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Abstract. This Habilitationsschrift (D.Sc. dissertation) discusses approa-

ches to spatial woodland analysis and modelling in the general context of

spatial statistics with particular emphasis on point process statistics. It ex-

plores how these approaches relate to each other and considers important

differences in concepts and assumptions.

Six publications (I-VI) by the author are included in this Habilitations-

schrift and present recent advances in: the development of summary cha-

racteristics of spatial woodland structure (I), edge-correction methods (III),

non-parametric modelling of spatial woodland structure (II, V), the appli-

cation of point process methods to problems of woodland management

(IV) and allometric modelling of tree crowns (VI).

Crynodeb [Dadansoddi a Modelu Adeiledd Coed Gofodol]. Mae’r Habili-

tationsschrift (traethawd D.Sc.) yma yn ymdrin â dulliau dadansoddi a

modelu adeiledd coed gofodol yng nghyd-destun cyffredinol ystadegaeth

ofodol gyda phwyslais arbennig ar ystadegaeth proses pwynt. Archwilia’r

traethawd sut y cyfeiria’r gwahanol ddulliau at ei gilydd a beth yw’r gwa-

haniaeth mewn cysyniadau a thybiaethau.

Cynhwysa’r Habilitationsschrift chwe chyhoeddiad (I-VI) gan yr aw-

dur a chyflwyna ddatblygiadau newydd ym maes ystadegaethau cryno

adeiledd coed gofodol (I), dulliau cywiro effaith min (III), modelu adeiledd

coed gofodol gyda dulliau amharamedrig (II, V) a hefyd dulliau ystade-

gaeth proses pwynt wedi eu cymhwyso i broblemau rheoli coetiroedd (IV)

a modelu alometrig brigau coed.

Zusammenfassung [Analyse und Modellierung Räumlicher Waldstruk-

tur]. Die vorliegende Habilitationsschrift diskutiert Ansätze zur Analyse

und Modellierung räumlicher Waldstruktur im Gesamtzusammenhang

räumlicher Statistik. Der Schwerpunkt der Abhandlung liegt in der Punkt-

prozessstatistik, und es werden Gemeinsamkeiten und wichtige konzep-

tionelle Unterschiede der betreffenden Ansätze untersucht.

Die Habilitationsschrift umfasst sechs Publikationen (I-VI) des Autors,

die Neuentwicklungen im Bereich statistischer Größen zur Waldstruktur-

beschreibung (I), der Randkorrektur (III) und der nicht-parametrischen
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Waldstrukturmodellierung (II, V) darstellen. Ferner werden Punktprozess-

methoden auf Probleme des Waldbaus (IV) und der allometrischen Model-

lierung (VI) von Baumkronen angewendet.

Rez�me [Analiz i modelirovanie prostranstvennyh struktur lesa]. Na-

sto�wa� dissertaci� na soiskanie uq�no� stepeni doktora nauk po-

sv�wena podhodam k analizu i modelirovani� prostranstvennyh struk-

tur lesa v obwem kontekste prostranstvenno� statistiki. Glavnoe na-

pravlenie raboty le�it v oblasti statistiki toqeqnyh processov i

posv�weno issledovani� obwih qert i suwestvennyh konceptual~nyh

otliqi� razliqnyh podhodov i predpolo�eni�.

Dissertaci� soder�it xest~ nauqnyh publikaci� (I-VI) avtora,

kotorye da�t obzor novyh ide� v oblasti statistiqeskih veliqin dl�

opisani� struktur lesa (I), metodov popravki kraevogo �ffekta (III)

i ne-parametriqeskogo modelirovani� struktur lesa (II, V). Avtorom

opisyvaets� primenenie metodov toqeqnyh processov v lesovodstve (IV)

i allometriqeskom modelirovanii drevesno� krony (VI).

ii



Preface

Hi hen, eleni ganed.

It is old. This year it was born.

The consideration of the spatial nature of data by forest scientists is both old

and new.

Since the end of the 19th century silviculturists and forest yield scientists

have related growth and timber quality to initial spacing and tree density. At

about the same time forest statisticians realised that the performance of sam-

pling methods depends on the spatial distribution of trees in a forest. With

the advent of soil science at the beginning of the 20th century, the existence of

localised differences in microsites was acknowledged as relevant. Later, geo-

statistical methods allowed the estimation of soil properties and other site cha-

racteristics for any point in a forest from sample data. This is an important

pre-requisite for biogeochemical modelling. More recently tree growth model-

lers and other plant scientists have developed competition indices to account

for the change in growing space and resources available to trees over time.

During the last 50 years spatial statistics has emerged as a special branch

of statistics with a wide range of methods that have considerably improved our

ability to identify and quantify spatial patterns and opened the possibility of

linking them to environmental processes. Most of these methods were first de-

vised in mathematical statistics and later found applications in various fields

of natural sciences. Forest scientists, such as Matérn, have influenced modern

point process statistics and forestry data have become a natural field for applica-

tion of spatial statistics. This development has been paralleled with significant

progress in mapping and surveying as well as in general computer technology.

During this same period foresters and ecologists have independently developed

various unrelated quantitative concepts to describe and to model spatial plant

patterns such as measures of structure, diversity and competition.

This Habilitationsschrift is a dissertation in fulfilment of a D.Sc. degree

at the University of Natural Resources and Applied Life Sciences, Vienna, Aus-
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tria. It consists of a Rahmenschrift (p. 1 - 36) and six research papers, which are

reprinted in the appendix. The Rahmenschrift discusses, in a systematic way,

the most important approaches to spatial woodland analysis using terms and

definitions of general spatial statistics to explore the relationship between tra-

ditional forestry approaches and concepts of spatial statistics. This provides a

foundation for understanding the similarities and dissimilarities between the

various concepts and gives suggestions for future methodological research.

There are many people to thank for their support and advice and sadly

I have to restrict myself to only a few names. Among those who encouraged

me to advance my academic career with this habilitation I wish to name es-

pecially my parents, Ursula and Baldur Pommerening, and my mother in law,

Aleksandra Alekseevna Xmuratova. To their continuous support this work

owes more than I can express.

Three academic mentors, Professor Klaus von Gadow, Professor Hans Pret-

zsch and Professor Dietrich Stoyan, excited me with spatial statistics at the be-

ginning of my research career and provided me with a thorough scientific edu-

cation. For their many lively and inspiring discussions I cannot thank them

enough. Among these colleagues and friends I particularly wish to mention

Professor Dietrich Stoyan whose enthusiasm and continuous ready support

throughout the years have been a great asset and a privilege. This work owes a

lot to the many fruitful discussions we had. The mutually beneficial knowledge

transfer from statistics to forestry and vice versa has had a significant positive

impact on both our lives.

My colleague Professor Hubert Sterba kindly acted as my BOKU mentor

and has taken much interest in my work and in our exchange between Vienna

and Bangor, for which I am very grateful. Together with his wife Veronika he

also helped the family and me to settle during the weeks we spent at Vienna

while I was working on the habilitation. Professor Hubert Hasenauer provided

advice on habilitation matters and he and his family contributed to pleasant

stays in Vienna.

I am also grateful to the Executive of the School of Environment and Na-
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tural Resources for supporting my habilitation and to the Research Committee

of the same department for the funding of a number of research visits and the

printing of this Habilitationsschrift. I would like to express particular thanks to

my Bangor research mentor, Dr. Fergus L. Sinclair, who has always been keen

to facilitate my research activities.

The members of the silvicultural research team of my Tyfiant Coed project,

Dr. Owen Davies, Dr. Jens-Uwe Haufe, Gareth Johnson and Stephen T. Murphy

have supported me in various ways including data collection, data analysis and

many fruitful discussions on research issues. They have also made room for my

personal research by occasionally taking over some of my administrative and

teaching duties in busy times. I am particularly grateful to Stephen T. Murphy

who has significantly improved my knowledge of the English language over

the years and who always reminded me of how important family is.

Particular thanks to Juliane Dahl for the cover picture and to Heledd Wyn

Owen for designing the cover of this book and for taking care of its production.

Diolch o galon i ti.

And finally I cannot close without a special word of thanks to my part-

ner Natasha for her sacrifices that enabled me to pursue my dreams: Spasibo

za tvo� podder�ku, tvo� terpenie i vse tvoi lixeni� radi moe@i nauqno@i

de�tel~nosti, kotora� dl� men� oqen~ va�na. � oqen~ tebe blagodaren.

Amen, dyn pren.

Bethel/Bodorgan, 30.04.2008 Arne Pommerening
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1 Introduction

Many if not all data collected in forest science have both a spatial as well as a

temporal dimension. These characteristics suggest the use of spatial statistics

for analysis of forestry data and the quantitative description of spatial forest

structure has recently become an important element of modern sustainable fo-

rest management (see e.g. Gadow and Hui, 2002; Pommerening, 2002).

The importance of spatial patterns can be seen in production, environmen-

tal and social aspects of forestry. For example the availability of growing space

determines to a large extent survival, growth and the morphology of trees (see

Assmann, 1970; Oliver and Larson, 1996; Pretzsch, 2002, for an overview). Also,

woodland habitats are characterised and influenced by the spatial arrangement

of trees (Pitkanen, 1997) and spatial woodland structure has an impact on the

recreation and amenity value of forests (Pukkala et al., 1995).

In all three examples the properties of the whole system, the forest, and the

interaction between its components, the trees, are dependent on the microstruc-

ture of the system. There are similarities with other branches of science, for ex-

ample in materials science, where corresponding relationships are described as

structure/property relationships and their formulation and prediction is of great

importance (Torquato, 2002).

The recognition of the spatial nature of forestry data has given rise to many

studies using spatial methods and Jansen et al. (2002) stress the enormous diver-

sity of concepts and techniques published in the forestry literature.

For example Karafyllidis and Thanailakis (1997) and Li and Magill (2001)

model the spread of forest fires using a technique based on celluar automata.

In another study Chen and Gadow (2002) use a spatial variant of simulated

annealing for optimising forest harvesting planning. Ecological investigations

increasingly focus on the interactions between pattern and process with a wide

variety of different methods (see e.g. Reich et al., 2004; Lancaster, 2006; Perry et

al., 2006). In many papers point process statistics is being used for the descrip-

tion and modelling of spatial tree patterns (e.g. Penttinen et al., 1992; Moeur,
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1993; Pommerening, 2002). The development of tree growth models which

quantify intra- and interspecific competition based on the spatial positions of

single trees highlight the practical significance of spatial methods (see Hase-

nauer, 2006, for an overview). Geostatistical regionalisation methods, which

make use of the spatial nature of environmental data such as precipitation or

soil properties have also been applied in forest science (see for example Jansen

et al., 2002).

The common denominator of all these applications is the reference to space

and adjacency. The methods and models used, however, can vary widely and

many spatial approaches are only an extension of conventional modelling by

incorporating spatial constraints.

Since most spatial-statistical methods used so far to describe and model

spatial woodland structure are based on points, this Habilitationsschrift mainly

concentrates on applications of point process statistics. Two other important and

related areas of spatial statistics, geostatistics and random set statistics, and their

contributions to forestry applications are briefly characterised.

1.1 Objectives

Applications in forest science relate to all three fields of spatial statistics and the

objectives of this Habilitationsschrift are 1. to give a brief overview of their the-

ories, 2. to describe point process statistics in some detail and 3. to show how

the approaches to quantifying and modelling spatial woodland structure relate

to them; 4. to identify common themes which provide new opportunities for

future research and modelling and can help to assess the usefulness and appro-

priateness of various summary characteristics; finally, 5. to provide a synthesis

of the author’s own published work which is listed in the appendix on page 37f.
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2 Main areas of spatial statistics

Spatial statistics is a methodology for describing and modelling spatial uncer-

tainty. More explicitly spatial statistics aim to provide quantitative descriptions

of natural variables distributed in space or in time and space. While Cressie

(1993) and Stoyan et al. (1995) presented the whole spectrum of methods in spa-

tial statistics, this Habilitationsschrift concentrates on the three main fields, geo-

statistics, point process statistics and random set statistics.

2.1 Geostatistics

Geostatistics is that branch of statistics which studies the variability and pre-

diction of regionalised variables (Chilès and Delfiner, 1999; Wackernagel, 2003).

Such variables can take values anywhere in the two- or three-dimensional space

under study, for example in a forest stand or forest block. Examples are preci-

pitation and altitude. Stem diameter is not a regionalised variable, since it can

be defined only at tree locations. Geostatistics has found a wide range of ap-

plications in forest science (see for example Jansen et al., 2002), typically in the

analysis of covariates of forest point patterns (see section 2.2). Sample data for a

regionalised variable Z(x) are gathered at discrete points, yi, which are chosen

by the investigator, often following a systematic grid or lattice.

One of the key applications in geostatistics is spatial interpolation. The

value Z(x) at a location of interest, x, different from the sampling locations,

yi, can be estimated through a number of interpolation methods which include

kriging, splines and weighted moving averages as well as regression techniques

(Cressie, 1993; Chilès and Delfiner, 1999; Jansen et al., 2002). Spatial interpola-

tion is an important pre-requisite for producing maps of the whole study area

and some of these methods are implemented in Geographic Information Sys-

tems (GIS). Kriging is a least squares prediction method using a special second-

order summary characteristic (see section 3.3), the (semi)variogram, γ(r). It is the

mean squared difference of the values of the regionalised variable at x and x+ r
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divided by 2, where r is a difference vector of length r:

γ(r) =
1

2
E(Z(x)− Z(x+ r))2 (1)

The variogram characterises the spatial variability of a given regionalised vari-

able Z(x) at points x and x+ r (Wackernagel, 2003; Illian et al., 2008). Its values

for different r give information on the behaviour of Z(x) for arbitrary spatial

scales.

Two important assumptions in the realm of geostatistics are that 1. the

sample points, yi, are independent of the regionalised variable and 2. values

measured at points close together in space tend to be similar. Violations against

the first assumption can lead to estimation bias.

Three examples, of the many applications in forestry, are given here. In a

case study Jansen et al. (2002) use geostatistical methods to improve the ecolo-

gical site description for forest plannning in the Harz mountains (Lower Saxony,

Germany). Humus content, rooting depth and mean annual air temperature

were some of the regionalised variables estimated for the whole mountain range

from sample points. In New Zealand Payn et al. (1999) apply variogram and

kriging methods to monitor changes in forest productivity and nutrition using

site index and basal area index as regionalised variables. Finally, Zawadzki et

al. (2005) review the application of geostatistics for investigations into forest

ecosystems using remote sensing imagery. These authors concentrate on three

main aspects, 1. the spatial variability of features identified from digital images,

2. the estimation of biophysical forest parameters and of variables of forest

ecosystem structure and 3. forest classification methods.

2.2 Point process statistics

Point process methods are applied to the statistical analysis of point patterns

aiming to analyse their structural variability. Of particular interest in the ana-

lysis are short-range correlations (Diggle, 2003; Illian et al., 2008). The most

important example in forestry are the patterns created by the positions of tree
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stem centres, but tree tops or the positions of other flora and fauna can also be

studied. Often it makes sense to analyse additional characteristics of the objects

which are associated with the points. For instance these additional characte-

ristics may describe the size or species of a tree and are usually referred to as

marks, mi (Diggle, 2003; Illian et al., 2008). In many cases the marks are de-

pendent on the points or vice versa. Spatial point processes are mathematical

models for point patterns.

In some studies point process and geostatistical methods are combined,

for example when regionalised variables control point patterns as so-called co-

variates, e.g. elevation, precipitation or soil properties (Møller and Waagepeter-

sen, 2007). Covariates are used in such studies to explore their influence on the

variability of tree positions.

Publications involving point process statistics in forestry include Matérn

(1960), Penttinen et al. (1992), Moeur (1993), Gavrikov and Stoyan (1995) and

Pommerening (2002), which give various examples using tree positions and tree

attributes as points and marks, respectively. Comas and Mateu (2007) give an

overview of recent applications of point process methods in forestry including

modelling.

2.3 Random set statistics

Random sets serve as mathematical models for irregular geometrical patterns.

Simple examples of random sets in forestry are the part X of a landscape co-

vered with forest or the part X of the forest floor occupied by vascular plants

and shrubs. In some sense, a random set is simply a special case of a regio-

nalised variable, one that takes only the values 0 or 1. Fundamentals of the

theory of random sets are given in (Stoyan et al., 1995).

Random sets can be described by various summary characteristics. Prac-

tical examples are characteristics which statistically describe the components or

objects forming X , such as mean area or perimeter, which were used for exam-

ple by Kleinn (2000), who, by the way, never used the term “set”. If such com-
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ponents are difficult to define, set-theoretic characteristics show their power.

Simple numerical characteristics of a set-theoretic nature are area fraction (i.e.

the percentage of area covered byX) and specific boundary length (i.e. the total

boundary length of X per unit area).

A more sophisticated characteristic is the spherical contact distribution func-

tion1, Hs. It gives the distribution of the distance from an arbitrary test location

outside X to the nearest point of X . Diggle (1981) used this function in an eco-

logical context to study the spatial pattern of heather (Calluna vulgaris (L.) HULL).

The potential of this characteristic for forestry applications is not yet exhausted.

A notable and successful random set model is the Boolean model, where

X is the set-theoretic union of small sets randomly scattered in the plane with

the possibility that the sets may overlap. For this model formulae are known

for all summary characteristics mentioned above. It was applied to the pattern

of lichens on a stone in Stoyan et al. (1995, p. 86f.).

A typical field of application of set-theoretic methods are those problems

which are analysed by landscape metrics. Landscape metrics is a collection of

summary characteristics for describing the pattern of landscape elements, such

as forests and forest patches, which are assumed to be correlated with ecological

processes. While these statistics were originally devised to deal with scales of

kilometers or more, they can be applied also to plant mosaics at smaller scales,

like the pattern of canopy gaps of a forest stand (Dale, 1999; Stoyan et al., 1995).

Another potential field of application of random set statistics includes the

analysis of digital images and data obtained from laser scanning techniques

(e.g. Moffiet et al., 2005; Riaño et al., 2003; Næsset and Økland, 2002). These do

not produce point process data, but data similar to those from high-resolution

digital cameras.

1The spherical contact function is also known as empty-space function or the law of first contact
(Stoyan et al., 1995).



7

3 Concepts of point process statistics in forestry

The Habilitationsschrift concentrates on two major methods of point process

statistics that play an important role in forest science, nearest neighbour sum-

mary statistics (section 3.2) and second-order characteristics (section 3.3). Common

themes and edge effects relating to the two methods and other concepts in spa-

tial statistics are addressed in sections 3.1 and 3.4.

3.1 Common themes

There are a number of common themes which apply generally to the descriptive

spatial statistics reviewed in sections 3.2 and 3.3 and their identification is an

important consideration in this Habilitationsschrift.

3.1.1 Stationarity and isotropy

In the statistical analysis of point patterns it is often assumed that the pattern

belongs to an underlying point process which is homogeneous (or stationary) and

isotropic, i.e. its probability distribution is invariant to translations and rotations

(Diggle, 2003; Illian et al., 2008, p. 42 and p. 35ff., respectively). In contrast,

inhomogeneous point processes can, for example, have point densities that vary

systematically.

Although methods have also been developed for inhomogeneous point

processes (see e.g. Møller and Waagepetersen, 2007), patterns are preferred in

the analysis for which the stationarity and isotropy assumptions hold. These

markedly simplify the methodology and allow a focused analysis of interac-

tions between trees by ruling out additional factors such as, for example, vary-

ing site conditions. The stationary and isotropic case therefore currently forms

the main domain of the application of point process methods. In this context

the choice of size and location of an observation window2 is crucial, because

2An observation window defines the spatial subset or sample included in the analysis. In
some text books it is referred to as study area, region or domain.
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stationarity and isotropy are scale dependent concepts (Dungan et al., 2002).

Both concepts are also often used in the other two fields of spatial statistics.

3.1.2 Test location and point related summary characteristics

Two different types of summary characteristics can be defined from the type

of points from which they are measured: test location or point related summary

characteristics3 (Illian et al., 2008, p. 195).

Test location related summary characteristics like the spherical contact dis-

tribution function mentioned in section 2.3 are estimated with reference to de-

terministic test locations or sample points, which are chosen independently of

the points of the point process. They describe the relationship between test lo-

cations and the points of the spatial pattern under study. Test locations can

be based on a systematic grid or randomly placed throughout the observation

window and are used particularly in geostatistics and random set statistics. In

geostatistics the sample points, yi, where the sample data were gathered, are the

test locations.

In contrast, point related summary characteristics relate only to the pro-

cess points, i.e. they yield information on the ith point in the observation win-

dow. The majority of summary characteristics in point process statistics are

point related.

These two concepts of summary statistics were also discussed in relation

to structural indices by Gadow and Hui (2002) and Staupendahl and Zucchini

(2006). These authors used the terms point-based and tree-based which originate

from distance methods used in forest inventory in which Loetsch et al. (1973, p.

369f.) distinguish between point-tree and tree-tree sampling methods. Point-

tree (= test location related) sampling methods are more common in forest in-

ventory since tree-tree methods (= point related) can lead to biased estimations

(Diggle, 2003; Krebs, 1999, p. 34 and p. 170, respectively).

3Diggle (2003, p. 13ff.) uses a slightly different terminology and distinguishes between point-
to-nearest-event and inter-event distances.
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3.1.3 Defining local neigbourhood

Quantifying microstructural information from a localised environment of

points is another common theme in spatial statistics, which finds applications

in all three areas of spatial statistics (see for example Chilès and Delfiner, 1999;

Wackernagel, 2003; Illian et al., 2008). The estimation of measures of competi-

tion (see section 3.2.1) and structure (see section 3.2.2) requires the selection of a

set of neighbouring trees before the principles of constructing marks of section

3.1.4 can be applied.

Local neighbourhood can be defined in many ways and the most common of

these are given below.

(1) Distances. Most frequently measures of distance (Euclidean, Euclidean

squared, Euclidean weighted, etc.) are used, i.e. neighbouring trees are defined

by their distances to the reference tree or point. Sometimes these distances are

weighted by the original marks (e.g. diameter, height) of the trees involved (see

for example the Hegyi competition index in Table 1).

(2) Basal area factors. Basal area factors (BAF) have been identified as good

criteria for selecting nearest neighbours in conjunction with measures of com-

petition (Pretzsch, 2002). This method is based on Bitterlich’s angle count or

relascope method according to which the probability that a tree is selected as

a neighbour is related to its basal area (Bitterlich, 1984). Formula 2 formalises

the principle of this neighbour selection method: Neighbouring trees j (repre-

sented by Pj) with a distance to the reference tree i (represented by Pi) shorter

than a critical distance are included in the local neighbourhood of reference tree

i, otherwise they are rejected.

‖Pi − Pj‖ <
50√
BAF

·DBHj (2)

(3) Dirichlet cells. In Dirichlet tesselations or two-dimensional Voronoi tessela-

tions (Stoyan et al., 1995; Dale, 1999) each tree holds a territory consisting of the
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part of the observation window which is closer to that particular tree location

than to any other tree location. This method recruits neighbours whose Dirich-

let domains share a common boundary with the reference tree and are therefore

likely to have some kind of interaction with the tree under study. Spatial proxi-

mity is less important in this approach and direction is given more emphasis.

The method ensures that neighbours are selected from all possible directions

around the reference tree.

(4) Influence zones. According to this method a two- or three-dimensional in-

fluence zone around the reference tree is defined and every other tree which

directly intersects this influence zone or whose own influence zone overlaps it

is considered to be a neighbour (Bella, 1971; Biging and Dobbertin, 1992, 1995;

Berger and Hildenbrandt, 2000). Usually influence zones are defined as more or

less simple geometric structures, e.g. circles, cylinders, inverted cones and can

have their size fixed or varied depending on an attribute of the reference tree,

e.g. the breast height diameter.

With measures of competition (see section 3.2.1) research has shown that

the inverted cone and the horizontal basal area factor methods are successful

methods of defining nearest neighbours (see Pretzsch, 2002). The number of

neighbours selected randomly varies from reference tree to reference tree de-

pending on the neighbourhood selection method and the point pattern.

In contrast, with measures of structure (see section 3.2.2) the number of

neighbours is usually fixed for all trees and are determined arbitrarily. Little

research has been done to identify an optimal number of nearest neighbours,

see for example Pommerening (2006).

Different types of qualitative marks, e.g. the species attributes or health

classes, add to the complexity of defining local neighbourhoods. In for example

a mixed oak-beech woodland it is useful to estimate summary characteristics

separately for each of the two species groups and for the interaction of trees

with different species marks. Statistically this kind of point pattern data may

be regarded as a superposition or union of single-type point patterns (Stoyan et
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al., 1995; Diggle, 2003; Illian et al., 2008), where two or more component pro-

cesses are superimposed, and some authors refer to the corresponding analysis

of such patterns as intra- and intertype analysis (Lotwick and Silverman, 1982;

Diggle, 2003; Moeur, 1993; Goreaud and Pélissier, 2003). This is analogous to

intra- and interspecific competition as defined in forest ecology and has impor-

tant implications in sampling and analysis of structural indices (section 3.2.2)

and second-order summary statistics (section 3.3). Neighbours of points be-

longing to one type should either always be recruited from the same type set

(intratype analysis: e.g. reference point of type oak - neighbour of type oak, re-

ference point of type beech - neighbour of type beech) or from a specified other

type to investigate for example the interaction of oak type and beech type points

(intertype analysis). With s different qualitative marks, e.g. tree species, there

are
(

s+1
2

)
combinations of defining nearest neighbours. Two tree species would

lead to
(
3
2

)
= 3 and three tree species to

(
4
2

)
= 6 combinations of defining nearest

neighbours.

3.1.4 Principles for constructing marks

In point process statistics marks, mi, are attributes of points and the analysis of

marked point patterns can provide greater insight into the processes underly-

ing the pattern than an analysis of the points alone (Illian et al., 2008). Marks

can be qualitative, e.g. tree species, or quantitative, e.g. diameter at breast height.

It is very important to realise that not only original marks may be used but that

constructed marks play an important role in point process statistics. Original or

natural marks are inherent attributes of the point and are usually measured in

situ, e.g. tree diameters and tree heights. Constructed marks involve additional

information relating to other points such as the nearest neighbours. All tradi-

tional spatial structural and competition indices developed in forestry can be

interpreted as constructed marks. For these marks it is possible to identify four

general construction principles, which are given in Table 1 with examples.
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Table 1. Construction principles for marks mi used for estimating nearest neighbour
summary characteristics. i denotes the reference tree and j a NN (nearest
neighbour). The principles are explained in the text.

Construction principle Example(s)

mi =
∑n

j=1
DBHj

DBHi
· 1

distij

Hegyi (1974)

Mark ratio

mi = 1− 1
n

∑n
j=1

min(DBHi,DBHj)
max(DBHi,DBHj)

Füldner (1995)

mi = 1
n

∑n
j=1 1(DBHi > DBHj)

Hui et al. (1998)

Mark comparison

mi = 1
n

∑n
j=1 1(speciesi 6= speciesj)

Füldner (1995)

Mark difference mi = 1
2 (DBHi −DBHj)2

Stoyan and Stoyan (1994)

Mark product mi =
DBHi

Pn
j=1 DBHj

nDBH
2

Davies and Pommerening (2008)

where

mi mark of the reference tree i

n number of NN

DBHi breast height diameter of the reference tree i

DBHj breast height diameter of the NN, j = 1, ..., n

distij Euclidean distance between the reference tree i and neighbour j

speciesi species of the reference tree i

speciesj species of the NN, j = 1, ..., n

DBH arithmetic mean breast height diameter of all trees in the

observation window

1(A) = 1 if A is true, otherwise 1(A) = 0

Representatives of the mark ratio principle are the Hegyi competition index (He-
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gyi, 1974) and the diameter differentiation index (Füldner, 1995) in which the

marks of the reference point and neighbouring points are divided and summed.

The ratios are sometimes multiplied by a weight such as the reciprocal distance

in the case of the Hegyi index.

The mark comparison principle is used in the diameter dominance (Hui et

al., 1998) and the species mingling index (Füldner, 1995). This principle involves

a qualitative comparison of marks and the result is of a boolean type, 0 or 1.

The diameter dominance index is defined as the proportion of the n nearest

neighbours that are smaller than reference tree i. The species mingling index is

defined as the proportion of the n nearest neighbours that are different species

to the reference tree i.

The principle of mark difference is demonstrated by the diameter variogram

index (Stoyan and Stoyan, 1994) in which half the squared difference of the

marks of neighbouring trees is related to the test function used in mark vario-

grams. These are related to geostatistical variograms (see section 2.1) and the

diameter variogram index characterises the variability of the diameters of trees

at close proximity.

The diameter correlation index is an example of the mark product princi-

ple. Here the mean product of the diameters of the reference tree and the n

nearest neighbours is compared with the squared arithmetic mean diameter of

all trees in an observation window. The squared arithmetic mean diameter re-

flects stochastic independence.

These mark construction principles are not limited to NNSS like the exam-

ples in Table 1 but also find an application in test functions used with second-

order summary characteristics for marked point processes (see section 3.3).

3.1.5 Functional summary statistics

Functional summary characteristics are preferred in modern point process statis-

tics rather than indices, because the former provide more information on a tree

population than simple indices which are usually arithmetic means, ratios or
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sums (Stoyan and Penttinen, 2000). Such provision was also an important con-

sideration in the development of summary characteristics for quantifying spa-

tial woodland structure by the Göttingen research group (see Pommerening,

2006, and section 3.2.2) and is a fundamental element of second-order charac-

teristics (see section 3.3), where they are, for example, functions of distance r.

For estimating functional summary statistics so-called kernel estimators are

usually preferred. These are non-parametric methods which are not based on

model assumptions (Diggle, 2003; Illian et al., 2008). Silverman (1986) and Il-

lian et al. (2008, p. 481f.) give useful details on the principles of kernel esti-

mation methods. For nearest neighbour summary statistics (see section 3.2) the

Epanechnikov kernel is recommended while the box kernel is a very suitable choice

for second-order functions (see section 3.3).

3.2 Nearest neighbour summary statistics

Nearest neighbour summary statistics (NNSS) describe relationships between

a test location or a point of the point pattern and the n nearest neighbours

and statistically NNSS can be interpreted as means and density functions of

constructed marks. They are often called short-sighted methods because they

quantify only the relationship between a point and its n nearest neighbours

and ignore what is beyond the nearest neighbours (Pommerening, 2002). Also,

the distances between nearest neighbours depend on the point pattern and can

therefore vary considerably from reference tree to reference tree.

In forestry and ecology these summary characteristics include competition

indices (e.g. Biging and Dobbertin, 1992, 1995, see section 3.2.1) and structural

or diversity indices (e.g. Krebs, 1999; Gadow and Hui, 2002; Pommerening, 2002,

see section 3.2.2). The two types of indices share a common estimation process,

firstly the definition of the local neighbourhood (section 3.1.3), i.e. the nearest

neighbours, and secondly the construction of the mark (section 3.1.4).
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3.2.1 Measures of competition

Measures of competition or competition indices4 have a long tradition in forest

and plant sciences and the literature on this subject is extensive (see for exam-

ple Bella, 1971; Biging and Dobbertin, 1992, 1995; Moravie et al., 1999; Berger

and Hildenbrandt, 2000; Barot and Gignoux, 2003). After Begon et al. (1996),

competition is defined as an interaction between individuals, brought about by

a shared requirement for a resource in limited supply, and leading to a reduc-

tion of the performance (e.g. survival, growth, reproduction) of at least some of

the competing individuals. This interaction effect is particularly strong among

neighbouring trees, but is not necessarily always antagonistic as implied by the

term competition and can also involve positive aspects of coexistence (Gadow

and Hui, 1999, p. 144).

Measures of competition are key elements of forest growth models used to

estimate the response variable5 growth increment, e.g. diameter or basal area in-

crement, and quantify the competition load or competition intensity on individual

trees (Weigelt and Jolliffe, 2003). Competition indices are also an important in-

strument for generalising growth models so that growth functions are applica-

ble across a wide range of stand densities and species compositions in a larger

geographic area.

Measures of competition can be used in growth estimations in two diffe-

rent ways, 1. in direct estimations and 2. as part of the so-called potential-modifier

approach (see Table 2) (Hasenauer, 2006, p. 6f.).

In both concepts measures of competition are used as independent vari-

ables (regressors, explanatory variable) along with a number of other variables

(indicated by Varn in Table 2 and the plural in modifier functions) such as for

example site factors. Additionally in some models the change in competition

index over time is included as a separate independent variable. In the modifier

4Non-spatial measures of competition are not considered here.
5A response variable can be best defined as the property of a system in a structure/property

relationship as described in the introduction. Response variables correspond with dependent
variable and regressand in regression terminology.
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Table 2. The two basic concepts of using measures of competition in growth estima-
tions. a0, . . . , an are regression coefficients, Varn indicates other possible inde-
pendent variables.

1. Expected growth = a0 + a1 · Competition index + · · ·+ an · Varn

2. Expected growth = Potential growth ·Modifier function(s)

function the competition index is usually incorporated in the exponent of an

exponential function and the potential is derived from trees that have faced no

or hardly any competition, e.g. open-grown trees or predominant forest trees.

The components of competition indices, i.e. the definition of the local

neighbourhood and the construction of the mark, are usually optimised through

correlation and regression analyses. The optimisation is facilitated by a clearly

defined response variables (see footnote 5) which in forestry most frequently is

tree growth but Weigelt and Jolliffe (2003) also refer to other response variables

in the general plant and vegetation science, e.g. reproduction and physiological

performance.

With measures of competition in forest science there is usually little inter-

est in summary characteristics, e.g. a mean competition index at forest stand

level or a competition density distribution. Weigelt and Jolliffe (2003), however,

also report the use of competition summary characteristics in the general plant

and vegetation science literature. Despite obvious simularities to measures of

structure, the main focus of measures of competition is on the individual marks,

i.e. the index value of each tree in the observation window.

3.2.2 Measures of structure

Spatial measures of structure6 have been developed for mainly two purposes,

1. for the quantitative description of the spatial arrangement of trees and their

6Non-spatial measures of structure are not considered here.
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attributes and 2. for providing spatial measures of biodiversity. There are many

papers with overviews and example applications (see Neumann and Starlinger,

2001; Gadow and Hui, 2002; Pommerening, 2002; McElhinny et al., 2005; Pom-

merening, 2006).

For analysing the variability of spatial aspects of plant populations the

first summary characteristics were proposed in the 1950s and 1960s, e.g. the

aggregation index of Clark and Evans (1954) and Pielou’s coefficient of segrega-

tion (Pielou, 1977). These and similar early approaches reflected the state of the

computer and mensuration technology of the time and expressed plant struc-

ture using a single number. Krebs (1999) and Dale (1999) give a good overview.

Later the advantages of estimating histograms and functional summary cha-

racteristics (see section 3.1.5) were recognised and these provided more detailed

information about stand structure (Gadow and Hui, 2002; Pommerening, 2006).

More recently a good quantitative description of spatial forest structure

has also been recognised as the key to the ability of simulating it (Lewandowski

and Gadow, 1997; Pommerening, 2006; Pommerening and Stoyan, 2008).

Since the sustainability concept has been extended beyond the traditional

concept of simple timber sustainability (Pommerening and Murphy, 2004) wood-

land managers are increasingly required to consider and improve biodiversity,

conservation and habitat functions within the forest. There is an urgent need for

practical, meaningful and quantitative criteria and measures of these functions.

