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Abstract The way competition structures plant

communities has been investigated intensely

over many decades. Dominance structures due

to competitive hierarchies, with consequences

for species richness, have not received as much

experimental attention, since their manipulation

is a large logistic undertaking. Here the data

from a model system based on bryophytes are

presented to investigate competition structure

in a three-species system. Grown in monocul-

tures, pairwise and three-species mixtures under

no and high nitrogen supply, the three moss

species responded strongly to treatment condi-

tions. One of them suffered from nitrogen

fertilisation and hence performed better in mix-

tures, where the dominant species provided

physical shelter from apparently toxic nitrogen

spray. Accordingly, no linear competitive hier-

archy emerged and qualitative transitivity

remains restricted to the unfertilised treatments.

Faciliation also affected other properties of the

competition structure. The reciprocity of com-

petition effects could not be observed. More-

over, the performances in three-species mixtures

were not well predictable from the knowledge of

monocultures and pairwise mixtures because

competitive effects were not additive. This had

implications for community stability at equilib-

rium: all two-species systems were stable, both

fertilised and unfertilised, while the three-species

system was only stable when fertilised. This

stability under fertilisation has probably to do

with the facilitative effect of the two dominant

species on the third. In this experiment, little

support for commonly held ideas was found

about the way competition in plant communities

is structured. On the other hand, this study

shows that moss communities are ideal model

systems to test predictions of theoretical models

concerning properties and consequences of com-

petition in plant communities.

Keywords Bryophytes � Community matrix �
Competition � Facilitation � Lotka–Volterra �
Stability � Transitivity

Introduction

In plant ecology, competition has often been

stated as the main cause of species exclusion

from communities (but see Gleason 1926; Hub-

bell 2001; Keddy 1989). Competition has been

shown to influence plant growth (e.g. Tilman and

Wedin 1991; Wedin and Tilman 1993), vegeta-

tion composition (e.g. Fowler 1981; Goldberg
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1994; Goldberg et al. 1995) and spatial associa-

tions in communities (e.g. Tirado and Pugnaire

2005). Therefore understanding competition is

important to comprehend the way communities

are structured and how species coexistence is

brought about. Unravelling the way competition

structures communities has been attempted

mainly by theoretical models, which predict

certain characteristics of competitive relation-

ships between coexisting species. Among them

are competitive hierarchies (Goldberg and

Landa 1991; Keddy 1989) (related to this:

transitivity of competition), reciprocity (Freckl-

eton and Watkinson 2001b) and additivity of

competitive effects (Dormann and Roxburgh

2005). For terrestrial plant communities, for

example, there is no documented case of intran-

sitive hierarchies (Keddy and Shipley 1989;

Shipley 1993), i.e. in all cases, if A is dominant

over B and B is dominant over C then A is also

dominant over C. This need not be the case in

other systems, such as bryozoa or algae (Buss

1986), and the consequences of intransitivity for

coexistence have been predicted to be dramatic

(Frean and Abraham 2001). More recently,

Freckleton and Watkinson (2001b) have intro-

duced an even stronger definition of quantitative

transitivity (see methods below). They also

investigated an additional potential feature of

competitive interactions, namely reciprocity, i.e.

the idea that the stronger the effect of species A

is on B, the weaker is B’s effect on A.

Another line of recent research has tested if

pairwise interactions give all the information

needed to model entire communities, as is

implicitly assumed in most coexistence models.

Species interactions are usually summarised in a

n · n community matrix S (Case 2000; Keddy

1989; Levins 1968), where matrix element

sij represents the per capita effects of species j

on species i. The analysis of this community

matrix, e.g. with respect to stability at equilibrium

(Case 2000), implicitly assumes that interaction

effects of different species add to the total effect

(Case 2000; Case and Bender 1981; Wootton

1994a, b). The analysis of multi-species competi-

tion experiments so far has rejected the idea of

additivity of competitive effects for plant com-

munities (Dormann and Roxburgh 2005).

Understanding which features competition-

organised communities have is essential to pre-

dicting their potential for coexistence (Keddy and

Shipley 1989). For example Roxburgh and Wilson

(2000) showed with data from an experimental

lawn community, that transitivity makes commu-

nities in mathematical models more likely to be

stable. Hence, any progress made in unravelling

common features of competitive structures is a

step towards the possibility to more realistic

coexistence models. Evaluation of how external

perturbations impact competitive structure may

provide insight into which processes affect the

susceptibility of plant communities to changes in

the environment.

