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Abstract

Aims
Plant–plant interactions, being positive or negative, are rec-
ognized to be key factors in structuring plant communities. 
However, it is thought that root competition may be less impor-
tant than shoot competition due to greater size symmetry below-
ground. Because direct experimental tests on the importance 
of root competition are scarce, we aim at elucidating whether 
root competition may have direct or indirect effects on commu-
nity structure. Indirect effects may occur by altering the overall 
size asymmetry of competition through root–shoot competitive 
interactions.

Methods
We used a phytometer approach to examine the effects of root, 
shoot and total competition intensity and importance on evenness 
of experimental plant communities. Thereby two different phytom-
eter species, Festuca brevipila and Dianthus carthusianorum, were 
grown in small communities of six grassland species over three 
levels of light and water availability, interacting with neighbouring 
shoots, roots, both or not at all.

Important Findings
We found variation in community evenness to be best explained if root 
and shoot (but not total) competition were considered. However, the 
effects were species specific: in Dianthus communities increasing root 
competition increased plant community evenness, while in Festuca 
communities shoot competition was the driving force of this evenness 
response. Competition intensities were influenced by environmental 
conditions in Dianthus, but not in Festuca phytometer plants. While 
we found no evidence for root–shoot interactions for neither phytom-
eter species root competition in Dianthus communities led to increased 
allocation to shoots, thereby increasing the potential ability to perform 
in size-asymmetric competition for light. Our experiment demonstrates 
the potential role of root competition in structuring plant communities.

Keywords: plant–plant interactions, root and shoot competition, 
intensity vs. importance, experimental plant communities, 
asymmetry of competition
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INTRODUCTION
Plant–plant interactions, being positive or negative, are rec-
ognized to be key factors in structuring plant communities 
(Keddy 1989, reviewed by Brooker et al. 2008). However, and 
despite a long history of research on this topic, the predict-
ability of how plant–plant interactions change along envi-
ronmental gradients of resources and productivity is still low 
(Soliveres et  al. 2015). According to Grime’s theory (Grime 

1973) and confirmed by some experimental studies, competi-
tive interactions, both above- and belowground, prevail in 
productive environments and decrease in importance with 
increasing stress (Brooker et al. 2008; Gaucherand et al. 2006; 
Kunstler et al. 2011; Maalouf et al. 2012; Michalet et al. 2006). 
Moreover, there is growing evidence that in harsh, extreme 
conditions plant–plant interactions are not important at all for 
community structure relative to the effect of other environ-
mental drivers such as abiotic conditions (Maalouf et al. 2012; 

Head1=Head2=Head1beforeHead2=Head2afterHead1
Head2=Head3=Head2=Head3AfterHead2
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Malkinson and Tielbörger 2010; Michalet et al. 2006; Mitchell 
et al. 2009). It is the severity of the abiotic environment that 
determines community structure, overriding any plant–plant 
interaction. Other studies consider competition, the key fac-
tor (of constantly high importance) along the entire gradi-
ent (Tilman 1988). They only distinguish between above- and 
belowground competition with aboveground competition 
being more intense in productive habitats and belowground 
competition being more intense in unproductive, resource-
poor habitats (Tilman 1988).

Indeed, experimental evidence is ambiguous. The strength 
of belowground competition has been shown to decrease 
(Casper and Jackson 1997; Lamb et al. 2008; Schenk 2006), 
increase (Bartelheimer et al. 2010; Lamb et al. 2007) or to be 
invariant (Belcher et al. 1995; Lamb et al. 2007) along gradi-
ents of water or nutrients. However, a few studies suggest 
that belowground competition, no matter how intense, is less 
important in determining the structure and diversity of plant 
communities while aboveground competition is assumed to 
be the decisive factor (DeMalach et  al. 2016; Hautier et  al. 
2009; Lamb et al. 2009; Rajaniemi et al. 2003). These studies 
postulate that the difference is due to a lack of positive feed-
back mechanisms in size-symmetric belowground competi-
tion (Lamb and Cahill 2008; Lamb et al. 2009). Aboveground 
competition for light is size-asymmetric, i.e. larger plants can 
pre-empt light benefitting disproportionally relative to their 
size creating a positive feedback, eventually leading to com-
petitive exclusion (Schwinning and Weiner 1998). In con-
trast, belowground competition, which is largely for water, 
nitrogen and phosphorus, is presumably size symmetric, i.e. 
resource capture is proportional to a plant’s size (Cahill and 
Casper 2000; Schwinning and Weiner 1998). Competition 
among plants likely occurs above- and belowground simul-
taneously. Root competition, though, has been shown to 
potentially influence community structure indirectly via 
root–shoot interactions. They occur if root competition alters 
the ability of a plant to compete for aboveground resources 
(Lamb et  al. 2009; Li et  al. 2011; Mariotte et  al. 2012). 
However, these interactions vary greatly depending on the 
environment, species and growth phases (Cahill 2002; Kiær 
et al. 2013; Song et al. 2006, 2012). Co-occuring species can 
differ in their competitive response (Gaucherand et al. 2006; 
Liancourt et  al. 2005; Maestre et  al. 2009; Michalet 2007). 
Thus, the identity of the phytometer species used to measure 
competition may strongly affect the conclusions of compe-
tition experiments. The only experimental study explicitly 
examining root competition effects on community structure, 
finding no direct effect of belowground competition on com-
munity structure, was restricted to one species (Lamb et al. 
2009). In addition, it is rarely considered how the impor-
tance of belowground interactions changes over environ-
mental gradients. Schenk (2006) hypothesized that negative 
effects of root competition could be potentially more impor-
tant under resource-rich conditions. However, so far this has 
not been reported. Additionally, studies on the relationship 

