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We tested the hypothesis that both density- and frequency-dependent interactions 
play important roles in determining plant growth in a dune heath ecosystem at several 
levels of available nitrogen. Plant growth was measured using the pin-point method 
in a five-block experiment with four nitrogen levels. To maximize statistical power, 
we used only three taxonomic groups: Calluna vulgaris, Avenella flexuosa (the two 
most dominant species), and all other vascular plant species together. The results show 
that both Lotka–Volterra type interspecific competition and frequency-dependency 
play significant roles in determining the growth of the species in the community. 
Significant interspecific density-dependent competition was observed in four out of 
the six possible cases. Nitrogen addition increased the competitive effect of C. vulgaris 
on the growth of the other species. Both C. vulgaris and A. flexuosa showed frequency-
dependent positive feedback dynamics on growth when they were relatively dominant 
at the plot scale, and this effect increased with added nitrogen. In plots with added 
nitrogen, the group of other species benefited from being relatively rare. The study 
highlights the importance of the combined effects of density and frequency depen-
dency in determining plant growth.

Keywords: frequency-dependence, hierarchical modelling, measurement uncertainty, 
plant-plant interactions, plant-soil feedback, unmeasured variables

Introduction

To develop predictive models of ecosystems in changing environments, it is important 
to understand the mechanisms that govern plant community dynamics and quantify 
their relative importance. Historically, the most important mechanisms for under-
standing plant community dynamics are competition for resources, e.g. light, water 
and soil nutrients that are necessary for plant growth (Goldberg et al. 1990). Species 
coexistence has primarily been examined with density-dependent Lotka–Volterra 
type models, where population growth is affected by intra- and interspecific popu-
lation densities, and investigating the conditions for invasion when a species is rare 
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(Chesson 1994, 2000, Adler et al. 2018, Barabás et al. 2018, 
Ellner  et  al. 2019). This body of theory has been referred 
to as ‘modern coexistence theory’. But plant communi-
ties may also be regulated by frequency-dependent mecha-
nisms, where plant growth is regulated by the frequency of 
the species within the community. There has been increas-
ing awareness that frequency-dependent mechanisms may 
play important roles in the dynamics of plant communities 
(Connell et al. 1984, Bever et al. 1997, Chisholm and Fung 
2020, Suding et al. 2024). Such frequency-dependency may 
be caused by numerous mechanisms, such as species-specific 
soil–plant interactions that hinder local establishment and 
growth of conspecific dominant plant species, or because 
relatively low population sizes of natural enemies of rare 
species may give them an advantage (van der Putten  et  al. 
2013, Mazzoleni et al. 2015a, 2015b, Heinen et al. 2020), 
or dominant plant species may be favored by positive feed-
back mechanisms, e.g. by resource monopolizing strategies 
(van der Putten et al. 2013). It is surprising that many stud-
ies demonstrate the importance of frequency dependence 
for coexistence, but it is rarely modelled in empirical plant 
community studies. It has also been argued that higher-order 
interactions among species are important (Singh and Baruah 
2020), and that intraspecific genetic variation may play a role 
in the outcome of species interactions (Ehlers  et  al. 2016). 
The relative importance of different mechanisms in regulat-
ing plant community dynamics in different ecosystems is still 
an open question (De Long et al. 2023).

Dune heathland ecosystems are natural or semi-natural 
habitats situated on leached, nutrient-poor, sandy soils. The 
vegetation is adapted to withstand the harsh, windy environ-
ment and is dominated by dwarf shrubs, e.g. Calluna vul-
garis (heather), Empetrum nigrum (crowberry), Vaccinium 
uliginosum (bog bilberry), and graminoids, especially Avenella 
flexuosa (wavy hair-grass), Carex arenaria (sand sedge), 
Corynephorus canescens (grey hair-grass), and Festuca ovina 
(sheep fescue). Bryophytes and lichens may also be common. 
Dwarf shrubs and grasses often coexist in a dynamic patchy 
spatial configuration. The cyclical successional processes lead-
ing to such a patchy distribution of dwarf shrubs and grasses 
was described by Watt (1947), a key feature of which is the 
life cycle of Calluna vulgaris plants, which senescence when 
they are 30–40 years old and open up space for herbaceous 
species (Watt 1955, Gimingham 1988).

