). The factor PFT order of arrival had four levels: grasses-first (Gfirst), legumes-first (L-first) and forbs-first (F-first) or control, sown at the same time. The two Areas with
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two different soil types had exactly the same treatment factors and replicates (n= 4 per area, n= 8 for the
whole experiment, giving a total number of 36 plots per Area and overall 72 plots for the whole
experiment, see Figure 1C). Whenever the factor Area had a significant effect, separate analysis for area
A and area B were performed.
Biomass data (aboveground and belowground) were analyzed using ANOVA testing for effects of the
factors sown diversity and PFT order of arrival and the Area treatment (Area A and B) as well as any
interaction effects between these factors. The experimental design was balanced and orthogonal for the
three factors. Data was analyzed using Type III ANOVA. Post-hoc tests (Tukey HSD) were used to identify
significant differences between treatment levels and where appropriate outcomes of Tukey tests are
reported.
Normal distribution of the residuals and homogeneity of variance were checked with pp-plots and
Levene’s tests respectively. Any data that did not fulfill the assumption of homogeneity of variance and
normal distribution of the residuals were transformed (log 10) before analysis. Effect sizes for each factor
as the proportion of explained variance were calculated as partial η2. Details of the results for separate
analysis (e.g. t-tests or ANOVAs for specific harvesting dates) which are not listed in Table 2 are stated in
the text. Analyses were run using PASW Statistics 22 (IBM Corporation, New York, USA).
Analysis of species compositional data was performed by a PCA on the basis of Bray Curtis dissimilarities
on behalf of species specific cover estimates on all plots (irrespective of Area or Sown diversity) for the
two dates of cover estimates July and September. These analysis were run using R studio
(Version 0.98.1062 – © 2009-2013 RStudio, Inc.) using the extension software package “Vegan”.
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Results
Effects of PFT order of arrival on aboveground biomass production
The treatment PFT order of arrival had a significant effect on the total aboveground biomass in 2012
(data from both harvests pooled: July and October; Fig. 2; F(3, 94)= 22.064, P<0.0001). The Area in which
the experimental communities were growing in (A or B) also had a significant influence on aboveground
biomass (F(1, 94)= 10,424, P= 0.002; with higher biomass on Area A. In contrast, Effects of sown diversity
on aboveground biomass were not significant, even if higher diversity seed mixtures did tend to produce
slightly more productive community biomass (Fig.2). Interactions of the treatments PFT order of arrival
and Area as well as between the treatments PFT order of arrival, sown diversity and Area on
aboveground biomass production were found, therefore the data was analyzed separately for the two
areas showing that PFT order of arrival remains significant (see Table 2).
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Table 2: ANOVA results for testing the effects of Sown diversity, PFT order of arrival and Area on different response variables.
Note that this summary table is compiled of several different analyses, some that relate to the full set of experimental plots
(N=8) or a subset of plots on Areas A and B (N=4). Results for the subset of plots with in-growth cores installed for measuring
belowground productivity and standing root biomass are reported under the respective entries. Each (thick) line represents a
separate ANOVA test. Interactions effects are denoted with a X. P values < 0.05 are considered statistically significant and shown
in bold.

Response variable

Factor

Sown diversity
PFT order of arrival
Area
Total Aboveground
Sown diversity x Order of arrival
2
biomass (g/m )
Sown diversity x Area
PFT order of arrival x Area
Sown diversity x Order x Area
Order of arrival
Aboveground biomass (g/m2)
Sown diversity
on Area A
Sown diversity x Order of arrival
Order of arrival
Aboveground biomass (g/m2)
Sown diversity
on Area B
Sown diversity x Order of arrival
PFT order of arrival
Fine root productivity (cm/cm3) Area
PFT order of arrival x Area
Fine root productivity
PFT order of arrival
(cm/cm3) on Area A
Fine root productivity
PFT order of arrival
(cm/cm3) on Area B
PFT order of arrival
Standing root biomass (cm/cm3) Area
PFT order of arrival x Area
Standing root biomass
PFT order of arrival
(cm/cm3) on Area A
Standing root biomass
PFT order of arrival
(cm/cm3) on Area B

df F-value p-value partial η2
1
3
1
3
1
3
3
3
1
3
3
1
3
2
1
2

0,133
22,064
10,424
0,409
0,012
3,267
2,992
15,283
0,034
1,041
11,551
0,118
2,393
1,948
7,288
2,691