between intensity and importance of plant–plant interactions 
show generally no distinct pattern, being either correlated 
or not (Brooker et al. 2005; Le Bagousse-Pinguet et al. 2014; 
Maalouf et al. 2012; Welden and Slauson 1986).

In contrast to the exploration of variations in plant–plant 
interactions along environmental gradients, the relation-
ship between the intensity and importance of competition 
and community structure, i.e. diversity, has not gained much 
attention yet. The majority of studies found that plant–plant 
interactions did not have an effect on taxonomic diversity 
(Lamb and Cahill 2008; Lamb et al. 2009; Mitchell et al. 2009) 
nor on phylogenetic diversity (Bennett et al. 2013) (but see 
Le Bagousse-Pinguet et al. 2014). Therein, even fewer studies 
explicitly considered below- and aboveground competition 
(Lamb et al. 2009). We therefore conducted an experiment 
using two different phytometer species from a semi-natural 
dry grassland community to grow within a community of 
five different grassland species. We separated root, shoot and 
total competition intensity and importance over two gradi-
ents, aboveground for light and belowground for water, to 
ask: (i) Do competition intensity and importance vary across 
environmental conditions? (ii) Do shoot and root competi-
tions interact? (iii) Do root, shoot or total competition inten-
sity and importance, i.e. the role of plant–plant interactions 
compared to the role of abiotic factors, influence community 
structure? and (iv) Is this dependent upon the phytometer 
species used?

METHODS
Species

We chose two perennial phytometer species characteristic 
for steppe-like, nutrient-poor and dry grasslands typical in 
the north-eastern part of the federal state of Brandenburg, 
Germany, Dianthus carthusianorum L.  and Festuca brevipila 
Tracey. Both species are similar in growth form, building 
tussocks, with grass-like leafs and share the same Ellenberg 
values, but they differ in occurrence frequency (Festuca is a 
typical matrix species) and belong to different plant families 
(Caryophyllaceae and Poaceae). They were planted into the 
centre of a mixture of five species, which co-occur in their 
natural habitats (Table  1) plus either Dianthus or Festuca (if 
not used as phytometer), so that the communities consisted 
of three grasses and forbs each. Species were selected based 
upon available seeds, germination records, being perennial, 
non-leguminous and not building up spacers.

Experimental design

Competition treatments

Phytometer plants were exposed to one of the four competi-
tion treatments: no neighbours, shoots of neighbours, roots 
of neighbours or shoots and roots of neighbours. Root com-
petition by neighbouring plants was excluded by planting the 
phytometer plants into root exclusion tubes (PVC tubes of 
4.5  cm diameter covered at the bottom with gaze to allow 
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water flow while preventing roots to grow through), and 
shoot competition was excluded by using wire mesh cones 
with 1-cm2 mesh size around focal phytometer individuals.

Abiotic treatments

We applied two independent environmental gradients to gain 
high environmental variation. Aboveground we set up three 
levels of light availability (100% (high), 80% (medium) and 
20% (low) light availability) by using shade cloths. Both phy-
tometer species most probably originate in dry woods in our 
region and occur also in grassland-wood border zones (M 
Ristow (personal communication)) making it reasonable to 
explore also high level of light interception. Light levels were 
applied in four blocks each (see below). Belowground we set 
up three levels of water supply as water is the most limiting 
resource in the dry grasslands typical for the phytometer spe-
cies (Moeslund et al. 2013). All pots were watered by use of 
a nozzle every second day. One-third of the pots was addi-
tionally watered with 50 ml every second day, and another 
third with 100 ml of water every second day. We intended to 
set up a target water content in three levels (‘low’, ‘medium’ 
and ‘high’) to include a range of 5–15 Vol%. Due to lower 
evaporation, in low light conditions, the additional water in 
the medium and high water level treatment was restricted to 
25 and 50 ml, respectively. Pots were covered with rain shel-
ter if necessary. Necessity was surveyed by carefully observing 
rain radar and sky.