Because of their correlation with habitat functions and population dynamics of

endangered mammal and bird species, structural indices have been proposed

as surrogates for more direct measures of biodiversity (Pommerening, 2002). To

this end Gadow (1999) and Pommerening (2002) subdivide α-diversity into the

diversity of tree positions, tree species diversity and the diversity of tree dimensions. At

a small scale, the diversity of tree positions reflects the pattern of tree locations:

are they regular7, clumped (clustered), random or some combination of these?

Tree species diversity is concerned with the spatial arrangement of species while

diversity of tree dimensions involves the spatial arrangement of, for example,

7Dale (1999) refers to regular patterns as over-dispersed.



3 Concepts of point process statistics in forestry 18

diameters or heights (Pommerening, 2006). Structural indices are particularly

effective in forest inventories with many small replicated observation windows

(Pommerening and Stoyan, 2008).

Defining a response variable (see footnote 5 on page 15) is not as straight-

forward as with measures of competition. Possibilities include the abundance

of an endangered animal species, tree (population) growth and the degree to

which allometric models can be improved. Especially in the first case, data are

often difficult to gather. The difficulties in data acquisition and the absence of

clearly defined response variables explain why there is hardly any study con-

cerned with this problem.

Pretzsch (1995) for example investigates the relationship between the di-

versity of tree positions and stand basal area increment through simulation.

Using the aggregation index of Clark and Evans (1954) he could identify that the

maximum stand basal area increment was achieved with regularly distributed

tree positions, that 95% of the maximum increment was realised when the same

trees were randomly distributed and a minimum increment of 50% of the max-

imum increment in the case of strongly clustered tree positions. Bravo and

Guerra (2002) found relationships between stand and tree based structural in-

dices and diameter growth for maritime pine (Pinus pinaster AIT.) in Spain and

Davies and Pommerening (2008) have recently used measures of spatial struc-

ture for improving allometric models in Wales. The authors could show that

spatial indices can significantly improve crown models for Sitka spruce (Picea

sitchensis (BONG.) CARR.) and birch (Betula spp.) especially in forests with poor

thinning history.

In materials science reconstruction (Torquato, 2002, p. 294, see section 4.2)

is used as a way of evaluating summary statistics: The extent to which the ob-

served realisation of forest structure can be reconstructed with a given summary

characteristic reveals the level of information embodied in it. Pommerening

(2006) has independently developed the same idea when evaluating structural

indices by reversing forest structural analysis.

In contrast to measures of competition, with measures of structure there
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is usually little interest in individual marks but rather in summary characteris-

tics, e.g. a mean structural index at forest stand level or a probabilty density

distribution.

3.3 Second-order summary characteristics

Second-order summary characteristics were developed within the theoretical

framework of mathematical statistics and then applied in various fields of na-

tural sciences including forestry (Illian et al., 2008; Møller and Waagepetersen,

2007). They describe the variability and correlations in marked and non-marked

point processes.

Functional second-order characteristics depend on a distance variable r

and quantify correlations between all pairs of points with a distance of approxi-

mately r between them. This allows them to be related to various ecological

scales and also, to a certain degree, to account for long-range point interactions

(Pommerening, 2002). Several examples are given in this section but more can

be found in the literature provided.

The most popular second-order characteristic is Ripley’s K-function (Rip-

ley, 1977). λK(r) denotes the mean number of points in a disc of radius r cen-

tred at every point i (which is not counted) of the point pattern where λ is the

intensity. This function is a cumulative function. Besag (1977) suggested trans-

forming the K-function by dividing it by π and by taking the square root of the

quotient, which yields the L-function with both statistical and graphical advan-

tages over the K-function. The L-function is often used for testing the CSR8

hypothesis, e.g. in Ripley’s L-test (Stoyan and Stoyan, 1994).

Cumulative functions are not always easy to interpret and for detailed

structural analysis functions of the nature of derivations are preferred. One of

these is the pair correlation function g(r), which is related to the first derivative

of the K-function according to the interpoint distance r (formula 3) (Illian et al.,

2008),

8Complete spatial randomness.
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g(r) =
K ′(r)

2πr
. (3)

For a heuristic definition consider P (r) as the probability of one point of

the point process being at r and another one at the origin o. Let dF denote the

area of infinitesimally small circles around o and r and λdF the probability that

there is a point of the point process in a circle of area dF . Then

P (r) = λdF λdF g(r).

In this approach, the pair correlation function g(r) acts as a correction factor.

For Poisson processes and for large distances when the point distributions are

stochastically independent g(r) = 1. In the case of cluster processes g(r) > 1

(indicating attraction of points) and for regular patterns g(r) < 1 (indicating

inhibition between points).

The partial pair correlation function gij(r), which by analogy to Kij(r)

(Lotwick and Silverman, 1982) can also be referred to as the intertype pair corre-

lation function, is a tool for investigating multivariate point patterns (Penttinen

et al., 1992; Stoyan and Penttinen, 2000; Illian et al., 2008). Its interpretation is

similar to that of g(r). Namely, consider Pij(r) as the probability of finding a

point of type i (e.g. i = species 1) in an infinitesimally small circle of area dF

and a point of type j (e.g. j = species 2) in another one of area dF , where the

distance between the two circle centres is r. Then

Pij(r) = λidF λjdF gij(r).

λi and λj is the intensity of the points of type i and of type j, respectively.

In the case of quantitative marks other diagnostic tools are available to

assess the similarity or dissimilarity of marks. The mark correlation function

(Penttinen et al., 1992; Stoyan and Penttinen, 2000; Pommerening, 2002; Illian et

al., 2008) uses a test function, f , which depends on two marksmi andmj , withmi

at the origin o and mj at r. The test function of the mark correlation function is

f(mi,mj) = mi ·mj , which is related to the mark product construction principle

of Table 1. The concept of the mark correlation index given as an example in
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section 3.1.4 is based on the idea of the test function of the mark correlation

function.

3.4 Edge effects

Edge effects arise in spatial analysis when the observation windowW , in which

the pattern is observed, is part of a larger region. The essential problem is that

unobserved objects outside W may interact with observed objects within W ,

but cannot be included in the estimation of important summary characteristics

(Diggle, 2003). Ignoring these effects is understood to result in biased statistical

estimations.

In point process statistics the precise mathematical formulation of me-

thods to address edge-bias are dependent on the summary characteristic to be

estimated and there are different edge-correction methods for nearest neigh-

bour summary statistics and second-order characteristics. Edge-bias issues of

competition indices and second-order characteristics have been frequently dis-

cussed in the statistical literature (Monserud and Ek, 1974; Martin et al., 1977;

Radtke and Burkhart, 1998; Stoyan et al., 1995; Illian et al., 2008). Comparatively

little attention has been paid to structural indices, but Pommerening and Stoyan

(2006) have addressed this gap in the literature.

There are two main categories of edge-correction: plus-sampling and minus-

sampling (Stoyan et al., 1995; Illian et al., 2008, p. 133 and p. 183ff., respectively).

Plus-sampling makes full use of all data within the observation window either

by recording objects outside the observation window or by simulating them,

if needed, in the summary characteristic estimators. Minus-sampling (also re-

ferred to as border method) only makes use of an inner sub-set of the observa-

tion window in the summary statistic estimators, i.e. those objects that have no

interaction with objects outside the observation window. Table 3 summarises

general edge-correction methods according to the two main categories.
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Table 3. Common general plus- and minus-sampling methods. Explanations are given
in the text.

Plus-Sampling Minus-Sampling

Translation (= periodic boundary conditions, Internal buffer

toroidal wrapping) – NN1

Reflection – NN2

External buffer

– Additional measurements

– Conditional simulation

Plus-sampling can be realised by translation and reflection, which are tradi-

tional methods used in many spatial approaches. Both methods extrapolate

the spatial structure from within W to an infinite plane and join parts of the

spatial pattern that do not occur so close together in nature. This can lead to

unrealistic spatial patterns near the boundaries of the observation window. Re-

flection ususally performs particularly badly and therefore cannot be recom-

mended (see Pommerening and Stoyan, 2006, for a detailed description and

discussion).

The external buffer method can include the measurement of additional

objects outside the observation window, which might interact with those inside.

Determining the optimal width of the buffer is difficult; if it is too small residual

edge effects will remain; if it is too large unneccessary sampling effort is applied.

However, with nearest neighbour summary statistics in forest inventories, it is

often sufficient to sample the nearest off-plot neighbours of trees near the plot

boundaries.

An alternative to measuring additional objects and another variant of the

external buffer method is conditional simulation outside W . This method in-

volves a structural analysis of the spatial pattern inside W and a simulation of

this pattern outsideW based on the results of the structural analysis. The recon-

struction method mentioned in section 4.2 can be used for this purpose. “Con-

ditional” means that the simulation does not modify the spatial pattern within

the observation window but only generates new patterns outside W which are
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statistically similar to those inside and have the statistically correct ties to the

inner objects (see Biber, 1999; Illian et al., 2008).

The internal buffer method is a minus-sampling method. Like all minus-

sampling methods the buffer method only uses a subset of the objects in the

observation window W . Again the choice of the buffer width is difficult (see

Diggle, 2003, p. 5) and refined versions have been developed which create a

flexible buffer by addressing each object’s potential relation to off-plot objects

individually. These methods are known as nearest-neighbour edge correction me-

thods and have been proposed and investigated as NN1 and NN2 methods in

Pommerening and Stoyan (2006), where a detailed description can be found.

The NN1 method was identified as a very reliable and robust option. Minus-

sampling methods are not suitable for measures of competition (see section

3.2.1), because an unbiased mark must be constructed for every tree position in

the observation window and not only for a subset. Numerical edge-correction

methods like linear expansion (Martin et al., 1977) and plus-sampling offer al-

ternatives.

4 Spatial modelling approaches

Modelling in spatial statistics can serve two purposes, 1. to confirm and further

explore the data analysis and 2. for simulation. In the first case models aid in

the interpretation and understanding of empirical patterns and their summary

characteristics by showing theoretical forms and information on statistical vari-

ation. The process of modelling often reveals further information that leads to

a better understanding of the evolution of certain structures. Simulation of spa-

tial patterns is based on models and can serve the following purposes (Illian et

al., 2008, p. 52f.) which are briefly explained with examples in the paragraphs

below:
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• Calculation of summary characteristics of more complicated spatial models for
which explicit analytical formulae are unavailable.

• Statistical testing.

• Investigation of the performance of statistical methods.

• Visualisation of spatial models.

• Reconstruction, see section 4.2.

For example Pommerening and Stoyan (2006) used simulation to estimate sum-

mary characteristics of newly developed, complicated point process models.

In order to test the performance of a new reconstruction method Pommere-

ning and Stoyan (2008) constructed confidence intervals for second-order cha-

racteristics from 1,000 simulations. A similar way of testing through simulation

was employed by Degenhardt and Pofahl (2000).

When new summary statistics are developed modelling can help to evalu-

ate them by answering the question of how much they contribute to a synthesis

of forest structure (Pommerening, 2006). In this example simulation is used as

a way of investigating the performance of statistical methods.

Spatially explicit growth models, sampling simulators and landscape vi-

sualisation tools require spatial data for their initialisation (Pommerening, 2000).

Despite advances in surveying technology spatial data are still expensive to

gather. In Pommerening and Stoyan (2006) examples are given for the visuali-

sation of newly developed point processes which were obtained by simulation.

Reconstruction of spatial woodland structure (see section 4.2) offers the

opportunity to re-establish patterns within large observation windows where

no samples have been taken, for example outside smaller subwindows, such as

those used in forest surveys (Pommerening and Stoyan, 2008). In the same way

reconstruction can also be used as a plus-sampling edge-correction method (see

section 3.4). Such methods can extrapolate potential tree locations and other at-

tributes for missing trees outside the observation window through simulation.
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Approaches to modelling spatial structure can be subdivided into parame-

tric and non-parametric methods (Pommerening and Stoyan, 2008).

4.1 Parametric modelling methods

A number of point process models with only few parameters have been de-

veloped for modelling spatial patterns. They are based on model assumptions

with local or regional parameters. Two main classes of point processes can be

distinguished, Cox process models (see Stoyan and Penttinen, 2000) and Gibbs

process models (e.g. Tomppo, 1986; Degenhardt and Pofahl, 2000). Comas and

Mateu (2007) provide an overview.

Pretzsch (1997) for example developed an approach which is based on an

empirical function, estimating the distance to the nearest neighbour, and a set

of probability functions (a combination of an inhomogeneous Poisson process

and a hard-core process) to model the spatial pattern of mixed beech - larch

forests in Lower Saxony (Germany). In a case study in tropical forests Batista

and Maguire (1998) model the distribution of regeneration trees in former clear

cut areas with a homogeneous Neyman-Scott process and the spatial pattern of

ingrowth trees under canopy with an inhomogeneous Poisson process. Mateu

et al. (1998) apply marked Gibbs point process models to two Mediterranean

forest types. In another study Stoyan and Stoyan (1998) combine an inhomo-

geneous Poisson process and a Gibbs process to model a hickory woodland in

North Carolina. Degenhardt (1999) models the time series of a mixed lime-ash

research plot in North-East Germany by a series of Gibbs processes with time

dependent parameters. Finally, Shimatani and Kubota (2004) developed a new

non-stationary approach, which is a combination of an inhomogeneous Poisson

process and a Neyman-Scott process, and applied it to an Abies sachalinensis (FR.

SCHMIDT) MAST. population in the boreal region of northern Japan.

An interesting combination of methods from point process and random set

statistics was published by Penttinen and Niemi (2007). The authors developed

a new random set marked Cox process, as part of which the establishment of
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tree seedlings in patches was modelled using random set statistics. This idea

is based on the observation that tree seedlings often occur in dense clusters or

patches which can be the result of better light conditions in gaps or of randomly

exposed mineral soil by harvesting machinery. The forest area is accordingly

subdivided into two phases, a phase of high seedling density, where the canopy

gaps or patches of exposed mineral soil are located, and another phase with

much lower seedling density outside the random set. In both phases a Poisson

process is simulated with two different intensities.

Apart from the fact that the underlying mathematical methodology can

be complicated in parametric approaches, especially with increasing numbers

of tree species, point process models are limited to the special geographic cases

from which the parameters have been derived.

4.2 Non-parametric modelling methods

Other authors have tried to decrease the role of model assumptions and em-

pirical parameters: Lewandowski and Gadow (1997) constructed a three-phase

model approach using nearest neighbour summary statistics (NNSS). Elabora-

ting on Pretzsch (1997), Pommerening (2000) generalised the empirical func-

tions by deducing spatial information from forest survey data. Pommerening

(2006) presented an approach using NNSS and cellular automata. The model

was used to appraise the performance of NNSS based on the idea that mea-

ningful summary characteristics should allow the analysis to be reversed and

enable the simulation of spatial patterns from estimated summary statistics (see

also section 3.2.2). Tscheschel and Stoyan (2006) applied a non-parametric re-

construction method to point processes that had previously only been used in

physics and materials science.

Pommerening and Stoyan (2008) published a new method of reconstruc-

ting spatial tree point patterns from NNSS sampled in small circular subwin-

dows, which uses a stochastic optimisation technique based on a variant of

simulated annealing (Kirkpatrick et al., 1983; Torquato, 2002; Chen and Gadow,
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2002; Tscheschel and Stoyan, 2006) and conditional simulation (see page 22).

The simulated annealing variant used was the so-called improvements-only or re-

laxation algorithm, which has proved to be efficient and faster than the original

simulated annealing algorithm though the latter has better convergence pro-

perties (Tscheschel and Stoyan, 2006).

An interesting by-product of this study is a method for estimating Ripley’s

K-function and other second-order characteristics from standard forest inven-

tories.

5 Conclusions and outlook

Many different spatial approaches have been developed in forest science and

most of them can be related to three areas of spatial statistics, i.e. geostatistics,

point process statistics and random sets. Their theoretical concepts provide use-

ful terminology and a framework for future research into the spatial nature of

forestry data. In particular the similarities and common themes (see sections

3.1.1-3.1.5) of the different areas of spatial statistics provide direction for further

investigations.

For example the construction of marks (section 3.1.4) is such a common

theme. Concepts originally developed for second-order characteristics can be

applied to spatial indices (like the diameter correlation index in Table 1) and

vice versa. In the same way some concepts explicitly developed for quanti-

fying competition pressure on single trees can be used to construct summary

characteristics for the spatial structure of woodlands. Elements of these diffe-

rent concepts are interchangeable which potentially opens the way to a whole

series of new developments. Other common themes include definition of local

neighbourhood (section 3.1.3) and the use and estimation of functional sum-

mary characteristics (section 3.1.5).

It can be anticipated that competition and structural indices will remain

important concepts for spatial growth projection and for the quantification of
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spatial forest structure. However, recently more sophisticated functional con-

cepts have been developed such as competition or neighbourhood fields (Adler,

1996; Berger and Hildenbrandt, 2000; Bauer et al., 2004) and second-order sum-

mary characteristics (Møller and Waagepetersen, 2007, and section 3.3). These

approaches are likely to gain more importance in the future.

The study by Pommerening and Stoyan (2008) confirmed the value and

the power of NNSS in situations where survey data from small observation

windows have to be used and second-order statistics cannot develop their full

potential. Second-order characteristics are more powerful in analysing spatial

patterns if mapped data in larger observation windows are available. To sample

such data in forests still requires a considerable effort. It is, however, concei-

vable that the constantly improving surveying and computing technologies will

soon reduce this effort to a minimum.

In many spatial forest growth models only a comparatively small part

is really spatially explicit, i.e. the estimation of growth increment by means

of competition indices as described in section 3.2.1. Considering the encoura-

ging results in Davies and Pommerening (2008), mixed modelling techniques

using spatial autocorrelation and spatio-temporal growth processes (Zhang et

al., 2005; Zhang and Gove, 2005) could potentially improve regional growth

projections and lead to a whole generation of new growth models.

Mason et al. (2007) investigated the structure of semi-natural pinewoods

in Scotland. One objective of the study was to explore whether the compari-

son between patterns reflecting different development stages and management

regimes using structural indices and second-order characteristics could help to

derive management guidelines for the restoration of native woodland commu-

nities. The description of the impacts of human management on woodland

structure by means of structural indices has also been an important topic of

the Göttingen research group (see e.g. Daume et al., 1997). Mason et al. (2007)

revealed valuable information in the pattern analysis but concluded that the

development of detailed management guidelines from spatial pattern analysis

requires more research. There are still too few long-term time series studies
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of woodland development with detailed spatial records suited to this type of

research.

Most studies in forestry limit the application of second-order summary

statistics to tree positions. However, Gavrikov and Stoyan (1995) for example

show that an analysis using tree top positions instead of the usual stem centre

positions in spatial time-series data revealed more about the competition pro-

cess in an even-aged Scots pine forest. The authors attributed this finding to the

fact that tree trunks are naturally rather conservative and changes in stem cen-

tre positions are only possible through mortality and regeneration processes.

In contrast, tree crowns can react to changes in local growth conditions and

therefore potentially reveal more information on competition processes in fo-

rest ecosystems. This example suggests that there is scope for reviewing the

definition of tree positions in order to better identify interaction processes.

Random set statistics (see section 2.3) are an interesting field of spatial

statistics which could be used more systematically to analyse patterns in forestry

such as the distribution of canopy gaps in a forest, the spatial shrub species

distribution in hedgerows, forest fragmentation and the distribution of woody

plants in coppice woodlands to give only a few examples.

Finally, a method widely used in geostatistics for structural analysis, the

geostatistical variogram (Cressie, 1993; Chilès and Delfiner, 1999), is often ap-

plied to point patterns as the empirical mark variogram and is another example

of how interchangeable methods from different fields of spatial statistics can be.

But sometimes the empirical mark variogram is interpreted like a geostatistical

variogram, which is incorrect (see Wälder and Stoyan, 1996; Stoyan and Wälder,

2000; Schlather et al., 2004). Further research into the use and limitations of em-

pirical mark variograms would help to make this powerful statistical tool more

effective in forest research.
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Appendix: Included publications I-VI

Six publications by the author have been included in the habilitation submis-

sion and are summarised in the table on the following page. The last column

indicates to which sections of the Rahmenschrift (p. 1 - 36) the papers relate.

Exact bibliographic details are given in the references on page 30ff. Reprints of

these papers can be found on the following pages with kind permission of the

three scientific journals.

In the two cases where Pommerening published with Stoyan (publications

III and V), Pommerening was the first and corresponding author. As such he

developed the concept for the study ideas and the experimental design. Pom-

merening was also responsible for implementing the experimental design in a

higher programming language, for conducting the computer experiments and

the statistical analysis and for the interpretation of the results. Pommerening

also wrote the majority of the text in both cases. Stoyan provided statistical

advice and contributed to the text.

In the work published with Mason, Connolly and Edwards (publication

IV), Pommerening led the statistical analysis and aided the interpretation of the

results. Connolly did general data processing but was advised and guided by

Pommerening in this process. Mason was concerned with the editorial work on

this paper and Edwards contributed local site knowledge. Pommerening also

provided the analysis software CRANCOD which has been developed by him

since 2004 and significantly contributed to the text.

The idea for publication VI followed on from provisional calculations in-

cluded in a PhD thesis by Davies, that was supervised by Pommerening. The

conceptual framework and the experimental design were developed by Pom-

merening; Davies was responsible for data collection and processing in close

consultation with Pommerening. The authors jointly developed the text of the

manuscript.
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Introduction

Continuous cover forestry has become a common
term over the last two decades throughout
Europe, although its history is much older (Helli-
well, 1997). New forest policies have included
several alternatives to clearcutting which are sum-
marized by this term and which are expected to
have a major impact on the forests of Great
Britain in the future (Forestry Commission, 1998,
2000, 2001; Kerr, 1999). Part of the reason for
adopting this new management type is to provide

improved habitats for wildlife dependent on
continuity of woodland conditions and stands of
diverse structure. Therefore measures are needed,
firstly to distinguish between stands of different
structure, and additionally to provide surrogate
indices of habitat quality.

Spatial stand structure is an important factor in
determining habitat and species diversity. Increas-
ing heterogeneity of horizontal and vertical stand
structure is linked to a higher number of species
and stands with greater ecological stability. Silvi-
cultural options can modify the stand structure

Approaches to quantifying forest
structures
A. POMMERENING

School of Agricultural and Forest Sciences, University of Wales, Bangor, Gwynedd LL57 2UW, Wales

Summary

For some time, structure indices – quantifying spatial stand structure – have been integrated into
forest research and are used to provide a measure of biodiversity. In addition, correlation functions –
developed initially for problems outside forestry – enable analysis and characterization of forest
stand structures, generating more accessible information. This paper outlines a classification of
structural indices measuring alpha diversity and examines typical representatives of the classification
groups such as the Shannon index, the aggregation index of Clark and Evans, the contagion index,
the coefficient of segregation of Pielou, the mingling index, the diameter differentiation index, the
pair correlation and the mark correlation function. These can be used to measure differences
between forests in time and space, to generate forest structures, to analyse the differences between
observed and expected structures and to characterize modifications of forest structure resulting from
selective harvesting. These algorithms are the keys for assessing complex forest structures, which can
be the result of continuous cover forestry methods. Continuous cover forests with selective
harvesting are being promoted in the new forest policies of Britain. Case studies have shown that
from given spatial forest structures one can possibly conclude the suitability for habitats, a
hypothesis which has yet to be proved by further appropriate analysis. The equations for the
quantification of stand structure presented in this paper have the advantage that they are easier to
survey during forest inventory than the more direct measures of ecological variety.
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and therefore have an important potential role in
securing stand diversity and ecological stability
(Pretzsch, 1998; Humphrey et al., 2000).

Ecosystem diversity on a spatial and areal scale
is subdivided into alpha, beta, gamma and delta
diversity (MacArthur, 1965; Whittaker, 1972). In
forest ecosystems, alpha diversity operates within
forest stands; beta diversity refers to the variation
between forest stands; gamma and delta diversity
operate on larger scales (Lähde et al., 1999).

There is an increasing demand for information
on alpha diversity, in particular on the spatial
distribution of trees and their attributes (Mason
and Quine, 1995; Ferris and Humphrey, 1999).
Therefore, structural indices have been developed
which describe, as mean values or distributions,
certain horizontal aspects of forest stand struc-
ture (Upton and Fingleton, 1985, 1989).

Since the 1970s, statisticians have been develop-
ing functions which not only express forest stand

structures as mean values or as an empirical
distribution, but are also able to describe spatial
structure on a continuous basis (Ripley, 1977).
This paper demonstrates how these functions add
to the traditional concepts of structure indices.

The objective of this study is to discuss the
methodology of some of the latest developments
relating to variables and functions which charac-
terize forest stand structure as a part of alpha
diversity. A classification of these measures is pre-
sented in order to provide a better understanding
of the different concepts (Figure 1). The equations
of typical examples of the different concepts are
explained and applied to three experimental
stands. The results are discussed with the help of
simulated references and suggestions made as to
how these methods could be applied in British
forests. The focus is primarily at the forest and
stand scale rather than at a landscape or regional
perspective.

306 FORESTRY

Figure 1. Overview of the three major characteristics of forest structure and the groups of variables by
which forest structure is assessed (modified from Albert, 1999).
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Brief review of stand structure algorithms

In managed forests, as well as in old-growth
ecosystems, biodiversity is a key element for
evaluating the stability of the system (Kimmins,
1997, p. 391). Kimmins (1997, p. 352) defines the
structure of a plant community in terms of verti-
cal and horizontal spatial organization.

In mathematical terms the majority of indices
quantifying forest structure can be divided into
two major groups: distance-independent and dis-
tance-dependent measures. While the first group
evaluates stand structure without any spatial
reference, the latter group can be subdivided into:
(1) individual or single tree parameters based on
neighbourhood relations, accounting for small-
scale differences in biodiversity; (2) distance-
dependent measures to describe forest stand
structure at stand level; and (3) continuous func-
tions. Figure 1 gives an overview of the three
major aspects of forest structure and the groups
of measures. The following paragraphs present
typical examples of these groups.

Distance-dependent variables for characterizing
stand structure

Aggregation index of Clark and Evans In the
1950s and 1960s numerical variables were devel-
oped to describe aspects of variability of tree loca-
tions in forest stands by a single value. One
example is the aggregation index of Clark and
Evans (1954). It is defined as:

(1)

where r–observed stands for the mean of the dis-
tances from the trees to their nearest neighbours
in a given forest stand, while E(r) is the mean
nearest neighbour distance in a stand with com-
pletely random tree locations (‘Poisson forest’) of
intensity λ = N/A with A = area of the forest stand
and N = number of trees. Usually, the interpre-
tation of R values is as follows: R > 1 if the
pattern has a tendency to regularity, R = 1 if it is
completely random (Poisson process), and R < 1
if there is clustering in the pattern.

Contagion index As a single-tree-based alterna-
tive to the aggregation index, Gadow et al. (1998)
developed the ‘contagion’ variable or ‘neighbour-
hood pattern’, Wi, to define the degree of regu-
larity of the spatial distribution of tree positions
in a forest. Unlike the index of Clark and Evans,
this variable is a single-tree parameter. Assuming
complete regularity of the positions of the n
nearest neighbours around a reference tree i, the
expected standard angle α0 between two neigh-
bours would be equal to 360°/n. For example, α0
= 90° in a constellation involving four neigh-
bours. Each pair of neighbours shares two angles,
α and β, with α + β = 360 and α ≤ β. Contagion
is defined as the proportion of α angles which are
smaller than the standard angle α0 (see also
Figure 2):

(2)

In the ‘structural group of four’ Wi can be visu-
ally assessed in the field by comparing the actual
angle α with an angle of 90° . Thus a quick
decision can be made in the forest on whether α
is smaller than 90° or not. If tree positions are
recorded, Wi can be derived from the trees’
coordinates. In a constellation involving four
neighbours, Wi can assume five possible values (0,
0.25, 0.5, 0.75 and 1.0). The distribution of the
Wi allows evaluation of the point pattern of tree
positions in a forest. The average contagion (W

–
)

may be used to classify the point pattern into the
categories ‘regular’, ‘random’ and ‘clumped’
(Gadow et al., 1998). In order to carry out a
sensitivity analysis for the average contagion (W

–
),

Albert (1999, p. 67) simulated 10 random,
clumped and regular forest stands. The results
indicate that stands of trees with a mean conta-
gion value greater than 0.6 can be considered as
clumped, those with values between 0 and 0.5
indicate regular tree distributions and between
0.5 and 0.6 are random. However, Albert (1999,
p. 67) did point out that these distinctions may
not be sharp.

Shannon index The Shannon index (Shannon
and Weaver, 1949) is an example of a distance-
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independent algorithm (see Figure 1) describing
species mingling. It is defined by:

(3)

where pj = probability of a randomly selected tree
belonging to tree species j; n = number of tree
species in the forest.

A similar index, also working with probabili-
ties, was developed by Simpson (1949).

Pielou’s coefficient of segregation A further
index is the coefficient of segregation, S, of Pielou
(1977). It describes the degree of mixing of trees
of two species A and B in a forest, and like the
aggregation index, R, it is based on the nearest

H p p p p n p
n j j

j

n

'( , , . . . ) ( )
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l     = − ⋅
=

∑

308 FORESTRY

Figure 2. Structural variables (species mingling, d.b.h.-differentiation and contagion) for reference tree i
and its nearest neighbours. Note that for calculating the species mingling, three neighbours are required,
for the d.b.h.-differentiation one neighbour is needed as a minimum and for the contagion, four neighbours
are required (modified after Albert and Gadow, 1998).
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neighbour tree distances. In Pielou’s notation, S is
given as follows:

Let N be the number of all pairs of trees (refer-
ence tree – nearest neighbour tree), let m and n be
the numbers of trees of species A and B, respec-
tively, and let r and s be the number of times trees
of species A and B are found as the nearest neigh-
bours of a reference tree. These numbers can be
set out in a simple form in a 2 � 2 table as
follows.

Species of the nearest neighbour
A B Total

Species of A a b m
reference tree B c d n

Total r s N

The coefficient of segregation is defined by

(4)

If the nearest neighbours are always of the
same species as the reference trees, then S = 1. If
all neighbours are of different species S = –1. In
the case of complete randomness of species distri-
bution, one can expect values around 0.

Mingling index The corresponding single-tree
variable to Pielou’s coefficient of segregation,
known as mingling (Mi), gives the proportion of
the n = 3 nearest neighbours j (j = 1. . . n) of the
ith reference tree which do not belong to the same
species as the reference tree i (Figure 2):

(5)

The current state of a forest may be described
very effectively using the distribution of the min-
gling variable (see, for example, Füldner, 1995;
Pommerening, 1997; Albert, 1999). In a constel-
lation involving three neighbours (‘structural
group of four’) Mi can assume four possible
values (0.00; 0.33; 0.67; 1.00). For the calcu-
lation of the mingling variable for a whole stand,

all Mi values are added up and divided by the
number of trees. The bigger the mean mingling
M, the more the different tree species are inter-
mingled. Small values indicate large groups of
only one tree species and therefore segregation
(Pommerening, 1997).

Diameter differentiation index The single tree
diameter differentiation variable, Tij, gives the
size difference of neighbouring trees on a con-
tinuous scale and describes the spatial distri-
bution of tree sizes. For the ith reference tree and
its n = 3 nearest neighbour j (j = 1 . . . n) the diam-
eter differentiation Tij is defined as:

(6)

where DBH = breast height diameter (d.b.h. in
cm).

The value of Tij increases with increasing
average size difference between neighbouring
trees. Tij = 0 means that neighbouring trees have
an equal size. This index is based on pairs of refer-
ence trees – first, second or third nearest neigh-
bour tree. For the calculation of the diameter
differentiation of a whole forest stand, all Tij
values are summed and divided by the number of
trees, so that three single numbers T1, T2 and T3
describe the size difference of neighbouring trees,
taking the first, second and third nearest neigh-
bours, respectively. Diameter differentiation
values can be interpreted as follows:

1 small differentiation: comprises the classes 0.0
≤ T < 0.3. The tree with the smallest d.b.h. is
70 per cent or more of the neighbouring tree’s
size

2 average differentiation: comprises the classes
0.3 ≤ T < 0.5. The tree with the smallest d.b.h.
is 50–70 per cent of the neighbouring tree’s size

3 big differentiation: comprises the classes 0.5 ≤
T < 0.7. The tree with the smallest d.b.h. is
30–50 per cent of the neighbouring tree’s size

4 very big differentiation: comprises the classes
0.7 ≤ T ≤ 1.0. The tree with the smallest d.b.h.
is less than 30 per cent of the neighbouring
tree’s size.

Diameter differentiation, mingling and
contagion indices may be established for the
stand as a whole or for a given sub-population.

T
DBH DBH

DBH DBH
T

ij

i j

i j

i= −1 0 1
min( , )

max( , )
[ , ]      ∈;

where 

 reference tree  and neighbour  are of different tree species

0,  otherwise

v

i j
ij

=









1,

M
n

v M
i ij

j

n

i
=

=

∑1
0 1

1

; [ , ]            ∈

  
S

N b c

m s n r
S= −

⋅ +

⋅ + ⋅
−1 1 1

( )
; [ , ]       �

QUANTIFYING FOREST STRUCTURES 309

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 309



Figure 2 shows a hypothetical sampling group of
four and the corresponding values of the struc-
tural attributes of species mingling, d.b.h.-differ-
entiation and contagion for the reference tree i.
All single-tree parameters can also be calculated
as frequency distributions which will be demon-
strated later in this paper. Füldner (1995) used
species-specific indices as well as variables relat-
ing to the dominant height.

The single-tree structure variables have the
additional advantage that it is possible to assess
them easily from common forest inventories.
Pommerening (1997), Pommerening and Schmidt
(1998) and Pommerening and Gadow (2000)
evaluated the performance of the sampling
method ‘structural group of four’ and the stan-
dard fixed-area plot commonly used in forest
inventories concerning these variables and found
that both methods are useful and imply only a
small sampling error. This offers the possibility of
incorporating structural indicators in forest
inventories and monitoring.

There are a considerable number of other
indices for describing spatial structure, which are
based on similar concepts. They cannot be dis-
cussed in detail here, as this would be beyond the
scope of this paper. For further information, see
Gadow and Hui (1999), Gadow et al. (1998),
Gleichmar and Gerold (1998), Smaltschinski
(1998), Upton and Fingleton (1985, 1989), Lähde
et al. (1999), Latham et al. (1998), Neumann and
Starlinger (2001), O’Hara et al. (1996), Spies
(1998), and Zenner and Hibbs (2000).

Pair correlation function Modern point process
statistics use functions instead of indices or
empirical distributions. These functions depend
on the inter-tree distance r.