One of the essential abiotic factors that regulate plant 
growth and community dynamics is the level of available 
reactive nitrogen (Craine 2009). Nitrogen deposition from 
the combustion of fossil fuels and animal husbandry is 
known to play an important role in current heathland eco-
systems (Alonso et al. 2001, Bähring et al. 2017, Damgaard 
2019a, 2019b, Jones and Power 2012, Southon et al. 2013). 
If nitrogen input is sufficiently high, especially after the veg-
etation is opened by burning or heather beetle infestation, 
grass species may outcompete ericoid dwarf shrubs and the 
dwarf shrub vegetation may be replaced by acid grassland 
vegetation or, in the absence of management, encroachment 
by trees (Alonso  et  al. 2001, Heil and Bobbink 1993, van 

Voorn et al. 2016). Under increased nitrogen availability, A. 
flexuosa outcompetes C. vulgaris, which is adapted to nitro-
gen-limited environments in which its slowly decaying lit-
ter is decomposed by ericoid mycorrhiza and the nitrogen 
in its litter is absorbed by its roots (Diemont and Heil 1984, 
Smith and Read 1997, Johansson 2001, Talbot et al. 2008). 
The positive feedback between heather and ericoid mycor-
rhiza may lead to frequency-dependency in nitrogen limited 
environments, where the growth and competitive effect of C. 
vulgaris is increased when it is dominant (Aerts et al. 1990).

The role of competition in determining plant growth and 
therefore community dynamics is investigated empirically 
by modelling the observed net negative plant–plant interac-
tions (‘competition in the broad sense’ sensu; Weiner 1993) 
using Lotka–Volterra-type competition models (Damgaard 
1998, 2005, Law and Dieckmann 2000, Adler et al. 2018). 
Although the use of net effects in the modelling of spe-
cies interaction has been criticized (Gómez  et  al. 2023, 
Levine et al. 2024, Mougi 2024), it is still the best currently 
available tool we have for describing inter- and intra-specific 
interactions in communities. Hypothesizing that frequency 
dependence plays an important role in plant community 
dynamics, Damgaard and Weiner (2021) added frequency 
dependent competition to a Lotka–Volterra-type compe-
tition model. Their model was fitted to empirical growth 
data in a grassland ecosystem using a hierarchical Bayesian 
framework, in which the possible role of unmeasured vari-
ables that influence individual plant performance and mea-
surement errors was accounted for (Fig. 1). Here, we model 
density‐dependent interactions as functions of absolute cover 
and frequency‐dependent interactions as functions of relative 
cover. This partition is necessary because many biotic feed-
back mechanisms (e.g. plant–soil feedback, host switching of 
generalist herbivores and pathogens, resource monopolizing 
strategies, pollinator constancy with frequency‑dependent 
visitation) operate on relative abundance and are invariant to 
uniform changes in total cover, so such processes cannot be 
fully captured by density covariates alone (Ellner et al. 2019, 
Damgaard and Weiner 2021).

Here, we test the hypotheses that 1) both density- and fre-
quency-dependent competition play important roles in deter-
mining plant growth in a dune heath ecosystem, and 2) that 
the relative importance of these different mechanisms depends 
on the amount of available nitrogen. Growth models in which 
the effect of density- and frequency-dependent competition are 
parameterized and fit to pin-point cover data sampled in both 
early and late summer over a three-year period. The competi-
tive growth of C. vulgaris and A. flexuosa, and all other higher 
plants grouped together are then modeled as a function of the 
cover in early summer (Damgaard and Weiner 2021).

Material and methods

Competitive growth data
Vust Hede, located in North Jutland, Denmark (Fig. 2) is a 
dune heath with relatively low background nitrogen deposition 
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(9 kg N ha-1 year-1). We established five experimental blocks 
in 2018 (Kaae et al. 2024). Each block had four treatment 
plots with four levels of added nitrogen (0, 5, 10, 25 kg N ha-

1 year-1). There were natural populations of roe deer, red deer 
and fallow deer in the area at an estimated combined activity 
of 9.95 ha-1 day-1 (Supporting information), and herbivory 
by the deer population has been shown to affect plant spe-
cies composition (Kaae et al. 2024). In the summer of 2020, 
approximately 70–80% of the heather plants were infested by 
the heather beetle (Lochmeae suturalis), leading to discoloring 
of leaves and reduction in growth (Kaae et al. 2024).