Phytometer individuals were planted into the centre of five 
neighbouring plants, so that each community consisted of 
six individuals from different species (see above). The com-
bination of four competition treatments, three light levels, 
three water levels, two phytometer species and four replica-
tions each resulted in 288 pots with 1 728 plants, placed in 
12 blocks.

Seedlings were transplanted into pots (13 × 13 × 13 cm) 
filled with a 50:50 mixture of sand and steamed compost soil 
on 20 June 2011. Pots were placed outdoors in the Botanical 
Garden Potsdam. The final application of abiotic treatments 
started 2 weeks later after seedlings had consolidated.

Measurements and indices of plant–plant 
interactions and community structure

Harvest took place 13 weeks after the start of the experimen-
tal treatments, between 10 and 24 October 2011. Each indi-
vidual plant (phytometer and community) was measured for 
its height (highest point in cm) and clipped for determination 
of aboveground biomass at the soil surface. Roots of all plants 
were extracted by washing and manual separation under 
water, taking particular thoroughness for the phytometer spe-
cies. Separation was feasible as both phytometer species have 
distinguishable roots, being particularly darker than roots of 
competing species. Biomass was dried at 85°C for 12 h after 
harvest and again for 3 h before weighting.

We assessed the intensity of competition, i.e. the degree 
to which competition reduces plant performance below the 
physiological maximum achievable in a given environment, 
as competitive response of the phytometer species. The 
importance of competition, i.e. the change in performance 
of a target species due to neighbours compared with the 
effect of other community drivers such as abiotic conditions, 
was calculated as importance index  in Seifan et al. (2010). 
Both indices are commonly used measures in plant competi-
tion studies. The intensity of root, shoot and total compe-
tition within the community was measured as competitive 
response of the phytometer plant ln (XN/NN) (Cahill 1999), 
with NN representing total phytometer plant biomass when 
grown without competition of neighbours and XN total phy-
tometer plant biomass when grown in competition with 
neighbouring plants. To distinguish between root, shoot and 
total competition intensity, XN was total phytometer plant 
biomass when (i) grown with the roots, but not shoots of 
neighbours for calculation of belowground (root) competi-
tive response (RCR), (ii) grown with the shoots, but not 
roots, of neighbours for calculation of aboveground (shoot) 
competitive response (SCR) and (iii) grown with the shoots 
and roots of neighbours for calculation of total competitive 
response (TCR). The importance of interactions was calcu-
lated as the index IImp in Seifan et al. (2010):

IImp = NImp/(|NImp|+|EImp|)
with NImp (the contribution of biotic interactions to phy-

tometer plant performance) = XN − NN and EImp (the con-
tribution of the abiotic environment to phytometer plant 
performance)  =  NN − Pmax, with Pmax being the maximal 
phytometer plant biomass over all scenarios. To distinguish 
between root, shoot and total competition importance, XN 
was used as stated above for competition intensity. Negative 
values of competitive response and IImp indicate competition, 
whereas positive values indicate facilitation. An increase 
in either of the indices therefore means that competition 
becomes weaker.

Table 1: species used and sources of seeds used in the experiment 

Species Family Seed source

Dianthus carthusianorum Caryophyllaceae Hillsides at the River Oder  
near Mallnow

Festuca brevipila Poaceae Rieger-Hoffmann

Hieracium umbellatum Asteraceae Hillsides at the River Oder  
near Mallnow

Solidago virgaurea Asteraceae Hillsides at the River Oder  
near Mallnow

Arrhenatherum elatius Poaceae Rieger-Hoffmann

Dactylis glomerata Poaceae Rieger-Hoffmann

Pimpinella nigra (a) Apiaceae Hillsides at the River Oder  
near Mallnow

Filipendula vulgaris (a) Rosaceae Hillsides at the River Oder  
near Mallnow

Seeds of forbs had been collected in the field while seeds of grasses 
had to be obtained by a commercial seed supplier (Rieger-Hoffmann) 
due to limited germination of available seeds. (a) Due to limitations 
in germination of S. virgaurea, in some pots we planted individuals of 
P. nigra or F. vulgaris as sixth species.
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As measure of community structure evenness was used 
because species richness was same for all pots and the num-
ber of dead individuals at the end of the experiment compa-
rably low. Evenness was calculated as Simpson’s Reciprocal 
Diversity (1/D) based on total plant biomasses divided by the 
number of species (Lamb et  al. 2009). Simpson’s D equals  
∑ (n/N)2, with n being the individual total plant biomass and 
N the total pot biomass. For these analyses, individual bio-
masses were used from treatments with root and shoot com-
petition per environmental scenario per block, as root and 
shoot exclusion devices may alter growth of surrounding 
plants (Lamb et al. 2009; McPhee and Aarssen 2001).