Unlike the aggregation index, R, the pair corre-
lation function g(r) does not result in one number,
but in a function, which can be plotted as a graph.
It characterizes the variability of the pattern of
tree locations. This function is based on the math-
ematical theory of marked point processes. In the
marked point process model, the points are tree
positions given with respect to a Cartesian
coordinate system. The marks are qualitative or
quantitative tree characteristics; for example, tree
species, diameter at breast height or total tree
height (Penttinen et al., 1992). Assuming that the
observed forest stand can be described by a

homogeneous point process (i.e. there are no
systematic fluctuations of point density and no
preferred directions in the point pattern), the tree
density or intensity λ is defined as the mean
number of trees per area. The familiar forest vari-
able ‘stems per hectare’ can be used as intensity.
Intensity λ has the following interpretation. Con-
sider an infinitesimally small circle of area dF,
then the probability of finding one tree in it is
λdF, because the area is too small to find two or
more trees. When describing variability and cor-
relations in tree stands we have to consider pairs
of trees. Let us consider two infinitesimally small
circles of areas dF1 and dF2 of inter-centre dis-
tance r. Let P(r) denote the probability that both
circles each contain a point of the point process,
therefore:

P(r) = �2 � g(r) � dF1 � dF2 (7)

The function g(r) is called the pair correlation
function and is a function of the inter-point dis-
tance r. It answers similar questions to the aggre-
gation index of Clark and Evans (for
interpretation examples, see Tomppo, 1986;
Penttinen et al., 1992; Pommerening et al., 2000;
Shimatani, 2001). Figure 3 shows the pair corre-
lation functions for two fundamental types of
point processes, namely for a cluster process
(positive correlation of tree locations, mutual
attraction) and for a process with mutual inhibi-
tion between the trees (negative correlation of
tree locations). For a forest with trees distributed
at random, g(r) = 1, which means that the tree
locations are spatially uncorrelated. The dotted
graph in Figure 3, which runs parallel to the
abscissa at a value of 1, illustrates this. In this
case, according to the product formula of the
theory of probabilities, P(r) = � � dF1 � � � dF2.

If the tree locations show a tendency towards
regularity, e.g. in very young stands planted in
rows or in very old stands (where there are large
distances between the trees, contradicting the
assumption of random tree locations), then for
small values of r, g(r) takes the form g(r) = 0,
because pairs of trees at these distances do not
exist (Figure 3). This is the case at the so-called
hardcore distance r0, which is the smallest
observed inter-tree distance. For bigger values of
r, g(r) > 0 and g(r) approaches the value of 1.
Young forest stands of natural origin very often
have trees arranged in clusters where the values of
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the pair correlation function tend to be larger than
1 at small inter-tree distances r (indicated by the
dotted graph called ‘cluster process’ in Figure 3).
Values of the pair correlation function g(r) larger
than 1 indicate that the inter-tree distances around
r are relatively more frequent compared to those
in a completely random point process. If this is the
case for small values of r, typically there is clus-
tering. Conversely, values of g(r) smaller than 1
indicate that the corresponding distances are rare,
which may indicate inhibition (Penttinen et al.,
1992). Estimated pair correlation functions reflect
the behaviour often reported in forestry literature,
that natural forests often begin with cluster-
process-like patterns. Competition between trees
causes (self) thinning, and at the final stage the
forest is similar to a Poisson process with random
tree locations or even more regular (Stoyan and
Penttinen, 1998). Unlike the aggregation index,
the pair correlation function depends on the inter-
tree distance and allows spatially explicit investi-
gations of the interaction between trees (e.g. type

of interaction, determination of the range of
interaction and estimation of its strength). Shi-
matani (2001) suggested an interesting combi-
nation of the Simpson index (Simpson, 1949) and
the pair correlation function.

Mark correlation function Clearly, not only the
number of trees in a stand is of interest but also
their diameters, heights, damage class, tree
species and other so-called ‘marks’. In the theory
of point processes a ‘mark’ is a value, which is
assigned to a point. If the ‘point’ is a tree location,
the ‘mark’ is a tree attribute (see Penttinen et al.,
1992). As in the pair correlation function, a pair
of trees is regarded as having the inter-tree dis-
tance r. From the marks m1 (e.g. the d.b.h. of the
first tree) and m2 (e.g. the d.b.h. of the second
tree) a value is calculated, which assesses the dis-
similarity or similarity of the trees’ marks. This
relationship is quantified by f(m1, m2), where f is
a suitable ‘test’ function. Here, f is defined as
f(m1, m2) = m1 � m2. From these single values a
mean value is calculated while the inter-tree dis-
tance r remains constant. Thus we conceive a
function κm(r), which is dependent on r. It is
advisable to divide the function κm(r) by the
square of the mean value m of the observed tree
parameters in order to make interpretation easier
(Penttinen et al., 1992; Stoyan and Penttinen,
1998). The mark correlation function, km(r) =
κm(r)/m2 is very suitable for analysing the mutual
influence of trees as far as it affects the observed
tree parameter. If d.b.h. is used, then it is often the
case that for small inter-tree distance r values,
km(r) is <1. This indicates a tendency that at small
inter-tree distances both trees of a pair have
smaller diameters than the average of the stand.
This behaviour may indicate that the price which
trees have to pay for being close together is that
their diameters tend to be smaller than the mean
in the whole forest. However, small values of
km(r) can also be the consequence of clusters with
young and thin trees (Stoyan and Penttinen,
1998). Penttinen et al. (1992), Gavrikov and
Stoyan (1995) and Pommerening et al. (2000)
give some examples.

Reference values and edge effects

Before applying the presented parameters and
functions to trial stands in order to find out how

QUANTIFYING FOREST STRUCTURES 311

Figure 3. Schematic diagram of the pair correlation
function g(r) for analysing forest structures. The
hardcore distance r0 is the smallest possible inter-tree
distance of a forest stand. Values of g(r) >1 indicate
that interpoint distances around r are relatively more
frequent than those in a forest with random tree
locations. Small values of r typically mean cluster-
ing. Conversely, values of g(r) <1 indicate that the
corresponding inter-tree distances are rare in the
forest stand under study, which may indicate inhibi-
tion of trees caused by competition.
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they work, there are two important issues which
need to be addressed.

One question often asked is what an observed
number means exactly. For example should an
observed mingling be regarded as desirable or
not and, if so, to what extent? This question is
about a reference which can be used to compare
with observed values. Füldner (1995) calculated
structural variables for different forest compart-
ments and for the main tree species in a stand
within each compartment before and after thin-
ning. He made comparisons between compart-
ments, between the two main tree species within
each compartment and assessed changes in struc-
ture caused by thinning. This approach could be
used to select particular forest compartments as
references in that they reflect a typical or desired
spatial structure. Research within nature reserves
also uses the concept of reference plots to
monitor natural forest development. The spatial
structure of such ‘untouched’ forest compart-
ments could be compared with that of managed
stands.

The disadvantage of this method is that it
assumes uniformity in natural stand structures:
no forest compartment is like another, and it may
not be justified to use a limited number of
research plots as references. Until now no study
has made an attempt to derive generally appli-
cable values of structure indices for particular tree
species mixtures and management types. More-
over, Sprugel (1991) concluded that naturalness is
difficult, if not impossible, to define. A great
variety of forest communities might only be
described as natural for a given site and a given
time. Shape, dimension, altitude, relief, slight
differences in species compositions and site con-
ditions, to name only a few factors, can make the
suitability of comparison questionable.

To overcome this disadvantage Pommerening
(1997) suggests using computer simulation to
make comparisons between observed structural
variables and those expected in a random forest.
Using random permutations, it is possible to cal-
culate a test criterion which can be used to evalu-
ate differences between observed and expected
forest structures. The advantage of this method is
that the tree species composition and other tree
attributes from the stand under study are used to
derive the reference rather than those from a
different forest compartment. One can criticize

this approach by arguing that the random
arrangement of tree attributes which is used as a
reference may not correspond to a particular bio-
logical meaning. However, Stoyan and Penttinen
(1998) investigated a number of different stand
development phases and came to the conclusion
that old-growth stands do often tend to have
random tree locations. Randomness as a refer-
ence is very often used in statistics, and is easy to
establish. This approach has been adopted in a
number of studies of stand structure (e.g. Clark
and Evans, 1954; Zenner and Hibbs, 2000). By
using randomness as a substitute for naturalness
it is possible to quantify how much the value of a
structural variable in a given forest compartment
differs from this theoretical reference and to
suggest the reason for this.

In this paper, randomness is used as a reference
and the results of the random simulations are
mean values of 5000 independent single simu-
lations per forest compartment.

Another important issue is that of edge effects,
which need to be addressed if distance-dependent
structural parameters are applied. The problem is
that neighbourhood relationships are not truly
represented at the stand or plot boundary when
potential neighbours lie outside the research plot.
This edge bias becomes bigger the smaller the
research plot is and the fewer trees are involved.
This problem is shared with distance-dependent
competition indices (Biging and Dobbertin,
1992). To overcome this effect, several methods
have been developed (Monserud and Ek, 1974;
Martin et al., 1976; Radtke and Burkhardt,
1998). All of these methods, however, have con-
siderable disadvantages and there is no one
method which can be applied to all distance-
dependent structure variables and plot shapes.
There is still considerable need for research in this
area. Due to the fact that most of the boundaries
of the three trial stands used in this paper are real
forest boundaries (forest and public roads), no
edge correction has been applied to the structure
variables. The correlation functions, however,
have internal edge corrections integrated in their
algorithms.

Study sites

Data from three forest stands are used to demon-
strate the reviewed indices (see Table 1). The three
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stands were especially selected to reflect rather
different spatial structure. Comparable data from
Britain were not available when this study
started. However, current research projects at the
University of Wales, Bangor and the Forestry
Commission’s Northern Research Station aim at
filling this gap.

The stands Manderscheid 198 and 187 are
situated in the forest district of Manderscheid in
the German federal state Rhineland-Palatinate.
The compartment Ammeloe 14e is situated west
of Münster in the federal state Northrhine-West-
phalia.

Compartment Manderscheid 198 covers an
area of 0.24 ha and is a part of a 11.9 ha forest
stand. It is stocked with 120-year-old oak
(Quercus petraea Lieth), intermingled with beech
(Fagus sylvatica L.) occurring mostly in small
groups. This compartment was included in this
study because it reflects a mature stand with an
intimate species mixture.

Compartment Manderscheid 187 covers an

area of 0.36 ha and is stocked with 24-year-old
planted Douglas fir trees (Pseudotsuga menziesii
(Mirb.) Franco). The compartment was originally
established as a pure stand and the planting rows
are still distinctly visible, but the area now
includes a few isolated, naturally regenerated
beech (Fagus sylvatica L.), pine (Pinus sylvestris
L.), spruce (Picea abies (L.) Karst.), birch (Betula
pendula Roth.) and larch (Larix decidua Mill.)
trees. This compartment was selected because it
is a young plantation with regular tree positions
and a rather low degree of species mingling.

Compartment Ammeloe 14e covers an area of
0.65 ha and is stocked mainly with beech (Fagus
sylvatica L.), apart from some pines (Pinus
sylvestris L.) and oaks (Quercus robur L.). The
trees are 53 years old. Ammeloe 14e reflects
typical more or less mono-species beech forests of
Central Europe. In terms of overall stand age it is
between Manderscheid 187 and Manderscheid
198.

The following parameters were recorded
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Table 1: Forest yield data of the stands Manderscheid 198, Manderscheid 187 and Ammeloe 14e. In the
schematic pictures beech trees appear white, oaks dark grey, Douglas firs light grey and Scots pine black. G =
basal area per hectare (m2 ha–1), N = number of trees per hectare, V = volume per hectare (m3 ha–1)
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within each compartment: diameter at breast
height (d.b.h.), tree species and the Cartesian
coordinates of the tree locations. The data collec-
tion was conducted by the Institute of Forest
Management and Forest Yield Sciences (Uni-
versity of Göttingen, Germany) in 1996 as part
of a pilot project with the state forest services of
Rhineland-Palatinate and Northrhine-West-
phalia. The three plots selected for this study were
part of a larger network of reference plots where
new methods of forest management were tested.
These new methods aimed at combining con-
ventional surveying of yield and stocking infor-
mation with a detailed quantitative description of
stand structure.

Results and discussion

Spatial distribution

The aggregation index R (Clark and Evans, 1954)
and the ‘contagion’ or ‘neighbourhood pattern’
index W both describe the horizontal spatial
arrangement of tree positions. According to the
aggregation index, compartment Manderscheid
187 shows the most regular tree patterns (Table
2), as might be expected from a young Douglas
fir plantation. The Ammeloe 14e beech stand also
appears to be quite regular while the mixed
oak–beech compartment of Manderscheid 198
reflects random tree positions. The observed con-
tagion distribution (which also describes the hori-
zontal arrangement of tree locations) can be
compared to the simulated contagion distribution
(assuming that the given trees of each of the three
forest compartments are arranged randomly).
The comparison in Figure 4 shows that each of
the three stands tend to have only small devia-
tions from the corresponding random distri-
bution of tree locations. The deviation between
observed and simulated distributions can be
quantified by the absolute discrepancy algorithm
AD (Gregorius, 1974; Pommerening, 1997, p.
77):

(8)

with �̂i simulated relative frequency in the distri-
bution classes i to k, and θi observed relative fre-
quency in the distribution classes i to k.

Using this algorithm we find that AD = 0.068
for compartment Manderscheid 198, AD = 0.106
for compartment Manderscheid 187 and AD =
0.067 for compartment Ammeloe 14e. This
simply means that approximately 7 per cent of
some of the five classes of the observed contagion
distributions in Manderscheid 198 and in
Ammeloe 14e would need to be swapped over to
other classes to obtain a contagion distribution
under random conditions. The analysis of Man-
derscheid 187 shows that 10 per cent need to be
swapped. Therefore the observed arrangement of
tree locations in Manderscheid 187 is slightly less
random than the other two compartments. The
reason for this can be found in the regular
arrangement of tree locations in the Douglas fir
plantation. The comparison of the observed
relative frequencies to the simulated frequencies
is what the Clark and Evans index does internally.
Comparing the observed value to the random
value, when the aggregation index R = 1, yields
similar information. Due to different algorithms
(as explained in the review) the results calculated
by the index of Clark and Evans and contagion
are slightly different: Manderscheid 198 and
Ammeloe 14e show a similar deviation from ran-
domness in terms of contagion. Ammeloe 14e,
however, seems to be slightly closer to random-
ness, although the index of Clark and Evans hints
that Manderscheid 198 is closer to random con-
ditions.

Figure 5 shows how the contagion distribution
of the two main tree species of one forest com-
partment can be compared with each other. Oaks
in Manderscheid 198 are more randomly distrib-
uted, while beech shows a tendency towards a
clumped arrangement. This is referred to later
when the species mingling of this stand is dis-
cussed.

Even more information on the spatial arrange-
ment of tree locations is available by applying the
pair correlation function g(r). The pair corre-
lation function (see Table 2) is also associated
with an internal reference. A parallel to the
abscissa through the value 1 defines a complete
random arrangement of tree locations. Up to an
inter-tree distance of 6 m, the pair correlation
function in the compartment Manderscheid 198
is located below the value 1.0 which means that
at these distances there are fewer trees observed
than would be expected under random

AD AD
i i

i

k

= ⋅ −
=

∑1

2 1

� � ∈;     [0,  1]ˆ
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Table 2: A quantitative description of the structure of the three sample stands by means of variables and
correlation functions. The label of the ordinates of contagion, mingling and T1 distributions is relative
frequency. The label of the ordinates of the correlation functions is correlation. In the square plots, beech trees
appear white, oaks dark grey, Douglas firs light grey and Scots pine black.
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conditions. At an inter-tree distance of 6.5 m
the pair correlation function has a value of 1.26,
which means that there are more trees having
between them a distance of about 6.5 m
than would be expected. The pair correlation
function behaves similarly in the compartments

Manderscheid 198 and Ammeloe 14e. Since the
curve for g(r) reaches 1 at r ≈ 8 m in Mander-
scheid 198 (if random fluctuations around 1 are
ignored) one can conclude that the inter-tree
interaction does not go further than 8 m. Trees
with an inter-tree distance less than 8 m seem to
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Figure 4. Observed and simulated values of the contagion distribution for the three forest compartments.

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 316



be rare, so that there must be an inhibition caused
by competition and/or thinning. The correspond-
ing critical distance in Ammeloe 14e is 5 m. These
results are very plausible because both stands are
older than Manderscheid 187 and their trees have
greater diameters; large trees require big inter-tree
distances. The pair correlation thus offers infor-
mation about the interaction radius, which is the
maximum radius of direct tree interaction. Pent-
tinen et al. (1992) observed similar patterns in an
80-year-old Norway spruce forest in Saxony
(Germany) and a 50-year-old mixed stand in
Northern Finland consisting of Scots pine and
silver birch. A very different picture is drawn by
the pair correlation function in the compartment
Manderscheid 187. The regular pattern of fluctu-
ations very much reflects a current spacing of 3 �
3 m. The maxima of the function indicate that
trees were preferably located at the correspond-
ing distances, while values below 1 leading to a
minimum show that trees can be found at these
distances with increasing difficulty. In this case
the interaction radius of 3 m can be more easily
identified in the curve of the mark correlation
function. Pommerening et al. (2000) investigated
a selection forest in the Bavarian forest and, in
contrast to the results of this study, found that the
pair correlation function always had values above
1.0 up to a distance of 4 m. This was caused by
clumps of regeneration trees which can be typi-
cally found in selection forests. The authors also
derived species specific inter-tree interaction radii
for that stand between 6.5 and 9 m.

Species diversity

The distance-independent Shannon index
suggests that species mingling is highest in com-
partment Manderscheid 198, lower in Mander-
scheid 187 and that there is almost no species
diversity in Ammeloe 14e (Table 2). The Shannon
index gives a higher value the more species there
are in a forest compartment and the more equally
they are represented in terms of relative abun-
dances. Shannon index values are higher in com-
partment Manderscheid 198, because oak and
beech are quite equally represented, rather than
in compartment Manderscheid 187, where there
are more tree species but Douglas fir is dominant.

The distance-dependent measure of segregation
S of Pielou (Table 2) indicates aggregation of
different tree species in Manderscheid 198,
species segregation in Manderscheid 187 and
more or less random species distribution in
Ammeloe 14e.

This picture can be completed by examining
the mingling variable M (see Figure 6). Using
equation (8) we find that AD = 0.072 for com-
partment Manderscheid 198, AD = 0.052 for
compartment Manderscheid 187, and AD =
0.007 for compartment Ammeloe 14e. This
means that in the two Manderscheid compart-
ments between 5 and 7 per cent of some of the
four classes of the observed species, mingling
distributions need to be swapped over to other
classes to obtain random conditions. In Ammeloe
14e this is only 0.7 per cent. In contrast to the
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Figure 5. Differences in the contagion index distribution between the two main tree species recorded within
the Manderscheid 198 compartment.

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 317



contagion simulations, the tree positions were
regarded as constant while the attribute ‘tree
species’ was assigned at random to these
positions. In the three sample forest stands we can
detect only very small deviations from a random
distribution.

The general tendencies of the values of the
three measures of species diversity are therefore
similar. Figure 7 shows how the species mingling
distribution of the two main tree species of com-
partment Manderscheid 198 can be compared to
each other without using a theoretical reference.
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Figure 6. Observed and simulated values of the species mingling distribution for the three forest compart-
ments.
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The compartment seems to have been managed in
such a way that oaks are closely intermingled
with beeches, while the latter are arranged in
clumps. We come to this conclusion because of
the fact that most of the oaks belong to the higher
mingling classes, while most of the beeches are
located in the smaller mingling classes. When the
species-specific contagion distribution of Man-
derscheid 198 was discussed (see above), it was
clear that oak was more randomly distributed
than beech, with the latter appearing more
clumped. Obviously the mingling and contagion
variables are in many ways related to each other.
Figure 7 underpins the visual impression gained
from the schematic picture in Table 1 or from a
field visit to the forest with a quantitative descrip-
tion. The spatial pattern of the stand is set by a
special management of this woodland type which
promotes oak and keeps beech as an admixture
serving the oak. Füldner (1995, p. 77) investi-
gated mixed beech–ash stands with admixtures of
sycamore and maple in the Bovenden forest dis-
trict near Göttingen, and came to a very similar
result with regard to the mingling of the main
species beech and ash.

Variations in tree dimensions

The diameter differentiation T1 (Table 2) is the
spatially explicit counterpart to the distance-
independent diameter distribution in that it

allows the difference between immediate tree
neighbours to be measured.

The mean T1 values indicate a quite high diam-
eter differentiation in Manderscheid 198 but a
very low one in both the other compartments.
The distribution (Table 2 and Figure 8) shows
that most of the trees within compartments Man-
derscheid 187 and Ammeloe 14e belong to the
first two differentiation classes, which means that
their immediate neighbours have a diameter from
50 per cent and predominantly more than 70 per
cent of their own diameter. By contrast, in Man-
derscheid 198, the trees seem to be almost equally
distributed over all the four classes. These differ-
ences are not only a function of age and stand
development stage but are very much due to the
special character of the management of mixed
oak–beech stands, where oak is systematically
promoted while beech is managed to serve the
oaks and improve their timber quality. This
results in bigger diameters of oak and smaller
diameters of beech.

Using equation (8), we find that AD = 0.205
for compartment Manderscheid 198, AD = 0.108
for compartment Manderscheid 187 and AD =
0.151 for compartment Ammeloe 14e (Figure 8).
These results show marked deviations from a
random distribution of tree diameters. As with
the mingling simulations, the tree positions were
regarded as constant while the tree attribute
‘diameter’ was assigned randomly. The small
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Figure 7. Differences in mingling of the two main tree species within the Manderscheid 198 compartment.
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deviation in Manderscheid 187 might be due to
the fact that the dimensions of young plantation
trees are very similar to each other anyway so that
a random assignment presents no great difference
in terms of diameter differentiation. In Mander-

scheid 198 the differences are especially large in
the first two classes, indicating small and average
differentiation. This might indicate that special
management has taken place to protect the light-
demanding oaks from the climax tree species
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Figure 8. Observed and simulated values of the diameter differentiation T1 distribution for the three forest
compartments.
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beech, perhaps by removal of some of the latter.
Although randomness as a reference is no substi-
tute for naturalness, deviation from randomness
is a suitable indicator that in a particular forest
compartment something special has been
detected.

Applying the mark correlation function k(r) as
another measure to characterize the spatial
arrangement of tree dimensions, we find that
there are correlations between the diameters of
trees only at small distances between trees. In
Manderscheid 187 the diameters of trees located
more closely to each other tend to be negatively
correlated, because at distances of up to 3 m
between trees the values of k(r) are below 1. This
indicates a trend that at small inter-tree distances
both trees of a pair have smaller diameters, which
is the price that they have to pay for being close
together. At distances greater than 3 m, there are
only random fluctuations around 1, indicating
that there is no longer any correlation between
diameters. In Ammeloe 14e we see a similar tend-
ency; however, the value of 1 is reached later, at
an inter-tree distance of 5.5 m. The speed with
which the function approaches the value 1
depends on the extent of interaction between
trees based on their dimensions. Obviously the
older compartment Ammeloe 14e has larger tree
interaction radii than the comparatively young
plantation Manderscheid 187. Similar results
were found by Pommerening et al. (2000) in a
selection stand of the Bavarian forest. The value
of k(r) has an interesting peak at an inter-tree dis-
tance of 1 m in compartment Manderscheid 198.
Occasionally, where two or more dominant trees
are located closely to each other, they still appear
to be growing satisfactorily, perhaps as a result of
local management and/or good site conditions.
After this peak, k(r) shows quite ‘normal behav-
iour’ and approaches the value of 1 again at an
inter-tree distance of 6 m.

Conclusions

Forestry in Britain as well as in Europe has to
demonstrate that its management is sustainable in
terms of providing wildlife habitat. Landscape
and forest compartment structures determine to a
large extent the occurrence and population
dynamics of a range of species. From given spatial

forest structures one can identify the suitability of
habitats or the population development of
important wildlife and plant species (McKelvey et
al., 1993; Pitkanen, 1997; Letcher et al., 1998;
Wiegand, 1998). The equations for the quantifi-
cation of stand structure presented in this paper
have the advantage that they are easier to survey
by means of common forest inventories than
more direct measures of diversity. The latter can
be surveyed only selectively at certain points and
after considerable effort. At least with some of the
variables discussed in this paper the more direct
measures of diversity seem to correlate reason-
ably well (Spanuth, 1998; Neumann and Star-
linger, 2001), but the correlation still needs to be
verified by further appropriate analysis. While
there are many studies comparing structural
indices which focus on methodology, only a few
studies exist on the relationship between stand
structure and direct measures of diversity
(Neumann and Starlinger, 2001).

Apart from using these algorithms and con-
cepts to relate forest stand structure to habitat
functions, they can also be used to inform man-
agers about the consequences of silvicultural
activities. As continuous cover forestry in Britain
will certainly give rise to more diverse forests, it
might be sensible to define ‘ecological’ manage-
ment objectives. The indices and functions dis-
cussed can be used to determine quantitative
critical values which need to be exceeded to
ensure a minimal amount of biodiversity. As these
methods are relatively new, and researchers are
currently only at the early stages of understand-
ing spatial stand structure, further follow-up
studies are needed in order to be able to relate
quantities like the ones presented in this paper to
habitat functions or to derive critical values for
forest management. There are only a few studies
comparing different indices over a wide range of
ecological conditions (Neumann and Starlinger,
2001). As a consequence of new forest policies
in Britain (e.g. Forestry Commission, 2001),
increased research in irregular forest management
now includes investigations on the dependence of
tree growth on tree location. This will provide a
number of forest stands with accurately mapped
tree positions and their development over time,
which can be used for studying this in greater
detail.

The process of analysing and quantifying forest
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structures can also be seen in reverse. Starting
with a quantitative statement and quantifying
suitable variables describing a desired forest
structure, the spatial arrangement of trees can be
reproduced on the computer to meet these objec-
tives (Lewandowski and Gadow, 1997; Pretzsch,
1997). Using these approaches it is possible to
develop a forest structure or habitat generator,
which is able to simulate the habitats preferred by
certain animal species (Wiegand, 1998). These
computer simulations can then be translated into
management guidelines or recommendations to
be used by woodland managers and conserva-
tionists. The quoted papers present first steps in
this direction and still need to be followed up in
greater detail. However, this work undoubtedly
offers great potential for conservation and eco-
logical woodland management.

Over the last 20 years, new methods have been
developed for describing complex forest struc-
tures and their possible changes resulting from
growth, natural mortality and selective harvests.
With these tools, scientific forest management
will be in a much better position to establish,
manage and maintain a great variety of complex
structures without jeopardizing the traditional
emphasis on sustainable harvests. One of the keys
to achieving sustainable management in any type
of forest is having spatial variables which can be
assessed in the field at low cost and which can be
used to describe, compare and evaluate forest
structures and their modification by harvesting
activities (Gadow and Pogoda, 2000). The sam-
pling method ‘structural group of four’ (Figure 2),
especially designed to assess structural infor-
mation in forest stands, does not require time-
consuming distance measurements and takes into
account neighbourhood relationships. The
Shannon index (Shannon and Weaver, 1949), the
contagion index (Gadow et al., 1998), the
coefficient of segregation of Pielou (1977), the
mingling index (Füldner, 1995) and the diameter
differentiation index (Füldner, 1995) can be easily
combined with the ‘structural group of four’ or
traditional circular sample plots. When presented
as a frequency distribution, the individual values
of these neighbourhood-based parameters also
indicate small-scale differences in the structure of
forests. Algorithms such as the correlation func-
tions and other indices, which require the survey-
ing of coordinates, can be measured in research

plots where normally more detailed research
work is carried out. However, Tomppo (1986)
presented a method which allows the estimation
of correlation functions from traditional circular
sample plots used in forest inventories.

A disadvantage of the indices and variables is
that they are based on small-scale data and thus
can only give information on the variability
within this range. The nearest neighbour of a
reference tree, however, may be located some dis-
tance from the reference tree and thus this inter-
tree distance can often encompass various
ecological scales. If distances between trees are
large, it is possible that there is only little or some-
times no interaction between them, while small
distances between reference trees and nearest
neighbours imply strong interactions. Measures
based on the nearest-neighbour concept make no
distinction between these two cases. They mix
together the influence of ecological patterns on
various scales. However, these indices are of
particular value in terms of practicability when
applied in situ in a forest, when only the nearest
neighbour distances are measured or estimated
and not tree locations. Usually short distances or
counting in sampling units of small area are
practical. If the tree locations are recorded, corre-
lation functions, which avoid the mixing of
different ecological scales, can provide more
information on forest structure and tree inter-
action. In particular, the additional information
on tree interaction radii can lead to a better under-
standing of competition effects in mixed stands.

Acknowledgements

This paper is dedicated to my mentor, Klaus von
Gadow, Professor in Forest Management and Forest
Yield Sciences at the University of Göttingen (Germany)
and Head of IUFRO’s Division IV, on the occasion of
his 60th birthday. I would like to thank my colleagues,
Roger Cooper, Douglas Godbold, Jonathan Humphrey,
Tom Jenkins, Steve Murphy, Owen Davies and an
anonymous referee for helpful comments on earlier
drafts of the text. The Institute of Forest Management
and Forest Yield Sciences (University of Göttingen)
helped me out with the spatial tree data which were
used in this study, for which I am very grateful.

References

Albert, M. 1999 Analyse der eingriffsbedingten Struk-
turveränderung und Durchforstungsmodellierung in

322 FORESTRY

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 322



Mischbeständen. (Analysis of thinning-induced
changes in stand structure and modelling of thinnings
in mixed-species stands.) Ph.D. dissertation, Faculty
of Forestry and Forest Ecology, University of Göttin-
gen, Hainholz Verlag Göttingen, 195 pp.

Albert, M. and Gadow, K. v. 1998 Assessing biodiver-
sity with new neighbourhood-based parameters. In
Data Management and Modelling Using Remote
Sensing and GIS for Tropical Forest Land Inventory.
Y. Iaumonier, B. King, C. Legg and K. Rennolls (eds).
Proceedings of the FIMP-INTAG International Con-
ference, October 26–29, 1998, Jakarta, Indonesia,
pp. 433–445.

Biging, G.S. and Dobbertin, M. 1992 A comparison of
distance-dependent competition measures for height
and basal area growth of individual conifer trees.
For. Sci. 38, 695–720.

Clark, P.J. and Evans, F.C. 1954 Distance to nearest
neighbour as a measure of spatial relationships in
populations. Ecology 35, 445–453.

Ferris, R. and Humphrey, J. W. 1999 A review of poten-
tial biodiversity indicators for application in British
forests. Forestry 72, 313–328.

Forestry Commission 1998 The UK Forestry Standard.
Forestry Commission, Edinburgh, 74 pp.

Forestry Commission 2000 Forests for Scotland: the
Scottish Forestry Strategy. Edinburgh, 92 pp.

Forestry Commission 2001 Coetiroedd i Gymru. Y
Cynulliad Cenedlaethol i Gymru Strategaeth am
Coed a Choetir. Woodlands for Wales. The National
Assembly for Wales Strategy for Trees and Wood-
lands. Aberystwyth, 49 pp.

Füldner, K. 1995 Strukturbeschreibung von Buchen-
Edellaubholz-Mischwäldern. (Describing forest
structures in mixed beech–ash–maple–sycamore
stands.) Ph.D. dissertation, Faculty of Forestry, Uni-
versity of Göttingen, Cuvillier Verlag Göttingen, 163
pp.

Gadow, K. v. and Hui, G. 1999 Modelling Forest
Development. Kluwer Academic, Dordrecht, The
Netherlands, 213 pp.

Gadow, K. v. and Pogoda, P. 2000 Assessing forest
structure and diversity. Man. For. 1, 1–8.

Gadow, K. v., Hui, G.Y. and Albert, M. 1998 Das
Winkelmass – ein Strukturparameter zur Beschrei-
bung der Individualverteilung in Waldbeständen.
(The neighbourhood pattern – a new parameter for
describing forest structures.) Centralbl. Gesamte
Forstwes. 115, 1–10.

Gavrikov, V. and Stoyan, D. 1995 The use of marked
point processes in ecological and environmental
forest studies. Environ. Ecol. Stat. 2, 331–344.

Gleichmar, W. and Gerold, D. 1998 Indizes zur Charak-
terisierung der horizontalen Baumverteilung. (Indices
for the description of horizontal tree distribution.)
Ger. J. For. Sci. 117, 69–80.

Gregorius, H.-R. 1974 Genetischer Abstand zwischen
Populationen. I. Zur Konzeption der genetischen
Abstandsmessung. (Genetic distance among popu-
lations.) Silvae Genet. 23, 22–27.

Helliwell, D.R. 1997 Dauerwald. Forestry 70,
375–380.

Humphrey, J.W., Newton, A.C., Peace, A.J. and
Holden, E. 2000 The importance of conifer planta-
tions in northern Britain as a habitat for native fungi.
Biol. Conserv. 96, 241–252.

Kerr, G. 1999 The use of silvicultural systems to
enhance the biological diversity of plantation forests
in Britain. Forestry 72, 191–205.

Kimmins, J.P. 1997 Forest Ecology: A Foundation for
Sustainable Management. Macmillan, New Jersey,
596 pp.

Lähde, E., Laiho, O., Norokorpi, Y. and Saksa, T. 1999
Stand structure as the basis of diversity index. For.
Ecol. Manage. 115, 213–220.

Latham, P.A., Zuuring, H.R. and Coble, D.W. 1998 A
method for quantifying vertical forest structure. For.
Ecol. Manage. 104, 157–170.

Letcher, B.H., Priddy, J.A., Walters, J.R. and Crowder,
L.B. 1998 An individual-based, spatially-explicit
simulation model of the population dynamics of the
endangered red-cockaded woodpecker, Picoides
borealis. Biol. Conserv. 86, 1–14.

Lewandowski, A. and Gadow, K. v. 1997 Ein heuristis-
cher Ansatz zur Reproduktion von Waldbeständen.
(A method for reproducing uneven-aged forest
stands.) Allg. Forst- Jagdzg. 168(9),170–174.

MacArthur, R.H., 1965 Pattern in species diversity.
Biol. Rev. 40, 510–533.

Martin, G.L., Ek, A.R. and Monserud, R.A. 1976
Control of plot edge bias in forest stand growth
models. Can. J. For. Res. 7, 100–105.

Mason, W.L. and Quine, C.P. 1995 Silvicultural possi-
bilities for increasing structural diversity in British
spruce forests: the case of Kielder Forest. For. Ecol.
Manage. 79, 13–28.

McKelvey, K., Noon, B.R. and Lamberson, R.H. 1993
Conservation planning for species occupying frag-
mented landscapes: the case of the northern spotted
owl. In Biotic Interactions and Global Change. P.M.
Kareiva, J.G. Kingsolver and R.B. Huey (eds). Sinauer
Associates, Sunderland, MA, USA, pp. 424–450.

Monserud, R.A. and Ek, A.R. 1974 Plot edge bias in
forest stand growth simulation models. Can. J. For.
Res. 4, 419–423.

Neumann, M. and Starlinger, F. 2001 The significance
of different indices for stand structure and diversity
in forests. For. Ecol. Manage. 145, 91–106.

O’Hara, K.L., Latham, P.A., Hessburg, P. and Smith,
B.G. 1996 A structural classification for inland
northwest forest vegetation. West. J. Appl. For. 11,
97–102.

QUANTIFYING FOREST STRUCTURES 323

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 323



Penttinen, A., Stoyan, D. and Henttonen, H.M. 1992
Marked point process in forest statistics. For. Sci. 38,
806–824.

Pielou, E.C. 1977 Mathematical Ecology. Wiley, New
York, 385 pp.

Pitkanen, S. 1997 Correlation between stand structure
and ground vegetation: an analytical approach. Plant
Ecol. 131, 109–126.