0,716
0,000
0,002
0,747
0,913
0,025
0,035
0,000
0,854
0,385
0,000
0,733
0,078
0,149
0,008
0,073

0,001
0,413
0,100
0,013
0,000
0,094
0,087
0,534
0,001
0,072
0,391
0,002
0,117
0,042
0,076
0,058

2

2,492

0,097

0,125

2
2
1
2

1,949
6,195
0,565
3,372

0,157
0,003
0,454
0,039

0,098
0,121
0,006
0,070

2

10,117

0,000

0,310

2

0,504

0,607

0,022

When treating the different harvesting events separately, the effect of PFT order of arrival on
aboveground productivity was significant at the first harvest in July (F(3,

58)=

9.652, P<0.0001) and

remained significant for the second harvest in October (F(3, 51)= 5.783, P= 0.002).
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Figure 2: Total aboveground productivity over the growing season 2012 (biomass in July and October 2012 summed). Bars show
high diversity plots (black) and low diversity plots (grey) separated into PFT order of arrival treatments with forbs, grasses-,
legumes sown first (F-, G-, L-first respectively) and simultaneously sown controls. Panels show results from area A and B, high
diversity and low diversity plots combined for Post-Hoc tests. Data are means (+/- 1SE). N=4 per Area.

Aboveground and belowground productivity during initial eight weeks of assembly in a subset of plots
where in-growth cores were installed
We compared belowground productivity from the subset of plots sampled with aboveground
productivity of the same subset of plots to make the comparison more exact. PFT order of arrival had a
significant effect on aboveground productivity for the subset of plots where IGCs were installed (LD
plots) during the first eight weeks of the experiment (see Fig.3; F(3, 24) =3.947, P=0.020). When Areas A
and B were analyzed separately there was a significant effect of PFT order of arrival on aboveground
productivity in area A (F(3, 13) =5.753, P= 0.01), but not in Area B (F (3, 11) =1.620, P= 0.241). Aboveground
productivity was highest in Control and L-first plots, which were significantly higher than G- or F-first
plots (F (3, 28) =3.724, P<0.0001).
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a

b

b

b

b

a

a

Figure 3: Plots with legumes sown first produced highest aboveground- (P<0.0001) but lowest belowground biomass (standing
root biomass; P= 0.008) in reaction to the PFT order of arrival treatments. Data show mean aboveground biomass and root
length densities (± 1 SE) for the first eight weeks of the experiment. All levels of the PFT order of arrival treatment (F-, G- and Lfirst = forbs-, grasses- and legumes-first) are shown for a subset of plots (all low diversity mixtures) where ICGs had been
installed (except F-first where no ICGs had been installed). Replicates are N= 8.

Belowground, PFT order of arrival had a significant effect on standing root biomass of reference cores
(F(2,95)= 7.004, P= 0.001; sampled additionally to IGCs in bulk soil adjacent to the IGCs). Mean root length
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densities for L-first and Control plots were significantly lower than in G-first plots ((t(61)= 2.753, P= 0.008;
see Fig. 3). Mean root length densities derived from standing root biomass from reference cores (across
all sampling dates) were highest for plots with grasses sown first (G-first) with 0.712 +/-0.217 cm/cm3
followed by the controls with 0,619 +/-0.180 cm/cm3 and L-first plots with 0.544 +/-0.186 cm/cm3 (Fig.
3). Figure 4 shows the belowground root dynamics of plots where IGCs were installed over the four
different sampling dates (generation 1-4). Figure 4a shows that for G- and L-first initial standing root
biomass diverged after the first sampling date (Generation 1) with G-first becoming more productive
compared to L-first plots where belowground biomass remained at a constant level. A significant
difference between these two PFT order of arrival treatment levels was found from the 3rd generation on
(t(14)= -3.021, P=0.009) and at this time also between the G-first and Control treatment (t(14)= -3.134, P=
0.007). At the time of the fourth IGC generation, L-first standing root biomass was significantly lower
than in G-first (t(14)= -2.157, P=0.049).
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a) Standing root biomass

b) Fine root productivity

c) Root decay

Figure 4: Mean root length densities (cm/cm3) of a) standing root biomass (taken from bulk soil samples), b) fine root
productivity (taken from ingrowth cores) and c) root decay across all replicates of the treatments G-first, L-first and Control
(grasses- or legumes sown first and simultaneously sown controls; N = 8, +/- SE) for each of the four generations, each reflecting
a period of two weeks of ICG exposure and possible root ingrowth.
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PFT order of arrival did not show effects on total fine root productivity (F(2