To test whether root and shoot competition do interact, we 
generated a new variable, TCRpredicted, as the sum of SCR and 
RCR per environmental treatment and block, and compared 
this value to the measured total competition intensity TCR. 
If TCRpredicted does not significantly differ from the measured 
TCR, root and shoot competition are additive, i.e. they do not 
interact to affect plant growth (see Cahill 2002 for a detailed 
description).

Statistical Analysis

All statistical analyses were conducted using R version 3.0.3. 
(R development core team, http://cran.r-project.org).

To analyse performance of interaction indices in depend-
ence of environmental conditions of phytometer plants, we 
performed linear mixed-effects models, including total bio-
mass of neighbouring roots, shoots or whole plants (depend-
ing on the respective response variable: root, shoot or total 
competition intensity or importance) in interaction with light 
and water level. Biomasses were ln-transformed to meet 
assumptions of normality and equal variance. Interactions 
of root and shoot competition on phytometer plant perfor-
mance were analysed by comparing TCR and TCR predicted with 
Wilcox’s rank sum test for the different abiotic scenarios. 
Correlations between interaction indices were calculated as 
Pearson’s correlation coefficient.

To analyse effects of plant interactions on community bio-
mass evenness, we also performed linear mixed-effects mod-
els with either intensity or importance of competition (IImp) 
as predictors separately for the different competition com-
ponents (root, shoot or total). To account for differences in 
productivity, we included ln-transformed total pot biomass as 
predictor of evenness in each analyses and the ln-transformed 
proportion of whole pot belowground to aboveground bio-
mass as co-variate.

Block was included as random effect (Venables and Ripley 
2002) in all analyses. Maximal models were simplified using 
stepwise backward model selection by eliminating non-sig-
nificant terms for which likelihood ratio tests produced P > 
0.05 to find minimal adequate models. Normal distribution 
of model residuals was verified by model checking plots 
(Crawley 2007). Significance of treatment and trait effects was 
confirmed when respective test statistics produced P < 0.05 
(Crawley 2007). Goodness of model fit was calculated as 

described in Nakagawa and Schielzeth (2013) and Johnson 
(2014), distinguishing marginal R2 (the proportion of vari-
ance explained by the fixed factor(s) alone) and conditional 
R2 (the proportion of variance explained by both the fixed 
and random factors).

RESULTS
Intensity and importance of plant interactions

For both phytometer species, there was a high degree of posi-
tive correlation between the intensity and the importance 
of root (Dianthus: 0.78, Festuca: 0.65), shoot (Dianthus: 0.83, 
Festuca: 0.64) and total (Dianthus: 0.76, Festuca: 0.50) com-
petition (for all P < 0.01). Facilitative effects were very com-
mon, especially by neighbouring shoots and occurred more 
often in communities with Dianthus than with Festuca phy-
tometer plants (facilitative effects in Dianthus: 70%, Festuca: 
52% of communities) (see Figs  1 and 2). When phytom-
eter plants experienced root competition, irrespective of the 
aboveground interaction, competitive effects prevailed (root 
competition: Dianthus: 60%, Festuca: 84%; total competition: 
Dianthus: 73%, Festuca: 87% of communities).

In Festuca communities, intensity and importance of interac-
tions were not significantly driven by environmental conditions, 
i.e. neither by abiotic factors nor by productivity, i.e. community 
biomass (Table  2). The only exception was total competition 
importance that was significantly influenced by light (χ2 (2) = 6.5, 
P < 0.05), with weaker importance in low light conditions.

In contrast, in Dianthus communities, both the intensity 
and importance of interactions were largely influenced by the 
environment (see Table  3). Root competition intensity and 
importance increased, i.e. competition became weaker, with 
increasing root biomass of neighbour plants at high levels of 
aboveground resource supply (light) and decreased, i.e. compe-
tition got stronger, if light was strongly reduced. At high levels of 
belowground resources (water), only the intensity of root com-
petition increased with increasing root biomass of neighbour 
plants and decreased at both lower water levels. Interestingly, 
shoot competition intensity was unaffected by aboveground 
resource supply, but showed the same response to water as root 
competition, i.e. it increased with shoot biomass of all neigh-
bour plants at the highest water level, but decreased for the 
other. In contrast, shoot competition importance was affected 
by aboveground resources only. With increasing shoot biomass 
of neighbour plants shoot competition importance decreases, 
i.e. competition gets stronger, but for slightly reduced light. In 
Dianthus communities, only the total competition intensity was 
unaffected by environmental conditions (Table 3).