To study the species interactions on plant growth, a 0.5 × 
0.5 m quadrat was permanently outlined within each plot. 
In the quadrat, plant abundance was measured non-destruc-
tively by the ‘pin-point’ (also called ‘point intercept’) method 
(Kent and Coker 1992) using a pin-point frame with the 
same dimension as the quadrat and with 25 pin-positions 
regularly placed at distances of 10 cm. At each position, a pin 
with a diameter of 0.5 mm was passed vertically through the 
vegetation, and the number of contacts to each species was 
recorded. The sampling was performed early (June) and late 
in the growing season (August to October) in the three years 
2019, 2020 and 2021 (Kaae et al. 2024).

The pin-point method provides estimates of two impor-
tant plant ecological variables: plant cover and vertical den-
sity, which are well-suited for studying species interactions 
in natural and semi-natural herbaceous perennial plant com-
munities, where it is difficult to distinguish individual gen-
ets (Damgaard et al. 2009, Damgaard 2011). The cover of a 
specific plant species is defined as the proportion of pins in 
the grid that touch the species, thus, plant cover measures the 
cover of the plant species when it is projected onto the two-
dimensional ground surface. The vertical density is defined 
as the number of times a pin touches a specific species, and 
this measure is correlated with plant biomass (Jonasson 1983, 
1988, Kaae  et  al. 2024). When the vertical density late in 
the season is modelled as a function of cover early in the sea-
son, the function can be interpreted as a within-season plant 
growth function (Damgaard et al. 2009, Damgaard 2011). In 
the subsequent analysis, the observed plant taxa were grouped 
into C. vulgaris, A. flexuosa grass and an aggregated group of 
all other vascular plant species (the sum of pins touches the 
other species).

The pinpoint data is available in an electronic supplement 
(Supporting information).

Model
The effect of species interactions on plant growth was ana-
lyzed with a hierarchical model (Fig. 1c) by modelling how 
the vertical density of C. vulgaris, A. flexuosa and the other 
species at the end of the growing season depended on the 
cover at the beginning of the growing season. The underly-
ing assumption is that the measure of vertical density at the 
end of the growing season as a function of the cover at the 
beginning of the growing season may be used as a measure of 
population growth (Damgaard et al. 2009, Damgaard 2011).

Figure 1. Flowcharts illustrating components of the model. (a) The 
effect of an unmeasured variable zu� � on individual plant perfor-
mance at both an early xi� � and later growth stage yi� � of plant 
speciesi . The competitive growth process is modelled by the func-
tion, fi , which depends on xi  and possibly on some measured envi-
ronmental variables zm� �. (b) The effect of the unmeasured variable 
affecting both earlier and later growth stages is modelled as the part 
of the covariance between the early and later growth stages that is 
not explained by the independent factors in the competition model. 
(c) Hierarchical model in which true but unknown factors affecting 
plant performance are modelled by latent variables (squares) and 
measurement errors are separated from process errors. Data are 
denoted by circles.
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We used a modified version of the model in Damgaard 
and Weiner (2021),
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where f xi � � is the expected vertical density of species i at the 
end of the growing season, and xi is the cover of species i at 
the beginning of the growing season (Table 1). The first term 
models the intraspecific density dependence (i.e. as if the spe-
cies were in a monospecific population). The second term 
models the effect of interspecific cover, which corresponds 
to interspecific density-dependence in the Lotka–Volterra 

models, and the third term models the effect of relative cover 
or frequency-dependency within the plant community. Thus, 
the density-dependent and frequency-dependent effects are 
partitioned and estimated in separate terms. More specifi-
cally, the parameters ai , ani  and bi model the expected ver-
tical density as a function of cover and nitrogen (n) in the 
absence of inter-specific density-dependent and frequency-
dependent effects, while cij , cnij and dj  model the inter-spe-
cific interactions of species j on the vertical density of species 
i. If c cn n 0ij ij�� � � , there is evidence of competitive inter-
specific interactions, otherwise there is evidence of facilitative 
inter-specific interactions. The parameters ei and eni  model 
the frequency-dependent effect of species i. If e en n 0i i�� � �
, then there is no evidence of frequency-dependence, and the 
population growth model (1) simplifies to a Lotka–Volterra 
competition model. If e en n 0i i�� � � , then rare species 
have an advantage over dominant species and, conversely, if 
e en n 0i i�� � � , then dominant species have an advantage 

over rare species. The parametersbi and dj  model possible 

Figure 2. Map showing the location of Vust Hede (57°07′23.412″N, 09°00′42.443″E). The rectangles are the blocks (1–5) with experi-
mental manipulations (Kaae et al. 2024).
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additional non-linearity in the effect of cover on vertical den-
sity with a domain in the interval (0.5, 2).

