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a  b  s  t r  a  c  t

Competition  for canopy  space  is  a  major  ecological  process  in  forest  dynamics  and  some  tree  species  are
able  to  shift  their  crowns  away  from  competition  pressure  to improve  light  capture.  As  a  result  canopy
structure  is an  expression  of  the  spatial  pattern  of  resource  acquisition.  A  novel  combination  of  spatial
analysis,  tessellations  and  computer  simulations  of  crown  movements  allowed  us to disentangle  the
main  processes  that  govern  crown  movements  in Pinus  sylvestris  L. forests.  By applying  spatial  point
process  statistics  to three  sets  of coordinates  (stem,  crown  and  tessellation  centre  points),  we analysed
and modelled  the  interaction  between  individuals  along  different  tree-crown  development  stages  in
Valsain  forest,  Sierra  of Guadarrama  (Spain).  Overall  we  found  that  Scots  pine  trees  were  able  to respond
to the  presence  of  neighbours  in  monospecific  stands.  The  trees  involved  tended  to avoid  competition
by  shifting  their  crowns  towards  empty  spaces.  Mature  trees  showed  more  crown  displacement  than
smaller  trees  and  made  an  effective  use of  canopy  space.  The  efficient  use of space  in  older  stands  was
indicated  by  more  regular  crown  patterns  compared  to  those  of  younger  stands,  which  usually  were  more
clustered.  We  also  found  that  crown  asymmetry  was  often  a combination  of  some  minor  abiotic  and  biotic
ecological  processes.  In  our  study,  wind  and  slope  did  not  have  a big  effect  on  crown  displacement,  while
biotic  interactions  showed  a strong  effect  on  canopy  structure  causing  trees  to  be  regularly  distributed
and  thus  using  canopy  space  more  efficiently.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

A basic assumption in forest ecology is that trees are sessile
organisms. They persist at their location of establishment, com-
pete for the same resources as their neighbours and either survive
or perish. Recent studies have demonstrated that quite a few tree
species are able to adjust their crown locations in response to com-
petition pressure in an attempt to improve light capture (Aakala
et al., 2015; Longuetaud et al., 2008, 2013; Schröter et al., 2012),
since competition for light takes place at foliage level rather than
at the level of whole individuals (Ford, 2014). While tree stem cen-
tres are more or less fixed, the upper part of trees, particularly
the crowns, can respond to competition and environmental influ-
ences by changing the direction of growth (Gavrikov and Stoyan,
1995). Some trees in dense forests may  die in the process of density-
dependent mortality while others may  be able to escape this fate
by shifting their crowns to a location different from the stem cen-
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tres (Getzin and Wiegand, 2007). This crown movement is a plastic
reaction to neighbour presence and thus to changing environmen-
tal conditions during the course of a tree’s development, resulting
in crown asymmetry or crown plasticity, a dynamic attempt to
optimise photosynthesis.

To increase the understanding of how tree populations are
organised and how they develop, we  should understand how crown
structure, resource acquisition, and spatial competitive interac-
tions are related to each other (Ford and Sorrensen, 1992). In
canopy-forming communities, the active process that determines
dominance occurs in the upper canopy. Canopy structure can be
considered as an expression of the spatial pattern of resource acqui-
sition (Rouvinen and Kuuluvainen, 1997). Crown plasticity is a
process enabling trees to improve light interception by resorting
to spaces where competition is lower. This mechanism of crown
displacement is a frequent adaptation of light demanding species,
particularly of those that do not have a monocormic tree architec-
ture such as most broadleaved trees (Lang et al., 2010; Grams and
Andersen, 2007; Longuetaud et al., 2008). In this context, compe-
tition is commonly defined as a reduction in performance that a
tree undergoes due to the presence of adjacent trees that can act

http://dx.doi.org/10.1016/j.ecolmodel.2017.03.018
0304-3800/© 2017 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.ecolmodel.2017.03.018
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.03.018&domain=pdf
mailto:jaime.uria.diez@slu.se
dx.doi.org/10.1016/j.ecolmodel.2017.03.018


118 J. Uria-Diez, A. Pommerening / Ecological Modelling 356 (2017) 117–126

as competitors (Begon et al., 2006). This influence of neighbours
leaves traces in the spatial arrangement of trees and this is reflected
by two pattern types: (i) the spatial location of plants and (ii) the
plant morphology that defines the pattern of spatial occupancy by
an individual (Ford and Sorensen, 1992). Tree tops need to avoid
excess shade, therefore one should expect that shaded trees even-
tually move their crowns away from their neighbours. The extent
of this deviation from the original tree location depends on species
and size of a given tree and its neighbours.