Though TCR was generally lower than TCRpredicted for both 
species over all scenarios, we found no evidence for root–
shoot competition interactions, as TCR and TCRpredicted did not 
vary significantly for neither scenario in both species. Only in 
slightly light reduced communities with Festuca phytometer 
plants, the difference between TCR and TCRpredicted was mar-
ginally significant (W = 35, P < 0.1).
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Effects of plant interactions on community 
evenness

Evenness of F. brevipila communities decreased with increas-
ing shoot competition intensity and importance (Fig.  1, 
Table 4) and increasing total community biomass (P < 0.001, 
parameter estimate −0.09, intercept 0.5). Neither root nor 
total competition intensity and importance had a significant 
impact. Unlike in Festuca communities, evenness of com-
munities with D. carthusianorum phytometer plants was best 
explained if root competition intensity and importance (Fig. 2, 
Table 5) together with total community biomass (P < 0.001, 
parameter estimate −0.13, intercept 0.5) and the relation-
ship between total below-/aboveground community biomass 
were considered (P < 0.05, parameter estimate 0.11, intercept 
0.5). Increasing root competition intensity and importance as 
well as increasing biomass reduced evenness. Neither shoot 
nor total competition intensity and importance significantly 
affected evenness in these communities.

DISCUSSION
In this study, we used a phytometer approach to assess both 
the intensity, i.e. the change in performance of a target plant 
due to neighbours, and the importance, i.e. the change in 

performance due to neighbours compared with the effect of 
other environmental conditions. Specifically, we looked at 
root and shoot competitive interactions relative to above- 
and belowground resource availability. We aimed at explic-
itly exploring whether shoot and/or root competition or their 
interaction may influence community structure, measured as 
evenness. Using two different phytometer species, we found 
the variation in plant–plant interactions across the environ-
ments to be highly species specific, as has been shown in a 
growing number of studies (Gaucherand et al. 2006; Maestre 
et al. 2009; Michalet 2007; Song et al. 2012). There were also 
species-specific effects of plant–plant interactions on commu-
nity structure. While shoot competition intensity and impor-
tance explained variation of evenness in communities with 
Festuca phytometer plants, root competition intensity and 
importance best explained variation of evenness in commu-
nities with Dianthus phytometer plants.

Variations in the intensity and importance of 
plant–plant interactions

Across environmental conditions, phytometer responses 
to prevailing competition within the communities differed 
remarkably between both phytometer species. The grass 
Festuca has proven to be very insensitive, while Dianthus 

Figure 1: evenness of Festuca brevipila communities in relation to total, shoot and root competition intensity (lower panels) and importance 
(upper panels) for the different light levels. Negative values of competition intensity and importance indicate competition, while positive values 
indicate facilitation. Results of the statistical models are presented in Table 4.
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was highly responsive. The only finding in common was 
that irrespective of competition intensity root, shoot and 
total competition was unimportant under severe light 
limitation (Figs  1 and 2). This result is in line with previ-
ous studies reporting a collapse of biotic interactions under 

extreme conditions of stress or disturbance (Maalouf et  al. 
2012; Malkinson and Tielbörger 2010; Michalet et al. 2006; 
Mitchell et al. 2009). The effects of neighbours should van-
ish with their decreasing performance and size, as originally 
proposed by Grime (1973, 1974).

Table 2: results of likelihood ratio tests for all explanatory parameters on root (RCR), shoot (SCR) and total (TCR) competitive intensity 
and root (RIImp), shoot (SIImp) and total interaction (TIImp) importance in Festuca brevipila communities

RCR SCR TCR RIImp SIImp TIImp

Fixed effects χ2
P χ2

P χ2
P χ2

P χ2
P χ2

P

Light (2) 0.3 0.847 (2) 0.8 0.665 (2) 0.5 0.782 (2) 3.3 0.192 (2) 3.1 0.211 (2) 6.5 0.039

Water (2) 0.1 0.957 (2) 2.2 0.333 (2) 5.0 0.081 (2) 2.2 0.329 (2) 1.1 0.581 (2) 0.9 0.649

ln (Whole neighbour 
biomass)