Pommerening, A. 1997 Eine Analyse neuer Ansätze zur
Bestandesinventur in strukturreichen Wäldern. (An
analysis of new approaches towards stand inventory
in structure-rich forests.) Ph.D. dissertation, Faculty
of Forestry and Forest Ecology, University of Göttin-
gen, Cuvillier Verlag Göttingen, 187 pp.

Pommerening, A. and Gadow, K. v. 2000 Zu den
Möglichkeiten und Grenzen der Strukturerfassung
mit Waldinventuren. (On the possibilities and limi-
tations of quantifying forest structures by forest
inventories.) Forst Holz 55, 622–631.

Pommerening, A. and Schmidt, M. 1998 Modifizierung
des Stammabstandsverfahrens zur Verbesserung der
Stammzahl- und Grundflächenschätzung. (Modifi-
cations of the distance method for improved esti-
mates of number of stem and basal area.) Forstarchiv
69, 47–53.

Pommerening, A., Biber, P., Stoyan, D. and Pretzsch, H.
2000 Neue Methoden zur Analyse und Charakter-
isierung von Bestandesstrukturen. (New methods for
the analysis and characterization of forest stand
structures.) Ger. J. For. Sci. 119, 62–78.

Pretzsch, H. 1997 Analysis and modeling of spatial
stand structures: methodological considerations
based on mixed beech-larch stands in Lower Saxony.
For. Ecol. Manage. 97, 237–253.

Pretzsch, H. 1998 Structural diversity as a result of
silvicultural operations. Lesnictví-Forestry 44,
429–439.

Radtke, P.J. and Burkhart, H.E. 1998 A comparison of
methods for edge bias compensation. Can. J. For.
Res. 28, 942–945.

Ripley, B.D. 1977 Modelling spatial patterns. J. R. Stat.
Soc. Ser. B 39, 172–192 and discussion, 192–212.

Shannon, C.E. and Weaver, W. 1949 The Mathematical
Theory of Communication. University of Illinois
Press, Urbana.

Shimatani, K. 2001 Multivariate point processes and

spatial variation of species diversity. For. Ecol.
Manage. 142, 215–229.

Simpson, E.H. 1949 Measurement of diversity. Nature
688, 163.

Smaltschinski, T. 1998 Charakterisierung von
Baumverteilungen. (Characteristics of spatial stem
distributions.) Ger. J. For. Sci. 117, 355–361.

Spanuth, M. 1998 Untersuchungen zu den
Hauptschlafbaumarten Eiche, Fichte und Buche des
Waschbären (Procyon lotor) im südlichen Solling.
(Investigation of the main tree species oak, spruce
and beech preferred by racoons (Procyon lotor) as
resting places in the southern Solling.) Diploma
thesis, Faculty of Forestry and Forest Ecology, Uni-
versity of Göttingen, 64 pp.

Spies, T.A. 1998 Forest structure: a key to the eco-
system. Northwest Sci. 72, 34–39.

Sprugel, D.G. 1991 Disturbance, equilibrium and
environmental variability: what is natural vegetation
in a changing environment? Biol. Conserv. 58, 1–18.

Stoyan, D. and Penttinen, A. 1998 Spatial Point Process
Methods in Forestry Statistics. Technical University
Freiberg, Faculty of Mathematics and Informatics,
Preprint 98-7, 66 pp.

Tomppo, E. 1986 Models and Methods for Analysing
Spatial Patterns of Trees. Communicationes Instituti
Forestalis Fennica 138, Helsinki, 65 pp.

Upton, G. and Fingleton, B. 1985 Spatial Data Analy-
sis by Example: Categorical and Directional Data.
Wiley, Chichester, 416 pp.

Upton, G. and Fingleton, B. 1989 Spatial Data Analy-
sis by Example: Point Pattern and Quantitative
Data. Wiley, Chichester, 410 pp.

Whittaker, R.H. 1972 Evolution and measurement of
species diversity. Taxon 21, 213–251.

Wiegand, T. 1998 Die zeitlich-räumliche Populations-
dynamik von Braunbären. (The temporal and spatial
population dynamics of brown bears.)
Forstwissenschaftliche Fakultät der Ludwig-Maximi-
lians-Universität München, 202 pp.

Zenner, E.K. and Hibbs, D.E. 2000 A new method for
modelling the heterogeneity of forest structure. For.
Ecol. Manage. 129, 75–87.

Received 14 February 2001

324 FORESTRY

08 Pommerening (jr/d)  16/7/02  12:17 pm  Page 324



II Evaluating Structural Indices

by Reversing Forest Structural

Analysis



Evaluating structural indices by reversing forest structural analysis

Arne Pommerening *

School of Agricultural and Forest Sciences, University of Wales, Bangor, Gwynedd LL57 2UW, Wales, UK

Abstract

It is widely acknowledged that spatial forest structure is a driving factor behind growth processes and that forest growth, in return, influences the

structural composition of woodlands. Also any impact on forests is primarily a change of spatial forest structure. In the last few decades an

impressive number of structural indices have been developed to quantify spatial forest structure and it has also been suggested that they can be used

as surrogate measures for quantifying biodiversity [Pommerening, A., 2002. Approaches to quantifying forest structures. Forestry 75, 305–324]. Of

particular interest in this regard is the development of a family of individual tree neighbourhood-based indices, which are measures of small-scale

variations in tree positions, species and dimensions, developed by Gadow and Hui [Gadow, K.v., Hui, G., 2002. Characterising forest spatial

structure and diversity. In: Bjoerk, L. (Ed.), Proceedings of the IUFRO International workshop ‘Sustainable forestry in temperate regions’, Lund,

Sweden, pp 20–30]. Especially when expressed as frequency distributions these indices offer valuable information on spatial woodland structure.

An important element of appraising the merits of such indices is a detailed evaluation of their performance for a specified purpose. One possible

evaluation path is based on the idea that a successful quantification of spatial forest structure should allow the analysis to be reversed and enable the

synthesis of forest structure from the indices derived. This idea is investigated here with a simulation model that uses the concept of cellular

automata combined with further development of an approach by Lewandowski and Gadow [Lewandowski, A., Gadow, K.v., 1997. Ein

heuristischer Ansatz zur Reproduktion von Waldbeständen (A heuristic method for reproducing forest stands). Allg. Forst- u. J.-Zeitung 168,

170–174]. The rules according to which the spatial pattern of tree positions ‘‘grows’’ in the stand matrix are deduced directly from the distributions

of the structural indices of the input data. Different combinations of indices are used to assess and simulate the structure of four sample stands. The

results show that simulations using species specific distributions of indices and a limit to the number of neighbours used for index calculation to

three or four neighbours are most successful at reconstructing the original stand structure. The specific sequence of simultaneous distributions of

structural indices was not significantly superior to the use of marginal distributions. Contrary to the suggestion in Hui et al. [Hui, G.Y., Albert, M.,

Gadow, K.v., 1998. Das Umgebungsmaß als Parameter zur Nachbildung von Bestandesstrukturen (The diameter dominance as a parameter for

simulating forest structure). Forstwiss. Centralbl. 117, 258–266] no significant trend could be detected with regards to the use of the diameter

dominance (formula 5) versus the diameter differentiation (formula 4).

The artificial synthesis of forest structure is of particular importance to conservationists who wish to develop forest landscapes to create a

particular habitat pattern in order to support or re-introduce rare animal species. The topic is also important for modellers who require individual

tree coordinates as input data for simulation runs or visualisations, which are hard to obtain in forest practice.

# 2005 Elsevier B.V. All rights reserved.

Keywords: Spatial stand structure; Structural indices; Evaluation; Neighbourhood-based indices; Simulating spatial stand; Marginal and simultaneous

distributions; Cellular automata

1. Introduction

A proper understanding of spatial forest structure is one of

the keys to the sustainable management of mixed uneven-aged

forests. The growth of trees is a reaction to their spatial context

and conversely the growth processes influence the spatial forest

structure and all biotic and abiotic, including human, impacts

modify spatial forest structure. A good understanding of these

dependencies and their quantification is crucial for the

management of woodlands for economic as well as environ-

mental purposes.

The simulation or synthesis of spatial forest structure is an

important aspect of environmental planning. For example, if

there is a strong correlation between a particular spatial forest

structure and the abundance of a particular animal species it

should be possible to synthesize this structure elsewhere or at

least to quantify the difference between the existing structure

and an ideal structure in order to create new habitats for this
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species. There is also an increasing demand for spatial tree data

sets for certain growth models, sampling simulators and

visualisation software (Pommerening, 2000). However, such

data are very rare and there is often a need to simulate the

necessary tree positions.

Over the past few decades many indices quantifying spatial

forest structure have been developed (Pommerening, 2002)

though very little work has been undertaken to formally

evaluate these new developments (Neumann and Starlinger,

2001). One possible method of evaluation is to examine the

correlation between the indices and more direct measures of

biodiversity (e.g. the abundance of a particular rare species). An

example of such a study using the indices discussed here is

Spanuth (1998). However, another approach is to assess their

ability to synthesize spatial forest structure. This would provide

a closed circle starting with the analysis of spatial forest

structure as a system and finishing with the reconstruction of

this system. Such an evaluation can be understood as an

application of systems analysis in that through the process of

data reconstruction it is possible to learn what the advantages

and the shortcomings of structural indices are. This is the

approach to evaluating structural indices that this paper is

concerned with.

2. Methods and data

2.1. Quantifying spatial forest structure

According to Gadow (1999) and Pommerening (2002) a-

diversity can be subdivided into the diversity of tree positions

(e.g. formula 1 in Table 1), tree species diversity (e.g. formula 2

in Table 1) and the diversity of tree dimensions (e.g. formulae

3–6 in Table 1). The diversity of tree positions reflects, at a

small scale, whether the pattern of tree locations is regular,

clumped (clustered), random or some combination of these.

Tree species diversity is concerned with the spatial arrangement

of species while diversity of tree dimensions involves the

spatial arrangement of, for example, diameters or heights. The

fundamental idea of this study is that a set of indices, which

covers all three aspects of a-diversity should be sufficient to

quantitatively describe and simulate spatial forest structure.

Most structural indices attempt to examine and explain only the

horizontal spatial structure and it has to be assumed that vertical

aspects are allometrically related to horizontal aspects.

Since 1992 a research group at the Institute of Forest

Management of the University of Göttingen (Germany) has

developed a family of individual tree indices which are

A. Pommerening / Forest Ecology and Management 224 (2006) 266–277 267

Table 1

Overview of the most important individual tree indices developed by the Göttingen group since 1992, their formulae and the corresponding publications

No. Index (reference) Formula Where

1 Uniform angle index (Gadow et al., 1998; Hui and Gadow, 2002) Wi ¼ 1
n

Pn
j¼1v j v j ¼

1; a j <a0

0; otherwise

�

2 Species mingling (Füldner, 1995; Aguirre et al., 2003) Mi ¼ 1
n

Pn
j¼1v j v j ¼

1; species j 6¼ speciesi

0; otherwise

�

3 DBH differentiation (1) (Füldner, 1995; Pommerening, 1997, 2002) Ti j ¼ 1�
Pn

j¼1

minðDBHi ;DBH jÞ
maxðDBHi ;DBH jÞ

j is the 1st neighbour tree

4 DBH differentiation (2) (Füldner, 1995; Gadow, 1999) Ti ¼ 1� 1
n

Pn
j¼1

minðDBHi ;DBH jÞ
maxðDBHi ;DBH jÞ

j = 1 . . . n neighbour trees

5 DBH dominance (1) (Hui et al., 1998) Ui ¼ 1
n

Pn
j¼1v j v j ¼

1;DBH j�DBHi

0; otherwise

�

6 DBH dominance (2) (Gadow and Hui, 2002; Aguirre et al., 2003) Ui ¼ 1
n

Pn
j¼1v j v j ¼

1;DBHi�DBH j

0; otherwise

�

n is the number of neighbour trees. All index values are distributed between 0 and 1.

Fig. 1. Examples of a tree-based (left) and point-based (right) structural group involving in this case four neighbour trees. This structural group of reference tree/point

and neighbouring trees is the computational unit for the indices listed in Table 1.



neighbourhood-based and which can account for small-scale

aspects of the spatial distribution of tree attributes (Gadow and

Hui, 2002; Fig. 1; Table 1). Their approach is similar to that of

describing the structure of chemical molecules in that they

focus on the quantification of the immediate neighbourhood of

each tree or discrete points in a forest stand. An individual index

value is then assigned to each tree, or to selected points, in the

stand. Their algorithmic structure is very similar to that of

distance dependent competition indices, which makes this

family of indices particularly well suited to the simulation of

spatial forest structure. Another advantage is that it is also

comparatively easy to collect data for these indices during

standard forest inventories (Füldner, 1995; Pommerening,

1997). The neighbourhood based indices are also very flexible

in that the number of neighbour trees, n, to be considered is not

fixed, except in the case of the uniform angle index. For this

index n = 4 and a standard angle a0 = 728 (=80 gon) appear to

be ideal (Hui and Gadow, 2002). The indices can be tree- or

point-based (Gadow and Hui, 2002; Fig. 1) and, though point-

based indices have certain advantages when used with

inventories, only tree-based indices have been studied in this

investigation because their concept is closer to that of cellular

automata.

Tree-based indices result in an index value for each tree of

the stand. An important development by the Göttingen research

group was to make the distributions of index values the

fundamental unit of information rather than the arithmetic

mean values as in most of the previous approaches to

constructing structural indices. Accordingly the main focus

of this study is on the distributions of indices. With uniform

angle index (formula 1), species mingling (formula 2) and DBH

dominance (formulae 5 and 6) there is only a limited number of

values the index can take. For example with n = 4 neighbours

there are n + 1 = 5 possible values: 0.00, 0.25, 0.50, 0.75 and

1.00. Using these scores all trees of the stand can be classified

and stand structure summarised by the distribution of values.

With the indices mentioned above the number of classes is a

function of the number of neighbours. This is not the case with

the diameter differentiation (formulae 3 and 4) where a

different approach to constructing classes has been chosen (see

e.g. Pommerening, 2002).

2.2. A model frame work for evaluating structural indices

A simplified overview of the evaluation process is illustrated

in Fig. 2. The object of interest is the forest, which is first

measured, analysed and then re-synthesised using the indices

described above (Table 1). Most investigations finish after the

analysis stage but for evaluating the merit of structural indices a

synthesis can be helpful. This would answer the question of

how much can the indices contribute to a synthesis of forest

structure. The synthesis is driven by a novel point process

model, the probability distribution of which depends on the

structural indices as kinds of super-parameters.

There are various approaches described in the literature for

simulating spatial forest structure, which use classical models

of the theory of point processes with a very small number of

parameters; examples are Cox (Stoyan and Penttinen, 2000) or

Gibbs processes (Tomppo, 1986). In their pure form most of

these models are difficult to apply to forest structures with more

than three species and their application is also limited when

used with sample data. Therefore, more complicated point

process models are necessary. Pretzsch (1997) developed an

approach which is based on an empirical function, estimating

the distance to the nearest neighbour, and a set of probability

functions (a combination of an inhomogeneous Poisson process

and a hard-core process) and Biber (1999) developed a method

of simulating spatial forest structure in order to avoid edge

effects in growth simulations. However, the latter two

approaches are only applicable to forests that are located in

the area where the data sets were taken for parameterization.

Elaborating on Pretzsch’s method, Pommerening (2000)

generalised the empirical functions by deducing spatial

information from forest inventories.

For an evaluation of the potential of the structural indices

described in Table 1 for simulating forest structure it is

necessary for the model to process the information generated by

these indices only. The only approach close to the objectives of

this study is that developed by Lewandowski and Gadow (1997)

and parts of this are incorporated into the new method described

below.

For this study a new class of point process models was

developed using the concept of cellular automata. The method

can be subdivided into three different phases (Fig. 3), with

phase 1 modelling only the point pattern of tree positions, phase

2 modelling qualitative (tree species attributes) and phase 3

modelling quantitative marks (tree diameters). In phase 1 the

spatial pattern of tree positions is simulated with the start

configuration consisting of one tree being randomly placed on

the stand grid. All the other n � 1 points are positioned

subsequently using a set of rules of the type that drive cellular

automata. More details about these techniques are provided in

Section 2.3. The end product of phase 1 is a point pattern with

no attributes assigned to the points other than coordinates,

which are permanently fixed. The next two phases are an

adaptation of the modelling approach published by Lewan-

dowski and Gadow (1997). At the beginning of phase 2 the

attribute ‘tree species’ is randomly assigned to all the points.

This information can be obtained from a marginal species

A. Pommerening / Forest Ecology and Management 224 (2006) 266–277268

Fig. 2. Schematic overview of the evaluation process used in this study.



distribution (no link with other distributions) or from a

simultaneous distribution of species and uniform angle index.

This random assignment is repeated 200 times and the

configuration, which is closest to the empirical mingling

distributions is carried forward to the optimisation part of this

phase. During the optimisation of mingling the species

attributes of all points with different attributes are swapped

if this process of exchange results in a reduction of the deviation

from the observed mingling distributions. Swapping trees of the

same species would not change the mingling value. In each

iteration all possible exchanges are investigated and only the

one which results in the greatest reduction of the deviation from

the observed mingling distributions is carried forward. When

no further improvement is possible then phase 2 is finished. At

the beginning of phase 3 diameters are assigned to all the points

at random using diameter distributions with 1 cm-classes. The

diameters can be assigned from marginal DBH distributions

(non-species specific) or from simultaneous distributions of

diameters and species. Phase 3 continues in a similar way to

phase 2 but this time attributes (species and DBH) of tree

locations are swapped only if they have the same species

attribute. This restriction is necessary in order to retain the

mingling configuration optimized in phase 2. Throughout this

process all of the input tree attributes, coordinates, species and

DBH are assigned to exactly the same number of trees as in the

original stand or sample.

The last two phases of this modelling approach are similar to

the idea of the simulated annealing reconstruction as described

by Torquato (2002).

The model is not driven by pre-defined statistical functions,

which would only be valid in a restricted geographic area. All

the rules used in this approach are deduced from the input data

which can come from full enumerations as well as inventories.

It is, therefore, possible to collect the information required for

calculating the structural indices as part of a standard forest

inventory. Gadow et al. (2003) developed a method of

estimating intertree distance distributions from the stand

density and the mean of the uniform index value. This

approach can be used to produce the necessary input data for

this model if it is not feasible to sample tree distances in the

field. However, the quality of the output does depend on the

quality of the input and, the more accurate and unbiased the

inventory is, the better the simulation result. In this study fully

enumerated stand data were used in order to assess simulation

errors. The structure and mechanism of the model is

deliberately kept as simple as possible in order to retain a

transparent process.

The data analysis methods, the model and most of the

evaluation algorithms were implemented in an integrated

software package called ‘‘Crancod’’ using structured program-

ming techniques in the Borland Delphi environment which is

based on the Pascal language. ‘‘Crancod’’ is currently being
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Fig. 3. The model sequence (CA: cellular automata, DBH: diameter at breast height).



revised and reorganised in an object-oriented way by using the

language Java and the programming environment NetBeans.

2.3. Extended cellular automata

A cellular automaton (CA) is a system composed of cells,

which are connected in regular structures. Each cell commu-

nicates its present state to its nearest neighbours and computes

future states from its own, current, state and that of its

neighbours. The concept of cellular automata was initially

developed in the early 1950s by von Neumann and Ulam, and is

an artificial life approach to simulation modelling. Since then

the idea has been further developed by Conway in the 1970s,

Wolfram in the 1980s (Wolfram, 2002) and others. CA have

been successfully used for modelling biological systems for

almost two decades (Ermentrout and Edelstein-Keshet, 1993;

Ganguly et al., 2003) and can help to explain them especially

where differential equations become too complex or do not

return a definite solution. There have been few applications of

CA in forestry and most of these have dealt with the subjects of

forest fires (e.g. Li and Magill, 2001; Karafyllidis and

Thanailakis, 1997), land use and remote sensing (e.g.

Soares-Filho et al., 2002).

Despite their simple construction cellular automata are able

to simulate very complex behaviour and their application is

very useful when studying systems consisting of many similar

or identical units whose behaviour is influenced by local

interactions. Characteristic of cellular automata is their ability

for self-organisation. The computation laws for the new state

are given by localized neighbourhood rules of occupancy

(Zhang et al., 2004) and the behaviour of a CA can be specified

by giving the structure of the interconnection grid, the

neighbourhood of each cell, the boundary conditions, the rules

for each cell in the grid and the initial conditions (Wolfram,

2002).

In a similar way the indices listed in Table 1 are based on

small-scale neighbourhood relationships and therefore an

application of cellular automata seems to be very appropriate

as an approach to simulate tree positions.

The rules of the application of cellular automata of this

model approach are derived from the intertree distance

distribution to the first neighbour tree and the distribution of

the uniform angle index. These two distributions were selected

because Gadow et al. (2003) discovered a strong correlation

between the uniform angle index (UAI, formula 1) and the

distance to the first neighbour. The intertree distance

distribution to the first neighbour tree is computed in a similar

way to the diameter distribution by defining 50 cm distance

classes1. The cells of the simulated forest stand are examined

and updated in random order as to whether they can

accommodate a tree according to the distance and the UAI

distributions. This simulation process is illustrated in Fig. 4.

The rule can be expressed in the following way (obs:

observed, sim: simulated):

The distance distribution ensures that the simulated intertree

distances do not fall below observed minimum distances and

the UAI distribution ensures the correct geometric arrangement

of tree positions. Unlike other approaches that simulate tree

positions (e.g. Pretzsch, 1997) this method does not attempt to

accommodate an array of trees with given attributes on the area

of a forest stand. The simulation process starts with an array of

available coordinates and subsequently examines whether they

can host a tree or not.

The particular type of cellular automata used can be referred

to as extended cellular automata. They deviate from standard

CA in that the state of the two dimensional grid cells is updated
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Fig. 4. An example of the working principle of the cellular automata used in this modelling approach.

1 The distance D1 between each tree of the forest stand and its first neighbour

tree is allocated to a class of the distance distribution following the principle:

0 m � D1 < 0.5 m, 0.5 m � D1 < 1 m, 1 m � D1 < 1.5 m, etc.



sequentially or asynchronously (Adachi et al., 2004). This

basically means that every change in the state of a cell has an

immediate effect on the state of all the other cells in the same

time step. The simulation of the spatial tree pattern of a stand

can therefore be completed in a single time step. The cells are

examined and updated in random order using uniform random

numbers either with or without replacement. Also the

immediately adjoining cells do not define the neighbourhood

as in earlier cellular automata applications (Wolfram, 2002).

Rather the cells in which the tree neighbours are actually

positioned (see Fig. 4) are used, and as these can vary the

neighbourhood can be described as dynamic. The model and

the algorithm for calculating the structural indices uses an edge-

correction, which compensates for biased estimations caused

by off-plot trees. In two-dimensional cellular automata the use

of a so-called torus or toroidal wrapping (Diggle, 2003) is very

common, in which the edges of the finite grid are pasted

together resulting in a three-dimensional solid (Hegselmann

and Flache, 1998; Diggle, 2003; Ripley, 1981). In forestry

related modelling this method is also frequently referred to as

‘‘translation’’ (Monserud and Ek, 1974).

In this study the width of the interconnection grid in which

the cellular automata operate is 5 cm.

2.4. Structural indices used in the different phases

The distributions of structural indices can be depicted either

as marginal (univariate) or simultaneous (bivariate) and the

model can work with both. Figs. 5 and 6 illustrate these

different types of distributions.

The left diagram in Fig. 5 shows a marginal distribution of

mingling (formula 2) regardless of species or any other index

while the right hand diagram offers us species-specific

mingling distributions. The first two diagrams in Fig. 6 show

marginal distributions of mingling (formula 2) and dominance

(formula 5). The third diagram gives an impression of the

simultaneous or bivariate distribution of mingling and

dominance incorporating the information of the first two

diagrams of Fig. 6.

Additionally, there is the option to work regardless of

species or species specifically which can lead to simultaneous

distributions of indices and species (i.e. a combination of the

right hand diagrams in Figs. 5 and 6).

When developing rules for the structural synthesis the

procedure varies depending on whether marginal or simulta-

neous distributions of the structural indices are used. For

marginal distributions the procedure is as follows:

Phase 1: Distance and UAI distributions (formula 1) sequen-

tially

Phase 2: Mingling distribution (formula 2)

Phase 3: DBH differentiation (formula 3) or dominance

distribution (formula 5)

In the case of simultaneous distributions of indices the

model is organised in such a way that one index is always

retained from one phase to the next to provide continuity

throughout the simulation:

Phase 1: Distance and UAI distributions simultaneously

Phase 2: UAI and mingling distribution

Phase 3: Mingling and DBH differentiation or dominance

distribution
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Fig. 5. The marginal mingling distribution (formula 2, left) and the simultaneous or bivariate distribution of mingling and species (right) for the German sample stand.

Fig. 6. The separate marginal distributions of mingling (formula 2) and dominance (formula 5, left) and the simultaneous or bivariate distribution of mingling and

dominance (right) for the German sample stand.



By doing this it is hoped to retain the correlation between the

structural indices throughout the simulation process.

The deviation between the observed and the simulated

distributions of structural indices is measured with formula (7)

using the absolute number of points/trees. The number of

points/trees in each class of a distribution should be smaller or

equal to the number of the corresponding observed one.

Dev ¼
Xn

i¼1

jsi � s0ij (7)

where n: number of classes, si: number of trees in class i of the

observed distribution, s0i; number of trees in class i of the

simulated distribution.

The model is designed in such a way that each simulation

run yields the exact basal area, mean squared diameter, stems

per hectare and DBH distribution of the original forest.

2.5. Experimental plan and evaluation

The model is a tool for a multidimensional evaluation of

structural indices and could use any number of factors to do

this. However, because of the exponential increase of

simulation runs required with increasing numbers of factors

the experiment was restricted to five main factor groups:

1. The number of neighbouring trees: 3, 4, 5 and a mixed

arrangement (four neighbours for the UAI distribution, three

neighbours for the mingling distribution and three neigh-

bours for the distributions of diameter differentiation/

dominance).

2. DBH differentiation (formula 3) versus DBH dominance

(formula 5) in phase 3.

3. Ordering of cells with/without replacement.

4. Marginal versus simultaneous distributions of structural

indices.

5. Non-/species specific distributions of structural indices

(phases 2 and 3 only).

This results in 64 possible different combinations of factors,

each of which was simulated with five replications, giving a

total of 320 model runs.

Three different groups of indices/functions have been used

to evaluate the quality of the simulations. The first two groups

comprise the indices which have been part of the simulation

rules (formulae 1–3, 5, distance distribution) plus the additional

index T (formula 4) and the unused index of the pair T1

(formula 3)/U (formula 5). The difference between group 1 and

group 2 is that indices in the latter are species specific and in the

former they are not. For group 2 the structural indices of the less

abundant of the two main species was always selected. In the

third group correlation functions were used for evaluation, i.e.

pair-, mark correlation functions and mark connection

functions (Stoyan and Penttinen, 2000; Pommerening, 2002).

The pair correlation function only investigates the point pattern

regardless of any other tree attributes while the mark correlation

function in this application also takes the tree diameters into

account. The mark connection function calculates the

probabilities that the tree species of a forest are associated

with each other at particular intertree distances. In this study the

intertree distances up to 10 m with a step width of 0.5 m were

investigated. These continuous functions were used rather than

indices like Clark and Evans (1954) or Pielou (1977) because

they are more precise and deliver more information about the

long-range structure of the simulated forests (Stoyan and

Penttinen, 2000).

The main criterion to quantify the disparity between

observed and simulated distributions in this application is

the absolute discrepancy (AD; Gregorius, 1974; Pommerening,

1997; Aguirre et al., 2003).

AD ¼ 1

2

Xn

i¼1

����si � s0i

���� AD2 ½0; 1� (8)

where n: number of classes, si: relative frequency of trees in

class i of the observed distribution, s0i: relative frequency of

trees in class i of the simulated distribution.

It is defined as the relative proportion of individuals, which

must be exchanged between the classes if the simulated

distribution is to be transformed into the observed. Correspond-

ingly, 1 � AD is the proportion common to both distributions.

A value of AD = 1 means that both distributions have no

common class, whereas AD = 0 signifies that the distributions

are absolutely identical. AD is applied to all structural indices

and to the mark connection function. The classes i are those of

the indices as described in Section 2.1. As the mark connection

function calculates probabilities for each species combination

of a forest stand the probabilities at each discrete distance add

up to 1 and can be interpreted as a class. The difference between

observed and simulated pair and mark correlation functions are

calculated as absolute differences similar to formula (7)

because formula (8) is not applicable.

Because of the comparatively large number of individual

simulations (320) and the evaluation criteria involved the

process of identifying the best combination of factors had to be

automated and simplified. For each of the three groups of

evaluation criteria as described above arithmetic mean values

were produced. In the case of the correlation functions this first

required the calculation of an arithmetic mean over all intertree

distances (from 0.5 to 10 m) for each individual simulation.

Finally a total arithmetic mean was calculated by averaging the

results of the three evaluation groups. The combination of

factors with the lowest final mean value was identified as the

best option. Additionally, the five factors as listed above were

investigated individually.

2.6. Sample forest stand data

Four sample forest stands were selected to evaluate the

performance of the structural indices. In order to underpin the

universal applicability of the model the sample data sets were
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taken from very different European regions involving different

species, environmental conditions, intervention history, etc.

Basic stand data including plot size, age, yield data and total

number of trees are given in Table 2.

The stands are a mixed oak-beech stand (Quercus robur L.

and Fagus sylvatica L.) from West Germany (Boeselager estate

in the Sauerland region; Bölsing, 1996), a mixed beech-fir

stand (Fagus sylvatica L./Fagus moesiaca Czeczott and Abies

borisii-regis Mattf.) from North Greece (Northern Pindos

mountains; Beinsen, 1996) and two stands from North Wales

(mixed Sitka spruce [Picea sitchensis (BONG.) CARR.]–

lodgepole pine [Pinus contorta DOUGL. ex LOUD.] from

Clocaenog forest and a mixed Sitka spruce–birch [Betula

pendula ROTH]-goat willow [Salix caprea L.] site from Coed y

Brenin).

The data cover a wide range of age and tree dimensions.

According to the aggregation index of Clark and Evans (1954)

the pattern of tree positions ranges from slightly clumped in

‘‘Greece’’ to quite regular in ‘‘Wales 1’’. ‘‘Wales 2’’ exhibits an

almost random arrangement of tree positions. The pattern of

tree species aggregation/segregation according to Pielou’s

(1977) coefficient of segregation ranges from close to

randomness of species distribution in ‘‘Germany’’, ‘‘Greece’’

and ‘‘Wales 2’’ to a segregation of species in ‘‘Wales 1’’.

3. Results

Tables 3 and 4 show the combination of factors leading to the

best and worst results from the four sample stands. The five

factors are in the same order as listed in Section 2.5. The value

in the column ‘‘deviation’’ is the mean of the absolute

discrepancies (formula 8) of all evaluated indices/functions

with the exception of the pair and the mark correlation

functions where as stated earlier the absolute deviations have

been used.

Although there is no overall consistency in the combinations

that lead to the best or worst results it is possible to identify

some trends on which hypotheses can be based. The worst

results are generally linked to combinations where more than

three or four neighbours are used for the calculation of

structural indices. There does not seem to be any conclusive

evidence as to whether the DBH differentiation (formula 1) or

the DBH dominance (formula 5) is associated with better or

worse results. The majority of best results are associated with

an ordering of cells with replacement while the majority of

worst results are associated with an ordering of cells without

replacement. There is some uncertainty regarding the use of

marginal or simultaneous distributions although all worst

results are associated with simultaneous distributions. A clearer

idea is conveyed with regard to non-species/species specific

simulations. All the best options have been simulated with

species specific distributions in phases 2 and 3 and all the worst

ones with non-species specific ones apart from ‘‘Greece’’,

which seems to be an anomaly as will be demonstrated later.

The differences between lowest and largest deviations are

comparatively small which suggests that the indices show a

similar simulation behaviour.

To further test the best choice of factors within groups 2–5,

these were investigated using a paired t-test. For this purpose all

the 64 results of the individual simulations were grouped in

eight blocks with specific combinations of neighbours and

DBH differentiation/dominance. However, for the investigation

of DBH differentiation/dominance this was impractical and

four blocks were identified. For each test all factors were

kept constant except for the one under investigation. The
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Table 2

Basic stand data of the four sample forest stands used in this study (B/A: basal

area, Dg: mean squared diameter, Clark & Evans: aggregation index of Clark

and Evans (1954), Pielou: Pielou’s (1977) coefficient of segregation)

Species B/A (m2) Trees (per ha) Dg (cm)

Germany (50 m � 50 m, 52 tree; oak 151, beech 65 years)

Beech 21.4 752 19.0

Oak 21.3 80 58.3

Total 42.7 832 25.6

Clark & Evans 1.123 Pielou �0.078

Greece (40 m � 30 m, 139 trees, fir 102, beech 166 years)

Beech 34.2 758 24.0

Fir 8.3 400 16.2

Total 42.5 1158 21.6

Clark & Evans 0.798 Pielou 0.045

B/A (m2) Trees (per ha) D (cm)

Wales 1 (50 m � 40 m, 56 trees, both species 51 years)

Sitka spruce 22.7 190 39.0

Lodgepole pine 3.9 90 23.5

– – – –

Total 26.6 280 34.8

Clark & Evans 1.370 Pielou 0.836

Wales 2 (22 m � 12 m, 67 tree, all species 33 years)

Sitka spruce 18.4 833 16.8

Birch 6.0 1288 7.7

Goat willow 1.5 417 6.7

Total 25.9 2538 11.4

Clark & Evans 0.989 Pielou 0.071

Table 3

The combination of factors leading to the best results (lowest deviation) with regard to the four sample stands

Sample

stand

Neighbour

combination

Differentiation

or dominance

With or without

replacement

Marginal or

simultaneous

Non-species

or species specific

Deviation

Germany 4 + 3 + 3 Dominance Without Simultaneous Specific 0.1282

Greece 4 + 3 + 3 Differentiation With Simultaneous Specific 0.0816

Wales 1 4 + 3 + 3 Differentiation With Marginal Specific 0.1006

Wales 2 3 + 3 + 3 Differentiation With Marginal Specific 0.0906



hypothesized difference between the deviation means of

alternative factors was set to zero. The results of the test show

that there are only a few cases of significant difference between

the use of factor options. Obviously there can be no definite

statement as to whether the use of formula 3 is superior to the

use of formula 5 or vice versa. The same is true for the question

of whether an ordering of cells with replacement is

advantageous in comparison with an ordering of cells without

replacement. With regard to the superiority of marginal or

simultaneous distributions of structural indices there is only one

significant case in ‘‘Wales 1’’ where the use of simultaneous

distributions is more advantageous. This is the stand with a

segregation of the two species, which are correlated with very

different diameter ranges. With the majority of sample stands

the use of species-specific distributions of structural indices in

phases 2 and 3 is significantly superior to the use of non-species

specific ones. As detected in Tables 4 and 5 there is a somewhat

different simulation behaviour when using the Greek sample

data, with results generally not following the pattern of the

other three.

In order to investigate the performance of different

combinations of neighbours a single factor ANOVA test was

carried out and the results are shown in Table 6. It is apparent

that in only two cases are at least two of the four neighbour

combinations significantly different at the 0.05 level.