A tree is made of repetitive modules, i.e. branches that more
or less act as independent parts (Sprugel et al., 1991). Branch
autonomy contributing to morphological plasticity does not fully
eliminate the negative effect of neighbourhood competition on the
overall plant productivity, although by adopting a strategy of grow-
ing branches away from competitive pressure, trees can partially
escape from these negative effects (Brisson, 2001). Therefore the
spatial locations of tree crowns have to be considered when study-
ing spatial tree interactions, as it is at the level of crowns where
most interactions among trees take place (Umeki, 1995).

Spatial tree interactions have commonly been analysed and
modelled by using stem centre locations as spatial references
(Umeki, 1995; Haase et al., 1996; Condit et al., 2000; Vincent and
Harja, 2008). Gavrikov et al. (1993) were perhaps the first to study
the mobility of plants by simultaneously applying point process
statistics to the point patterns formed by stem-centre and crown-
tip locations of the same pine trees in a natural Siberian forest. They
showed that the crown tips tended to avoid nearest neighbours and
to move away from them. Recently it was also shown that crown
plasticity leads to a reduction in intraspecific competition and an
optimum use of space (Schröter et al., 2012; Longuetaud et al., 2013;
Williams et al., 2017). However, in mixed species forests the poten-
tial for this adaptation strategy depends on the morphology of the
species involved and on their demand for light. Quercus spp. are, for
example, more plastic than Picea spp. For boreal forests, Aakala et al.
(2015) assessed how crown asymmetry was influenced by radia-
tion and neighbourhood structure and concluded that competition
was the main determinant of crown asymmetry. Older trees tend
to show more asymmetry and recognizably more regular spatial
patterns in terms of crown dispersion compared to the patterns
of conservative stem locations (Gavrikov et al., 1993; Longuetaud
et al., 2013).

An individual tree crown at some stage during its development
faces competition exerted by neighbouring tree crowns, where
every tree attempts to optimise the surrounding space available
to its crown. Tessellations have been used in a number of studies to
model plant performance based on neighbour proximity (Kenkel,
1988; Aakala et al., 2013). To some degree Voronoi polygons lend
themselves to modelling the pattern of tree crowns and are bet-
ter suited than circular zones of influence (Gavrikov et al., 1993).
Recently it also has been shown that weighted Voronoi diagrams
are a good approach to simulating available growing space (Krejza
et al., 2015) and asymmetric competition (Abellanas et al., 2016).
As an approximation of characterising a specific neighbourhood
the “area potentially available” is defined as the area of an irregu-
lar polygon constructed around a subject tree (Moore et al., 1973).
For the characterisation of neighbourhoods, Aakala et al. (2013)
proposed a novel approach that uses multiplicatively weighted
Voronoi diagrams (WVD) and achieved a better representation of
the spatial relationships between trees within stands compared
to traditional indices of neighbourhood conditions. This way it is
possible to simulate the different ability of neighbouring trees to
explore the surrounding space leading to a more realistic partition-
ing of space among them.

Our main hypothesis in this paper is that plant movements can
be described as an adaptation behaviour to enhance individual fit-
ness through modifying plant interactions, but can also be caused

Fig. 1. A) Forest development stages perceived in the study area at Valsain Forest
at  the Sierra de Guadarrama (Spain; adapted from Christensen et al., 2007) and B)
hypothetical crown projections of a tree and its Voronoi neighbours. Blue points rep-
resent stem-centre coordinates that are connected with red triangles representing
crown-centre coordinates; black points represent the tessellation centroids (gray
lines).

by environmental factors. Therefore the main objective of this study
was to investigate crown displacement in Pinus sylvestris L. stands
with a view to separate abiotic and biotic factors causing plant
movement and then to identify the main ecological processes form-
ing spatial structures of tree stems and crowns in Valsain forest,
Sierra of Guadarrama (Spain). Firstly we  analysed the distance and
angle of crown displacement to see if there was any preferential
direction in crown movements. And secondly spatial simulations,
involving models of crown movement, were used as theoretical
references to study the effect of biotic and abiotic factors.

2. Material and methods

2.1. Study site, plots and forest variables

The study area was located in Valsain Forest, a publicly-owned
forest located on the northern part of Guadarrama Mountains with
an elevation range between 1300 and 1500 m a.s.l. The forest con-
sists of naturally regenerated Scots pine (Pinus sylvestris L.). Six
permanent rectangular plots (60 × 40 m)  were established in 2008
(see Fig. 1 from Valbuena et al., 2012). These plots were selected to
represent a chronosequence of typical forest development stages
found in this area (Fig. 1A). We  named the development stages after
Oliver and Larson (1996) and Christensen et al. (2007) with modifi-
cations. Each of the plots has been exposed to various disturbances
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