0.2 0.658 0.2 0.690 0.8 0.375 0.4 0.515 1.6 0.210 0.4 0.503

ln (Whole neighbour 
biomass) × Light

(2) 2.1 0.351 (2) 1.2 0.545 (2) 4.0 0.132 (2) 2.3 0.310 (2) 1.1 0.575 (2) 2.4 0.296

ln (Whole neighbour 
biomass) × Water

(2) 3.1 0.212 (2) 2.2 0.337 (2) 0.2 0.890 (2) 0.6 0.753 (2) 1.0 0.615 (2) 3.1 0.209

Random effect variance 3.2E−05 1.2E−05 0.27 4.5E−06 2.1E−06 1.1E−06

R2
marginal 0.00 0.00 0.00 0.00 0.00 0.32

R2
conditional 1.7E−09 2.7E−10 0.10 4.4E−10 9.3E−11 0.32

Significant predictors (P < 0.05) are in bold. Whole neighbour biomass relates to root, shoot or total biomass depending on the respective level 
of observation. Random effect variances and R2 refer to the minimal adequate models. Block was set as random effect. N = 31.

Figure 2: evenness of Dianthus carthusianorum communities in relation to total, shoot and root competition intensity (lower panels) and impor-
tance (upper panels) for the different light levels. Negative values of competition intensity and importance indicate competition, while positive 
values indicate facilitation. Results of the statistical models are presented in Table 5.
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Neither whole neighbour community biomass nor water 
supply affected plant interactions in the communities with 
the grass Festuca used as a phytometer. Similarly, water addi-
tion has been found to have only few effects on the intensity 
of root competition (Lamb et  al. 2007 and studies therein), 
suggesting that root competition intensity is invariant along 
soil moisture gradients. This result is explained by the lim-
ited ability of plants to actively compete for water (Lamb et al. 
2007). On the contrary, in Dianthus communities, root (and 
also shoot) competition intensity was highly dependent on 
the water treatment and in interaction with whole neigh-
bour community biomass. With increasing root biomass of all 
neighbours, root competition became stronger with decreas-
ing water availability. This is in line with theoretical pre-
dictions that the addition of a limiting resource will reduce 
the intensity of competition for that resource (Casper and 
Jackson 1997) and the general finding of Schenk (2006) that 

root competition was more intense under resource-poor con-
ditions. Moreover, additional (but unfortunately insufficient) 
measurements of leaf midday water potential indicated rel-
evant water stress under low water supply in Dianthus but 
not in Festuca phytometer plants under root competition (K 
Geissler (personal observation)). This difference supports also 
the view of Wang et al. (2010) that the competitive response 
ability is not a species trait per se, but instead a set of options 
plants have for tolerating low levels of different resources.

The importance of root (and shoot) competition was, con-
trary to competition intensity, unaffected by water treatment 
in communities where Dianthus has been used as phytometer. 
It suggests that plant growth was always equally water- and 
neighbour limited. Drought stress suppressed the importance 
of competition, independent of its increasing intensity. Weak 
variations in competition importance along a water supply 
gradient in a grassland have been reported before (Bennett 

Table 3: results of likelihood ratio tests for all explanatory parameters on root (RCR), shoot (SCR) and total (TCR) competitive intensity 
and root (RIImp), shoot (SIImp) and total interaction (TIImp) importance in Dianthus carthusianorum communities

RCR SCR TCR RIImp SIImp TIImp

Fixed effects χ2
P χ2

P χ2
P χ2

P χ2
P χ2

P

Light a — (2) 2.5 0.288 (2) 4.2 0.123 a — a — (2) 6.5 0.039

Water a — a — (2) 1.6 0.439 (2) 0.9 0.650 (2) 0.5 0.771 (2) 6.4 0.042

ln (Whole neighbour biomass) a — a — 0.8 0.360 a — a — 6.1 0.014

ln (Whole neighbour biomass) 
× Light

(2) 10.5 0.005 (2) 4.7 0.095 (2) 0.5 0.776 (2) 7.0 0.031 (2) 7.4 0.025 (2) 1.8 0.407

ln (Whole neighbour biomass) 
× Water

(2) 9.7 0.008 (2) 10.2 0.006 (2) 1.5 0.468 (2) 0.7 0.680 (2) 4.2 0.121 (2) 0.8 0.683

Random effect variance 1.2E−04 4.1E−05 0.39 0.057 2.4E−06 1.1E−06

Rmarginal
2 0.67 0.33 0.00 0.37 0.33 0.32

R
conditional

2 0.67 0.33 0.14 0.47 0.33 0.32

Significant predictors (P < 0.05) are in bold.
Abbreviations: a = parameters are part of a significant interaction and not tested independently as this would be an arbitrary imposition on the 
model (Venables and Ripley 2002). Whole neighbour biomass relates to root, shoot or total biomass depending on the respective level of obser-
vation. Random effect variances and R2 refer to the minimal adequate models. Block was set as random effect. N = 31.