94)=

1.948, P=0.149)

significantly (Figure 4b and Fig. 5, Table 2). Nevertheless, looking at data across all 4 generations, L-first
was the least productive belowground with an overall mean of 0.634 +/-0.075 cm/cm3 followed by the
simultaneously-sown controls with 0.743 +/-0.130 cm/cm3 and grasses sown first (G-first) as the most
productive treatment level with 0.759 +/-0.222 cm/cm3. Despite finding no significant effect of PFT order
of arrival on fine root productivity (see Tab.2), the pattern of productivity over time (Fig. 4b) reveals
differences. L-first plots decreased in fine root productivity during the last two sampling dates (shortly
before and while flowering from 04.07.2012 (3rd generation) to 18.07.2012 (4th generation)) compared to
the G-first plots, leading to an overall lower productivity. The simultaneously sown controls experienced
a decrease in productivity between the 2nd and 3rd generation (sampling dates 20.06. and 04.07.2012)
but were able to compensate towards the end of the sampling period. Only plots with grasses sown first
managed to keep up a constant productivity until the final sampling (18.07.2012).
In this context, accumulated root decay (Fig. 4C) was also lowest for L-first plots with 2,140 +/-0,356
cm/cm3, followed by the controls with 2,349 +/-0,415 cm/cm3 and G-first with 2,351 +/-0,675 cm/cm3
(not significant).
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Figure 5: Different soil conditions affecting productivity above- and belowground (fine root productivity only, as a mean across
sampling generations, +/- SE) during initial assembly (first eight weeks of the experiment). Data shows all levels of the PFT order
of arrival treatment (F-, G- and L-first = forbs-, grasses- and legumes-first) for a subset of plots (all low diversity mixtures) where
ICGs had been installed (except F-first where no ICGs were installed), divided among the two blocks A and B. Replicates are N= 4
per block.

Effects of treatments on aboveground functional composition
The PFT order of arrival treatment resulted in different functional compositions for the experimental
plots: Fig. 6a shows (Bray Curtis-) dissimilarities in community composition based on species specific
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cover estimates of plots in July (circles) and September (triangles) and one can see that 1) the
community functional composition changed strongly between the two time points and 2) L-first and
control plots cluster on the one hand and G-first and F-first plots cluster in a separate multivariate space
reflecting the same pattern previously seen on aboveground biomass and standing root biomass
(compare also Fig 2 and 3).

a)
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b)

Figure 6: a) Ordination showing the effects of PFT order of arrival treatment (F, G and L-first = forbs-, grasses- and legumesfirst) on the functional composition of communities in plots (irrespective of sown diversity and soil type). Axes resulted from
PCA of Bray Curtis similarities of experimental plots derived from individual species cover estimates for the two time points in
July (circles) and September (triangles). b) Box-plots showing Euclidean distances (functional dissimilarities) between the first
(July) and the second (September) cover estimate for the different PFT order of arrival treatments.