Rees et al. (1996, 2001) as well as others (e.g.

Aarssen 1988; Freckleton and Watkinson 2001a)

have attempted to extract information on com-

petition intensity from long-term field observa-

tion. While necessarily of a correlative nature,

these studies clearly point at variation in compe-

tition intensity as a key driver of community

composition. On the other hand studying the

effect of competition on community composition

experimentally is a logistic challenge (e.g. Rox-

burgh and Wilson 2000). Experimental studies are

nonetheless imperative to test specific theoretical

predictions and to validate mechanistic models

(Diamond 1986).

The report on a study in a model system

designed to (1) quantify the strength of plant–

plant interactions, (2) investigate the degree of

transitivity in competitive hierarchies, (3) exam-

ine the predictability of species performance in

multi-species mixtures from pairwise interactions,

and (4) assess the effects of nitrogen fertilisation

on these parameters. Bryophytes have been

shown previously to be excellent systems for

addressing questions of coexistence and competi-

tion (Mulder et al. 2001; Rixen and Mulder 2005),

because they are small enough for high levels of

replication in the greenhouse (Zamfir and Gold-

berg 2000), but still large enough to avoid using

time-consuming microscope work (as in the case

of algae). Moreover, they may serve as represen-

tative also for vascular communities (Steel et al.

2004; Wilson et al. 1995). Homogeneous mixtures

and exact initial starting dosage can easily be

achieved (see methods).
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Methods

Study species

Bryophytes are organisms highly adapted to

harsh environmental conditions and disturbances.

They can withstand near-complete desiccation,

extremely low temperatures, physical fragmenta-

tion and years of physiological inactivity (Rich-

ardson 1981). As a consequence, bryophytes

dominate arctic and alpine tundra, making them

an important component of these systems (Ar-

chibold 1994). Their robustness makes them an

ideal set of organisms to work with experimen-

tally. In this experiment, three common bryo-

phytes were used: Calliergonella cuspidata,

Plagiomnium undulatum and Rhytidiadelphus

squarrosus (nomenclature follows Frahm and

Frey 1992). All three are described as nitrophytic

by Dierßen (2001). Calliergonella cuspidata and

R. squarrosus share a preference for open, grassy

habitats, while P. undulatum occurs more com-

monly in woodland, but also in damp grassland.

The three species may co-occur (e.g. in the

botanic garden where the experiment was carried

out), but they differ in growth form. Rhytidiadel-

phus squarrosus grows upright in dense, mono-

specific stands. Plagiomnium undulatum occurs in

loose mats formed by lateral spreading. Callier-

gonella cuspidata has a very variable morphology.

It is a creeping plant, able to weave itself into

stands of other species (e.g. P. undulatum), but it

can also form monospecific stands under optimal

growing conditions.

These three species were selected because

their commonness and local dominance sug-

gested vigorous growth and competitive

strength. Data from previous studies give con-

tradicting evidence to competitive effects of

mosses: while C. cuspidata and R. squarrosus

share a high competitive ability (Kooijman and

Bakker 1995; van der Hoeven et al. 1998) other

feathermosses showed no competitive effect

(McAlister 1995; Mulligan and Gignac 2002).

Mosses were collected in the botanical garden

of the University of Leipzig (P. undulatum and

R. squarrosus) and from an inner-city brownsite

(C. cuspidata).

Experimental design

The experiment consisted of factorial competi-

tion · fertilisation manipulations: two levels of

ammonium nitrate (0 and 5 g m–2 a–1) were com-

bined with seven competition treatments (three

monocultures, all three pairwise mixtures and the

three-species mixture). In a pilot study, all species

were subjected to four different levels of nitrogen

fertilisation (0, 1.5, 5 and 15 g m–2 a–1). Fertilisa-

tion affected growth of C. cuspidata and

P. undulatum positively except for the highest

level. Rhytidiadelphus squarrosus showed a slight

decrease in biomass in response to fertilisation.

Based on these results, the chosen levels of

fertilisation was decided. The competition exper-

iment was replicated five times, yielding 70 trays.