The measurement errors of cover and vertical density have 
previously been assumed to be binomially distributed and 
generalized Poisson distributed, respectively (Damgaard et al. 
2014). However, since we wanted to model the covariance 
between the early and later growth stages to account for the 
possible effect of unmeasured variables (Rinella et al. 2020), 
both distributions are approximated by standard normal 
distributions, where 1) the observed pin-point cover mea-
sure, y, in a pin-point frame with n pin-positions and an 

expected cover q is transformed to z y q
y n q

n q 1 q
1 ;� � � �

�� �
, 

and 2) the observed pin-point vertical density measure, vd,  
with an expected value λ  and with a species-specific scale 

parameter υi  is transformed to z vd , vd
2 i

i
;� � �

� �
� � � � . The 

measurement error of the standardized cover and vertical 
density measures is consequently modelled as
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where ρi is a species-specific correlation coefficient in the 
domain [−1, 1] (Damgaard and Weiner 2021). If ρi = 0 , 
then the measurement errors of the standardized cover and 
vertical density measures are assumed to be uncorrelated, 
i.e. the competition model, not additional unmeasured vari-
ables, accounts for the covariance between the early and later 
growth stages.

The structural uncertainty of the competitive growth 
model was assumed to be normally distributed and modelled 
as vdi~Nfix, σi, where σi is the species-specific process error 
(Table 1).

Estimation
We treat the three years of competitive growth data from each 
of the plots as independent events because 1) the within-plots 
among-year covariation is expected to be minimal, since we 

model the plant growth each year (measured cover early in 
the growing season to vertical density late in the growing 
season), and 2) considering plot as a random effect is not 
compatible with modelling covariance between early and late 
plant growth.

The joint Bayesian posterior probability distribution of 
the parameters in the model was calculated using Markov 
chain Monte Carlo (MCMC; Metropolis-Hastings) simula-
tions of 900 000 iterations with a burn-in period of 800 000 
iterations and normal candidate distributions (Carlin and 
Louis 1996). The prior probability distributions of all param-
eters and latent variables were assumed to be uniformly dis-
tributed within their specified domains under the additional 
constraints that 0 < ai < 500, −5 < cij < 5, −5 < ei < 5, 0.5 < 
νi < 8, and −0.5 < ρi < 0.8 except for σi, which was assumed 
to be inverse gamma distributed with parameters (0.1, 0.1).

Plots of the deviance and trace plots of parameters were 
inspected to check the fitting and mixing properties of the 
sampling procedure. Residual plots of the vertical density for 
each species were inspected to check the fitting properties of 
the different models. The statistical inferences were assessed 
using the calculated credible intervals, i.e. 95% percentiles of 
the marginal posterior distribution of the parameters and the 
probabilities that the marginal posterior distributions of the 
parameters were either above or below zero.

We include predictors for absolute crowding (density 
dependence) and relative composition (frequency depen-
dence) in Eq. 1. Because frequency is computed from densi-
ties, the two constructs are algebraically linked. We therefore 
do not assume independence between their raw forms, so to 
examine the consequences of this effect, the posterior correla-
tion matrix of parameters is calculated.

All calculations were done using Mathematica (Wolfram 
2019). The software code and all results are given in the elec-
tronic supplement (Supporting information).

Prediction of relative vertical density
To investigate the estimated effects of both density- and 
frequency-dependent competition on plant growth (verti-
cal density) at different cover values of the three species and 
nitrogen levels, the mean relative predicted vertical density 
was calculated by inserting samples from the joint posterior 

Table 1. Parameter explanations.

Parameter Description

​ai Vertical density of species i as a function of cover in the absence inter-specific density-dependent and frequency-
dependent effects, and without added nitrogen

​ani The effect of added nitrogen on ai

​bi Non-linear effect of cover on plant growth
​cij Competition coefficients, inter-specific density-dependent interaction effect of species j on the vertical density of species i.
​cnij The effect of added nitrogen on cij

​di Non-linear effect of cover on density-dependent inter-specific interaction effect
​ei The frequency-dependent effect of species i on plant growth.
​eni The effect of added nitrogen on ei

σi Structural uncertainty of the competitive growth model
​νi Scale parameter of the measurement error of vertical density
​ρ1 Unexplained correlation coefficient between cover and vertical density
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distribution of the model parameters into Eq. 1 and dividing 
by the cover of the species, fix/xi.