At peak biomass in July species of the PFT sown first were already substantially contributing to
community biomass, with sown legume species in L-first plots holding a share of approx. 43% of the total
community, in F-first plots, sown forbs were approx. 15% of the total community and in G-first plots,
sown grasses contributed approx. 12% to the total community. Controls consisted of approx. 38% sown
legume species, 10% sown forb species and 4.5% sown grasses (Area and Sown diversity treatments
pooled), confirming the patterns in Fig. 6a) whereby the control plots had similar compositions to the Lfirst plots.
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Fig. 6b) shows Euclidian distances of functional compositions between the two time points July and
September for each level of the PFT order of arrival treatment, showing that the compositional stability
during these three months is higher for L-first and Control plots than for the others. Control plots and
plots in which legumes were sown first were more legume-dominated whereas plots with grasses or
forbs sown first were initially dominated rather by annual forbs and grasses (weeds; however, this effect
was substantially reduced after the first mowing).
A linear regression of legume abundance and aboveground biomass showed that legume abundance was
positively correlated with aboveground biomass production throughout all plots of the experiment (R=
0.558, P<0.001 for July; R= 0.460, P<0.001 for October).
During the initial establishment weed pressure from the soil seed-bank was relatively high and led to
high non-target species abundances. Non-target species abundances before the first cut, in July was
highest in G-first plots (approx. 83%) followed by F-first plots (approx. 79%), L-first plots (approx. 54%)
and Control plots (approx. 47%) but decreased strongly as a response to cutting after the first harvest
and the subsequent mowing in the end of July. At the time of the second cover estimate in September
2012, weed species abundances had already decreased strongly (G-first: 40.6%, F-first: approx. 22.8%, Lfirst: approx. 21%, Control: approx. 12%).
Effect of sown diversity on productivity and species composition
The treatment sown diversity (HD vs LD) did not have any significant effect on aboveground productivity,
neither on total productivity (F(1, 94)= 0.133, P= 0.716, see Table 2) over the whole season nor at either
single harvest in July (F(1, 48)= 0.888, P= 0.351) or in September (F(1, 51)= 2.416, P=0.126). Although no
significant effect of the sown diversity was found, there was a trend visible towards higher productivity
in high diversity plots (see Fig.2). Total productivity in 2012 for low and high diversity mixtures was
18286.7 +/- 198.4 g/m2 and 20625.5 +/- 221.9 g/m2 respectively.
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On average the sowing of high diversity seed mixtures significantly affected species richness within sown
communities, with a higher target species richness (target-SR: 8, total-SR, (including weeds): 24) as well
as overall species richness compared to the low diversity plots (target-SR: 5, total-SR: 20; t(61)= 3.995, p <
0.001). The number of non-target species remained unaffected by sowing species richness (LD-plots: 15,
HD-plots: 16 non-target species, in October).
Effects of soil type
As an ANOVA factor the treatment Area had a significant effect on total aboveground productivity of
plots (Table 2) with plots on Area A having a slightly higher overall biomass compared to plots on Area B
(Fig. 2. These significant differences between Area A and Bwere related to soil type and structure. T-tests
on further soil parameters measured revealed that soils in Areas A and B (Fig. 1) differed significantly in
Ntot, pH (CaCl2), Catot and Ktot, with higher N concentrations and pH-values in Area B.
As a consequence, Area-specific differences were also found for belowground. The effect of order of
arrival on standing root biomass varied betwwen Area A and B. Additionally the factor Area had a
significant effect on belowground productivity of fine roots (see Table 2).
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Discussion
Overall, effects of PFT order of arrival were much stronger than effects of sown species richness, and
order of arrival effects on productivity were modulated by soil type (see Table 2). Tested for the first
time under field conditions the early sowing of legume species 5 weeks before sowing the rest of the
community led to an increased aboveground productivity at community level (compared to grasses or
forbs sown first; but not compared to the control sown at the same time). During early assembly
legumes dominated in the control plots as well as in L-first plots and these plots were functionally similar
compared to functionally different species compositions in G-first and F-forb plots It seems therefore
that the higher aboveground biomass in the L-first and control treatments was mainly driven by the
dominance of legumes in these treatments during early assembly in the first growing season.
Effects on aboveground productivity
Legume abundance was positively correlated with aboveground productivity across all main plots of the
experiment, alsosuggesting that legumes were driving aboveground productivity during early assembly
in this experiment. This has been found in other similar successional or grassland field experiments albeit
with species sown at the same time (Bezemer & van der Putten 2007a; Marquard et al. 2009b; Roscher