A replacement-series with a constant 50 g fresh

moss per m2 was employed, which in the case of

competition treatments was composed of equal

amount from each species (i.e. 25 g each in the

pairwise mixture, and 16.7 g each in the three-

species mixture). This type of experimental design

has been criticised (see Gibson et al. 1999, for

review). Since the initial biomass was identical for

all species in the mixture, most of these criticisms

were of little concern here (particularly size bias:

Connolly et al. 2001). The remaining shortcoming

of this approach is that its conclusions cannot be

extended to any density other than the one chosen

in this study (Gibson et al. 1999). The advantage

of the replacement series approach is that initial

species density was constant across all treatments

and hence competition effects cannot be ex-

plained by density independent of the competing

species. For this reason the substitutive approach

is also used in the large biodiversity experiments

(e.g. Hector et al. 1999; Roscher et al. 2004;

Tilman et al. 1996).

Fifty-gram (fresh weight) moss was blended in

1 l of deionised water with a kitchen blender for

approx. 2 min. The resulting ‘‘stock solutions’’

(Rixen and Mulder 2005) were poured directly or

after mixing with the other species onto trays of

20 · 30 cm filled with 4 cm of commercial potting

soil (‘‘Dachgarten spezial’’, pH = 6.2). Each tray

received 60 ml (approx. 3.2 g fresh weight) moss

stock solution.
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All trays were randomly placed on two banks

in a greenhouse under plastic sheeting to main-

tain a high humidity and under constant artificial

light. Trays were moved by one position sideways

every 2 weeks to reduce the effect of a potential

light gradient. Temperature in the greenhouse

was set to 25�C, but the automatic shading could

not prevent temperatures under the plastic sheets

to reach maximum values of 32�C during some

sunny days. Trays were watered to saturation

three times a week with deionised water. Every

2 weeks trays were fertilised according to treat-

ment by placing a plastic frame over the trays (to

shield neighbouring trays) and misting the trays

with the fertiliser solution. Unfertilised trays

received deionised water instead.

Harvest. To overcome edge effects only the

central 15 by 15 cm of each tray were harvested

164 days after the initiation of the experiment.

Individuals of each species were harvested by

manual picking, washing off attached soil, drying

for 12 h at 60�C and weighing to the nearest mg.

Analysis of competition, transitivity

and additivity

The substitutive design, which kept species den-

sity constant in all treatments, prevents a direct

comparison of final biomasses, as they derive

from different initial densities (Freckleton and

Watkinson 2000). Thus while the design prevents

different initial densities from confounding the

effects of competition, the final biomass data are

not necessarily a good estimate of plant perfor-

mance. Imagine, for instance, that a monoculture

and mixture yield the same final biomass. As the

preliminary mixture has only half of the initial

biomass, this has to be corrected. Simply multi-

plying by two ignores the non-linear growth of

plants at low densities (e.g. Yoda et al. 1963).

Therefore, relative growth rates were calculated

(RGR) for each species in each tray as (Hutch-

ings 1997):

RGR ¼ loge final biomass� loge initial biomass

tfinal � tinitial
;

where t refers to time. It is thereby implicitly

assume that growth can be approximated by an

exponential function. For the analysis of compe-

tition, transitivity and additivity of competitive

effects RGR were calculated as a measure of

plant performance.

These data allow a direct comparison of

monocultures, two- and three-species mixtures

by means of the Relative Neighbour Effect

(RNE: Grace 1995; Markham and Chanway

1996; Weigelt and Jolliffe 2003):

RNE =
RGRmix �RGRmono

max(RGRmix, RGRmono)
:

Positive RNE values indicate facilitation in mix-

ture, while negative RNE values indicate compe-

tition (Callaway et al. 2002).

The RNE of a treatment for all 52 = 25

possible combinations of replicates for the two

treatments was calculated (i.e. mix and mono).

For the means of the combinatorial values stan-

dard errors were used (standard deviation divided

by the square root of the number of replicates, in

this case 5) to perform t-tests between fertilised

and unfertilised means and to test for significant

difference from 0.

Next, the competition coefficients for transitiv-

ity along the lines outlined in Freckleton and

Watkinson (2001b) was analysed. The competi-

tion coefficients was calculated, again based on

RGR as:

a ij = (RGRi mono �RGRi mix ij)/RGRj mix ij:

This is the equilibrium solution for Lotka–Vol-

terra-type competition (Gotelli 1995; Istock 1977,

see appendix for details). Aij expresses the effect

of B in equivalents of A and is hence the same as

eij in Freckleton and Watkinson (2001b, see

appendix). Transitivity then means, if j reduces

the performance of i by some factor aij, and k

reduces j’s performance by a factor ajk, then k

should reduce i’s growth by the product aij � ajk. If

indeed this product equals the measured effect

(i.e. ajk), the competitive hierarchy is quantita-

tively transient (Freckleton and Watkinson

2001b). Competition coefficients was calculated

for all combinations of the five replicates for the

three treatments (i mono, i mix, j mix; i.e.