A consequential pairwise analysis of the significant cases in

Table 6 using the method described in Bortz (1999, p. 252f)

reveals that with ‘‘Wales 1’’ simulations using three neighbours

(3 + 3 + 3) are superior to those using four neighbours

(4 + 4 + 4). The analysis also shows that the mixed scenario

(4 + 3 + 3) is significantly superior to the use of five (5 + 5 + 5)

and four neighbours (4 + 4 + 4). With the ‘‘Greece’’ data set the

relation between different sets of numbers of neighbours is to

the contrary. Using four neighbours (4 + 4 + 4) is superior to

using three neighbours (3 + 3 + 3), the mixed scenario

(4 + 3 + 3) and five neighbours (5 + 5 + 5). Other comparisons

are not significant.

To illustrate the results a visualisation of the best and the

worst individual simulation results for ‘‘Wales 1’’ (see Tables 3

and 4) in relation to the original stand structure is shown in

Fig. 7. In both cases a visual impression suggests that the

species segregation has been simulated reasonably well. As the

model uses an edge correction all the lodgepole pines in the top

right corner of the original stand are surrounded by Sitka

spruces in the two simulations. However, in the worst

simulation lodgepole pine trees are given much larger

diameters than in the original stand. This is a typical effect

of non-species specific distributions of structural indices in

phases 2 and 3 because information regarding species and
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Table 4

The combination of factors leading to the worst results (highest deviation) with regard to the four sample stands

Sample

stand

Neighbour

combination

Differentiation

or dominance

With or without

replacement

Marginal or

simultaneous

Non-species or

species specific

Deviation

Germany 5 + 5 + 5 Differentiation Without Simultaneous Non-specific 0.3026

Greece 3 + 3 + 3 Dominance Without Simultaneous Specific 0.3059

Wales 1 5 + 5 + 5 Differentiation Without Simultaneous Non-specific 0.2139

Wales 2 4 + 4 + 4 Dominance With Simultaneous Non-specific 0.1908

Table 5

Results of the paired t-test for the factors 2–5

Sample

stand

Differentiation vs.

dominance t(3;0.05) = 3.18

With vs without

replacement t(7;0.05) = 2.36

Marginal vs.

simultaneous t(7;0.05) = 2.36

Non-species vs.

species specific t(7;0.05) = 2.36

Germany 1.6115 �1.8340 �1.3870 8.7286a

Greece 1.8748 �0.4574 �1.0936 0.8779

Wales 1 �1.7160 1.4215 �4.8292a 3.9985a

Wales 2 �1.1990 0.4242 �1.7377 12.6984a

a Deviation means are significantly different at the 0.05 level [2-tailed]).

Table 6

Results of the single factor ANOVA test for the factor 1

Source of variation SS d.f. MS F Fcrit

Germany

Between groups 0.0134 3 0.0045 2.75 2.95

Within groups 0.0455 28 0.0016

Total 0.0589 31

Greece

Between groups 0.0770 3 0.0257 13.68a 2.95

Within groups 0.0525 28 0.0019

Total 0.1296 31

Wales 1

Between groups 0.0067 3 0.0022 5.32a 2.95

Within groups 0.0117 28 0.0004

Total 0.0183 31

Wales 2

Between groups 0.0015 3 0.0005 0.63 2.95

Within groups 0.0220 28 0.0008

Total 0.0235 31

SS: sum of squares, d.f.: degrees of freedom, MS: mean square, F: empirical

F-value, Fcrit: critical F-value.
a Deviation means are significantly different at the 0.05 level [two-tailed].



dimension is separated. The statistical figures and the graphs

suggest that the point patterns of all three data sets are not so

different which is the result of the cellular automata approach.

However, the bias of the worst simulation is much larger than

that of the best one. While the Pielou (1977) value of the best

simulation is reasonably close to that of the original stand

(Table 1), the cluster effect in the worst simulation is

exaggerated.

4. Discussion and conclusions

This multidimensional approach to evaluating structural

indices has highlighted a number of valuable aspects as to how

structural indices work and the degree to which they are able to

quantify spatial forest structure. The simulation results support

Wolfram’s (2002) argument that simple rules such as

distributions of spatial indices can lead to quite complex point

patterns like the spatial arrangement of two-dimensional tree

positions.

Although there do not seem to be any overall trends in the

five factors investigated there are a few aspects that deserve

further study in the future. There appears to be an advantage in

using species-specific distributions especially in stands with

segregated species. The use of more than five neighbours and in

some cases also four neighbours for calculating and simulating

the three aspects of a-diversity are not optimal. This finding is

helpful with regard to sampling and quantifying the indices of

Table 1 as part of forest inventories based on circular sample

plots where a requirement for a larger number of neighbours

can lead to a significant bias due to edge effects (Pommerening

and Gadow, 2000). Hui et al. (1998) state that the use of the

diameter dominance is superior to the use of the diameter

differentiation when simulating spatial forest structure but this

could not be confirmed in this study. The fact that there is no

trend concerning the use of marginal versus simultaneous

distributions could be explained by a lack of understanding of

the correlations between structural indices. These correlations

seem to be specific to different forest stands or at least to groups

of different forest stands. Instead of utilising a rigid chain of

simultaneous distributions as in this paper (see Section 2.4) it

might be better to identify the specific correlations for each

stand and then develop the chain of simultaneous distributions

accordingly. The comparatively good performance of marginal

distributions can also be explained by the fact that these have

fewer classes that are not so specific.

The point-based versions of the indices (see right hand

diagram in Fig. 1; Gadow and Hui, 2002) used in this study

could, theoretically, also be used with the cellular automata

approach although the tree-based concept is closer to the

original idea of CA. The total population of point-based

indices, however, is based on all possible points within the stand

boundaries, which is infinite. The total population of tree-based

indices consists only of those points within the stand

boundaries, which are tree positions. The rule of the CA

would therefore need to be adapted. With tree-based indices

each newly accepted point represents a reference tree and

potentially a neighbour of other reference trees. With point-

based indices each newly accepted point represents a neighbour

tree of points only. An application of cellular automata to

simulate the pattern of tree positions could be achieved by

defining the mid points of all the cells as the total population of

points to be examined in the analysis and the synthesis.

The only other indices, which are similar to those used in this

study are distance dependent competition indices (Biging and

Dobbertin, 1992). Although their main concern is to quantify

competition pressure for each tree of a forest stand it might be

possible to test the merits of some competition indices, or to

merge some aspects of their concepts, with those of the

structural indices of Table 1. The similarity between structural

and competition indices is particularly obvious with the

A. Pommerening / Forest Ecology and Management 224 (2006) 266–277 275

Fig. 7. Tree location maps and evaluation graphs of the original data set (top left), the first replication of the optimal simulation (top centre) and of the worst

simulation (top right) for the sample stand ‘‘Wales 1’’ (Black: Sitka spruce, Grey: Lodgepole pine). The graphs showing the statistics bias, efficiency and simultaneous

F-test were calculated according to Sterba et al. (2001) and refer to the best and the worst simulation.



dominance index (formulae 5 and 6 in Table 1). It would also be

interesting to explore whether the inclusion of a vertical

dimension could improve the simulation of the two-dimen-

sional patterns of tree positions.

As mentioned in Section 2.2 the use of cellular automata is

only one possible approach to simulating spatial patterns and

can be understood as a special case of modelling spatial

correlation. In fact, this method is not so different from the idea

of Gibbs processes.

As a positive by-product of this evaluation study it has

proved possible to optimise a model for simulating spatial

forest structure which is not based on pre-defined statistical

functions and can be readily applied anywhere in the world

without the need for local adaptation. Although this approach

also uses quite a few empirical parameters, i.e. the structural

indices, these are individually deduced from the input data for

each simulation. Given the demand for spatially explicit

individual tree data such a model could become an important

tool for other investigations that need such data and the

modelling process itself will help to develop a better

understanding of spatial forest structure. Similar index

approaches at landscape level could allow the simulation of

larger entities.
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Edge-correction needs in estimating indices of
spatial forest structure

Arne Pommerening and Dietrich Stoyan

Abstract: Indices quantifying spatial forest structure are frequently used to monitor spatial aspects of tree attributes in-
cluding biodiversity in research plots of limited size. The treatment of edge trees, which are close to the plot bound-
aries, can affect the estimation of such indices that include neighbour effects, since some of their neighbours are likely
to fall outside the plot. This paper investigates whether and under what circumstances edge-correction methods are nec-
essary and evaluates the performance of six different approaches: no edge correction, translation, reflection, buffer
zone, and two new nearest-neighbour methods. The performance of edge-correction methods depends strongly on the
algorithmic structure of the indices and the spatial pattern of tree positions involved. Some edge-correction methods in-
troduce more error than ignoring edge bias altogether. For indices accounting for the diversity of tree positions and es-
pecially for those computing angles, translation or buffer zone methods reduce the estimation error regardless of the
sample size. The use of the reflection method is associated with large bias values. One of the new nearest-neighbour
edge-correction methods proves to be capable of reducing the bias considerably. The results confirm the need for suffi-
ciently large monitoring plots to avoid bias from edge effects. Where this is impossible, neighbours beyond the plot
boundary need to be included in the survey, thus providing unbiased estimates but at the cost of extra measurements.
Sensitivity analysis is required for newly introduced indices prior to their first application.

Résumé : Des indices qui permettent de quantifier la structure spatiale de la forêt sont fréquemment utilisés pour faire
le suivi de l’aspect spatial des attributs des arbres, incluant la biodiversité dans les placettes expérimentales à superficie
restreinte. Le traitement des arbres situés en bordure de la placette peut affecter l’estimation de ces indices puisque
certains de leurs voisins peuvent vraisemblablement se retrouver à l’extérieur de la placette. Cet article examine si des
méthodes de correction des effets de bordure sont nécessaires et dans quelles circonstances. Les auteurs analysent éga-
lement la performance de six approches différentes : aucune correction de l’effet de bordure, translation, réflexion,
zone tampon et deux nouvelles méthodes du plus proche voisin. La performance des méthodes de correction est forte-
ment dépendante de la structure de l’algorithme des indices et de la configuration spatiale de la position des arbres
concernés. Certaines méthodes de correction introduisent une erreur plus importante que le fait de simplement ignorer
les biais dus à l’effet de bordure. Pour le groupe d’indices qui tiennent compte de la diversité dans la position des ar-
bres et spécialement pour ceux qui servent au calcul des angles, les méthodes de translation et de la zone tampon ré-
duisent l’erreur d’estimation sans égard à la taille de l’échantillon. La méthode par réflexion génère des biais élevés.
L’une des deux nouvelles méthodes du plus proche voisin a pu considérablement réduire le biais. Les résultats confir-
ment la nécessité que les placettes aient une superficie suffisamment grande pour éviter les biais dus aux effets de bor-
dure. Lorsque cela est possible, les voisins situés à l’extérieur des limites de la placette devraient être inclus dans
l’inventaire pour obtenir des estimations non biaisées au prix, cependant, de mesures supplémentaires. Il est nécessaire
de procéder à l’analyse de sensibilité des nouveaux indices avant de les utiliser pour la première fois.

[Traduit par la Rédaction] Pommerening and Stoyan 1739

Introduction

The quantitative characterization of spatial structure is an
important part of the study of ecological processes in forests
(Upton and Fingleton 1985, 1989; Pretzsch 1998; Barot and
Gignoux 2003; Bauer et al. 2004). For this purpose many
statistical summary characteristics have been developed that
characterize forest structure and aspects of biodiversity using
numerical values or functions. Examples of such functions
are Ripley’s K function, K(r), or the nearest-neighbour dis-

tance distribution function, G(r) (Stoyan and Stoyan 1994),
while typical examples of numerical characteristics are
structural indices such as the aggregation index (Clark and
Evans 1954) and the species segregation index (Pielou 1977).

Usually it is assumed that the two-dimensional arrange-
ment of tree positions in a forest can be described by a point
process (Penttinen et al. 1992). In a point process each indi-
vidual tree, i, can be understood as a point or event defined
by its position in the monitoring plot or observation window
W using two-dimensional Cartesian coordinates {xi, yi}. The
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observation window is usually a rectangular or circular area
in the forest that is assumed to yield representative informa-
tion on the forest as a whole. Marks {mil, …, min} are often
attached to the points, which are sets of qualitative (e.g.,
species) and (or) quantitative (e.g., diameter at breast height,
DBH) values. Frequently, these marks are constructed or
computed, for example, competition indices describing the
influence of neighbour trees on the reference tree. These in-
dices are usually calculated by means of mathematical for-
mulae using intertree distances and original tree marks such
as DBH or species.

In statistical analysis it is assumed that the point process
studied is spatially homogeneous (or, in terms of point pro-
cess theory, stationary). Under the spatial homogeneity as-
sumption it is meaningful to characterize the tree point
pattern of the underlying process, in the research plot, using
global characteristics. The simplest of these are perhaps mean
number of stems per hectare (SPH), mean basal area, or
mean volume per hectare. In ecological research other char-
acteristics are used, such as the mean values of computed in-
dividual tree characteristics, for example, mean competition
indices (Barot and Gignoux 2003; Bauer et al. 2004). Also,
K(r) and G(r) are characteristics that have meaning only in
the homogeneous case.

When calculating spatial characteristics, edge effects are
likely to play an important role. Ignoring these effects is
usually believed to result in biased statistical estimations.
This is because some of the immediate neighbours of trees
near the boundary of W are outside W and therefore not re-
corded; however, these trees are needed to calculate the cor-
rect values of statistical quantities such as competition or
nearest neighbour indices. While edge-bias issues of correla-
tion functions and competition indices have been frequently
discussed in the statistical literature (e.g., Monserud and Ek
1974; Martin et al. 1977; Stoyan and Stoyan 1994; Stoyan et
al. 1995; Radtke and Burkhart 1998; Gignoux et al. 1999),
comparatively little attention has been paid to structural indi-
ces (Donnelly 1978). As the algorithms of nearest-neighbour
structural indices are very similar to those of competition in-
dices, it is likely that careless treatment of edge trees may
also lead to a bias in the estimation of such indices espe-
cially when the window of observation is small and (or) tree
numbers are low. Such biased estimation of structural indi-
ces can lead to incorrect conclusions and interpretations of
the spatial biodiversity of a woodland. It should be noted
that the situation is different with statistical tests, for exam-
ple, concerning the hypothesis of complete spatial random-
ness, as in Gignoux et al. (1999). These authors compared
summary characteristics of the Poisson process with those
from its samples and found that tests without edge correc-
tion have a higher power for small sample sizes than those
with correction.

The attention paid to edge effects has varied, and the early
publications of Clark and Evans (1954) and Pielou (1977)
simply ignored the problem. Later, Donnelly (1978) investi-
gated the effect of edge bias on the aggregation index of
Clark and Evans (1954) and developed an empirical edge
correction specifically for this index. Since then various
forms of edge correction have been developed. A very sim-
ple one, used by many researchers (e.g., Neumann and
Starlinger 2001; Aguirre et al. 2003), is the use of a bound-

ary strip or “buffer” zone, of width d, inside the monitoring
plot W. This method is also referred to as the border or
guard method (Ripley 1981). In the statistical analysis only
the trees in a reduced window of observation are used as ref-
erence trees, namely those that have a distance larger than d
from the window boundary. The width of the buffer zone
(e.g., d = 5 m) should be large enough that all relevant inter-
action between trees in the reduced window is accounted for
within W. Determining the optimal width of the buffer zone
is difficult; if it is too small residual edge effects will re-
main; if it is too large valuable data are discarded unneces-
sarily (Diggle 2003).

Other edge-correction methods can be considered as being
only speculative (Pretzsch 2002; Diggle 2003), as they ex-
trapolate the spatial structure from within W to an infinite
plane and join parts of the point pattern that do not occur so
close together in nature. Two examples are translation (also
referred to as torus or periodic boundary conditions; Diggle
2003) and reflection (e.g., Radtke and Burkhart 1998; see
Fig. 1).

It is clear that these two methods do not easily work with
circular sample plots or with plots of irregular shape
(Windhager 1997). Furthermore, translation and reflection
are believed to result in unrealistic periodicities of the spatial
point pattern and therefore neighbourhood situations that do
not naturally occur (Pretzsch 2002; Diggle 2003).

This paper explores the need for edge correction of five
spatial structural indices involving nearest neighbours. The
performance of six edge-correction methods for these indi-
ces is investigated through simulations. Included in the study
are two recently developed nearest-neighbour edge-correction
concepts, NN1 and NN2 (Hanisch 1984).

Materials and methods

Indices used in this study
Tables 1 and 2 give an overview of the nearest-neighbour

indices used in this study.
The integer variable n in Table 1 is the number of nearest

neighbours included in the determination of the index. In
this study, n is set to 4 for indices 1, 2, and 3, while the
DBH differentiation, Clark and Evans, and Pielou indices
generally use only one neighbour. The uniform angle index
is derived from the angles subtended by adjacent neighbours
at the reference trees. The six indices were selected so that
similar aspects of spatial structure are accounted for by two
indices (1 and 5, 2 and 6, 3 and 4; Table 1).

The two new edge-correction concepts, NN1 and NN2
(Hanisch 1984), can be applied to any structural index that is
based on the nearest-neighbour principle, for example, those
of Clark and Evans (1954) and Pielou (1977). The mingling
index, an indicator of spatial species diversity (Füldner
1995; Fig. 2), will be used to explain and demonstrate NN1
and NN2. It is representative of a group of neighbourhood-
based indices describing the spatial distribution of tree at-
tributes.

The mingling index (Mi) gives, for each individual tree i,
the proportion of its n nearest neighbours that do not belong
to the same species as the reference tree i. Figure 2 illus-
trates the index for the case n = 4.
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The mingling index can only take one of a limited number
of values. For example, when n = 4 neighbours there are
n + 1 = 5 possible values of Mi, calculated as k/n, with k = 0,
1, …, n: 0.00, 0.25, 0.50, 0.75, and 1.00 (Fig. 2). Using
these scores, all trees of the stand can be individually classi-
fied, and the overall stand structure can be characterized by
the distribution of the values of Mi. The mean population
mingling, M, can be expressed as

[1] M
k
n

m
N

Mk
k

n

i
i

N

= =
= =

∑ ∑
1 1

1

where mk is the proportion of trees that have a mingling in-
dex of k/n and N is the number of trees in the population
considered. Naturally, the full distribution of mk provides
more information than M.

The number n is fixed for all trees of an observation win-
dow, but can be chosen by the forestry statistician, deter-
mined by the objectives of individual studies on species
diversity, the size of the window of observation and the den-
sity of points. For example, Füldner (1995) recommended
n = 3 neighbours, while more recent publications (Aguirre et
al. 2003) have suggested that n = 4 neighbours is to be pre-
ferred. For more information on how to use and interpret the
mingling index and the other indices listed in Table 1, see
Aguirre et al. (2003) and Pommerening (2002).

NN1 and NN2 estimators
In addition to the existing edge-correction methods, which

will be described in Table 3, the authors have considered
two new concepts, the NN1 and NN2 estimators. Stoyan
(2005) demonstrated that NN1 in particular, which has its
origin in Hanisch (1984), is a very successful estimator of
the nearest-neighbour distance distribution function, G(r),
and therefore it seemed appropriate to study its performance
in the estimation of indices. The estimator NN1 is ratio-
unbiased and includes more points than the unbiased buffer
zone estimator, which, as noted earlier, has the additional
disadvantage that buffer zone width is statistically difficult
to determine. NN1 and the closely related NN2 are specifi-
cally designed for the statistical estimation of characteristics
related to nearest neighbours and so are referred to as near-
est-neighbour or NN-correction estimators. The principle is
explained in Stoyan and Stoyan (1994, p. 297) for the case
of G(r). The idea is to use variable buffer zones for the trees
close to the edge of the observation window. NN1 and NN2
incorporate a buffer but, in contrast to the traditional buffer
method with a constant d, the decision to exclude trees close

to the window’s edge is made individually, based on the
spatial arrangement of the trees.

In the statistical estimation of nearest-neighbour indices,
tree i is used as a reference tree only if its distance si to the
boundary of the window W is further than or equal to its dis-
tance ci from its nth nearest neighbour in W. In this case all
nearest neighbours are known to be within W and all neces-
sary information for the index estimation of tree i is pro-
vided by the window. However, if the distance from the
boundary is shorter than that from the nth neighbour, then it
is possible that nearer trees to tree i occur outside W. In this
case it is uncertain whether the window provides all the nec-
essary information for index estimation, and therefore these
trees are rejected in the analysis.

An indicator variable ni is introduced, where ni = 1 if tree
i is to be accepted for analysis and ni = 0 if it is to be re-
jected. The principal is illustrated in Fig. 3. Points P1 and P2
have the same distance s1 = s2 to the boundary of the win-
dow of observation W. Points P1n and P2n are the corre-
sponding nth nearest neighbours in W. Because c1 > s1, n1 =
0 and point P1 is not accepted. Point P2, however, is ac-
cepted, since c2 < s2 and n2 = 1.

As in the buffer method, there is an inevitable loss of a
number of data points. To compensate for this loss when ap-
plying NN approaches, the accepted points are weighted to
obtain an unbiased estimator. In statistical theory such
weights are called Horvitz–Thompson weights (Horvitz and
Thompson 1952), and the idea is to give rare events larger
weights than the more common ones. The weights in this
case are the inverses of the so-called reduced areas, Fi, of W.
The reduced area, Fi, is a function of ci and W. For the two
most important cases it is

[2] F
a c b c

r c
i

i i

i

=
− −
−

( ) ( ),

( ) ,

2 2
2

rectangular plot

circularπ plot

⎧
⎨
⎩

where ci is the distance between tree i and its nth nearest
neighbour; a, b are the lengths of the sides of a rectangular
sample plot; and r is the radius of a circular sample plot.

If ci is small it is probable that ci < si, Fi is large, and tree
i receives only a small weight; for larger ci, it is increasingly
unlikely that ci < si, Fi is small, and therefore larger weights
are given. Theoretically, Fi can also be defined for windows
of irregular shape.

In the estimation of M (eq. 1) by means of the NN1 esti-
mator a further point process parameter plays an important
role, the intensity or point density, that is, the mean number
of points per unit area. Intensity is simply another way of
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Fig. 1. Illustration of the translation (left) and reflection (right) edge-correction methods used in this study. The observation window,
W, is in the centre with boundaries in bold.
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expressing the forestry variable stems per hectare (SPH). It
characterizes the density of trees in a certain area regardless
of their marks or attributes such as their diameters.

The NN1 estimators of the mingling index class k and the
mingling mean value are

[3] �
�

( )
�

m
k n
F

m
k

i i

ii

N
k= =

=
∑1 1

1λ
λ

λ
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λ
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where
�λ estimated intensity of the point pattern (see eq. 6);
N number of trees of the forest stand or monitoring plot

(window of observation) under consideration;
Mi mingling index of tree i;
M estimator of the mean mingling index;
Fi reduced area of the window of observation (see eq. 2);
ni indicator variable defining whether a tree’s index is af-

fected by plot edge (0) or not (1);
1i(k) indicator function of mingling index class k assuming

the value of one, if the neighbouring tree is of a differ-
ent species, and zero otherwise.

It can be seen that M and mk are not directly estimated but
only λM and λmk, which are then divided by an intensity es-
timator �λ. Thus, the estimation is not unbiased but only
ratio-unbiased.

The standard intensity estimator
~
λ is given by eq. 5.

[5]
~
λ =

=
∑ N

Fi

N

1

where
~
λ is the number of points in W divided by the area F

of W.
However, in this study a less precise estimator �λ (eq. 6)

was used. This is because �λ has the same structure as λM
and it can be expected that fluctuations of λM are evened
out by fluctuations of �λ. This effect is weaker with

~
λ:
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NN2 is closely related to NN1, having the advantage of
perhaps being intuitively more appealing and easier to com-
pute. However, it is not ratio-unbiased.

In this estimator the sum of all Mi of the accepted points
(those with ni = 1) is simply divided by the number of ac-
cepted points:
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Experimental design

Edge-correction methods
Six different edge-correction methods were considered

and compared in this study (Table 3). Estimation without
edge-correction (method 0) was used as a control. In the
control all trees within the monitoring plot or window of ob-
servation were processed as reference trees and their nearest
neighbours were taken from within the window, ignoring the
existence of outside trees. “Translation” or “periodic bound-
ary conditions” (method 1) means that the plot W containing
the tree locations is exactly replicated throughout space to
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Species of nearest neighbour

Species of reference tree i A B

A a b m
B c d n

r s N

Table 2. A 2 × 2 table for the calculation of the coefficient of
segregation (Pielou 1977).

Fig. 2. Illustration of the mingling index for n = 4 neighbours. The neighbours are numbered according to increasing distance from the
reference tree.



form an infinite lattice (Torquato 2002). This method is the
same as wrapping the window on a torus and joining oppo-
site edges (see Fig. 1). All the trees in W are used as refer-
ence trees, and all their neighbours also come from W or its
copies.

The reflection method (2) also replicates the pattern
throughout space (see Fig. 1), but as the name implies, the
additional locations of the trees are obtained by reflection
along the plot edges. As in the translation method, all refer-
ence and neighbour trees are to be found in the window of
observation or its reflected copies.

The buffer zone method (3) uses only the trees in the in-
ner part of W as reference trees; the trees within a buffer
strip of 5 m along the plot boundaries are used only in the
calculation of the indices. NN1 and NN2 (methods 4 and 5)
have already been explained in detail in the previous section.
The last three edge corrections belong to the group of
minus-sampling methods (Stoyan and Stoyan 1994; Stoyan
et al. 1995).

Investigated point processes
Data from both point process models and real forests were

used in the comparisons. Point process models guarantee
knowledge of the true population values of the mean indices
around which the sample values must necessarily fluctuate.
Employing these models also enables unlimited repetitions
and the statistical assumption of stationarity is guaranteed
(Stoyan et al. 1995). To validate the results obtained from
the point process models two real forest sites were included
in the investigation.

Three different processes were simulated: a Poisson, a
Matérn hard-core, and a Matérn cluster process (Stoyan et
al. 1995). The second process is a process with some degree
of regularity and a positive minimum interpoint distance.

The third is a classical cluster process, where the cluster
centres form a Poisson process and the cluster points are
randomly scattered in circles of constant radius around the
centres. The three different processes and their specific pa-
rameters (see Table 4) were chosen to produce rather dis-
tinct patterns. The point process models approximate
patterns found in real forest situations. In our study the
Matérn cluster processes represent young forests of natural
origin consisting of trees with heavy seeds or with heteroge-
neous soil conditions leading to a clustered arrangement of
trees. Alternatively, this process may represent a failed re-
stocking with species 1 and a moderate secondary invasion
of species 2. The Matérn hard-core process can be thought
of as representing older forests where it is impossible for
trees to be located closer together than a certain minimum
distance, perhaps because of inter- and intra-specific compe-
tition and (or) forestry thinning activities. The Poisson pro-
cess is a situation between the young clustered and the more
mature hard-core arrangement of tree positions. Such pat-
terns, which are close to randomness, are common in forests
(Tomppo 1986; Pommerening 2002).

For the simulation of all three processes, points were
marked both dependently and independently with species
and diameter attributes. Dependent marking leads to a corre-
lation between tree locations and species and diameter attrib-
utes, while independent marking excludes such a correlation.
Both cases can be found in real forests. The marks were as-
signed as follows:
(i) Dependent marking: Within a circle of radius r0

around each tree the number m of other trees was
counted. If m > 1 the tree was assigned the species at-
tribute 2, otherwise it was assigned species 1.

(ii) Independent marking: The qualitative marks species 1
and species 2 were assigned randomly.

In both cases for the assignment of diameters, uniform
random numbers were transformed to Weibull-distributed
random numbers by applying the method developed by
Nagel and Biging (1995). The species-specific scale and
form parameters of the two-parameter Weibull function were
estimated from a quadratic mean diameter by using linear re-
lationships. In contrast to their original approach, the maxi-
mum diameter, which was required for estimating the form
parameter, was estimated from the quadratic mean diameter,
again by using a linear equation. The diameters assigned to
each point are sampled from the corresponding species-
specific Weibull functions by using the inverse transforma-
tion method. The Weibull distributions were restricted by a
minimum diameter of 5 cm. The regression parameters used
for the estimation of the parameters of the two-parameter
Weibull function were taken from Nagel and Biging’s (1995)
original publication and are representative of northwest Ger-
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No. Name Reference Comment

0 No edge-bias compensation — Control
1 Translation (= torus, periodic boundary conditions) Torquato 2002; Radtke and Burkhart 1998 Fig. 1
2 Reflection Pretzsch 2002; Radtke and Burkhart 1998 Fig. 1
3 Buffer zone Diggle 2003; Gadow et al. 2003; Ripley 1981 5 m
4 NN1 Equations 3–4 —
5 NN2 Equations 7–8 —

Table 3. Overview of the edge-bias compensation methods used in this study.

W
P1

0

P1n

s1

P2
P2n

c
1

c
2

s2

Fig. 3. Illustration of the working principle of the indicator vari-
able ni. For point P1, n1 = 0 (since its distance s1 to the bound-
ary of W is smaller than the distance c1 to the nearest neighbour
P1n in the window), and for point P2, n2 = 1.
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many (where species 1 is oak (Quercus robur L., Quercus
petraea (Matt.) Liebl.) and species 2 is beech (Fagus
sylvatica L.)). Specific quadratic mean diameters were ap-
plied to each species (see Table 4) and as a result the diame-
ter ranges of both species are also very different.

The purpose of the dependent marking procedure is to ob-
tain isolated trees of species 1 and clusters of species 2.
Such patterns appear, for example, in managed central Euro-
pean oak forests, where each dominant oak tree is sur-
rounded by a group of smaller sized trees of one or more
shade-tolerant species, for example, beech (Pommerening
2002).

Tables 4 and 5 summarize the specific processes used in
the study. While the point patterns of Table 4 illustrate only
1 replication out of 10 000, the numerical values in the first
six columns of Table 5 are the estimated true values, for the
simulated models, of the indices for the processes involved.
Formulae for these values could be derived mathematically
in the case of Poisson processes with independent marks, but
not for the more complicated processes. Thus, all values of
Table 5 relating to the processes were determined numeri-
cally by simulation. For this purpose 100 very large forests
(1000 m × 1000 m) were simulated to be sure that edge ef-
fects are negligable. The true index values were then deter-
mined as the arithmetic means of the 100 replications.

The mean values of the indices clearly reflect the qualita-
tive differences between the processes. For example, for the
aggregation index of Clark and Evans, a value larger than 1
for the Matérn hard-core processes indicates the given ten-
dency towards regularity. For the Matérn cluster processes
on the other hand the value is, as expected, smaller than 1.

The uniform angle index also behaves as expected, and in
the case of the Poisson process a value of 0.5 is obtained ex-
actly in accordance with its method of construction (Hui and
Gadow 2002).

Real forest data
To validate the results of the statistically advantageous

point processes, data from two monitoring sites in mixed
oak–beech woodlands were used. Detailed information on
the two monitoring plots is given in Fig. 4 and Table 5 (last
two columns).

Manderscheid is a monitoring plot of 80 m × 80 m situ-
ated in the forest district of Manderscheid in the German
federal state Rhineland–Palatinate (Pommerening 2002). The
plot was surveyed in 1996 and consisted of a 118-year-old
oak (Quercus petraea) stand intermingled with beech (Fagus
sylvatica).

The second monitoring site, Boeselager, is also a mixed
oak–beech stand of Quercus robur and Fagus sylvatica. The
plot of 95 m × 116 m was also surveyed in 1996 and is situ-
ated in the Boeselager Estate in the Sauerland region (Ger-
man federal state Northrhine–Westfalia; Bölsing 1996). At
the time of surveying the oak trees were 151 years old and
the beech trees 65 years old.

Manderscheid has a structure similar to the simulated
model case Poisson with dependent marks, and Boeselager
reflects Matérn hard-core with dependent marks.

Simulation procedure
The simulation for quantifying the performance of the six

different edge-correction methods (Table 3) was done in the
following way:
(i) Processes: Simulation of 10 000 forests (Poisson,

Matérn hard-core, and Matérn cluster processes) in a
window of 250 m × 250 m. Samples with smaller win-
dows of decreasing size from 200 m × 200 m down to
30 m × 30 m were cut out of the centre.

(ii) Real forest data: Simulation of 100 replications in the
original plot windows. Samples with smaller windows
of decreasing size from 70 m × 70 m (90 m × 90 m)
down to 15 m × 15 m were cut, with a centre point
randomly selected for each replication so that the sam-
ple window was located fully inside the original plot
window.

Evaluation statistics
For the evaluation of the performance of the six edge-bias

compensation methods (estimators) the bias and root mean
squared error (RMSE) were used.

[9] Bias = −M M�

[10] RMSE =
−

−
=

∑1
1

2

1n
M Mk

k

n

( � )

where
M “theoretical” mean index value (i.e., “population”

value), that is, “theoretical” mean species mingling;
�M index value, that is, species mingling, estimated from

the 10 000 (100) replications;
�Mk index value, that is, species mingling, estimated from

replication k;
n number of replications; here n = 10 000 (100).

Because of a lack of space the bias is displayed only for
the uniform angle, Clark and Evans, and Pielou indices in
the next section. Graphs showing the bias of the other indi-
ces can be obtained from the authors upon request.

All results were obtained from the authors’ own software
routines written in Pascal and Java and from the first au-
thor’s CRANCOD program.

Results and discussion

Figures A1–A12 (Appendix A) show the behaviour of the
edge-correction methods expressed by bias (eq. 9) and
RMSE (eq. 10) for each of the six indices depending on
number of trees and point process model or monitoring plot.
To enable comparisons, plot size was converted to number of
trees using the known intensities. The Clark and Evans and
the uniform angle index only account for the spatial arrange-
ment of tree positions, so the results in Figs. A1, A2, A6,
and A7 are the same for both dependent and independent
marking. As expected, the RMSEs increase with decreasing
numbers of trees.

The reaction of the six edge-correction methods of Ta-
ble 3 to decreasing numbers of trees differs with the index
involved. The speculative methods of no edge correction (0)
and translation (1) (Pretzsch 2002; Diggle 2003) perform
surprisingly well. This can be explained by the fact that
these methods use all points in the window as reference
points and accept some incorrect local values of the indices,
which perhaps cancel each other out. Edge-bias investiga-
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tions into competition indices came to similar conclusions
(Monserud and Ek 1974; Radtke and Burkhart 1998). The
translation method provides good estimators for all indices
investigated. No edge correction is a good approach with
most indices investigated and generally does not result in
bad estimations. Two exceptions are the behaviour of the
uniform angle and the Clark and Evans index. With these
two indices, applying no edge correction is usually associ-
ated with a considerable bias throughout the range of num-
bers of trees observed. In the case of the uniform angle
index, for points close to the window edge the nearest neigh-
bours in the window are positioned towards the interior of
the window, resulting in quite unusual angles, which spoil
the statistical estimation.

The traditional method of reflection (2) leads, in many
cases, to the highest RMSE (e.g., DBH dominance, DBH
differentiation, Clark and Evans, and Pielou indices). The
bias analysis reveals that the reflection method (2) results in

the largest bias values across all processes and real forest
data, the only exception being the uniform angle index, for
which reflection provides a good estimator.

Edge-correction methods that reject trees close to the
boundaries of the observation window (methods 3–5) usu-
ally result in rapidly increasing bias values with decreasing
numbers of trees, since the remaining number of trees be-
comes so small that ratio-unbiased estimators lose their good
properties.