et al. 2011). Von Gillhaussen et al. (2014) suggested that in the L-first treatment, species sown after the
legumes may have a better chance of establishing as a result of the smaller rooting systems of legumes
(sensu Körner et al. 2007) as well as via nitrogen (N) facilitation. Our field results, although not as
strongly significant as those found by Körner et al. (2007) under controlled conditions, show that grasses
and legumes are performing very differently as drivers of grassland assembly (regarding the allocation of
above- and belowground biomass). And to what extent they drove assembly did depend on when they
arrived in relation to other functional groups.
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European grassland legumes are known to have high growth rates and thus can establish quickly
aboveground although over time, grasses tend to outcompete legumes as their root foraging advantage
takes hold (Neugschwandtner et al. 2013). One possible priority effect of sowing legumes first could be
that this engenders more N facilitation either via direct N transfer from legumes to neighbors or via socalled N-sparing whereby the non-fixing neighbors take up more of the soil N as the legumes rely more
on atmospherically fixed N. N facilitation could hence lead to increases in productivity aboveground. If N
facilitation were playing a role we might expect to see some positive effects of legume early arrival in
terms of more balanced functional composition of plots in L-first treatments and/or higher N
concentrations in the soil or in non-legume neighbors, which was not the case (and stable isotope data
on a few select species sampled in Oct 2012 revealed little evidence for N facilitation during initial
assembly in 2012; data not shown). This is in strong contrast to a pot priority effect experiment with a
very similar approach where we found that L-first pots had a more balanced functional composition than
other treatments (von Gillhaussen et al. 2014).
Effects belowground: standing root biomass and fine root productivity
Our experimental treatments caused effects on standing root biomass differently to fine root
productivity (Table 2, Fig.4a and b): standing root biomass was significantly affected by PFT order of
arrival whereas fine root productivity was not. In contrast, fine roots productivity was significantly
different between Area A and B, but not between PFT order of arrival treatments (Table 2; Fig.4a and b).
Fine root productivity in plots where legumes were sown first was lower than where grasses were sown
first, illustrating differences in belowground biomass allocation patterns and growth rates of legumes
and grasses previously already documented by others in biodiversity experiments where species were all
sown at the same time (Gastine, Scherer-Lorenzen & Leadley 2003; Ravenek et al. 2014a)
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Belowground standing root biomass of communities revealed that legume dominated plots (L-first and C)
had lower overall root biomass compared to other treatment levels already from the first generation of
sampled IGCs onwards (Fig. 4a), suggesting that the dominant legumes (namely Trifolium pratensis, Lotus
corniculatus and Medicago sativa) drove overall community root biomass throughout the investigated
period of eight weeks. In addition, grass-dominated plots had not only higher fine root productivity but
also higher fine root decay, which indicates faster root turnover and thus increased belowground
competitiveness due to a faster preemption of possible resources (Fransen, Kroon & Berendse 2001;
Frank et al. 2010).
In line with the reduction in fine root productivity, root decay in L-first plots was lowest between the two
last sampling dates, which is no surprise as with the IGC method root decay is a function of productivity.
Carlsson et al. (2009b) could show that legumes, when growing simultaneously with neighbors of other
functional types, increase their reliance on N2-fixation per unit plant biomass, hence possibly allowing for
more N-sparing to occur as a form of N facilitation benefit for non-legumes. Although grasses tend to be
the better competitor for belowground resources this does take time (Neugeschwendtner et al. 2013),
legumes produced a much higher share of the total biomass during early assembly and legume
abundance was positively correlated with aboveground productivity. Our findings suggest that during
early assembly (after a disturbance) legumes can dominate over grasses (if not sown after other PFTs),
whereas as succession proceeds the grasses can slowly pre-empt soil and light resources (Kirmer, Baasch
& Tischew 2012; Neugschwandtner & Kaul 2014).
Plant-plant interactions above- and belowground
Competition aboveground is particularly asymmetrical when some species arrive earlier than others as
some species get a head start casting shade on any seedlings of later arriving species and thereby
negatively affecting growth conditions for smaller plants (Weiner 1990). Whether or not belowground
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competition is asymmetrical in natural ecosystems is still unclear (Frank et al. 2010). Besides
aboveground asymmetric competition we experimentally induced asymmetric competition belowground
as a consequence of our time of arrival treatment and particularly due to mowing at the time of the
second sowing. The already established aboveground biomass from plants of the PFTs sown first was cut
at that time while leaving belowground plant parts intact which probably led to a strong reduction of