53 = 125), and used mean and standard deviation
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of the combinatorial samples to test for difference

between aij as measured in the respective treat-

ment, and a’ij as product of aik � akj. Significant

differences indicate imperfect or non-quantitative

competitive hierarchies.

To assess the long-term outcome of competi-

tion, this experiment was used to parameterise a

community matrix (Case 2000; Keddy 1989;

Levins 1968; Wilson and Roxburgh 1992). Based

on Lotka–Volterra competition equations the

community matrix specifies the effects of each

species onto each other, based on (absolute)

growth rates, carrying capacities (i.e. biomass in

monocultures) and competition coefficients. As

intermediate step, this approach yields the equi-

librium biomass for the mixtures (see Case 2000,

for details). Note that the outcome is necessarily

an extrapolation, since in no mixture did a species

fully exterminate the other.

Finally, the relative growth rate of all species in

the three-species mixture based on the competi-

tion coefficients in the two-species mixtures was

predicted (see Dormann and Roxburgh 2005, for

details). For all combinations of the five replicates

(i.e. 56 = 15625, see appendix), I fitted the

observed RGRs to the prediction model using

non-linear regression.

All analyses were carried out using the free

software R, version 2.1.0 (R Development Core

Team 2004).

Results

In monocultures P. undulatum and C. cuspidata

profited from fertilisation by increasing their

biomass by approx. 60%. Rhytidiadelphus

squarrosus, on the other hand, showed a negative

response, with the fertilised trays having only half

of the biomass compared to the unfertilised ones

(Fig. 1). In pairwise and three-species mixtures,

tray biomass was always lower than that of

monocultures, even for the mixture of the two

nitrogen-responsive species. Due to the substitu-

tive design, biomass results are difficult to com-

pare: in the mixtures the initial biomass was only

half of the monocultures, and hence expected

final biomass will also be lower. Assuming expo-

nential growth in the investigated time period, the

focus for the rest of the results will be on the

RGR in the different treatments (Table 1).

Calliergonella cuspidata and P. undulatum had

very similar growth rates in all treatment

(Table 1), i.e. both in monocultures and compe-

tition treatments for both levels of fertilisation.

Rhytidialdelphus squarrosus reached only half of

its growth rate, in the fertilised monocultures

even less. Accordingly, the effects of neighbours

on C. cuspidata and P. undulatum were also very

similar (Fig. 2). Both were slightly reduced in

growth rate by the other two species, but hardly

so in the three-species mixture. For R. squarrosus

an entirely different picture emerged: it was

relatively strongly suppressed by competition in

the unfertilised trays, but profited from neigh-

bours in the fertilisation treatments (yielding a

positive RNE-value). This was not due to

increased growth with neighbours (Table 1), but

fertilised
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Fig. 1 Tray biomass for the different monocultures and
mixtures. Error bars (±1 SE) indicate variability of total
tray biomass. Dotted line represents mean of all mono-
cultures and two-species mixtures, respectively. Single
letters under the bars refer to the genus’ first letter
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rather due to being able to maintain its growth

rate of the unfertilised monocultures when facil-

itated by the presence of the other species. In fact,

R. squarrosus grew less in all treatments com-

pared to the unfertilised monoculture.

Competitive hierarchy

Figure 3 illustrates the strength and direction of

species interactions in this experiment. For the

unfertilised case, no clear competitive hierarchy

emerged, due to the extremely similar perfor-

mance of C. cuspidata and P. undulatum. Calli-

ergonella cuspidata was superior to R. squarrosus,

while the strength of competitive effects on each

other was similar in the pair P. undulatum and

R. squarrosus. All hierarchy was lost, however, in

the fertilised case. This is due to the positive

effect of both productive species on R. squarrosus

and the small effect onto each other. The

relationship of the three species cannot therefore

be described as a simple linear hierarchy any-

more.

Reciprocity of competition

Reciprocity means that the effect of species A on

B should be positively correlated with the

reciprocal of the effect of B on A. The correlation

between the observed aij and 1/aji in this study is

negative, however (Fig. 4).