In most cases the buffer method (3) produces reasonable
estimators (with the exception of cluster processes and
Pielou index for hard-core processes and the mingling, DBH
differentiation, Clark and Evans, and Pielou indices for the
two real forest data sets). Where it performs well it often
leads to similar RMSEs as those produced by the NN1 esti-
mator.

A comparison of the theoretically unbiased methods, NN1
(4) and NN2 (5), shows that throughout the application

Matérn cluster Poisson Matérn hard-core

Parameters R = 3.0

λ = 0.03

dg1 = 36 cm

dg2 = 13 cm

λ = 0.02

dg1= 60 cm

dg2 = 26 cm

h = 5.5

λ = 0.01

dg1 = 75 cm

dg2 = 41 cm

Note: “Dependent” and “independent” refer to the dependent and independent ways of marking tree locations with binary species and DBH. The spe-
cific parameters of the processes are given in a specific row and below the images. R, cluster diameter (m); λ, intensity; dg1, dg2: quadratic mean diame-
ter (cm) of species 1 and 2, respectively; h, minimum distance between tree locations; r0, tree influence zone radius (m); p1, probability of species 1.

Table 4. Visualization (in a 100 m × 100 m window) of the processes involved in this study (species 1, black; species 2, gray).



range of this study both approaches behave similarly, al-
though NN1 leads in a number of cases (uniform angle,
DBH dominance, DBH differentiation, Clark and Evans,
Pielou indices) to a smaller bias and can therefore be re-
garded as a safe option. Judging by the RMSE, NN1 pro-
vides a good estimator for the Clark and Evans index in
particular. Both NN1 and NN2 perform well for DBH domi-
nance, DBH differentiation, Clark and Evans, and Pielou in-
dices if cluster processes are involved. The NN estimators
(methods 4 and 5) omit many points close to the plot edge,
which results in a large variability of the estimators. Their
bias characteristics, however, especially those for NN1

(method 4), are very favourable except for a very small
numbers of trees.

The bias analyses also clearly illustrate the difference be-
tween point patterns with dependent and independent mark-
ing. Figure A9, for example, shows that in the case of
dependent marking there is a much larger differentiation be-
tween the different edge-correction methods, while the cor-
responding curves for the independent cases are very close
together. Similar behaviour occurs with the mingling, DBH
dominance, and DBH differentiation indices. The stronger
the dependencies between tree locations and tree attributes
the larger the bias differences of the estimators.
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Fig. 4. Visualization of the real forestry data used in this study (left: Manderscheid, right: Boeselager; oak (species 1), black; beech
(species 2), gray).

Matérn cluster Poisson Matérn hard-core Real forests

Marking Dep. Indep. Dep. Indep. Dep. Indep. Manderscheid Boeselager

UAI 0.60 0.60 0.50 0.50 0.42 0.42 0.47 0.46
Mingling 0.21 0.39 0.25 0.39 0.38 0.50 0.44 0.26
DBH dominance 0.53 0.50 0.53 0.50 0.52 0.50 0.53 0.51
T1 0.33 0.41 0.35 0.40 0.33 0.34 0.40 0.42
Clark and Evans 0.43 0.43 1.00 1.00 1.44 1.44 1.03 1.18
Pielou 0.44 0.00 0.38 0.00 0.22 0.00 –0.22 –0.15
BA (both species) 13.72 13.49 22.62 22.57 30.07 30.06 28.69 40.59
SPH (both species) 363.90 357.87 200.01 199.98 99.97 99.97 381.25 668.78
dg (both species) 21.33 21.91 37.94 37.91 61.89 61.88 30.95 27.80
BA (species 1) 9.97 9.80 14.97 14.94 24.12 24.11 17.12 23.48
SPH (species 1) 98.11 96.45 53.49 53.41 54.22 54.18 126.56 97.10
dg (species 1) 35.98 35.97 59.70 59.68 75.26 75.27 41.50 55.49
BA (species 2) 3.75 3.68 7.64 7.63 5.95 5.95 11.57 17.11
SPH (species 2) 265.79 261.42 146.52 146.57 45.75 45.79 254.69 571.69
dg (species 2) 13.40 13.40 25.77 25.75 40.71 40.69 24.05 19.52

Note: UAI, uniform angle index (eq. 1 in Table 1); mingling, species mingling (eq. 2 in Table 1); DBH dominance (eq. 3 in Table 1); T1, DBH differ-
entiation (eq. 4 in Table 1); Clark and Evans, Clark and Evans (1954) aggregation index; Pielou, Pielou’s (1977) coefficient of species segregation; BA,
basal area (m2); SPH, trees per hectare; dg, quadratic mean diameter (cm). “Dep”. and “Indep.” refer to the dependent and independent ways of marking
tree locations with binary species and DBH. In the case of the real forest sites oak is coded as species 1 and beech as species 2.

Table 5. “Theoretical” arithmetic mean values (mean values of 100 very large forest stands were simulated in a 1000 m × 1000 m
window) and population values (of the two real forest sites) of selected forestry characteristics.



Especially when comparing DBH dominance and DBH
differentiation indices it is evident that there are similar error
patterns with indices quantifying equivalent aspects of spa-
tial diversity. That the DBH of trees, especially, is correlated
with the pattern of tree positions is well known from studies
investigating competition indices (e.g., Pretzsch 2002). The
error patterns of the indices accounting for species diversity
and the diversity of tree positions are also similar but not as
much as in the case of dimension diversity.

Conclusions

The optimal choice of edge-correction method is depend-
ent on the algorithm of the index and on the spatial pattern
of tree positions. This is particularly important when there
are dependencies between the pattern of tree positions and
the other tree attributes (marks), as this is often the result of
competition processes and (or) woodland management. This
highlights the importance of conducting sensitivity studies
whenever new indices are developed or existing ones are
modified.

The results clearly demonstrate the poor performance of
the reflection method (2). This approach to edge correction
should therefore be avoided in any investigation.

All methods that reject some sample trees (minus sam-
pling, 3–5) usually lead to large bias values when the num-
ber of trees is small and therefore they should only be
applied to samples containing a sufficiently large number of
trees (≥100). These methods emphasize that the number of
trees available for the index estimation is an important per-
formance criterion.

Using the mathematical–statistically motivated edge-
corrected NN1 estimator (method 4) with most indices leads
to small bias values and can therefore be regarded as a se-
cure option with sufficiently large numbers of trees. How-
ever, the NN1 and NN2 estimators can in many cases lead to
larger RMSEs than those produced by ignoring the effect of
edge bias or translation. Future research in edge-correction
methods should develop the NN1 and NN2 approach by
minimizing the loss of data and reducing the variability of
the estimators.

Indices accounting for tree positions and especially those
based on angles require edge-correction methods, no matter
how large the sample size is. Translation, buffer zone, and
NN1 methods are suitable methods to reduce error.

Plots to monitor indices of spatial biodiversity by means
of spatial indices should be sufficiently large to minimize
edge effects. This is especially crucial with long-term moni-
toring in forestry where the number of trees steadily de-
creases during the rotation period. Where small plot sizes
are unavoidable, for example, in forest inventories with
small-sized circular sample plots designed for other pur-
poses (Gignoux et al. 1999), it is advisable to include the
neighbours immediately outside the plot in the survey.
Stoyan and Stoyan (1994) and Stoyan et al. (1995) refer to
this method as plus-sampling. Plus-sampling is unbiased but
requires additional measurements.
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Fig. A1. Uniform angle index: results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) in relation
to the point process models.
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Fig. A2. Uniform angle index: results of the bias performance of the edge-bias compensation methods 0–5 (see Table 3) in relation to
the point process models.
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Fig. A3. Mingling index: results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) in relation to the
point process models. “Dependent” and “independent” refers to the dependent and independent way of marking tree locations with bi-
nary species and DBH.
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Fig. A4. DBH dominance index: results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) in rela-
tion to the point process models. “Dependent” and “independent” refers to the dependent and independent way of marking tree loca-
tions with binary species and DBH.
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Fig. A5. DBH differentiation index: results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) in re-
lation to the point process models. “Dependent” and “independent” refers to the dependent and independent way of marking tree loca-
tions with binary species and DBH.
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Fig. A6. Clark and Evans index: results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) in rela-
tion to the point process models.
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Fig. A7. Clark and Evans index: results of the bias performance of the edge-bias compensation methods 0–5 (see Table 3) in relation
to the point process models.
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Fig. A9. Pielou index: results of the bias performance of the edge-bias compensation methods 0–5 (see Table 3) in relation to the
point process models. “Dependent” and “independent” refers to the dependent and independent way of marking tree locations with bi-
nary species and DBH.
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Fig. A10. Results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) and the uniform angle, min-
gling, and DBH dominance indices in relation to the two forestry data sets.
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Fig. A11. Results of the RMSE performance of the edge-bias compensation methods 0–5 (see Table 3) and the DBH differentiation,
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Fig. A12. Results of the bias performance of the edge-bias compensation methods 0–5 (see Table 3) and the uniform angle, Clark and
Evans, and Pielou indices in relation to the two forestry data sets.
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 Summary 

  The success of current initiatives to maintain and enhance the area of and the special habitats 
provided by the remnant semi-natural pinewoods of northern Scotland will depend upon foresters ’  
ability to foster more natural structures in even-aged plantations through stand manipulation. 
However, there is little information on the structures and spatial patterns that can be found in Scottish 
pinewoods; such knowledge could be used to design appropriate silvicultural regimes. A study was 
carried out to compare spatial structure in three 0.8 – 1.0 ha plots in the Cairngorms National Park; 
one plot was a 78-year-old plantation stand, the other two were semi-natural stands with trees up 
to 300 years old. Basic mensurational data showed that the semi-natural stands were characterized 
by a wider range of tree sizes and more large (>50 cm d.b.h.) trees. Spatial structure was evaluated 
with a range of different indices: the aggregation index of Clark – Evans (CE), the uniform angle 
and diameter differentiation indices, Ripley’s  L  function of tree spatial distribution, pair and mark 
correlation functions and experimental variograms of tree diameter. The CE revealed a regular 
distribution in the plantation with the semi-natural stands having a random pattern. Further analysis 
of the latter stands indicated that, in each case, the older trees in the stand were regularly distributed 
while the younger ones were clustered. There was little difference in uniform angle values between 
the stands while the diameter differentiation distributions suggested greater variety in diameter 
within the semi-natural stands than in the plantation. The Ripley’s  L  function showed that trees in 
the plantation were regularly distributed at close distances but clustered over wider distances. There 
were differences in pattern between the semi-natural stands; in one, trees were clustered because the 
positions of the younger trees were infl uenced by past regeneration trials, whereas in the other stand a 
random pattern was observed. Similarly, the variogram indicated widespread homogeneity in diameter 
within the plantation, while the semi-natural stands showed high variation at close spacing because 
of competition followed by spatial autocorrelation up to  ~ 20 m distance. Thereafter, one of these 
stands had a very different pattern because of a more intensive regeneration history. All the indices, 
apart from uniform angle, were able to discriminate between the plantation and the two semi-natural 
stands, but only the more detailed spatial indices were capable of identifying differences within the 
latter. The implications of these results for management strategies in plantations are discussed.   
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                   Introduction 

 Scots pine ( Pinus sylvestris  L.) is the most widely 
distributed conifer species in the northern hemi-
sphere with a European range stretching from the 
Urals to the Atlantic and from the Barents Sea 
to the Mediterranean ( Nikolov and  Helmisaari, 
1992 ). It is one of three conifer species native 
to Great Britain with a natural distribution con-
fi ned to the northern Highlands of Scotland, 
where  ~ 18,000 ha of ancient semi-natural (The 
term  ‘ ancient semi-natural ’  is used (Anonymous 
2003)) in Britain to identify woods composed of 
locally native trees and shrubs which are derived 
from natural regeneration rather than planting 
(i.e. semi-natural). A wood is classed as  ‘ ancient ’  
when it is known to have occurred continuously 
on the site since at least 1750 (in Scotland) and 
often considerably earlier ( Anonymous, 2003 )) 
pinewoods survive ( Mason  et al. , 2004 ). The 
area of these remnants (hereafter called  ‘ the native 
pinewoods ’  or  ‘ Caledonian pinewoods ’ ) repre-
sents  ~ 1 per cent of the original area covered by 
the natural pine forests 4000 years ago ( McVean 
and Ratcliffe, 1962 ). These forests were pro-
gressively reduced in extent over the centuries 
through a variety of unsustainable practices such 
as overgrazing, burning and exploitation ( Steven 
and Carlisle, 1959 ;  Smout, 1997 ). Despite their 
much reduced area, the native pinewoods are 
an integral part of some of the most cherished 
landscapes in the Scottish Highlands which at-
tract visitors from many parts of Britain and the 
wider world. The need to conserve and restore 
these pine forests has been increasingly recog-
nized ( Stevenson and Peterken, 2004 ) since the 
publication of the fi rst authoritative survey some 
50 years ago ( Steven and Carlisle, 1959 ). These 
forests contain a number of rare species of fauna 
and fl ora that, in Britain, are dependent upon the 
favourable habitat provided by the native pine-
woods. Examples include the capercaillie ( Tetrao 
urogallus  L.), crested tit ( Lophophanes cristatus  
L.) and twinfl ower ( Linnaea borealis  L.). As a 
result, the native pinewoods are recognized as a 
priority habitat under the EU Habitats Directive 
( Mason  et al. , 2004 ) and a Pinewood Habitat 
Action Plan ( Anonymous, 1995 ) has been pub-
lished. The latter aimed to increase the area of 
the remnant pinewoods by 35 per cent by 2005 
and also sought to create 25   000 ha of new native 

 pinewoods through a mixture of natural coloni-
zation and planting. 

 Because of their high conservation and land-
scape value, there has been very little timber 
production from any of the pinewood remnants 
during the last 50 years. Most Scots pine tim-
ber harvested in Britain is derived from 220   000 
ha of plantations located on nutrient poor and 
free draining mineral soils throughout the coun-
try, where the species provides acceptable tim-
ber yields with moderate establishment costs 
( Mason, 2000 ). The prevailing silvicultural sys-
tem used in the plantations is patch clearfelling 
with artifi cial regeneration and a rotation age of 
 ~ 60 – 80 years. Perhaps because of the prevalence 
of this even-aged management system, to date lit-
tle consideration has been given to the potential 
role of Scots pine plantations in the proposals for 
the restoration and expansion of the native pine-
woods. This is despite there being  ~ 100   000 ha 
of such plantations within the native pinewood 
zone in northern Scotland ( Mason  et al. , 2004 ). 
However, recent studies have shown that pine 
stands of plantation origin where the overstorey 
trees have been retained for periods of perhaps 
120 – 150 years can provide suitable habitat for 
species of high biodiversity value ( Humphrey  
et al. , 2003 ). Therefore, alternative approaches 
to the management of Scots pine plantations may 
have an important role to play in the develop-
ment of an expanded pinewood ecosystem in 
northern Britain. Unfortunately, there is little tra-
dition of using alternative systems to clearfelling 
and artifi cial regeneration in the management of 
Scots pine forests in Britain, although there are 
reports of shelterwood and seed tree systems on 
private estates with extensive pine plantations 
(e.g.   Guillebaud, 1933 ;  Hart, 1995 ). 

 In addition, one concern over the future of 
the native pinewoods involves the lack of regen-
eration that is apparent in many of the remnant 
woodlands. This is believed to be due to a va-
riety of reasons including heavy deer pressure, 
severe competition from ericaceous shrubs, a 
lack of adequate regeneration niches and reduced 
seed yields because of an ageing tree population 
( Nixon and Cameron, 1994 ;  Scott  et al. , 2000 ; 
 Mason  et al. , 2004 ). Because many of the mature 
trees in these remnant stands are over 200 years of 
age, the habitat is increasingly vulnerable to dis-
turbance and tree mortality and the consequent 
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loss of the structural features (e.g. coarse woody 
debris, hollows in old trees) required for many of 
the specialist pinewood species disturbance. The 
new native pinewoods created in recent decades 
will take many years to develop these desirable 
features. This again suggests that modifi ed man-
agement of pine plantations may have a role to 
play in sustaining key features of the native pine-
wood habitat. 

 Appropriate application of principles derived 
from knowledge of stand dynamics is an important 
element in successful restoration of forest ecosys-
tems with a complete range of stand structures. 
Pine plantations in Scotland under conventional 
silviculture are largely comprised of stands in 
the  ‘ stand initiation ’  and  ‘ stem exclusion ’  phases 
( sensu   Oliver and Larson, 1996 ). By contrast, the 
larger native pinewoods contain structures char-
acteristic of all four phases of stand development 
( Summers  et al. , 1997 ;  Mason  et al. , 2004 ). In 
particular, it is argued that many of the biodiver-
sity and spiritual values associated with the pine-
woods are linked to the presence of open stands 
with a mosaic of large trees of 50 – 100 cm d.b.h. 
( Gill, 1995 ). Thus, the presence of capercaillie is 
positively infl uenced by the combination of such 
structures with abundant ground cover of bil-
berry ( Vaccinium myrtillus  L.) ( Kortland, 2003 ). 
Stands of this type are considered to be charac-
teristic of the  ‘ old growth ’  phase in  Scottish pine 
forests ( Mason, 2000 ) and one aim of manage-
ment of plantations is to foster the development 
of old growth features through thinning ( Taylor, 
1995 ). This is primarily achieved by regimes that 
increase the small-scale spatial variation by creat-
ing a mosaic of heavily thinned areas that alter-
nate with untouched groups. These approaches 
have similarities to the variable density thinning 
(VDT) promoted in north-west America as a 
means of improving ecosystem diversity in second 
growth conifer forests ( Carey, 2003 ). In Sweden, 
VDT has been proposed as means of promoting 
within stand structural diversity in Scots pine for-
ests ( Fries  et al. , 1997 ). This approach is com-
bined with the indefi nite retention of 5 – 20 seed 
trees ha  − 1 as a means of increasing the occurrence 
of old trees within regenerated stands. A similar 
approach termed  ‘ group thinning ’  with a mixture 
of denser groups and a more heavily thinned ma-
trix has been proposed for beech ( Fagus sylvatica  
L.) forests in central Europe ( Kato, 1979 ). 

 While the ideas behind VDT appear reason-
able, there is uncertainty as to the scale and pat-
tern in which such regimes should be applied. 
Most attempts to introduce VDT in pine stands 
in  Britain have used subjective adjustment of thin-
ning schedules used to maximize timber produc-
tion in even-aged plantations (e.g.  Taylor, 1995 ). 
Such approaches fail to defi ne the desired spatial 
arrangement in the stands being manipulated 
and there is a consequent risk that the structures 
produced may not be the most appropriate for 
biodiversity and that there may be some interven-
ing loss in timber production and quality. 

 One way of improving guidance on the appro-
priate patterns and intensity of VDT is to base 
this on comparative analysis of spatial patterns 
of tree distribution and other structural param-
eters in both existing  ‘ old growth ’  pine stands 
and younger ones of plantation origin.  Pom-
merening (2002)  reviewed a number of spatial 
indices that could be used to characterize stand 
structures and having applied them to a range 
of German stands suggested how these might be 
used to measure differences between forests over 
space and time including the impact of differen-
tial harvesting. Such studies have indicated that 
more intensively managed stands tend to show 
a more regular arrangement of stem distribu-
tion than that occurs in more natural ones and 
that this regularity is particularly noticeable at 
comparatively short distances. However, while 
these fi ndings conform to general understand-
ing of the impact of silviculture upon Scots pine 
forests in northern Scotland, there are no pub-
lished data to show whether the detailed results 
obtained in other countries can be readily ex-
trapolated to British site types and conditions. 
One advantage of these indices is that they can 
be derived from data collected in small plots 
used in forest inventories and other types of 
monitoring ( Pommerening, 2002 ,  2006 ). 

 In this paper, we present the results from a 
study of the diameter and age-class distributions 
and spatial structure of three Scots pine stands 
in north-east Scotland of different ages and with 
varying management histories. We compare the 
information provided by an aggregate index of 
spatial structure and two neighbourhood-based 
indices against the more detailed analysis pro-
vided by functions based upon known tree posi-
tions and sizes. We discuss how the results might 
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inform ways of promoting more natural struc-
tures in Scots pine plantations.  

  Materials and methods 

  Sample sites 

 The three stands are located in Glen More and 
Abernethy forests within the Cairngorms Na-
tional Park (57° 30 ′  N and 4° 15 ′  W). Both these 
forests are considered to form part of the na-
tive pinewoods of Scotland ( Steven and Carlisle, 
1959 ) and have been dominated by Scots pine 
for several millennia ( Mason  et al. , 2004 ). The 
stands called  ‘ young ’  and  ‘ old ’  Glen More occur 
within 1 km of each other at an altitude of  ~ 330 
m a.s.l., while the Abernethy stand occurs  ~ 10 
km to the north-east at a similar elevation. Mean 
annual rainfall is  ~ 900 mm, while mean annual 
temperature is  ~ 6.0°C. The soils are typically free 
draining podzols with occasional weak iron pans, 
while the vegetation is dominated by  Calluna 
vulgaris  (L.) Hull,  Vaccinium myrtillus ,  V. vitis-
idaea  L.,  Deschampsia fl exuosa  (L.) Trin. and the 
mosses  Polytrichum commune  Hedw. and  Hylo-
comium splendens  (Hedw.) Br. Eur.. This forest 
type is typical of the native pinewoods of north-
east Scotland and is considered to be similar to 
the acidic pinewoods of Scandinavia ( Rodwell 
and Cooper, 1995 ). 

 Both Glen More and Abernethy forests were 
exploited for their timber in previous centuries. 
Management practices before 1750 are little 
known but are likely to have involved selective 
exploitation of a range of tree sizes for local use 
(see  Smout, 1997  for discussion of the history of 
forest management on an adjacent forest). From 
 ~ 1780 until 1850, there were periods of intense 
harvesting in both forests which severely depleted 
the growing stock of mature trees ( Dunlop, 
1997 ). 

 The extent of the exploitation in Glen More 
was so extreme that by 1850 local foresters re-
ported that few large trees of harvestable quality 
could be found ( Dunlop, 1997 ). For the follow-
ing half century Glen More was mainly managed 
as a sporting estate for deer stalking. The forest 
was acquired by the Forestry Commission in the 
early 1920s following further felling during the 
1914 – 1918 war. The  ‘ old ’  stand was an area of 

 ~ 5 ha reserved in 1930 for research experimen-
tation when it was described as having a 50 – 80 
per cent coverage of old pine trees ( MacDonald, 
1952 ). A number of small-scale regeneration ex-
periments were carried out between 1930 and 
1938 and thereafter it has been maintained as a 
non-intervention reserve to examine the long-  term 
natural dynamics of pine stands ( MacDonald, 
1952 ;  Henman, 1961 :  Thompson  et al. , 2003 ). 
The 0.8-ha plot described in this paper is that 
part of the old stand most intensively studied in 
recent years ( Edwards and Rhodes, 2006 ). The 
 ‘ young ’  Glen More plot was part of a 30-ha stand 
planted in 1926 on the site of an old stand that 
was felled during the 1914 – 1918 war. The stand 
had been thinned at least three times on an 8- to 
10-year cycle between 1956 and 1996. In 2003, 
six 1 ha plots were installed as part of an experi-
ment to compare the effect of different patterns 
and intensities of thinning upon subsequent stand 
structure. The data presented in this paper are for 
the control plot (i.e. not thinned in 2003/2004) in 
the experiment, selected as being typical of older 
pine plantation stands in the region. 

 Abernethy forest formed part of the Seafi eld 
estates which were well-known in the fi rst part 
of the last century for being the only example 
in Britain where natural regeneration of Scots 
pine had been successfully promoted over a long 
time period and on a large scale ( Guillebaud, 
1933 ). The main silvicultural system used was a 
uniform shelterwood with a seeding felling over-
storey density of  ~ 250 trees ha  − 1  followed by 
progressive removal of the overstorey as natural 
regeneration developed ( Guillebaud, 1933 ). This 
system was gradually abandoned after 1945 and 
greater emphasis was given to patch clearfell-
ing systems. Despite this, Abernethy is the larg-
est remnant of Caledonian pinewood forest in 
Scotland with considerable diversity of stand 
structure ( Summers  et al. , 1997 ). A change of 
ownership in the 1980s resulted in much greater 
emphasis on conservation and amenity objectives 
and there has been no systematic management 
for timber in the last two decades. The Aber-
nethy plot forms part of a 20 – 30 ha area of simi-
lar structure which shows no evidence of timber 
harvesting for at least 30 years and is considered 
to be developing towards a structure typical of 
semi-natural pinewoods (C. Edwards, personal 
communication).  
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  Assessments 

 A standard set of tree parameters was assessed in 
the three plots between 2000 and 2003. The plots 
were all either square or rectangular in layout. 
Diameter at breast height (1.3 m above ground: 
d.b.h.) and height of all trees of >7 cm d.b.h. 
were recorded, together with their  x ,  y  positional 
coordinates mapped to the nearest 10 cm using 
a Criterion laser supplemented by compass and 
tape measure as necessary. An increment core 
was taken from all trees at 1.0 m above ground in 
the old Glen More and Abernethy plots and age 
(at 1.0 m) calculated from counting of rings via a 
travelling microscope using standard procedures 
( Stokes and Smiley, 1968 ). We did not take cores 
in the young Glen More stand because the plant-
ing history and age could be confi rmed from local 
records. At Abernethy and in the old Glen More 
stand, any dead trees or those where increment 
cores were unobtainable (<1 per cent of the total) 
were excluded from the analysis.  

  Spatial indices 

 The indices we used to analyse the data from the 
three stands were the following. Details of the 
formulae used to calculate each index are given in 
 Table 1  together with other supporting informa-
tion. In the paragraphs below we provide a brief 
overview of each index:
    

     1     The  ‘ aggregation index ’  of  Clark and Evans 
(1954)  where the average distance between 
trees and their nearest neighbours ( r  A ) is com-
pared with the expected mean distance if the 
trees were randomly positioned ( r  E ). Values of 
CE lie between 0 and 2.1491; if the index is <1, 
there is deemed to be clustering, while values of 
>1 denote regularity. A completely random pat-
tern will have a value of 1. The signifi cance of 
any deviation from an index value of 1 can be 
tested using the SD of  r  E  in a randomly distrib-
uted forest of given density ( Kint  et al. , 2000 ).  

     2     The  ‘ uniform angle (contagion) index ’  ( W i  ) of 
 von Gadow  et al.  (1998)  which can be used 
to evaluate small-scale pattern based on the 
regularity of the positions of the four near-
est neighbours to a given tree ( Pommerening, 
2002 ;  Aguirre  et al. , 2003 ).  Pommerening 
(2002)  followed  Albert (1999)  in suggesting 

that mean  W i   values of <0.5 indicates a regu-
lar distribution, values of 0.5 – 0.6 character-
ize a random distribution, while those >0.6 
are found with clumped distributions. Com-
paring the distribution of the fi ve possible val-
ues of  W i  (0, 0.25, 0.5, 0.75 and 1.0) provides 
more detailed insight into structural variabil-
ity within a stand ( Aguirre  et al. , 2003 ).  

     3     The  ‘ diameter differentiation index ’  ( T ij  ) 
which provides information on the spatial dis-
tribution of tree sizes ( Pommerening, 2002 ). 
Values of the index vary between 0 and 1, 
where low values indicate that the neighbour-
ing trees are similar in size to the reference 
tree while high values indicate variation in di-
ameter between neighbouring trees.  

     4     Ripley’s  ‘  K  function ’  ( K r  ) was developed to 
analyse mapped spatial point data ( Ripley, 
1977 ) and has been used in forestry to de-
scribe spatial structure on a continuous basis 
( Stoyan and Penttinen, 2000 ). It provides an 
indication of how many trees are within a 
given distance from the average tree.  

     5     We calculated the  K  statistic for each stand using 
a SAS macro SPATIAL ( Moser, 1987 ). The sta-
tistic was estimated in half metre increments 
up to a distance of  ~ 80 m and a kernel width of 
1.9 m. Where required, prior to calculation 
the tree coordinates were rotated to form a 
classically orientated rectangular lattice and 
translated to have a (0,0) origin.  

     6     We renormalized the  K  function through the 
 L  function ( Wiegand and Moloney, 2004 ) to 
make variance constant and easier to interpret. 
This approach avoids some of the problems 
associated with large variations in values of  K  
at short distances where it is based on few data. 
Note that the standard graphical outputs from 
 Moser (1987)  used in this paper show values 
of  r   −   L(r)  so that positive values indicate regu-
larity and negative values signify clumping.  

     7     The  ‘ Pair ’  ( g r  ) and  ‘ Mark ’   ( diameter) ( k r  )  ‘ Cor-
relation ’  functions are based on point pro-
cess statistics for pairs of trees and depend 
upon the distance between trees ( r ) ( Penttinen 
 et al. , 1992 ). These functions can be plotted as 
a graph showing either the pattern of variabil-
ity of tree locations ( g r  ) or the mutual interac-
tion of trees in terms of an attribute ( k r  ), in this 
case diameter (  Pommerening, 2002 ). When 
trees are distributed at random,  g r     =   1, while 
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 Table 2  :    Basic stand and mensurational details for three experimental Scots pine stands in northeast Scotland  

  Name
Plot area 
(ha)

Date plot 
established

Trees 
(ha −1 )

Tree age 
(years)

Top 
height (m)

Basal area 
(m 2  ha −1 )

Maximum 
d.b.h. (cm)

Number of 
trees >50 
cm d.b.h.  

  Young Glen 
More

1.0 2003 1012 78 15.9 37.4 40 0 

 Old Glen 
More

0.8 1930 274 20 – 225 16.5 25.9 100 48 

 Abernethy 1.0 1997 368 50 – 315 17.9 47.3 115 39  

values greater than 1 indicate, for the par-
ticular distance, a higher frequency of occur-
rence than in a random process. Should this be 
found for short inter-tree distances, then this 
can be an indication of clustering as is found in 
dense groups of regeneration. Where  k r   is con-
cerned, a tendency for values to be less than 
unity at close distances reveals that both trees 
in a pair have smaller diameters than is found 
over the stand as a whole. This can also be a 
consequence of inter-tree competition in dense 
groups of regeneration ( Pommerening, 2002 ).  

     8     We also explored the spatial pattern and spa-
tial autocorrelation of tree diameter in the 
three stands using an  ‘ experimental variogram ’  
 γ ( r ) analysis for each site. The variograms were 
isotropic and had a lag spacing of 1 m. The 
output from this analysis is a plot of  γ ( r ) as a 
function of distance. As the distance between 
points increases, the diameters become increas-
ingly dissimilar and the variance increases. This 
continues until the points are so far apart that 
they are not related to each other and the plot 
approaches a fl at horizontal line. The distance 
within which samples are still autocorrelated 
forms the  ‘ range ’  (  Kuuluvainen  et al. , 1996 ).           

 We used the  ‘ Crancod ’  software package 
(  Pommerening, 2005 ,  2006 ) to help with the 
analysis of the spatial data, the calculation of the 
various indices and the spatial functions. We ex-
plored various methods available in  ‘ Crancod ’  of 
adjusting for edge effects that would be incurred 
by trees within a plot having their nearest neigh-
bour outside the plot and therefore unrecorded. 
The one used for the data presented here is the 
NN1 technique which uses a variable buffer zone 
around the edge of the plot based on the spa-
tial arrangement of the trees. One advantage of 

this method is that it was designed to work with 
nearest neighbour techniques and it was shown 
to reduce bias effectively in a comparative study 
of several different edge correction techniques 
(  Pommerening and Stoyan, 2006 ). The large size 
of the plots each with >100 trees will have limited, 
any of errors associated with this method of edge 
correction ( Pommerening and Stoyan, 2006 ).   

  Results 

  Tree assessments 

 Tree density ranged from slightly more than 
1000 stems ha  − 1  in the young Glen More stand 
to  ~ 370 at Abernethy and  ~ 270 at old Glen More 
( Table 2 ). Tree heights were similar for all sites 
at  ~ 15 – 17 m. The highest basal area was found 
at Abernethy and the lowest at old Glen More. 
Large trees of over 50 cm d.b.h. were only found 
in the old stands with both sites having a few 
trees larger than 100 cm d.b.h.     

 The diameter distribution at young Glen More 
showed a clear peak in the 10 – 20 cm class with 
few trees in the larger d.b.h. classes ( Figure 1 ). 
There was a similar, but lesser, peak in the old 
Glen More stand but here there were substantial 
numbers of trees in the larger sizes. At Abernethy, 
most trees were found in the 30 – 50 cm range with 
a lower percentage in the immediately adjoining 
size classes and a few very large trees.     

 The age-class distribution at old Glen More 
was bimodal, with  ~ 60 per cent of trees of  ~ 20 –
 60 years of age and another group of between 
160 and 220 years ( Figure 2 ). At Abernethy, some 
85 per cent of the trees were between 80 and 
120 years, with slightly fewer than 10 per cent of 
the stand between 180 and 320 years.     
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 Figure 1  .    Percentage diameter distribution by 10 cm d.b.h. classes for the three Scots pine stands. (a) Young 
Glen More, (b) old Glen More and (c) Abernethy.    
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 There was a positive relationship between in-
creasing diameter and tree age at old Glen More 
and Abernethy with respective correlation coef-
fi cients ( r ) of 0.66 and 0.56. However, there was 
considerable scatter in the data and the relation-
ship differed between sites. Thus, a tree of  ~ 50   cm 
d.b.h. at old Glen More might range from less 
than 80 to over 210 years in age, whereas at Ab-

ernethy the equivalent range might be from 70 to 
 ~ 130 years old.  

  Spatial indices 

 Values for aggregation, uniform angle and diam-
eter differentiation are given in  Table 3 . In young 

  

 Figure 2  .    Percentage age-class distribution for (a) old Glen More and (b) Abernethy.    
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Glen More the estimate for aggregation showed a 
regular tree distribution very highly signifi cantly 
( P    <   0.001) different from a random distribution. 
By contrast, the values for the stands at old Glen 
More and Abernethy were indicative of a clumped 
( P    <   0.01) and a random distribution, respec-
tively. However, at the latter sites, we can also 
separate the trees into an  ‘ older ’  and  ‘ younger ’  
cohort based on the ages of the trees ( Figure 2 ). 
At old Glen More the older cohort was defi ned as 
the trees that existed before the regeneration ex-
periments in the 1930s and the younger one those 
that developed as a result of these interventions. 
The aggregation estimate for the former was 
1.00, indicating a random pattern, while an esti-
mate of 0.64 for the young cohort showed highly 
signifi cant clumping ( P    <   0.01). At Abernethy we 
used 150 years to separate the older from the 
younger cohort. The younger trees were again 
clumped (0.87;  P    <   0.01), and there were only 12 
trees in the older category, too few for a reliable 
estimate.     

 The mean value of the uniform angle index 
was similar in all three stands, although the low-
est value (0.48 in the plantation; Table 3) was 
within the range considered typical of a regular 
distribution. Examination of the proportion of 
the different values also showed no major dif-
ferences between the three stands other than a 
slightly higher instance of trees with value 1.0 
(i.e. a clumped distribution) at Abernethy and old 
Glen More. 