aboveground asymmetric competition. Nevertheless, species of the PFTs sown first continued to stay
dominant in the further course of community development and dominance even became stronger with
time and cutting events during 2012 (see Fig. 5). A possible explanation may be that as a result of
cutting, the relative abundance of non-target species was reduced and target species could generally
establish themselves better. A more likely explanation could be that a once established root system is a
competitive advantage (Brouwer 1983; Kroon, Mommer & Nishiwaki 2003) particularly when most of the
competitors (from other PFTs sown later) still have to establish a root system. Kroon et al. (2003) found
that when aboveground plant parts had been cut, species which were sown first regenerated more
quickly from disturbance, than seedlings from PFTs sown later. This could lead again to aboveground
asymmetric competition, which in turn suggests that the interplay of above- and belowground
competition are the driving mechanisms behind observed dominance patterns within priority effects
(Grman & Suding 2010b). Our study indicates that belowground effects may be key drivers during the
creation of observed priority effects (since the aboveground difference between L-first and control was
not significant but belowground it was (Figure 5 in Area A).
Effects of sown diversity on productivity
Although sown diversity did not significantly positively influenced aboveground productivity as found in
many biodiversity experiments, (e.g. van der Putten and Bezember 2007 and Bullock et al 2008) in most
cases in our study high diversity plots were slightly more productive compared to low diversity plots (Fig.
2). We could show, however, that sowing of a species mixture with higher species richness resulted in
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more species-rich communities, as also found by Bullock et al. (2007). Our lack of a significant species
richness effect may be attributable to the realized species diversity not being very different between
treatments, with 8 vs 5 target species in high vs low diversity treatments and 24 vs 20 total species
richness respectively (probably due to non-target “weedy” species emerging from the soil seed-bank
rather than arriving by wind dispersal).
Kirmer, Baasch and Tischew (2012) found that sowing high diversity seed mixtures versus low diversity
grass cultivars on surface-mined land in Germany enabled faster successional development and effects
of the sowing event were still detectable 6 years later, despite migration of species from the high
diversity to the low diversity treatments. It remains to be seen for how long the priority effects found in
our experiment will last compared to such restoration-related experiments.
Effects of soil type and structure
Plots in Area A and B differed significantly (Table 2) in total aboveground productivity and were relatively
consistent in their response to the PFT order of arrival treatment (Fig. 2), with a slightly higher
productivity on Area A. This higher productivity may be due to soil properties on Area B which are less
optimal due to the higher soil skeletal content and higher exposure to wind (resulting from the slight
elevation compared to Area A) even if soil N content was found higher in Area B.
Likely, the disparity in soil characteristics (especially in skeletal content) also led to differences in
belowground productivity of fine roots and standing root biomass for the two Areas A and B (Scott
Russell 1977).
The lower elevation of plots on Area A and the proximity to a nearby forest may have favored the arrival
and establishment of non-target species together with the older age of the soil on Area A may have led
to a larger seed bank (Li et al. 2012).
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Conclusions
Priority effects caused by the early arrival of different PFTs have not yet been studied under
experimental field conditions and we could show that belowground dynamics of root productivity can be
key drivers of any such priority effects. The legume-first priority effects we found, particularly
belowground were predominantly independent of soil type or sown diversity, even if soil type did
modulate the priority effect. Additionally for the first time we show effects of arrival order of PFTs on
belowground productivity in the field and find that different biomass allocation patterns of PFTs may
translate into different outcomes regarding community structuring. We could also show that legumes
dominated those plots that had higher aboveground productivity and lower belowground productivity,
namely those where legumes were sown first or at the same time as the other PFTs. An important
possible implication of these finding is that legumes are able to dominate during early assembly of such
grasslands when either sown first or at the same time as other PFTs, but not when sown after other
PFTs. Results may be relevant to application in the context of grassland restoration or agricultural
management of marginal lands. If such priority effects are able to create alternative stable states, they
could possibly be used to “steer” ecosystem functioning onto desired trajectories of relative functional
composition. Thereby we could gain influence on the provision of different ecosystem functions and
services i.e. a certain level of productivity at the same time as being relatively species-rich or others such
as erosion control, improved water retention and carbon sequestration.
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