Transitivity and competition coefficients

The relative growth rates was used to calculate

competition coefficients based on Lotka–Volter-

ra-type competition. Under the assumption of

perfect transitivity, the expected competition

coefficient for a species mixture AB from the

Table 1 Relative growth
rates (± 1 SE) [mg/day]
for the three bryophyte
species in monocultures,
two- and three-species
mixtures

Plagiomnium undulatum Rhytidiadelphus squarrosus Calliergonella cuspidatea

–N +N –N +N –N +N

Mono 24.5 ± 1.6 28.0 ± 1.2 15.1 ± 0.8 8.7 ± 0.8 25.6 ± 1.4 28.1 ± 0.9
PR 21.7 ± 1.1 25.9 ± 1.5 13.8 ± 0.4 13.5 ± 2.1
PC 23.4 ± 1.6 26.2 ± 1.6 23.6 ± 1.1 26.5 ± 1.0
RC 11.3 ± 1.2 12.3 ± 2.2 24.8 ± 1.1 27.8 ± 1.1
PRC 26.3 ± 1.1 27.4 ± 1.1 11.8 ± 1.8 11.9 ± 1.2 26.5 ± 0.8 28.9 ± 0.8
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Fig. 2 Relative neighbour effect (RNE) of the three
species on each other in two- and three-species mixtures.
RNE values were calculated based on the species’ relative
growth rates. Positive values indicate facilitation, negative
competition. Abbreviations refer to the initials of the
species in the mixture. Error bars depict ± 1 SE
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competition coefficients of the mixtures AC and

CB can be calculated (see Freckleton and Wat-

kinson 2001b and appendix). In this case,

observed competition coefficients were qualita-

tively correct (in the sense that they indicated

competition and facilitation correctly), but were

quantitatively lower (Fig. 5). This difference was

only significant in half of the cases, due to the

high error attached to estimating competition

coefficients under the transitivity assumption. The

tentative conclusion is that this system does not

show quantitative transitivity.

Outcome of competition

In a community matrix-based analysis of compe-

tition outcome, all two-species mixtures were

both stable and feasible (Table 2). The unferti-

lised three-species mixture is neither stable nor

feasible (eigenvalues of the community matrix

:–0.019, –0.017, –0.001; equilibrium biomass for

P. undulatum, R. squarrosus and C. cuspidata,

respectively: 2.12, 2.13, –0.04), but its fertilised

counterpart again is both stable and feasible

(eigenvalues: –0.023 + 0.003i, –0.023–0.003i,

–0.019; equilibrium biomass: 3.21, 3.26, and 1.19).

Additivity of competitive effects

Predictions for the performance in the three-

species mixtures based on Lotka–Volterra equa-

tions were qualitatively good (Fig. 6). In all cases

Fig. 3 Relative neighbour effects (RNE) between the
three species under unfertilised and fertilised conditions.
Line width indicates intensity of effect; grey bars indicate
facilitation, black competition

competition coefficient of A on B
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Fig. 4 Evaluation of reciprocity of competition effects.
White dots and dashed line are from unfertilised treat-
ments, black dots and solid line from fertilised. Under
reciprocity one would expect a positive correlation. Here,
r = –0.77

unfertilised

co
m

pe
tit

io
n 

co
ef

fic
ie

nt
 a

lp
ha

-0.2

0.0

0.2

0.4

observed
predicted

fertilised

species combination
PR PC RP RC CP CR

-0.2

0.0

0.2

0.4

* *
* *

*

***

Fig. 5 Comparison of observed competition coefficients
and those predicted assuming perfect transitivity. PR
indicates the effect of species P on species R. Asterisks
indicate significant differences at P < 0.05. Error bars
depict ±1 SE
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observed RGR was higher than predicted (except

R. squarrosus fertilised), indicating less competi-

tion than expected from Lotka–Volterra-type

multi-species competition. Quantifying this dif-

ference using the non-additivity parameter of

Dormann and Roxburgh (2005) yielded values

between –0.11 and 0.47 (all significantly less than

one), where a value of one would indicate a

perfect match of predicted and observed values,

and values less than one indicate less-than-

additive competitive effects.

Discussion

In line with other previous studies (reviewed e.g.

by Goldberg et al. 1999) this study also shows

that environmental perturbations can affect the

competitive interrelations in a plant community.