Results

The MCMC iterations of the plant growth model converged 
with acceptable mixing properties, although there was size-
able covariation among parameters (Supporting informa-
tion). Based on the residual plots (Supporting information), 
the fit of the model was judged to be acceptable. A summary 
of the marginal posterior probability distributions of all 
parameters is shown in Table 2.

The vertical density in the absence of interspecific species 
interaction was modelled by the parameters ai, ani and bi. The 
vertical density was an increasing function of added nitrogen, 
only for the group of all other vascular plant species (Table 
2, an3).

The competitive effect of A. flexuosa and all other vascular 
species on within-season growth of C. vulgaris was relatively 
large without added nitrogen (Table 2, c12, c13), but there was 
no significant effect of the nitrogen treatment (Table 2, cn12, 
cn13). The competitive effect of the group of all other vascu-
lar species on A. flexuosa was relatively large without added 
nitrogen (Table 2, c23), and there was a significant increase in 
the competitive effect with the nitrogen level (Table 2, cn23). 
There was no significant competitive effect of C. vulgaris on 
the growth of A. flexuosa or all other vascular species (Table 
2, c21, c31), but a significant effect of A. flexuosa on the growth 
of all other vascular species without added nitrogen (Table 
2, c32).

There were significant frequency-dependent effects. For 
C. vulgaris and A. flexuosa, there were significant positive 
effects of being relatively dominant at the plot scale (Table 
2, Fig. 3, e1, e2), and this effect increased significantly with 
added nitrogen (Table 2, Fig. 3, en1, en2). On the other hand, 
all other vascular species were significantly positively affected 
when relatively rare in the plots (Table 2, e3, en3).

Many model parameters were correlated (Supporting 
information). More specifically, for the parameters, cij and 
ei, which model interspecific competitive interactions and 
frequency-dependency, no consistent correlation pattern was 
observed across species.

The mean relative predicted vertical density of both C. 
vulgaris and A. flexuosa increased with cover (Fig. 4), indicat-
ing that the frequency-dependent positive feedback mecha-
nisms are important for the plant community dynamics in 
this heathland ecosystem. The predicted increases were rela-
tively independent of the amount of added nitrogen (results 
not shown).

For C. vulgaris and A. flexuosa, there was no significant 
effect of unmeasured environmental variables (Table 2, ρ1, 
ρ2), i.e. the covariance between the early and later growth 
stages can be accounted for by the competition model (Eq. 
1) and not by additional unmeasured variables. However, for 
the group of all other vascular species there was an indication 
that unmeasured environmental variables had a significant 

positive effect on the observed covariance between the early 
and later growth stages that was not accounted for by the spe-
cies interaction model (Table 2, ρ3).

Discussion

In the dune heath ecosystem studied, we have presented evi-
dence that both density- and frequency-dependent interspe-
cific competition play significant roles in determining plant 
growth. Significant interspecific density-dependent compe-
tition was observed in four out of the six possible interac-
tions. We expected that nitrogen addition would alter the 
species interactions, but this was only demonstrated in the 

Table 2. Percentiles of the marginal posterior probability distribution 
of the model parameters. The subscripts indicate the taxa: 1 - Calluna 
vulgaris, 2 - Avenella flexuosa, and 3 - all other vascular plant spe-
cies. The probability that the marginal distribution is above zero is 
given in the last column, where significant values are indicated in 
bold.

Parameter 2.5% 50% 97.5% P (X > 0)