Table 4: parameter estimates and results of likelihood ratio tests for the effects of competition intensity and importance on community 
evenness in Festuca brevipila communities

Fixed effects Estimate χ2 df P value Random effect variance R
marginal

2  = R
conditional

2

SCR −0.06 5.1 1 0.024 2.3E−06 0.41

SIImp −0.21 5.3 1 0.021 1.5E−06 0.42

RCR −0.03 1.1 1 0.291 2.3E−06 0.30

RIImp −0.14 1.9 1 0.168 2.3E−06 0.30

TCR 0.03 1.1 1 0.285 2.3E−06 0.30

TIImp −0.03 0.1 1 0.739 2.3E−06 0.30

Maximal models were set up for each of the competition indices separately and contained also ln (total community biomass), ln (belowground/
aboveground total community biomass) as co-variate and block as random effect. N = 31. Random effect variances and R2 refer to the minimal 
adequate models.
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and Cahill 2012). In contrast, in subalpine grasslands of the 
French Pyrenees, Le Bagousse-Pinguet et al. (2014) found the 
importance of plant–plant interactions to be highly dependent 
on soil moisture. However, the length of their gradient was 
far beyond the water supply gradient we used in our study. 
Thus, we support the view that longer environmental gradi-
ents should be used in assessing patterns of plant interactions.

Interestingly, in Dianthus communities, phytometer plants 
benefitted from neighbouring roots under benign above- and 
belowground abiotic conditions (sufficient water and light). 
This might seem counterintuitive, as facilitative effects have 
been shown to play a role in plant communities under severe 
conditions (Brooker et al. 2008). It might be explained by the 
ability of Dianthus phytometer plants to reallocate resources 
to shoots under competition. The optimal allocation theory 
predicts that plants try to maximize their growth by allocating 
biomass between the shoot and the roots so that the uptake of 
the most limiting resource is increased (Aikio and Markkola 
2002; Tilman 1988). The latter, therefore, proposed that any 
competition should increase allocation to shoots because infe-
riority in asymmetric competition for light would lead to a 
greater disadvantage in future resource uptake than inferior-
ity in size-symmetric belowground competition for nutrients 
(Aikio and Markkola 2002). In our study, root competition 
enhanced shoot growth of Dianthus phytometer plants to 
such a level that negative effects of root competition on root 
growth are even counterbalanced under full light conditions 
(see online supplementary Figs S1 and S2). This seems to be 
a plausible explanation for our observation that facilitative 
effects by neighbouring shoots were very common. Bertness 
and Hacker (1994) interpreted such facilitative effects from 
shoots as increased humidity and reduced evaporation. In 
our study, they may have mitigated the negative effects of 
shading.

Effects of plant–plant interactions on community 
evenness

Total competition intensity and importance had no explana-
tory power for the variation of community evenness in neither 
phytometer species. Instead, root competition intensity and 

importance best explained variation of evenness in communi-
ties with Dianthus phytometer plants, and shoot competition 
intensity and importance affected evenness in communities 
with Festuca phytometer plants. In both cases, increasing com-
munity evenness was related to increased competition. This 
is a rather surprising result and in contradiction to previous 
field studies which found no effect of plant–plant interactions 
on diversity (Lamb and Cahill 2008; Mitchell et al. 2009) or 
an increase in diversity with increasing importance of facilita-
tion (Le Bagousse-Pinguet et al. 2014). However, an increase 
in evenness related to increasing importance of competition 
has been reported (though not discussed) in an experimental 
setup similar to ours (Lamb et al. 2009). It might be a phe-
nomenon characteristic for early stages of plant community 
development.

It is generally assumed that primarily shoot competition 
is the driving force for plant–plant interactions to structure 
communities (DeMalach et al. 2016; Hautier et al. 2009; Lamb 
et  al. 2009) due to its asymmetric nature (Schwinning and 
Weiner 1998). However, it has been shown that interactions 
between root and shoot competition are an indirect mecha-
nism through which root competition may structure commu-
nities (Lamb et al. 2009; Li et al. 2011; Mariotte et al. 2012). 
If root competition is more intense than shoot competition, 
root–shoot interactions should increase the overall size asym-
metry of competition, and hence, this should increase the 
potential for competitive interactions to influence plant com-
munity structure (Lamb et  al. 2009). We found an effect of 
shoot competition on community structure to be confirmed 
for Festuca communities. However, there was only weak evi-
dence for the potential of root–shoot competition interactions 
to be an active driver. Though we found root competition to be 
more intense than shoot competition in all treatments, shoot 
competition itself was not very strong. It has been argued 
that root–shoot interactions should not be expected without 
significant shoot competition (Cahill 1999). Accordingly, we 
found no significant interactions of root and shoot compe-
tition in our Dianthus communities. However, the fact that 
shoot competition intensity was highly dependent on the 
belowground resources indicates a possible feedback.