It shows that competitive interactions cannot

necessarily be arranged in hierarchies, and

consequences for coexistence after environmen-

tal perturbations may be difficult to predict. At

present, however, too few experimental studies

have been published that investigated the com-

petition structure of plant communities to be

able to generalise conclusions. The main aim of

this study was to present a system and a

methodology to address questions of competi-

tion in plant communities. Nonetheless, the

different issues raised in the introduction with

respect to the findings of these experiments are

discussed here.

Hierarchy

Plagiomnium undulatum and Calliergonella

cuspidata were virtually indistinguishable in their

relative growth rate in mixture (Table 1). In

direct competition P. undulatum exerts a slightly

stronger effect on C. cuspidata than vice versa.

However, C. cuspidata’s effect on Rhytidiadel-

phus squarrosus was more pronounced than

P. undulatum’s (Fig. 3). Plagiomnium undulatum,

on the other hand, was more reduced in perfor-

mance by R. squarrosus than was C. cuspidata.

Given the measurement errors attached to these

calculations, the competitive hierarchy can be

phrased as Cc = Pu > Rs.

Table 2 Results of
community matrix
analysis for long-term
coexistence

See Table 1 for species
coding

Species mixture (fertilisation) Eigenvalues Equilibrium biomass

PR (0) –0.019 –0.006 2.14 0.29
PC (0) –0.019 –0.017 2.11 2.13
RC (0) –0.019 –0.001 0.06 2.33
PR (1) –0.019 + 0.003i –0.019–0.003i 3.50 0.83
PC (1) –0.022 –0.019 3.39 3.27
RC (1) –0.022 –0.013 0.61 3.48
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Fig. 6 Performance (relative growth rate) of the three
moss species in three-species mixture, comparing the
observed biomass (black) with that predicted from
pairwise competition coefficients (grey). In no case is the
difference significant. Note that error bars for the
predictions are larger than for observed, due to error
propagation involved in predicting mixture biomass
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Under fertilisation, relative neighbour effects

(RNE) were slightly reduced, but R. squarrosus

now profited from the presence of its competitors

(Fig. 2). The mechanism of this facilitation can be

explained easily: R. squarrosus was physically

shielded by both C. cuspidata and/or P. undula-

tum from the spray of nitrogen applications,

which reduced its performance in directly ex-

posed monocultures. Relative growth rates of

R. squarrosus under competition plus fertilisation

were lower than in the unfertilised monocultures

(Table 1). This indicates that C. cuspidata and

P. undulatum could not prevent all nitrogen from

reaching R. squarrosus (leading to a growth

reduction due to direct nitrogen damage) and/or

that they did exert some competitive influence on

R. squarrosus. The competitive effect of

R. squarrosus on both other species was negligible

(Fig. 3), and also C. cuspidata and P. undulatum

barely impacted on each other. Hence, no com-

petitive ‘‘hierarchy’’ exists for this situation.

As most concepts predict competition intensity

to either increase (Grime 2001) or remain con-

stant (Oksanen 1990; Tilman 1982) as productiv-

ity increases, the neutralisation of competition in

the case of R. squarrosus is surprising. Callaway

et al. (2002) report on shifts from competition to

facilitation in alpine plant communities, i.e.

positive neighbour effects in the face of physio-

logical stress (see also Bertness and Hacker 1994;

Hacker and Gaines 1997). In this study, this was

the case for nitrogen-induced stress for

R. squarrosus, illustrating that adaptations to a

low-nitrogen environment make high nutrient

loads a stress situation (Jones et al. 2002; Mitchell

et al. 2004; Solga et al. 2005).

Reciprocity

The idea of reciprocity is based on resource

competition (Tilman 1982): If a species A pre-

empts resources from species B, B will grow less

and in consequence affect the performance of A

to a lesser extend. The stronger the pre-emption,

the weaker B’s effect on A (this is also discussed

under the keyword of asymmetric competition in

the more recent literature, e.g. Bauer et al. 2004;

Connolly et al. 1990; Rajaniemi 2003). In this

study, the correlation between aij and 1/aji is

negative (Fig. 4), lending no support to the idea

of reciprocity. However, since I only compared

three species pairs under two levels of fertilisa-

tion, the robustness of this correlation is extre-

mely low. Moreover, the trend also changed

between fertilisation treatments. The unfertilised

pairs show no correlation, while in the fertilised

case this is negative, resulting also in a net-

negative trend across all data points. This pattern

is clearly due to the facilitative effect of P.

undulatum and C. cuspidata on R. squarrosus.