a1 60.354 66.953 72.629 –
a2 12.062 16.665 23.747 –
a3 37.188 62.952 68.653 –
an1 −1.248 −0.588 0.351 0.208
an2 −0.641 −0.405 0.697 0.100
an3 0.228 0.961 1.910 0.993
b1 1.541 1.820 1.987 –
b2 0.939 1.459 1.941 –
b3 1.635 1.916 1.996 –
c21 −1.036 0.114 1.691 0.541
c12 2.086 3.127 4.295 >0.999
c13 0.817 1.385 1.817 >0.999
cn21 −0.256 −0.058 0.086 0.344
cn12 −0.118 0.008 0.228 0.548
cn13 −0.006 0.022 0.079 0.877
c23 0.222 0.651 1.568 >0.999
c31 −0.719 0.117 0.872 0.636
c32 0.596 1.490 2.892 >0.999
cn23 0.118 0.236 0.346 >0.999
cn31 −0.067 0.005 0.178 0.532
cn32 −0.074 0.065 0.136 0.709
d1 0.826 1.511 1.962 –
d2 1.157 1.656 1.986 –
d3 1.552 1.823 1.988 –
e1 −0.260 −0.202 −0.133 <0.001
e2 −0.663 −0.467 0.013 0.027
e3 0.859 1.282 1.466 >0.999
en1 −0.124 −0.104 −0.095 <0.001
en2 −0.315 −0.250 −0.176 <0.001
en3 −0.054 −0.005 0.006 0.244
σ1 0.060 0.092 0.138 –
σ2 0.036 0.080 0.145 –
σ3 0.042 0.333 1.059 –
ν1 7.437 7.889 7.996 –
ν2 7.679 7.944 7.998 –
ν3 7.796 7.960 7.999 –
ρ1 −0.313 −0.048 0.283 0.372
ρ2 −0.406 −0.062 0.341 0.390
ρ3 0.671 0.773 0.799 >0.999
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effect of the group of other vascular species on the growth 
of A. flexuosa, where nitrogen addition increased the com-
petitive effect of the other vascular species. It is possible that 
the effects of nitrogen addition occur only after several years 
of adding nitrogen (Aerts and Bobbink 1999), after which 
the level of available nitrogen has reached a new and higher 
steady-state level. It will be interesting to follow the effect of 
nitrogen on plant species interactions in the coming years.

Calluna vulgaris and A. flexuosa showed positive feedback 
dynamics on growth when they were relatively dominant 
at the plot scale, whereas the growth of the group of other 
vascular species was favored when they were relatively rare. 
The positive feedback dynamics of C. vulgaris may reflect a 
resource monopolization strategy, whereby ericoid mycorrhi-
zas decompose the C. vulgaris litter and channel the released 
nutrients back to C. vulgaris (Diemont and Heil 1984, Smith 
and Read 1997, Johansson 2001, Talbot et al. 2008), although 
the estimated positive feedback was found to increase with 
added nitrogen for both species, which is somewhat sur-
prising considering the resource monopolizing hypoth-
esis. Added nitrogen could strengthen positive feedback by 
enhancing competition for light, allowing large dominants 

to shade smaller neighbors. Alternatively, added nitrogen 
could reconfigure the soil biota. The positive effects of being 
relatively dominant for C. vulgaris and A. flexuosa at the plot 
scale are consistent with previous studies, where it was con-
cluded that the more locally dominant of the two species will 
outcompete the other (Damgaard et al. 2009). The observed 
advantage of being dominant is also consistent with previous 
observations that the initial establishment of C. vulgaris is 
hindered when A. flexuosa is dominant (Britton et al. 2003), 
and with divergent long-term successional patterns on dry 
heath plots, where plots either became dominated by grass or 
dwarf shrubs (Ransijn et al. 2015). More generally, our study 
supports the ‘successional mosaic hypothesis’, in which the 
maintenance of coexistence between C. vulgaris and A. flex-
uosa requires a storage effect and disturbance events followed 
by initial colonization by A. flexuosa (Ransijn et al. 2015).

On the other hand, there was a beneficial effect of being 
relatively rare on the growth of the group of all other vascu-
lar species in plots when nitrogen was added. This advan-
tage of being rare could be due to the absence of negative 
interactions with soil pathogens or other natural enemies 
(van der Putten  et  al. 2013). This hypothesis is consistent 
with the positive covariation between early and late season 
growth (Rinella  et  al. 2020). It has been shown that soil 
inoculation significantly affects heathland plant communities 
(Wubs et al. 2016, van der Bij et al. 2017) and that the com-
position of fungal communities depends on the composition 
of the plant community (Radujković et al. 2020). This sug-
gests that plant–soil biotic interactions are especially impor-
tant in heathland ecosystems. Since the aggregated group 
‘other plant species’ consists of many species, the estimated 
effects will be the net result of different species effects, includ-
ing interspecific competition among the aggregated species. 
It would require a larger experimental set-up to determine 
the density- and frequency-dependent competition effects of 
each individual species.