 The mean diameter differentiation values also 
showed little variation between the three stands 
( Table 3 ). This lack of differentiation was also 
evident in the analysis of the proportions. The 

only minor difference was that more than 60 per 
cent of the trees at young Glen More belonged to 
the fi rst diameter differentiation class (i.e. their 
immediate neighbours were within 70 per cent 
of their own diameter) compared with 50 and 
60 per cent at Abernethy and old Glen More.  

  Spatial functions 

 The actual positions of the trees in each plot are 
shown in  Figure 3  together with the estimated 
values of  L  in relation to the value for a com-
pletely random distribution and the associated 
95 per cent confi dence limits.     

 At young Glen More, there appeared to be 
weakly signifi cant regularity at very close spac-
ings of 1 – 2 m. However, this trend was reversed 
with increasing distance so that from  ~ 5 until 
50 m there was signifi cant clustering in tree distri-
bution. In old Glen More, there was randomness 
at very short distances, but thereafter signifi cant 
clustering between  ~ 3 and 20 m and again be-
yond 40 m. Between 20 and 40 m, the pattern 
of tree distribution did not seem to deviate from 
randomness. At Abernethy, there was no evidence 
of signifi cant deviation from randomness at any 
distance up to 50 m. 

 We explored patterns of distribution with age of 
tree by separating the trees at old Glen More and 
Abernethy into older and younger cohorts using 
the same age discriminators as in the aggregation 
analysis (see above). At Glen More the younger 
cohort was signifi cantly clustered at all distances 
from 2 to 50 m, with this being particularly pro-
nounced at  ~ 10 m ( Figure 4 ). There was much 
higher variation associated with the distribution 
of the older trees, presumably because of fewer in-
dividuals, but there was again clustering between 
 ~ 5 and 35 m. At Abernethy, the results revealed 
few signifi cant differences from randomness.      

  Pair and mark correlation functions 

 The pair correlation function indicated appre-
ciable differences in spatial pattern between the 
three stands. In young Glen More, there was only 
a suggestion of clustering at very close spacing 
(0.5 m), but thereafter the pattern approximated 
to a random distribution ( Figure 5a ). Old Glen 

 Table 3  :    Comparison of three different spatial indices 
in the experimental Scots pine stands.  

  Stand

Indices 

 Clark-Evans 
(CE)

Uniform 
angle ( W i  )

Diameter 
differentiation 
( T i  )  

  Young Glen 
 More

1.07 0.48 0.26 

 Old Glen 
 More

0.90 0.53 0.30 

 Abernethy 0.94 0.51 0.29  



SPATIAL STRUCTURE OF SCOTS PINE STANDS IN NORTHERN SCOTLAND 577 

  

 Figure 3  .    Spatial stem distribution and Ripley’s L function for (a) young Glen More (rotated 32°), (b) old 
Glen More and (c) Abernethy (rotated 15°).    
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More ( Figure 5b ) showed much greater evidence 
of clustering at all distances up to 12 – 13 m. 
There was also an indication of fewer inter-tree 
distances at  ~ 20 – 25 m, possibly revealing some 
inhibition process between trees. At Abernethy 
( Figure 5c ), clustering was found over a range of 
inter-tree distances up to  ~ 3 – 4 m, but thereafter a 
random pattern prevailed.     

 In the plantation origin stand (young Glen 
More), there was little evidence of spatial correla-
tion of diameters at any distance. By contrast, at 
Abernethy and particularly at old Glen More, the 
trees at closer distances tended to have smaller 
diameters than would be expected for a random 
process. The distances where such differences 
were evident were very similar to those for which 
a clustering effect was evident.  

  Experimental variograms 

 The patterns of variance in diameter with in-
creasing spacing showed appreciable difference 
between the three stands ( Figure 6 ). Young Glen 
More had the most homogeneous pattern with 
comparatively little difference in diameter with a 
high variance value at  ~ 2 m distance, slight auto-
correlation between 3 and perhaps 20 m where 
a sill seemed to occur. The old Glen More stand 
had a very different pattern with high variance 
at the closest 1 m spacing, strong positive auto-
correlation between  ~ 5 and 25 m, a decline in 
variance until  ~ 35 m, followed by moderate auto-
correlation until  ~ 50 m where a sill may occur. At 
Abernethy, the pattern had many similarities to 
old Glen More at the closer distances, but there 

  

 Figure 4  .    Spatial stem distribution and Ripley’s L function for (a) the young trees at old Glen More and 
(b) the old trees at old Glen More.    
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appeared to be a sill reached at  ~ 15-20 m. The 
exponential model provided a reasonable fi t to 
the data at the young Glen More and Abernethy 
stands, but did not describe the pattern evident in 
the old Glen More stand.       

  Discussion 

 There is increasing recognition that the spatial 
pattern of tree positions and sizes within stands 
can be a major infl uence on the fl ow of benefi ts 
provided by forests. However, most traditional 

assessments used in forestry to describe stands 
(e.g. basal area, diameter distributions) do not 
give any information on such patterns and the 
assessments are interpreted through guidance 
in stand management tables which are predi-
cated on maximizing timber production. Other 
patterns may be more appropriate in situations 
where amenity or biodiversity are major objec-
tives of management and so better understanding 
of spatial structure could be helpful in providing 
improved guidance for multi-purpose manage-
ment ( Pommerening, 2002 ). 

 The three stands selected for this study occurred 
within close proximity on similar sites, were of 
similar height and yet had contrasting structures. 
The young Glen More stand showed the restricted 
range of diameter and comparatively high stock-
ing density characteristic of an even-aged stand 
being managed for timber production with thin-
ning at regular intervals to remove a percentage of 
the trees. It exemplifi es a type of structure widely 
found in fi nancially mature Scots pine planta-
tions in northern Scotland. The two semi-natural 
stands had a number of common features such as 
a much wider range of ages than the young Glen 
More stand with older trees exceeding 200 years 
(Glen More) or 300 years (Abernethy). The diam-
eter distributions were also much wider with each 
having  ~ 15 per cent of trees with diameters more 
than 50 cm and a few of 100 cm or more. Thus, 
both stands possessed structural features such 
as large old trees and a wide range of tree sizes 
considered characteristic of old Caledonian pine-
wood stands ( Steven and Carlisle, 1959 ;  Mason, 
2000 ). Similar characteristics have been reported 
from natural pine stands in Finland where stud-
ies of diameter distributions have shown a wider 
range of diameters and more large (>40 cm di-
ameter) trees in natural compared with managed 
pinewoods ( Rouvinen and Kuuluvainen, 2005 ). 

 There were also substantial differences be-
tween the two semi-natural stands, in common 
with other recent studies in Scottish pinewoods 
( Edwards and Mason, 2006 ). The Glen More stand, 
with a lower basal area, had a diameter distribu-
tion which, with the exception of the smallest size 
class, showed similarities to the negative exponen-
tial ( ‘ inverse J ’ ) pattern considered to be charac-
teristic of irregular stands that are thought to be 
self-sustaining ( Hett and Loucks, 1976 ;  Nyland, 
1996 ).  Puumalainen  et al.  (2002)  reported that 
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 Figure 5  .    Correlation functions for tree position 
(pair  −   g  ( r ) ) and mark i.e. diameter ( k  ( r ) ) in relation 
to distance ( r ) for (a) young Glen More, (b) old Glen 
More and (c) Abernethy.    
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a similar distribution has been found in a range 
of boreal forest types. They suggest that this is 
a successional stage that occurs several decades 
after an event promoting a cohort of regenera-
tion (e.g. fi re, scarifi cation). By contrast, at Ab-
ernethy there was a much higher basal area and 
the diameter distribution showed a peak in the 

middle sizes but with a wider spread than found 
in the young Glen More stand. The diameter dis-
tributions did not refl ect the age-class distribu-
tion at either site, in line with other reports than 
have shown wide variation around the expected 
positive correlation between diameter and age in 
Scottish pinewoods ( Nixon and Cameron, 1994 ; 
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 Edwards and Nixon, 1997 ;  Edwards and Mason, 
2006 ). 

 Initial examination of the spatial distribution of 
the trees showed a few differences between the plan-
tation and the semi-natural stands. The aggregation 
index suggested a regular pattern in the young Glen 
More stand and a random or clumped distribution 
in the two older stands.  Kint (2003)  used the same 
index to show that Scots pine stands of 70 – 160 
years in forest reserves in The Netherlands tended 
towards either a regular or a random pattern, with 
the latter characteristic of lower stand densities. 
 Pommerening (2002)  also reported regularity in 
two younger stands of conifers and broadleaves 
with randomness in an older mixed broadleaved 
stand. There was little difference between the three 
stands in the mean value of the uniform angle 
index. Other studies ( Pommerening, 2002 ;  Aguirre 
 et al. , 2003 ) report similar mean values in the range 
of 0.51 – 0.57.  Neumann and Starlinger (2001)  also 
found this index to be less sensitive to differences in 
neighbourhood pattern. 

  Kent and Dress (1980)  used a modelling ap-
proach to show that regular patterns of tree 
distribution would become random over time, 
assuming random mortality and no regenera-
tion. However, where regeneration occurs and 
becomes established, it may be necessary to sepa-
rate the various cohorts within a stand since in 
both semi-natural stands the aggregation index 
showed a regular distribution in the older cohort 
and evidence of clumping in the younger one. 
Similar patterns of clumping in younger cohorts 
have been reported for natural Scots pine stands 
in Latvia ( Brumelis  et al. , 2005 ). 

 More detailed analysis of tree spatial distribu-
tion using Ripley’s  L  function highlighted addi-
tional differences between stands. At young Glen 
More, a more complex pattern was revealed than 
was apparent using the spatial indices. There was 
evidence of regularity at very close spacing pre-
sumably refl ecting the original planting pattern of 
 ~ 1 m spacing that was the norm in the 1920s. The 
clustered distribution revealed from  ~ 5 to 50 m is 
thought to be a consequence of the local thinning 
regime which involved selective removal of better 
quality co-dominant stems for telegraph poles (D. 
Jardine, personal communication). This will have 
had the effect of allowing groups of subdominant 
trees to survive longer than might be expected 
under normal low thinning regimes. 

 This pattern is different from that at old Glen 
More where there was a  ‘ wave-like ’  distribution 
with greatest evidence of clustering at  ~ 10 and 
45 m distances. This pattern appeared to refl ect 
the distributions of the older and younger cohorts. 
Clustering in the older trees was most evident at 
a distance of 15 – 25 m, and this pattern suggests 
that these trees were not retained for silvicultural 
reasons as  ‘ seed trees ’  since a more regular pattern 
would have been evident. The  ‘ wave-like ’  pattern 
appeared to be caused by the distribution of the 
younger cohort that was affected by the layout of 
the 1930s regeneration trials. The latter used a 
plot size of 20 by 20 m but only those treatments 
with simulated strip cultivation at 1 m spacing 
were successful ( Thompson  et al. , 2003 ;  Edwards 
and Rhodes, 2006 ). Thus, the peak at 10 m ap-
pears to be caused by plot size with groups of 
regeneration in the cultivated treatments, while 
that at 50 m refl ects the distribution of cultivated 
plots. Over time, increased competition among 
the regeneration may result in a move towards 
randomness or even regularity as a consequence 
of self-thinning ( Kent and Dress, 1980 ;  Stoyan 
and Penttinen, 2000 ). 

 By contrast, in Abernethy the distribution of 
all stems appeared to be random. Examination 
of the younger cohort gave a suggestion (very 
weakly signifi cant at best) of clumping at 
5 – 10 m. This probably refl ects groups of success-
ful regeneration occurring away from the light 
and moisture competition exerted by the mature 
trees ( Valkonen, 2000 ).  Kuuluvainen  et al.  (1996)  
found a random pattern in a natural Norway 
spruce stand in southern Finland, while a man-
aged stand showed regularity at distances of up 
to 4 m because of the effect of low thinning. 

 Further evidence of clustering in these stands is 
provided by the pair correlation function. In all 
three cases, the tendency for more trees at close 
spacing suggests an effect due to the occurrence 
of groups of regeneration. This is surprising for 
the plantation stand and appears to indicate that 
there was also some natural seeding on this site. 
The general trend is distinct from that reported 
from a number of plantations in continental 
Europe where there is often inhibition at close 
spacings because of the effect of planting distance 
and subsequent thinning ( Penttinen  et al. , 1992 ; 
 Pommerening, 2002 ). At young Glen More and 
Abernethy, the range of distances over which 
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interaction between trees was observed is less 
than 10 m in line with other reports ( Stoyan and 
Penttinen, 2000 ). However, at old Glen More, the 
range at 15 m is appreciably greater as a result of 
the impact of the regeneration experiment. 

 The mean values of diameter differentiation 
indicated comparatively little difference be-
tween stands.  Pommerening (2002)  recorded a 
much higher mean value for a two-storied mixed 
broadleaved stand (0.42) compared with two 
regular conifer and broadleaved stands (0.25 and 
0.21, respectively). It is surprising that there was 
not a greater difference between the young stand 
and the two older ones, given that the latter had 
greater variations in diameter and age. This may 
refl ect the light-demanding nature of Scots pine, 
in that regeneration develops in clumps in gaps 
in the canopy, but is rarely found under an intact 
canopy ( Malcolm, 1995 ). The dominant trees in 
the clumps grow comparatively rapidly towards 
the canopy so that it is unusual to fi nd more 
than two layers within a stand.  Kuuluvainen 
 et al.  (1998)  also noted a bimodal distribution of 
heights (i.e. only small and large trees) in a natu-
ral Scots pine stand in eastern Finland. A conse-
quence of this gap-based regeneration process is 
that nearest neighbours will tend to be of more 
similar size than might be found in more intimate 
stand structures containing more shade-tolerant 
species. The mark correlation function also indi-
cated that all three stands tended to have more 
similar diameters at close spacing, probably as a 
result of the pattern of regeneration. 

 Examination of spatial distributions of diam-
eters using variograms indicated similarities but 
also differences in patterns between the sample 
stands. In all cases there was high variance at 
close distances of 1 – 2 m ( Figure 6 ). This trend has 
been reported in other studies ( Kuuluvainen  et al. , 
1996  , 1998 ;  Kint  et al. , 2003 ) and is considered 
to be the consequence of asymmetric competition 
for light between trees growing in dense clumps 
of regenerated trees. The occurrence of this peak 
in the planted stand (young Glen More) is slightly 
surprising since  Kuuluvainen  et al.  (1996)  did not 
fi nd high variance at close spacing in a managed 
Norway spruce ( Picea abies  Karst.) stand. This 
is probably an artefact of the local thinning re-
gime as discussed above. Beyond 3 – 5 m, at all 
sites there was positive autocorrelation up to a 
distance of  ~ 12 – 20 m, suggesting a pattern of 

neighbouring trees of roughly equal size compet-
ing with each other. The correlation was greater 
in the two natural stands than in the planted and 
managed stand, suggesting that a consequence 
of thinning was to reduce neighbourhood com-
petition while making the overall stand more 
homogeneous. Beyond 20 – 25 m, there was little 
evidence of systematic pattern in either the young 
Glen More or Abernethy stands, but in old Glen 
More there was high variance at  ~ 25 m followed 
by positive autocorrelation between 35 and 50 m. 
This has similarities to the  ‘ wave pattern ’  of tree 
distribution noted above and refl ects the effect of 
the regeneration plots established in the 1930s. 
The high variance at 25 m suggests asymmetric 
competition between the mature overstorey trees 
and the regenerating cohort. The overall pattern 
from Abernethy was similar to that reported 
from natural pine and spruce stands in Finland 
( Kuuluvainen  et al. , 1996, 1998 ). 

 One outcome of this study is to indicate the 
variety of structural pattern that can be found 
within semi-natural stands in the Caledonian 
pinewoods. The reasons for such differences 
may often be a consequence of site history. At 
Glen More, the oldest trees (160 years or more 
of age) are likely to have regenerated following 
the heavy fellings of the early nineteenth century 
( Smout, 1997 ). The sizeable cohort of younger 
trees (40 – 80 years of age) refl ects the favourable 
regeneration conditions provided by strip cultiva-
tion in the experiments carried out in the 1930s 
( Edwards and Rhodes, 2006 ). By contrast, at Ab-
ernethy there are 12 trees of over 150 years of 
age, while the majority of the trees in the stand 
are between 90 and 130 years old. This distri-
bution would be compatible with Guillebaud’s 
description (1933) of the uniform shelterwood 
system used on Seafi eld estates. Thus, a series of 
seeding fellings would have been started in the 
1880s with progressive removal of the oversto-
rey as the regeneration developed. The reason for 
the retention of the few remaining old trees is un-
clear, but it is possible that these were destined 
for a local market requiring very large dimension 
timber. These differences suggest that it would be 
unwise to assume that there is a single model for 
the development of old pinewood stands. There 
may be a range of stand structures appropriate to 
this phase of stand development.  Pommerening 
(2002)  also pointed out that there might not be 
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uniformity in  ‘ natural ’  stand structures between 
reserves, let alone between forest types.  

  Conclusions 

 In these semi-natural pinewood stands, measure-
ments based on tree dimensions alone do not give 
suffi cient insight for informed analysis of past 
history and evaluation of future management. 
Particularly in older stands with few records of 
past interventions, it is essential to complement 
tree measurements with information on tree age 
to give adequate understanding of stand history. 
Without the tree age data, it would be possible to 
misinterpret the diameter distribution at old Glen 
More as an example of an all aged irregular stand 
when it is mainly composed of two cohorts with 
an age difference of  ~ 100 years (see also  Kerr and 
O’Hara, 2000) . 

 When combined with age data, spatial indi-
ces have the potential to provide greater under-
standing of stand development as shown by the 
different values for the aggregation index of the 
two cohorts at old Glen More and at Abernethy. 
However, in this study, neither the uniform angle 
nor the diameter differentiation index proved 
sensitive to variation in stand spatial structure, al-
though alternative formulations such as express-
ing diameter indices in relation to diameter class 
may be more effective (A. Pommerening, personal 
communication). A problem with spatial indices 
is that they provide a snapshot of average disper-
sion within a stand but are less effective in re-
vealing the detailed pattern and causal processes 
( Stohlgren, 2002 ;  Kint  et al. , 2003 ). They do have 
the advantage of not requiring specifi c tree posi-
tions to be determined and the data can be col-
lected in routine inventories. 

 The various spatial functions and the variogram 
of tree diameter provide greater insight since they 
revealed substantial differences between the un-
derlying patterns in the two older stands. They 
also indicated subtle differences in spatial pattern 
in the plantation stand that were not evident from 
the indices. The disadvantage with such functions 
is the cost of obtaining tree positional data. The 
advent of remote sensing technology may start to 
make such intensive measurements more realistic, 
at least in research programmes dealing with ap-
plied stand dynamics. 

 An ultimate aim of this study was to see 
whether the information could be used to for-
mulate preliminary guidance on how to develop 
more natural structures within pine planta-
tions. Current pine plantation management is 
producing stands with more uniformity of tree 
sizes and a different spatial pattern than can 
be found in semi-natural stands. Yet these re-
sults, and other studies ( Edwards and Mason, 
2006 ), reveal the extent to which the  ‘ natural ’  
structure of old Caledonian pinewood stands in 
Scotland are often a legacy of forest manage-
ment decades or even centuries ago. Therefore, 
the issue is not whether plantations can be con-
verted to more natural structures but how this 
is best achieved. One feature of this study is 
that the major differences in spatial structure 
between stands occur at distances of less than 
 ~ 50 m. This suggests that any attempt to fos-
ter greater variation in plantation stands (e.g. 
through VDT) should take place at a compara-
tively intimate scale of perhaps 10 – 20 m. A pos-
sible approach compatible with this scale would 
be to use a modifi ed crown thinning regime 
which progressively removed the competitors 
to 50 – 100 potential dominant trees per hectare. 
One consequence could be to increase the range 
of diameters compared with current plantations 
while avoiding the development of the regular 
structure characteristic of thinning from below 
( Pretzsch, 1998 ). Such an approach would also 
promote trees with the potential to develop into 
the large diameter specimens characteristic of 
the native pinewoods. This would be compat-
ible with greater use of shelterwood or seed tree 
silvicultural systems in pine plantation manage-
ment. Indeed, evidence from this study is that 
the larger trees characteristic of semi-natural 
pinewood stands may often be the remnants of 
past seeding fellings (e.g. Abernethy). Studies in 
Scots pine forests in central Spain also suggest 
that shelterwood systems can increase structural 
and spatial diversity ( Montes  et al. , 2005 ). Thus, 
greater use of silvicultural systems associated 
with Continuous Cover Forestry ( Mason  et al. , 
2004 ) can be seen as a means of developing an 
integrated management of the whole pinewood 
resource in northern Scotland. 

 However, this hypothetical approach still lacks 
information on the appropriate intensity and 
timing of thinning to produce a more natural 
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structure from a younger regular plantation 
stand. To achieve this goal, two aspects need to 
be pursued. Firstly, further spatial analysis of 
both young and especially old pinewood stands 
needs to be undertaken. The latter is of particular 
importance because of the substantial difference 
that this study has revealed between two semi-
natural stands growing in the same region. Such 
investigations should provide a better understand-
ing of the range of structures that can be found 
in old stands in the native pinewoods. However, 
we also need to confi rm that the patterns found 
in the plantation stand are an adequate refl ec-
tion of those found in other pine plantations in 
northern Scotland. Secondly, simulations of the 
effect of different patterns of thinning should 
be undertaken to see the outcome of a range of 
potential VDT strategies. Such simulations are 
needed because of the lack of long-term datas-
ets showing how stands respond to different in-
terventions. They should be based on the use of 
single-tree, distance-dependent growth models to 
 ‘ grow ’  alternative stand structures over time and 
check their suitability for purpose ( Stoyan and 
Penttinen, 2000 ). Without the knowledge gained 
from such research, there is a danger of silvicul-
tural regimes being implemented to  ‘ naturalize ’  
pine plantations that do not produce desired 
structural outcomes and fail to optimize habitat 
provision, amenity value or timber quality.    
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Reconstructing spatial tree point patterns from
nearest neighbour summary statistics measured
in small subwindows

Arne Pommerening and Dietrich Stoyan

Abstract: Spatial tree data are required for the development of spatially explicit models and for the estimation of summary
statistics such as Ripley’s K function. Such data are rare and expensive to gather. This paper presents an efficient method
of synthesizing spatial tree point patterns from nearest neighbour summary statistics (NNSS) sampled in small circular sub-
windows, which uses a stochastic optimization technique based on simulated annealing and conditional simulation. This
nonparametric method was tested by comparing tree point patterns, reconstructed from sample data, with the original
woodland patterns of three structurally different tree populations. Analysis and validation show that complex spatial wood-
land structures, including long-range tree interactions, can be successfully reconstructed from NNSS despite the limited
range of the subwindows and statistics. The influence of the NNSS varies depending on the woodland under study. In
some cases, the sampling results can be improved by reconstruction. Furthermore, it is clearly shown that it is possible to
estimate second-order characteristics such as Ripley’s K function from small circular subwindows through the reconstruc-
tion technique. The results offer new opportunities for adding value to woodland surveys by making raw data available for
further work such as growth projections, visualization, and modelling.

Résumé : Les données spatiales au sujet des arbres sont nécessaires pour développer des modèles spatialement explicites
et pour estimer les statistiques sommaires telles que la fonction K de Ripley. De telles données sont rares et coûteuses à
acquérir. Cet article présente une méthode efficace pour synthétiser les patrons de points qui représentent des arbres dans
l’espace à partir des statistiques sommaires du plus proche voisin, échantillonnées dans de petites sous-fenêtres circulaires.
Cette méthode utilise une technique d’optimisation stochastique basée sur le recuit simulé et la simulation conditionnelle.
Cette méthode non paramétrique a été testée en comparant des patrons de points représentant des arbres, reconstitués à
partir de données d’échantillonnage, avec la structure forestière originale de trois populations d’arbres différentes du point
de vue structural. L’analyse et la validation montrent que la structure spatiale complexe de la forêt, incluant les interac-
tions à long terme entre les arbres, peut être reconstituée avec succès à partir des statistiques sommaires du plus proche
voisin malgré l’étendue limitée des sous-fenêtres et des statistiques. L’influence des statistiques sommaires du plus proche
voisin varie selon la forêt à l’étude. Dans certains cas, les résultats de l’échantillonnage peuvent être améliorés par la re-
constitution. De plus, il est clairement démontré qu’il est possible d’estimer les caractéristiques de second ordre telles que
la fonction K de Ripley à partir de petites fenêtres circulaires par la technique de reconstitution. Les résultats offrent de
nouvelles opportunités pour valoriser les inventaires forestiers en rendant disponible des données brutes pour d’autres trav-
aux tels que des projections de croissance, de la visualisation et de la modélisation.

[Traduit par la Rédaction]

Introduction
To understand many problems in woodland ecology and

management, detailed spatial tree data are a necessary pre-
requisite. For example, computer-based habitat and land-
scape models need such information (Letcher et al. 1998;
Merrill et al. 1999) and are becoming important tools in en-
vironmental and conservation planning (Seppelt and Voinov
2002; Niklitschek and Secor 2005; Carroll and Miquelle
2006). Spatially explicit tree growth models, sampling simu-
lators, and landscape visualization tools also require detailed
data including tree characteristics and tree positions (Pom-
merening 2000; Moravie and Robert 2003; Bauer et al. 2004;

Hasenauer 2006; Pommerening 2006). In many biological and
ecological studies, Ripley’s K function is used (e.g., Pentti-
nen et al. 1992; Moeur 1993). This second-order characteristic
is normally estimated from fully mapped tree point patterns
in large observation windows. (The term ‘‘observation win-
dow’’ in the context of this paper refers to a two-dimensional
area or tract of trees.) Methods of simulating spatial pat-
terns are also used to study the performance of summary
characteristics (Torquato 2002; Pommerening 2006).

A full enumeration and mapping of trees in large wood-
lands is usually not feasible because of the costs involved,
and spatially explicit tree data are collected on a sample ba-
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sis, for example, from circular sample plots. Therefore,
when simulating woodland structure, methods are required
that allow a full and detailed spatial analysis of woodlands
from the limited information available. If the model parame-
ters can be estimated from the sample data, point process
models are capable of providing a partial solution to this
problem and classic examples are Cox process models
(Stoyan and Penttinen 2000) and Gibbs process models
(Tomppo 1986; Degenhardt and Pofahl 2000). However,
these classical approaches are perhaps too simplistic, do not
provide great detail, and therefore are not necessarily the
best solution to the problem discussed in this paper. Also,
heterogeneity in the natural environment makes the applica-
tion of stationary process models questionable. Because the
original sample points are not used in modelling, other than
providing the parameters, much valuable information is lost
and the simulation requires additional software. Ideally,
models would make direct use of the sample data using the
original points from the subwindows and only generating
new points outside the windows. Such simulations are said
to be ‘‘conditional’’ and maximize the use of original data.
Although not difficult, such conditional simulations are
rarely described in the literature.

Reconstruction methods offer much potential for detailed
simulation and several methods have already been proposed.
Pretzsch (1997) developed a method that is based on an em-
pirical function estimating the distance to the nearest neigh-
bour and a set of probability functions combining an
inhomogeneous Poisson process and a hardcore process.
Other authors have tried to decrease the role of model as-
sumptions and empirical parameters: Lewandowski and
Gadow (1997) constructed a three-phase model approach us-
ing nearest neighbour summary statistics (NNSS), Pommer-
ening (2000) developed a method, based on Pretzsch (1997),
that generalized the empirical functions by deducting spatial
information from sample data, Biber (1999) suggested a
method of simulating spatial forest structure to compensate
edge effects in growth simulations, and Pommerening
(2006) presented an approach using NNSS and cellular au-
tomata. With the method introduced in this paper, the au-
thors follow the latter philosophy of reducing the effect of
model assumptions on the reconstruction process to a mini-
mum to allow wider application. Based on the encouraging
results achieved by Lewandowski and Gadow (1997) and
Pommerening (2006), the reconstruction process of this
study is also driven by NNSS.

The authors adopt the idea of reconstruction methods as
developed in statistical physics (Torquato 2002). These are
general stochastic optimization techniques based on ‘‘simu-
lated annealing’’ (Kirkpatrick et al. 1983; Černý 1985). This
approach is adapted to point processes as proposed in Tsche-
schel and Stoyan (2006). The general idea in the context of
forestry data is to extrapolate spatial woodland structures,
which have been observed in small subwindows, over the
whole study area.

The aim of this paper is to show that the partial informa-
tion obtained from woodland surveys can be effectively ex-
ploited by using them to reconstruct the original spatial
woodland structure of the whole study area. To achieve
this, data from three large, fully enumerated and mapped
woodlands were resampled on a computer using circular

sample plots as subwindows and the original forest struc-
tures were then recreated using data from the sample trees
only. The experiments include a thorough error analysis,
which considers ‘‘total errors’’, ‘‘sampling errors’’, and ‘‘re-
construction errors’’ (Fig. 1).

The patterns obtained by the reconstruction method were
validated using various correlation functions (Stoyan and
Penttinen 2000), which not only consider short-range corre-
lations (which are characterized by the NNSS) but also in-
clude long-range correlations.

Materials and methods
The reconstruction method presented in this study is

based on a specific sampling design, which is described in
the next section. Then the generic reconstruction algorithm
is explained in detail. The method is tested and validated
for three example woodlands.

Sampling design
The data for the tree point pattern reconstruction originate

in a partial sampling of two-dimensional tree locations, di-
ameters at breast height (DBH), and species information in
large windows of observation. Instead of sampling them to-
tally, only subsets are analysed. Because of its widespread
application and efficiency, systematic sampling of circular
subwindows is considered in this paper. However, modifica-
tions using other geometric shapes, such as rectangles,
squares, and line transects (e.g., see Krebs 1999), to define
subwindows are also possible. The radius of the circular
subwindows depends on window size and forest structure.
The centres of subwindows have to be determined such that
the subwindows are completely within the window. The ex-
amples considered show that the total area of all circular
subwindows should be around 25% of the area of the large
windows.

The trees in the circular subwindows are used for estimat-
ing various statistical summary characteristics. Since the
subwindows offer only short interpoint distances, the spatial
summary characteristics should be related to nearest neigh-
bour distances. The NNSS used are defined in Table 1.
They are all based on reference trees indexed by i and their
n nearest neighbours, ordered with respect to distance; thus,
for example, index j = 2 corresponds to the second-nearest
neighbour.

Fig. 1. Experimental design.
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Equation 1.1 in Table 1 refers to the histogram of distance
to the jth nearest neighbour in discretized form; in this study,
the class width is 0.5m, which is appropriate for forestry data.

Equation 1.2 concerns the mean directional index Ri. This
is the length of the sum of the n unit vectors pointing from
the reference tree to its nearest neighbours. This index takes
large values in the case of clustering and small ones in the
case of repulsion between the points. It is a good variability
characteristic for nonmarked point patterns.

Equation 1.3 is the species mingling index Mi, which is
defined as the proportion of the n nearest neighbours that
differ from the reference tree i in terms of tree species. If
Mi takes a large value, the species of the reference tree and
its neighbours tend to be different, i.e., the trees are inter-
mingled at short distances. Otherwise, there is segregation
of points with different marks.

Equation 1.4 gives the diameter differentiation index TDi,
which describes the mark differences of neighbouring trees
on a continuous scale. Here, the marks are diameters, but
other choices are also possible. If all marks are equal, TDi =
0, and if the mark differences are very large, then TDi can
approach 1.

Equation 1.5 is the diameter differentiation TDmi that is
the mean of the size difference of n neighbouring trees. It
follows the principle of eq. 1.4.

Equation 1.6 gives the diameter dominance Ui, which is
defined as the proportion of the n nearest neighbours that
are smaller than the reference tree. Large values of Ui de-
scribe dominant trees, and small values indicate dominated
or suppressed trees.

For the reconstruction, histograms of the nearest neighbour
distances of eq. 1.1 and of the characteristics defined in eqs.
1.2–1.6 are used as summary characteristics because they pro-
vide more information than simple measures of location such
as arithmetic means or measures of dispersion (Stoyan and
Stoyan 1994; Pommerening 2006). The histograms are based
on all points in the subwindows and detailed information on
how to estimate them is provided in Aguirre et al. (2003),
Gadow and Hui (2002), and Pommerening (2006).

Reconstruction method
Using the information from the subwindows and the sum-

mary characteristics described above, point patterns in the
whole window were generated numerically. The aim is that
these are as similar as possible to the true point pattern in
the whole window. The reconstruction is performed as ‘‘con-
ditional simulation’’, i.e., the positions of the points in the
subwindows are fixed during the whole reconstruction process
(Fig. 2). Outside the subwindows, new points are simulated in
such a way that the whole point pattern has NNSS as close
as possible to those estimated for the circular subwindows.
This is carried out by an iterative optimization procedure.

A convenient choice of the initial configuration is a com-
pletely random point distribution with marks (species and
diameters) copied randomly (following the bootstrap method
and sampling with replacement described by Schreuder et al.
(1993) and Krebs (1999)). The total number of points in the
whole window is calculated as the point density estimated
from the subwindows multiplied by the window area. Thus,
the number of points outside the subwindows is this product
less the combined number of all trees in the subwindows.T
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An improved initial configuration in the case of repulsion
between the trees is a modified Matérn hardcore process
(Stoyan et al. 1995), which is a simple point process
model with some degree of inhibition between the points
expressed by the hardcore distance h (= minimum inter-
point distance), which can be estimated from the subwind-
ows. This initial configuration is then subsequently
improved by a stochastic optimization technique (Torquato
2002; Tscheschel and Stoyan 2006).

The reconstruction technique is based on the simulated
annealing method, which has found various applications
also in ecology and forestry (Jørgensen et al. 1992; Liu et al.
2000; Baskent and Glen 2002; Chen and Gadow 2002; Öh-
man and Ljusk 2002). It can be considered as an application
of the so-called Joshi–Quiblier–Adler (JQA) device, which
has originally been applied in physics for heterogeneous mi-
crostructures (Rice 1945). A detailed description is given in
Torquato (2002), and Tscheschel and Stoyan (2006) discuss
its modification for the reconstruction of point patterns, which
is used in this paper. The algorithm works as follows.

(1) A given marked point configuration is characterized
by a contrast measure Cold, which quantifies the difference
between the NNSS estimated from the subwindows and the
reconstructed point pattern in the whole window.

(2) To improve this configuration, one randomly selected
marked point is moved to a random ‘‘candidate’’ position
and the corresponding new contrast measure value Cnew is
calculated.

(3) If Cnew < Cold and hnew ‡ hsample (the new minimum
interpoint distance hnew in the simulated pattern is not
smaller than the hardcore distance hsample observed in the
subwindows), the candidate tree position is accepted and re-
places the old position and Cnew is set as Cold. Otherwise, the
candidate tree position is rejected.

(4) Steps 2 and 3 are repeated until the current contrast
measure Cold falls below a preset value or a maximum num-
ber of iterations is exceeded.

The reconstruction method mainly depends on the choice
of the contrast measure C (also referred to as energy func-
tion), which is at the heart of and fuels and controls the sim-
ulation process. As usual in physics (see Torquato 2002), it
is recommended that C be defined as a least-squares error
function, which can be written as

½1� C ¼
Xk
i¼1

bf ðxiÞ � f ðxiÞ
� �2

where k is the discrete number of classes of a histogram,bf ðxÞ is the histogram estimated from the reconstructed data,
f(x) is the histogram estimated from the data of the circular
subwindows, and x values are class means.