Transitivity

As can be expected from the lack of competitive

‘‘hierarchy’’, interactions were not quantitatively

transitive (sensu Freckleton and Watkinson

2001b). In most cases, however, competition

coefficients indicate qualitative transitivity. The

positive effects of C. cuspidata and P. undulatum

on R. squarrosus under fertilisation make this

particular community difficult to summarise.

Possibly transitivity is a feature of competition-

only communities. Competition is usually linked

to biomass (Gaudet and Keddy 1988), while

facilitation may have more to do with growth

form (Brooker and Callaghan 1998). Hence, as

experiments usually measure the net effect of

plant–plant interactions, biomass-unrelated facil-

itative effects may unbalance transitivity. It

becomes clear in any case that transitivity does

not need to be a typical feature in moss commu-

nities.

Competition and community stability

The Lotka–Volterra approach to competition still

forms the basis for most theoretical studies

investigating community diversity and stability

under environmental conditions or species com-

positions (for recent examples see Kokkoris et al.

1999, 2002; Lehman and Tilman 2000; Loreau

1998, 2004; Rozdilsky and Stone 2001; Wilson

et al. 2003). In a recent study, for an artificial

grassland system that one assumption of the

Lotka–Volterra approach was showed, additivity

of competitive effects, might not hold (Dormann

and Roxburgh 2005). In the present study, growth

rate predictions based on the LV model for three-
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species mixture were relatively similar to those

observed (Fig. 6). Nonetheless, fitting an addi-

tional parameter to quantify the mismatch

showed that they were significantly deviating

from the LV model. Real competition intensity

was lower than expected. While for the grass-

land system of Dormann and Roxburgh (2005)

spatial arrangement of plants may have caused

some deviation, this is unlikely to be the case

in the present study. In each tray, hundreds of

moss fragments re-grew in well-mixed commu-

nities. This is one of the strong advantages of

this system, since it allows a high number of

individuals to be manipulated on a small spatial

scale.

The observed competition coefficients indicate

that all two-species mixtures allow for stable

coexistence at equilibrium (Table 2). For the

unfertilised three-species mixture, eigenvalue

analysis of the community matrix indicates that

coexistence of all three species is neither feasible

(i.e. some species have sub-zero equilibrium

biomass) nor stable (eigenvalues are not all

negative). Fertilisation had a positive effect on

community stability (now being both stable and

feasible). This is a surprising finding, since fertil-

isation generally decreases species richness

(Gough et al. 2000; Mittelbach et al. 2001; Waide

et al. 1999). Probably this effect can be attributed

to the switch in competitive to facilitative effects

of P. undulatum and C. cuspidata onto

R. squarrosus. Whether this system is ecologically

fundamentally different from communities of

vascular plants and closer related to the interac-

tions nets of bryozoa, algae and ascidians (Buss

1986), whether the community matrix approach is

unsuitable to predict system stability (Dormann

and Roxburgh 2005), or whether the experiment

simply did not run long enough to allow extrap-

olation remains an open question.

What are the mosses competing for?

Mosses take up most of their nutrients and water

directly through their leaves, where they have

very effective absorptive surfaces. Additionally,

they can acquire nutrients from the soil. In this

study, no attempt was made to distinguish the

source of nutrients for the different species.

It seems plausible, however, to ascribe most

nutrient uptake to the leaves, with only

P. undulatum also extracting relevant amounts

from the substrate. In contrast to the leafy

R. squarrosus and C. cuspidata, P. undulatum

supports a considerable biomass of rootlets and

stems (‘‘cauloid’’) with high hydrological con-

ductivity. Since bryophyte leaves (‘‘phylloids’’)

serve the functions of assimilation, water and

nutrient uptake, it is difficult to deduce what

resources they are competing for. Their strong

response to fertilisation indicates nutrient limi-

tation. The etiolated appearance of phylloids on

lower parts of the cauloid on the other hand

suggests light limitation, and hence also light

seems to be a likely limiting factor. Van der

Hoeven et al. (1998) report a high sensitivity of

R. squarrosus for low levels of irradiance, which

also hints at light competition. In either case,

competition would be for space in the top level

of the canopy.