The observed widespread infestation of the heather beetle 
in 2020 had adverse effects on C. vulgaris cover and growth. 
Such infestations may play an essential role in transforming 
a dwarf shrub-dominated heath to a grass-dominated heath. 
However, the single heather beetle outbreak was not reported 
to have long-term effects on the growth and competitive 

Figure 3. Marginal posterior distributions of the parameters ei (the frequency-dependent effect of species i on plant growth) and eni (the 
effect of added nitrogen on ei). If ei + eni n > 0, then rare species have an advantage over dominant species and, conversely, if ei + enin < 0, 
then dominant species have an advantage over rare species.

Figure 4. The predicted relative vertical density of Calluna vulgaris 
(purple) and Avenella flexuosa (blue) as a function of its cover with-
out added nitrogen. The sum of the cover of the two species is set to 
one, i.e. only these two species are assumed to be locally present.
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ability of heather at this dune heath site (Kaae et al. 2024). 
It appears that C. vulgaris can recover relatively quickly after 
infestation events, although recurrent outbreaks could result 
in a transformation to a grass-dominated heath.

As previously demonstrated (Damgaard and Weiner 
2021), there is compelling evidence that the standard use of 
the Lotka–Volterra model in studies of species interactions in 
plant communities is inadequate, and that most species inter-
action studies would be improved by including frequency-
dependency. It has also been demonstrated that if the effects 
of measurement errors are ignored, model predictions may 
be biased (Carroll et al. 2006, Detto et al. 2019, Damgaard 
2020, Damgaard and Weiner 2021). It is therefore also advis-
able to consider the possible effect of measurement errors 
when modelling species interactions.

Traditional vegetation sampling in relatively small plots is 
not ideal for studying patch dynamic mechanisms, such as 
positive feedback mechanisms, and cyclical vegetation pro-
cesses with ageing, which occur at a larger spatial scale. More 
research on the combined effects of density- and frequency-
dependent competition at larger spatial scales is needed. New 
drone-based sampling methods of plant abundance that 
operate at larger spatial scales (Damgaard 2021) may pro-
vide much needed information for the study of plant patch 
dynamics.

In conclusion, including frequency- as well as density-
dependent effects, and unmeasured variables in models 
of plant community dynamics could result in important 
improvements in our understanding of plant growth, plant 
community dynamics and coexistence theory. Modern statis-
tical modelling methods make this easy to do.

Speculation – Jacob Weiner
The methods developed by Christian Damgaard, using 
repeated measurements on a stand of vegetation to fit 
dynamic models of plant competition, as in this study, 
represent a major advance in the modelling of intra- and 
interspecific plant competition. Taking a longer scientific 
perspective, however, these models are still phenomenologi-
cal in the tradition of Lotka–Volterra equations, i.e. they 
use competition coefficients to describe the effect of plants 
on one another. Such coefficients are not mechanistic but 
will be different in different environments, so they cannot 
be generalized far beyond the plant community in which 
they are fit. They can be used to indirectly test mechanisms 
if experiments are designed for this purpose. Ultimately, 
the goal should be to describe or even derive such coeffi-
cients from mechanisms, especially resource consumption, 
as Tilman has argued since the 1980s. This objective is a 
long way off but is important to keep in mind. Studying 
the effects of different resource levels on the model coef-
ficients, as in this study, is a step in this direction. The more 
we can connect phenomenological models with mecha-
nism of competition, especially resource consumption and 
responses to it, the more we can advance our understanding 
of plant–plant interactions in the field.

Speculation – Christian Damgaard
Watt’s (1947, 1955) seminal view of patch dynamics emerged 
from his studies of plant communities, which he conceived 
as dynamic space–time mosaics of phases (patches) that col-
lectively sustain quasi‑stable community‑level patterns. His 
framing is particularly relevant for heathland ecosystems, 
where meter‑scale patches are readily observed. In contrast, 
patch‑dynamics theory typically conceptualizes patches as 
discrete habitat islands embedded in a contrasting matrix, 
a metapopulation perspective rooted in Levins’ (1969) 
patch‑occupancy model. Advancing Watt’s original ideas and 
improving our understanding of coexistence and resilience 
in plant communities require new theoretical developments. 
Such a framework should connect species‑specific life‑history 
traits with density- and frequency-dependent feedbacks. One 
promising approach is to embed these feedbacks within reac-
tion–diffusion models operating at site-level spatial scales, 
enabling local phase transitions to generate emergent, test-
able mosaic dynamics that match patterns observed in the 
field.
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