Table 5: parameter estimates and results of likelihood ratio tests for the effects of competition intensity and importance on community 
evenness in Dianthus carthusianorum communities

Fixed effects Estimate χ2 df P value Random effect variance R
marginal

2  = R
conditional

2

RCR −0.05 5.0 1 0.025 2.6E−06 0.58

RIImp −0.27 4.8 1 0.028 2.2E−06 0.57

SCR −0.00 0.0 1 0.998 2.4E−06 0.50

SIImp −0.03 0.1 1 0.808 2.4E−06 0.50

TCR −0.01 0.02 1 0.690 2.4E−06 0.50

TIImp −0.23 2.9 1 0.090 2.4E−06 0.50

Maximal models were set up for each of the competition indices separately and contained also ln (total community biomass), ln (belowground/
aboveground total community biomass) as co-variate and block as random effect. N = 31. Random effect variances and R2 refer to the minimal 
adequate models.
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Other than in our Dianthus communities, root competi-
tion is assumed to be unimportant in directly structuring 
communities because of the size symmetry of belowground 
competition and the lack of feedback mechanisms leading 
to competitive exclusion (Lamb and Cahill 2008; Mariotte 
et  al. 2012). Moreover, this unimportance of root competi-
tion is explained by a lack of consistent relationships between 
root biomass and root competition intensity (Belcher et  al. 
1995; Cahill 2003; Lamb and Cahill 2008; Lamb et al. 2009). 
Contrary to this expectation and although we cannot make 
predictions about long-term effects of root biomass with our 
short-term experiment, we did find a significant relation-
ship between community root biomass and root competi-
tion intensity and importance in Dianthus communities. This 
relationship was, however, dependent on environmental 
conditions (see above). Together with the changed allocation 
pattern towards shoot biomass production and an increase in 
plant height in Dianthus phytometer plants, this may explain 
why root competition intensity and importance in these com-
munities were able to effect community structure. Here, root 
competition might have increased the size asymmetry of com-
petition and by this the potential of root competition to influ-
ence community structure (Cahill 1999; Lamb et al. 2009).

Methodological considerations

Root competition has been argued to potentially impact plant 
community structure under non-equilibrium conditions, e.g. 
following human disturbances (Rajaniemi et al. 2003), condi-
tions that might apply to our experiment. However, this could 
not explain the differences between both phytometer species. 
Moreover, it is argued that the limitation of rooting space in 
experimental conditions might result in an overestimation 
of the influence of belowground competition (Bartelheimer 
et al. 2006; McConnaughay and Bazzaz 1992) and indeed our 
experiment allowed roots to deepen no further than 10 cm. 
However, root biomass in central European grasslands has 
been shown to concentrate in the upper soil layer (Prechsl 
et al. 2015), and we have no information to suppose that our 
phytometer species would have been differentially affected by 
the rooting depth in our experiment. It is clear that the spe-
cies specificity of our results makes it difficult to draw general 
conclusions. The choice of the phytometer species can affect 
the results of empirical studies (Cahill et al. 2008; Gaucherand 
et al. 2006), and the role of competition for a single phytom-
eter may not reflect the role of competition at the commu-
nity level. Community-wide knowledge on belowground 
interaction intensities and their importance for community 
structure might be gained with the upcoming knowledge of 
belowground plant traits and the help of new techniques in 
belowground vegetation research (Faget et  al. 2013; Wilson 
2014). Furthermore, approaches integrating experimental 
results with individual- and trait-based community modelling 
(Pfestorf et al. 2016) might be promising to the understanding 
of community-level consequences of (belowground) plant–
plant interactions.

CONCLUSION
Given the validity of our experiment being limited to early 
stages of plant community development, our results demon-
strate the potential of belowground plant–plant interactions 
to affect community structure. In the light of the impor-
tance of biotic interactions at local scales in the prediction 
of communities’ responses to global environmental changes 
(Grassein et al. 2014), our results show that root competition 
might not always be as symmetric as it is commonly assumed 
and belowground interactions require more attention and 
explicitness.

SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Plant Ecology 
online.
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