The response of Rhytidiadelphus squarrosus

To someone familiar with R. squarrosus the

strongly negative response of this species to

nitrogen fertilisation may be surprising. Rhytidi-

adelphus squarrosus is a notorious species of

lawns across temperate Europe and rather resil-

ient to gardener’s removal efforts. Since private

lawns are usually fertilised the response of

R. squarrosus in this study seems not to be in

line with its growth performance in gardens.

However, after fertilisation R. squarrosus also

briefly disappears in garden lawns, but re-colo-

nises quickly. The other explanation is that

R. squarrosus responded badly to the fragmenta-

tion process during preparation of stock solutions.

Although it was the first of the three species to re-

grow (after about 1 week), it did so only very

slowly.

This should not invalidate any of the results in

this study. A naturally slow-growing species may

have yielded the same behaviour and the signif-

icant responses to competition and fertilisation

indicate that R. squarrosus was sensitive to its

environment.
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Conclusion

This study showed that moss communities are a

suitable system to address questions of commu-

nity composition, competition effects and theo-

retical models for species coexistence. The lack of

several features of higher plant communities, such

as transitivity, competitive hierarchies or reci-

procity, casts doubts on the general validity of

such community traits. Clearly more studies on

multi-species competition are required to address

this issue. The study also shows that detailed

experimental investigations may reveal different

patterns than observational studies or long-term

field experiments, hence calling for a closer

integration of theory, lab and field experiments

when attempting to unravel the implications of

competitive and facilitative interactions for com-

munity composition.
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Appendix

Deriving the equilibrium solution for

Lotka–Volterra-type competition between

two species

Starting with a two species LV-model of species

A and B, with growth rate r, carrying capacity K,

competition coefficient a and performance mea-

sure w (e.g. biomass, RGR or alike):

dwAB/dt = rAwAB/KA(KA � wAB � aABwBA)

dwBA/dt = rBwBA/KB(KB � wBA � aBAwAB):

At equilibrium dw/dt = 0. As r, w and K > 0, it

follows that

ðKA � wAB � a ABwBAÞ ¼ 0 and

ðKB � wBA � a BAwABÞ ¼ 0;

hence aAB = (KA – wAB)/wBA and aBA = (KB –

wBA)/wAB

Relating aij from the Lotka–Volterra equation

to eij from Freckleton and Watkinson (2001b)

Freckleton and Watkinson (2001b) start with the

hyperbolic growth model, which is based on the

number of individuals as performance measure. It

cannot be directly applied to biomass, as it

assumes a trade-off between individual biomass

and density. In this study I have no information

about the number of individuals in the trays and

hence again use the Lotka–Volterra formulation:

dwAB/dt = rAwAB/KA(KA � wAB � a ABwBA):

However, now I introduce aii to indicate

intraspecific competition:

dwAB/dt = rAwAB/KA(KA� a AAwAB� a ABwBA):

In analogy to Freckleton and Watkinson (2001b),

I transform:

dwAB/dt = rAwAB/KA(KA � a AA

ðwAB � a AB= a AAwBA))

The equivance coefficient eij is now defined as the

ratio of aij and aii. Since I have no information on

the strength of intraspecific competition, I set

aii = 1 and hence eij = aij. Both in the analysis of

Freckleton and Watkinson (2001b) and in this

study, eAB represents the competitive effect of

species B on species A in equivalents of A. If, for

example, adding 1 g of species A would lead to a

reduction in final biomass of A by 0.5 g, while

adding 1 g of species B would lead to a 2 g

reduction, eAB = 4, as 1 g of B has the same effect

as 4 g of A.

For perfect transitivity of a competitive hier-

archy, Freckleton and Watkinson (2001b) show
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that eik = eij � ejk. In this study, I use competitive

coefficients aij instead.

Estimating competition coefficients under

the assumption of perfect transitivity

The competition coefficient aAB is defined as

aAB = (KA – wAB)/wBA (see above).

In analogy: aBC = (KB – wBC)/wCB.

Perfect transitivity assumes that aAC =

aAB � aBC, hence:

a AC ¼ ðKA � wABÞ=wBAðKB � wBCÞ=wCB:

When calculating the estimated aAC along this

formula, errors in all six variables propagate into

the estimate of aAC. There are 56 = 15625 possi-

ble combinations of values from this study (5

replicates for the 6 variables). I used the mean

and standard error (standard deviation divided by

the square root of 5) of these 56 values in Fig. 4.

In contrast, the observed aAC depends only

on three variables (KA, wAC and wCA) and can

be determined with greater accuracy (53 = 125

values).
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