In this paper, the total contrast measure C consists of a
number, m = 6, of individual contrast measures, Ci, corre-
sponding to histograms of the different summary character-
istics of Table 1 multiplied by specific weights, wi, which
evaluate the importance of the various NNSS:

½2� C ¼
Xm
i¼1

Ciwi

The weights wi used in this study were determined throughF
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preparatory trial simulations and reflect the relative impor-
tance of the NNSS in the reconstruction process. They are
given in Table 1.

Once the reconstruction is finished, a point pattern in the
whole window has been established. Inside the subwindows,
it is identical to the pattern originally observed. Outside the
subwindows, it is irregular but has NNSS similar to those of
the true pattern. Also, it is expected that other summary
characteristics of the reconstructed pattern are similar to
those of the original pattern. For example, this may be true
for second-order characteristics such as Ripley’s K function
or the pair correlation function. These functions can be sim-
ply obtained from a large number of replications, e.g., 100,
and the final K function estimated by averaging the func-
tions of all replications. If a number of replications of the
same forest pattern are required, independent runs of the al-
gorithm with the same parameters can be performed.

Testing the reconstruction algorithm
The reconstruction method described above was tested by

applying it to three different woodland patterns for which all
two-dimensional tree coordinates, DBH, and species infor-
mation were given in large observation windows. For these
patterns, the sampling with circular subwindows was simu-
lated, the reconstruction algorithm was applied, and various
second-order characteristics were determined. These esti-
mates were then compared with their exact counterparts
from the large original windows.

Woodland data
Because the methodology was not based on model assump-

tions, it is applicable to data from a wide range of plant com-
munities. In this paper, it was used for data of very different
mixed-species forests, from three European countries, with
various degrees of spatial heterogeneity. The summary
characteristics of the three woodlands are given in Table 2.

The site Białowieża is located in the famous Białowieża
Forest in eastern Poland in the border zone between Poland
and Belorussia. As well as containing one of the largest vir-
gin old-growth forests in lowland Europe, and forming a ref-
uge for the last free-living herd of European bison, it is
increasing in importance because of long-term research into
its ecology (Peterken 1996). The woodland consists of a pe-
dunculate oak (Quercus robur L.) overstorey interspersed
with Scots pine (Pinus sylvestris L.) and an understorey of
Norway spruce (Picea abies (L.) Karst.), hornbeam (Car-
pinus betulus L.), and silver birch (Betula pendula Roth). It
is situated at an elevation of 165 m above sea level and is
part of a silvicultural experiment, outside the protected vir-
gin forest reserve, exploring the possibility of retaining the
virgin forest structure and species composition by mimick-
ing natural disturbances during commercial timber produc-
tion (Brzeziecki and Drozdowski 2005).

The Hidegvizvölgy woodland is located in the buffer zone
of the Hidegvizvölgy forest reserve in the hills around the
northwest Hungarian city of Sopron (near the border with
Austria). Before being designated as a forest reserve, the
area was part of the restricted border zone of the Iron Cur-
tain for almost 50 years and remained undisturbed for a
comparatively long time. Hidegvizvölgy has a mixed over-
storey of European beech (Fagus sylvatica L.), sessile oak

(Quercus petraea (Matt.), European larch (Larix decidua
Mill.), and Norway spruce. The understorey comprises horn-
beam, silver birch, and large-leaved lime (Tilia platyphyllos
Scop.). The forest is at an elevation of 410 m above sea
level (Puttkamer 2005).

Walsdorf is a management demonstration site situated in a
community woodland in the German federal state Rhine-
land-Palatinate. It lies within the Kalkeifel Mountains at an
elevation of 560–580 m above sea level. The overstorey is
formed by 103-year-old beech, a few sessile oak trees of
the same age, and 85-year-old Norway spruce. The under-
storey consists of 47-year-old beech (Pommerening 1997).

These three research sites formed the tree populations of
this study.

Experimental design
The behaviour of the reconstruction algorithm was inves-

tigated by simulation. The radius of the circular subwindows
was chosen mainly for technical reasons as a compromise
between the ratios of the sides of the original forests and
standard recommendations in forestry text books (Loetsch et
al. 1973); radii of 10 and 13 m were selected (see Table 2).
The trees in the subwindows were sampled according to the
plus-sampling method (Stoyan and Stoyan 1994; Stoyan et
al. 1995; Pommerening and Stoyan 2006) in which off-plot
neighbour trees are used in the calculation of NNSS for the
trees within but close to the edge of the subwindows to
eliminate edge effects. The locations of the subwindow
centres were the grid points of systematic grids, which were
randomly located within the window of observation.

One thousand sampling replications were carried out for
each of the three original forests. The simulation experiment
was conducted for each original forest in the following five
steps: (1) calculation of the NNSS of the original woodland,
(2) simulation of the circular subwindows of the ith sam-
pling replication, (3) estimation of the NNSS from the data
of step 2, (4) reconstruction of the original woodland in the
whole window using the NNSS estimated in step 3, and (5)
statistical analysis of sampling, reconstruction and total er-
rors. Here, i is an index variable denoting the replication
under study with i = 1, ..., 1000.

Error and validation statistics
As indicators of errors, the arithmetic means of the NNSS

were used, e.g., mean distances to the 1st, . . ., nth neighbour
(eq. 1.1 in Table 1) or the mean mingling index M (eq. 1.3
in Table 1). For the separate evaluation of sampling, recon-
struction, and total errors, the relative bias (r. Bias) and rela-
tive root mean squared error (r. RMSE) were estimated for
the arithmetic mean NNSS:

½3� r: Bias ¼
b� � �

�

½4� r: RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

s�1

Xs
i¼1

ðb�i � �Þ2
s

�

where � is the arithmetic mean NNSS for the original forest
under study, b�i is the arithmetic mean NNSS estimated from
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replication i, and b� is the arithmetic mean NNSS of the s =
1000 replications

As there are two distinctive processes, sampling and re-
construction, involved in this study, the errors were split
into two different components (see also Fig. 1) to investigate
how they relate to each other. The statistics referring to the

sampling error were calculated by comparing the estimated
NNSS of the whole original forests with those of the simu-
lated circular subwindows. The statistics relating to the re-
construction error were calculated by comparing the NNSS
estimated from the circular subwindows with those of the
whole reconstructed woodlands. A comparison of the NNSS

Table 2. Characteristics of the Białowieża, Hidegvizvölgy, and Walsdorf woodlands.
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of the whole original forests with those of the reconstruction
replications provided the total error. The results will show
whether the common hypothesis that total error = sampling
error + reconstruction error holds.

Figure 3 shows the results of the sampling analysis
through the arithmetic means of the nearest neighbour sum-
mary characteristics of Table 1. The solid regression curves
were fitted to the data of all six NNSS together.

As expected, there is generally a decreasing tendency of
the r. RMSE (eq. 4) with increasing sample size; the larger
the sample size, the more accurately the NNSS can be rees-
timated. Between the three woodlands, there are marked dif-
ferences that highlight that the relationship between r. RMSE
and sample size depends on the spatial structure of the
woodland considered. The Białowieża woodland, for exam-
ple, shows a higher average r. RMSE level (curve in Fig. 3)
than the other forests. In the Walsdorf Forest, the mingling
index estimator (M) is affected by a large r. RMSE caused
by bias, a result that has already been reported in previous
studies (Pommerening 1997). Note that if tree locations and
other tree attributes (e.g., diameters, species) were stochasti-
cally independent, the arithmetic mean r. RMSE across all
NNSS could be expressed as r. RMSE = x–0.5, where x is the
sample size. The deviations in the regression curves of
Fig. 3 from this expected behaviour are the result of correla-
tions between tree variables. Such correlations have been
identified in many studies (e.g., Penttinen et al. 1992; Pom-
merening 2002).

For the reconstruction experiment, the sample size was de-
termined as the sample size corresponding to a mean r. RMSE
(eq. 4) of 5% across the six NNSS. Sample size, grid width,
and plot radii in Table 2 correspond to this 5% target.

Since the NNSS used in the reconstruction only quantify
short-range interactions between points, an important ques-
tion to be answered was whether long-range interactions
were established adequately. This question was investigated
by applying a range of correlation functions and second-order
characteristics (Penttinen et al. 1992; Moeur 1993; Stoyan
and Penttinen 2000) to the original and the reconstructed
forest data. These functions were not used during the re-
construction process and quantify the relationship between
all pairs of points in the observation window, i.e., they ex-
plicitly go beyond the scale of nearest neighbours. For this
study, the authors have selected the pair g(r) and mark
kmm(r) correlation functions, the L function L(r), its marked
counterpart Lmm(r), and the mark variogram �(r). For the
mark correlation functions, tree diameters were used as
quantitative marks. To answer the question whether the
species-specific interaction between trees was reconstructed
correctly, the mark connection function pij(r) and the par-
tial pair correlation function gij(r) were computed. For
these last two functions, the trees’ species attributes were
used as discrete, qualitative marks. In a similar way, the
nearest neighbour distance functions Dij(r) and Dji(r) were
estimated for the main species. Details about the character-
istics used are given in Stoyan and Penttinen (2000) and
Stoyan and Stoyan (1994).

As with Degenhardt and Pofahl (2000) and Stoyan and
Stoyan (1994), confidence envelopes where estimated from
the minimum and maximum values of the 1000 reconstruc-
tion replications.

Results
Both the error and the validation statistics in Figs. 4–9

suggest that all three original forests were successfully re-
constructed. Białowieża and Hidegvizvölgy forests were partic-
ularly well reconstructed. This is demonstrated by
comparatively low r. Bias and r. RMSE values (Figs. 4 and 5)
and by the graphs of the correlation functions of the original
woodlands being located well inside the confidence enve-
lopes throughout their range (Figs. 7 and 8). The correlation
functions (Fig. 9) also indicate good results for the Wals-
dorf woodland (with the slight exception of the mark cor-
relation function kmm(r) for small r), although the mingling
index is affected by a high bias (Fig. 6).

The graphs of the marked L function Lmm(r), the mark
variogram �(r), the mark connection function pij(r), the par-
tial pair correlation function gij(r), and the nearest neighbour
distance functions Dij(r) and Dji(r) also indicated very good
reconstruction results but are not displayed in detail. How-
ever, examples of their performance are given in Fig. 10.

These results are of great interest, as they show that the
reconstruction method is able to establish realistic long-range
point interactions despite the exclusive use of only NNSS.

The use of different numbers, n, of nearest neighbours
had only a minor effect on the reconstruction results. Some
of the statistics used are better with larger n and others worse,
and based on the fact that none of the results were extremely
sensitive to different values of n, five neighbours appears
to be a reasonable recommendation. However, the number of
neighbours can be chosen with due regard to the sampling
techniques and computational power available to the indi-
vidual analyst.

The r. RMSE of individual NNSS did not exceed 10% in
most cases (Figs. 4–6). NNSS with maximum errors that
sometimes exceed the 10% limit are ‘‘mingling’’ (M)
(eq. 1.3 in Table 1) and the ‘‘mean directional index’’
(MDI) (eq. 1.2 in Table 1). The NNSS with the smallest er-
rors is ‘‘diameter dominance’’ (DOM) (eq. 1.6 in Table 1).
The changes in r. Bias and r. RMSE with increasing n vary
with the choice of statistic and site. It is also worth noting
that the error statistics of the mingling and the mean direc-
tional NNSS were negatively correlated. While r. RMSE of
M in the Białowieża (Fig. 4), Hidegvizvölgy (Fig. 5), and
Walsdorf (Fig. 6) woodlands decreased with increasing n,
the r. RMSE of the MDI increased.

It is difficult to make a general statement about the size
and relationship of sampling error, reconstruction error, and
total error. Interestingly, the relationship between the three
errors did not always reflect the simple expectation total er-
ror = sampling error + reconstruction error. For example, in
Białowieża Forest, sampling error was often highest (Fig. 4).
The reconstruction error was frequently the smallest of the
three (e.g., Białowieża, Fig. 4; Hidegvizvölgy, Fig. 5). Occa-
sionally, the total error was even smaller than one of the
other two errors, especially when n = 7 (e.g., TD and TDm
in Białowieża, DOM in Hidegvizvölgy). This finding sug-
gests that reconstruction can potentially be used to improve
or even to correct sampling results.

Figure 10 shows the results for the partial pair correlation
function gij(r), mark variogram �(r), and the nearest neigh-
bour distance functions Dij(r) for the Białowieża, Hidegviz-
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Fig. 3. r. RMSE (curve) as an average of the nearest neighbour summary statistics of Table 2 (regardless of tree species) and corresponding
sample size for the Białowieża (left), Hidegvizvölgy (centre), and Walsdorf (right) forests. D, distance distribution (eq. 1.1 in Table 1);
DOM, diameter dominance (eq. 1.6 in Table 1); M, mingling (eq. 1.3 in Table 1); MDI, mean directional index (eq. 1.2 in Table 1); TD,
DBH differentiation (1) (eq. 1.4 in Table 1); TDm, DBH differentiation (2) (eq. 1.5 in Table 1). x is the percentage of total trees sampled.

Fig. 4. r. Bias and r. RMSE for the Białowieża woodland (Poland). D, distance distribution (eq. 1.1 in Table 1); DOM, diameter dominance
(eq. 1.6 in Table 1); M, mingling (eq. 1.3 in Table 1); MDI, mean directional index (eq. 1.2 in Table 1); TD, DBH differentiation (1)
(eq. 1.4 in Table 1); TDm, DBH differentiation (2) (eq. 1.5 in Table 1). Open bars, sampling error; shaded bars, reconstruction error; solid
bars, total error. n is the number of nearest neighbours. r. Bias and r. RMSE were calculated for n = 3, 5, and 7 and all species together.

Fig. 5. r. Bias and r. RMSE for the Hidegvizvölgy woodland (Hungary). D, distance distribution (eq. 1.1 in Table 1); DOM, diameter dom-
inance (eq. 1.6 in Table 1); M, mingling (eq. 1.3 in Table 1); MDI, mean directional index (eq. 1.2 in Table 1); TD, DBH differentiation (1)
(eq. 1.4 in Table 1); TDm, DBH differentiation (2) (eq. 1.5 in Table 1). Open bars, sampling error; shaded bars, reconstruction error; solid
bars, total error. n is the number of nearest neighbours. r. Bias and r. RMSE were calculated for n = 3, 5, and 7 and all species together.
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völgy, and Walsdorf woodlands and the case n = 5. The
graphs of the three functions of the original forests are in-
side the confidence envelopes with the slight exception of
gij(r) of the Walsdorf woodland at short distances. This is a
bit surprising, as the NNSS should yield good short-range
information; perhaps this is related to the large r. Bias and
r. RMSE values associated with the mingling index for this
forest (Fig. 6).

Discussion and conclusions

The results of testing and validating the reconstruction ap-
proach clearly show that the method worked successfully for
three quite different woodlands. All NNSS are precisely du-
plicated in the reconstruction, which is to be expected, since
these are used in the contrast measures. However, the sec-
ond-order characteristics of the reconstructed patterns are

Fig. 6. r. Bias and r. RMSE for the Walsdorf woodland (Germany). D, distance distribution (eq. 1.1 in Table 1); DOM, diameter dominance
(eq. 1.6 in Table 1); M, mingling (eq. 1.3 in Table 1); MDI, mean directional index (eq. 1.2 in Table 1); TD, DBH differentiation (1)
(eq. 1.4 in Table 1); TDm, DBH differentiation (2) (eq. 1.5 in Table 1). Open bars, sampling error; shaded bars, reconstruction error; solid
bars, total error. n is the number of nearest neighbours. r. Bias and r. RMSE were calculated for n = 3, 5, and 7 and all species together.

Fig. 7. L function L(r), pair correlation function g(r), and mark correlation function kmm(r) (r is intertree distance) for the Białowieża wood-
land (Poland). The mark used for the estimation of kmm(r) is tree DBH. The solid curves were estimated from the original forest. The con-
fidence envelopes (broken curves) represent the maximum and minimum values of the 1000 reconstruction replications. n is the number of
nearest neighbours.
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Fig. 8. L function L(r), pair correlation function g(r), and mark correlation function kmm(r) (r is intertree distance) for the Hidegvizvölgy
woodland (Hungary). The mark used for the estimation of kmm(r) is tree DBH. The solid curves were estimated from the original forest. The
confidence envelopes (broken curves) represent the maximum and minimum values of the 1000 reconstruction replications. n is the number
of nearest neighbours.

Fig. 9. L function L(r), pair correlation function g(r), and mark correlation function kmm(r) (r is intertree distance) for the Walsdorf wood-
land (Germany). The mark used for the estimation of kmm(r) is tree DBH. The solid curves were estimated from the original forest. The
confidence envelopes (broken curves) represent the maximum and minimum values of the 1000 reconstruction replications. n is the number
of nearest neighbours.

Pommerening and Stoyan 1119

# 2008 NRC Canada



also close to their observed counterparts. This is explained
by the close relationship between Ripley’s K function and
the nearest neighbour distribution functions:

½5� �KðrÞ ¼
X1
j¼1

DðjÞðrÞ

where D(j)(r) is the distribution function of the distance to
the jth neighbour (Stoyan and Stoyan 1994, p. 267,
eq. 14.52). The success of the reconstruction also demon-
strates the value of the NNSS used, highlighting the fact
that they contain important information regarding tree dis-
tributions. It is possible to reconstruct woodland patterns
based only on short-range information provided by NNSS.
The good performance of the reconstruction method pre-
sented can be explained by the fact that the NNSS take
care of small-scale variation while the systematically
placed sample plots control global variation and possibly
heterogeneity of the whole data. The successful estimation
of confidence envelopes from the 1000 reconstruction re-
plications (Figs. 7–10) and their good fit with the second-
order characteristics, such as Ripley’s K function, from the
large window data demonstrate that reconstruction can be
used to estimate these long-range statistics from small sub-
windows. The quality of estimation of second-order char-
acteristics also depends on how well the systematic
sample covers and reflects the original woodland struc-
tures.

This suggests that short-range and in particular nearest

neighbour tree interactions contribute most of the informa-
tion necessary for the understanding of overall spatial forest
structure. This is of great interest from an ecological per-
spective and leads to the recommendation that NNSS techni-
ques in conjunction with systematic sampling should be
used also in other reconstruction applications.

Standard recommendations for the radii of circular sub-
windows can be taken from forestry text books (e.g.,
Loetsch et al. 1973).

The percentage of points sampled is likely to fall when
larger populations are used. Preliminary reconstruction sim-
ulations in larger populations (not reported in detail here)
have revealed that, to retain a constant sampling error, the
number of trees that need to be sampled relative to the total
number in the population decreases as the population size
increases.

Finally, the reconstruction method is flexible so that it can
be used with practically no modification to construct tree
patterns in areas of larger size than the original window of
observation.

Acknowledgements
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1. Introduction

The crown of a tree may be defined as ‘‘the system of its
photosynthetic organs together with the non-photosynthetic
organs by which they are physically and physiologically supported,
translocating carbohydrates to the stem’’ (Ottorini et al., 1996, p.
394). Crown dimensions – length, width, surface area or volume –
can be used to approximate the scale of the photosynthetic
apparatus (e.g. Smith, 1994), which determines the capacity of the
tree to produce dry matter (Kozlowski et al., 1991). The sizes,
shapes and relative locations of crowns both determine and
respond to the shading and constriction effects that characterise
above-ground interactions between trees (von Gadow and Hui,
1999). Consequently, crown dimensions have often been used to

model competition and growth (e.g. Biging and Dobbertin, 1992;
Moravie and Robert, 2003). Such modelling approaches may
require information on crown length, radius and possibly profile
(shape) as inputs (e.g. Pretzsch et al., 2002) and, as they are rarely
measured in forest surveys, these variables must themselves be
modelled.

Crown models range in sophistication from simple, determi-
nistic models based on allometric relationships with stem
dimensions (e.g. Hasenauer, 1997) to complex models incorporat-
ing stochastic elements (e.g. Biging and Gill, 1997), explicitly
modelling crown asymmetry (e.g. Cescatti, 1997), or even
modelling branch architecture (e.g. Berezovskava et al., 1997).
For the purposes of modelling inter-tree interaction, simple
models usually suffice (von Gadow, 1996). Allometric models
tend to perform well because of the direct dependence of stem
growth on crown size, but the intensely spatial nature of tree
crown interactions means that variables describing the immediate
neighbours of a tree may be able to improve model predictions.
Simple non-spatial indices can be used to quantify a tree’s
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A B S T R A C T

Crown dimensions are important for the quantification of tree interactions in some growth models. This

study investigates the potential for structural indices and other spatial measures to improve the

prediction of crown radius and crown length for birch (Betula spp.) and Sitka spruce (Picea sitchensis

(Bong.) Carr.) in forests in Wales. Crown dimensions were measured for 125 birch and 154 spruce in six

fully stem-mapped research plots. These data were used to test the performance of a crown radius model

and a crown length model which estimated crown dimensions on the basis of allometric relationships

with stem dimensions. Spatial data from the six plots were used to calculate the structural indices mean

directional index, diameter correlation index, species mingling, and dbh and height dominance, as well as

the Hegyi competition index, and basal area of neighbours and larger neighbours, for each crown

measurement sample tree, using various numbers of nearest neighbours. Two non-spatial indices, BAL

and BALMOD, were also calculated for all sample trees for comparison. These spatial and non-spatial

variables were then incorporated into modified crown dimension models. Model performances, in terms

of efficiency and relative bias, were compared to determine whether the inclusion of spatial or non-

spatial variables resulted in any improvements over models using tree dimensions alone. Crown length

and radius were found to be correlated with most of the spatial measures studied. Models incorporating

spatial variables gave improvements in performance over allometric models for every data set, and

performed more consistently than models containing non-spatial variables. The greatest improvements

were achieved for suppressed birch in unthinned forests which had irregularly shaped and strongly

displaced crowns. The spatial variable contributing to the most efficient model for each data set varied

widely. This points to the complexity of tree spatial interactions and indicates that there is a great deal of

scope for investigating other structural indices and crown dimension model forms.
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competitive status within a stand. More sophisticated indices of
spatial structure can be used to quantify the regularity of the
arrangement of a tree’s neighbours, their relative sizes or the
degree of species mingling (von Gadow and Hui, 2002; Pommer-
ening, 2002; Aguirre et al., 2003), and stand density in the area
immediately surrounding a tree, such as within a radius
proportional to tree size, can be measured. All of these factors
are likely to influence crown development.

This paper considers approaches to crown modelling suitable
for inclusion in single-tree, spatially explicit growth models for
Sitka spruce (Picea sitchensis (Bong.) Carr.) and birch (silver birch
Betula pendula Roth and downy birch B. pubescens Ehrh.) in Wales.
Sitka spruce is the main commercial timber species in Great Britain
and birch is a significant contributor to biodiversity in plantation
forests (Humphrey et al., 1998). The study focuses on crown length
and radius as the most important biometric characteristics of tree
crowns. Relationships between these crown dimensions and non-
spatial and spatial variables describing local stand density and
structure are examined, and crown models incorporating these
variables are tested with the aim of improving on the predictions of
allometric models. It is hypothesised that models containing non-
spatial or spatial variables will be able to account for a greater
proportion of variation in crown dimensions than those based on
stem dimensions alone, and that spatial models will perform better
than non-spatial models because of the structural complexity of
the stands studied.

2. Materials and methods

2.1. Data

Data for crown modelling were collected in six permanent
research plots in North Wales, covering a range of stand structures
(Table 1). These plots were established in three state-owned
forests: plots CLG1, CLG2 and CLG7 are located in Clocaenog Forest,
plots CYB1 and CYB2 are located in Coed y Brenin, and plot GWY1 is
located in Gwydyr Forest. Management input in the sampled

stands has been minimal until the recent past, and as a result inter-
tree interactions have occurred relatively unmodified by human
intervention. In the Coed y Brenin plots, this has led to marked
suppression of birch by the more competitive Sitka spruce. In each
plot, for all trees equal to or greater than 5 cm diameter outside
bark at breast height, 1.3 m (dbh), the species, dbh and height to
tree tip (height) were recorded and tree main stem positions were
mapped in three dimensions using an electronic theodolite.

Crown measurements were made on random sub-samples of
trees in each plot. Altogether 125 birch (in plots CLG7, CYB1, CYB2
and GWY1) and 154 Sitka spruce (in plots CLG1, CLG2, CYB1, CYB2
and GWY1) trees were sampled. For each crown-measured
sample tree, two measurements of height and two of height to
crown base were made, separated by a horizontal angle of 1808.
Crown base was defined as the point at which the lowest live
branch left the main stem, excluding epicormic and adventitious
shoots and sparsely foliated branches not contiguous with the
main part of the crown. Arithmetic mean height and height to
crown base were calculated for each tree, and crown length was
calculated by subtracting mean height to crown base from mean
height.

Eight measurements of crown radius were made for each tree in
the cardinal and intercardinal directions, using a vertical sighting
tube (Hale, 2004) to sight to the crown margin and a 30 m tape to
measure the distance between the centre of the tree bole and the
edge of the crown, following the guidelines for the objective
identification of the crown edge offered by Ayhan (1977).
Quadratic mean (or root mean square) crown radius (Eq. (1))
was calculated for each tree (Hasenauer, 1997), as this gives the
most accurate estimate of cross-sectional area (Siostrzonek, 1958)
for tree interaction modelling.

rrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

r2
i

vuut (1)

where rrms is the root mean square crown radius (m), ri the ith
crown radius measurement (m) and n is the number of
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Table 1
Summary data for permanent research plots

Plot CLG1 CLG2 CLG7 CYB1 CYB2 GWY1

Location (lat./long.) 538402500N 538403200N 53840700N 5284802600N 5284803900N 538601600N

382505300W 382504200W 38250900W 38540100W 38540200W 38490400W

Elevation (m.a.s.l.) 390 400 350 210 250 230

Elevation range within plot (m) 9.5 10.1 9.3 6.8 12.3 8.8

Area (ha) 1.00 1.00 1.00 0.10 0.26 1.00

Planting year 1951 1951 1985 1970 1972 1931

Planted crop (species) SS SS, LP SS SS SS, RC SP, SS

Natural regeneration (main species by basal area) SS SS, ROW BI, NS, ROW, WIL BI, DF, OK, WIL BI, OK, DF, LP BI, ROW, OK, WH

Stocking (stems per ha)

BI – – 1,094 1,040 738 177

SS 289 251 172 1,120 1,088 46

Other spp. – 68 600 500 416 271

Total 289 319 1,866 2,660 2,242 494

Basal area (m2 per ha)

BI – – 10.2 5.8 5.6 1.0

SS 29.9 27.0 3.1 35.1 31.7 6.0

Other spp. – 2.7 3.8 3.5 8.1 23.7

Total 29.9 29.7 17.1 44.4 45.4 30.7

Top height (m)

BI – – 11.4 13.8 12.5 7.4

SS 28.6 27.0 11.2 17.3 17.7 27.3

Plot abbreviations are explained in the text. BI is birch (Betula pendula Roth, B. pubescens Ehrh.), DF is Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), LP is lodgepole pine

(Pinus contorta Douglas ex Loudon), NS is Norway spruce (Picea abies (L.) Karst), OK is oak (Quercus spp.), ROW is rowan (Sorbus aucuparia L.), SP is Scots pine (Pinus sylvestris L.),

SS is Sitka spruce (Picea sitchensis (Bong.) Carr.), WH is western hemlock (Tsuga heterophylla (Raf.) Sarg.), and WIL is willow (Salix spp.). Stocking, basal area and top height are

reported separately for birch and Sitka spruce. Top height was calculated as the arithmetic mean height of the 100 trees of largest diameter at breast height per hectare, except

for GWY1 spruce where there were only 46 spruce per hectare; in this case, the average height of all 23 overstorey trees is given.
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measurements (in this case, n = 8). The coefficient of variation of
the radius measurements for each sample tree was calculated as
a quantification of uniformity in crown shape (Francis, 1986),
with a value of zero indicating a perfectly circular crown. In
addition, relative canopy displacement, a measure of crown
eccentricity defined as ‘‘the distance between stem position and
canopy centre of mass divided by the mean of the eight canopy
extent measurements’’ (Muth and Bazzaz, 2003, p. 1325), was
calculated for each tree. Muth and Bazzaz (2003, p. 1325) state
that ‘‘a value of zero represents a tree with its canopy centered
directly above its stem base. For a canopy the shape of a regular
polygon, a value greater than one represents a situation in which
the canopy is displaced entirely from the stem base. For the
majority of forest trees, relative canopy displacement values
tend to range between zero and one, indicating that the canopy
is displaced but that the stem base is still positioned at some
location beneath the canopy.’’

Fig. 1 plots crown radius against dbh for all crown measurement
sample trees and Fig. 2 plots crown length against height. Data
ranges are particularly wide for spruce because of the range of ages
and stand densities represented in the permanent research plots.
Two broad groups of trees can be recognised in terms of crown
radius (Fig. 1). The majority of the spruce conform to an obvious,
more or less linear relationship between dbh and crown radius. The
birch and the few understorey spruce from CLG2 and GWY1 show a
less obvious but steeper linear trend between 5 and 20 cm dbh,
demonstrating that these trees have proportionally broader
crowns. In the case of the understorey spruce, this is presumably
the result of less physical constriction and of increased lateral
growth at the expense of apical growth in order to improve light
capture. Two distinct trends are also apparent in crown length

(Fig. 2); the crowns of trees greater than 20 m in height are
proportionally shorter than those of shorter trees. The trees above
20 m height are all planted spruce in plots CLG1, CLG2 and GWY1,
and have relatively short crowns presumably because of a lack of
thinning in these stands in the past. Initial spacing may have
played a role; plots CLG1, CLG2 and GWY1 were established at
1.7 m spacing, whereas CYB1 and CYB2 were planted at 2 m
spacing. These trends in crown dimensions indicate that, while
there may be strong allometric relationships between stem and
crown dimensions, they are also heavily influenced by stand
structure.

Fig. 3 demonstrates that the relatively suppressed Coed y
Brenin birch have far higher coefficients of variation of crown
radius than any of the other trees measured. This cannot be
ascribed solely to differences in branching patterns between
broadleaves and conifers, as the GWY1 birch appear very similar to
the spruce data sets; rather, it seems that physical constriction
results in considerable crown asymmetry in this species. CYB1 and
CYB2 birch also have the highest values of relative canopy
displacement (Fig. 4), with medians greater than one (1.12 and
1.04, respectively) suggesting that the crowns of most trees in
these data sets are so heavily displaced that no part of the crown is
directly above the stem base. These observations suggest that there
may be some difficulty in modelling these crowns as simple,
rotationally symmetrical shapes, but quantifications of spatial
interrelations may help.

2.2. Tree crown models

Simple crown models based on dbh and tree height were
chosen from seven crown radius models and four crown length
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Fig. 1. Scatter plot of crown radius against stem diameter at breast height for all

birch (BI) and Sitka spruce (SS) crown measurement sample trees.

Fig. 2. Scatter plot of crown length against tree height for all birch (BI) and Sitka

spruce (SS) crown measurement sample trees.

Fig. 3. Medians, minima, maxima and interquartile ranges of crown radius

coefficient of variation for all birch (BI) and Sitka spruce (SS) crown measurement

samples.

Fig. 4. Medians, minima, maxima and interquartile ranges of relative canopy

displacement for all birch (BI) and Sitka spruce (SS) crown measurement samples.
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models tested in a previous study (Davies, 2006). Models were
chosen on the basis of their predictive power, their simplicity, and
the ease with which they could be modified to incorporate spatial
variables. The crown radius model (Eq. (2)) was modified from one
presented by Hasenauer (1997), and the crown length model
(Eq. (3)) was modified from a crown base height model presented
by Nagel et al. (2002).

r̂ ¼ eaþb ln dbhð Þ (2)

L̂ ¼ he�aðh=dbhÞ (3)

where r̂ is the predicted crown radius (m), L̂ the predicted crown
length (m), dbh the diameter at breast height (cm), h the tree
height (m), e the base of natural logarithms, and a and b are the
regression coefficients. Eq. (2) returns positive values of r̂ for all
values of regression coefficients a and b. For Eq. (3) to return crown
length values between zero and tree height, the exponential term
should be equal to or less than zero; this is accomplished by
constraining the coefficient a to be equal to or greater than zero.
These basic model forms were modified to include spatial variables
(Eqs. (4)–(7)) so that their relative predictive powers could be
compared. The modifier approach was favoured because of its
simplicity and parameter parsimony (Vanclay and Skovsgaard,
1997; Schmidt et al., 2006).

r̂ ¼ eaþb lnðdbhÞþcx (4)

r̂ ¼ eaþb ln dbhð Þþc ln xþ1ð Þ (5)

L̂ ¼ he�maxð0;aðh=dbhÞþbxÞ (6)

L̂ ¼ he�maxð0;aðh=dbhÞþb lnðxþ1ÞÞ (7)

where x is the independent variable to be tested, and c is a
regression coefficient. Eqs. (4) and (5), like Eq. (2), give positive
crown radius values regardless of the values of the regression
coefficients. Eqs. (6) and (7) are adapted from Eq. (3) so that the
regression coefficients need not be constrained and the directions
of crown length relationships with height:diameter ratio (h/dbh)
and the independent variables can vary freely.

2.3. Spatial variables

Nine spatial variables were calculated for each crown measure-
ment sample tree. Six spatial diversity indices were calculated
(Table 2): mean directional index, MDI (Eq. (8)); species mingling,

M (Eq. (9)); diameter dominance, Udbh (Eq. (10)); height
dominance, Uh (Eq. (11)); diameter differentiation, T (Eq. (12));
and diameter correlation index, DCI (Eq. (13)). The inclusion of
individual tree elevation in the height dominance index, Uh,
reflects the importance of topography in determining vertical
canopy stratification and dominance (see Table 1 for the elevation
ranges observed in the various plots). These spatially explicit
structural indices share the same conceptual principles as spatially
explicit competition indices (Pommerening, in press). Therefore,
the Hegyi competition index, Hg (Table 2, Eq. (14)), was also
calculated for each sample tree. The total basal area of all
neighbours (BA, m2) and the total basal area of neighbours of larger
dbh than the subject tree (BAL, m2) were also calculated.

Spatial variables were calculated using several different
numbers of nearest neighbours for each subject tree, based on
Euclidean distances. All variables were calculated using the three,
four, five and seven nearest neighbours (Fig. 5), and diameter
differentiation, T, was also calculated for one nearest neighbour.
Variables calculated using different numbers of neighbour trees
were identified using numerical subscripts. For example, the
species mingling index calculated using three neighbours would be
written as M3, and the same index calculated using four neighbours
would be written as M4.

Neighbour selection could result in trees outside plot boundaries
being identified as neighbours. Edge correction was therefore
required for unbiased estimation of spatial variables. Neither
translation nor reflection edge correction (Pommerening and
Stoyan, 2006) was deemed suitable, as the height dominance index
(Uh) depends heavily on the elevation of individual trees, which
could not be objectively modelled beyond plot boundaries. Instead,
the random selection of crown measurement sample trees excluded
buffer strips (Pommerening and Stoyan, 2006) in each plot. These
strips were 10 m wide in the 1 ha plots and 6 m wide in the smaller
plots CYB1 and CYB2. In three of the spruce data sets (CLG1, CLG2 and
GWY1), however, distances to the seventh nearest neighbours of
some reference trees exceeded buffer strip width. This was the case
for five reference trees in CLG1, six in CLG2 and four in GWY1; in
addition, the distance to the fifth nearest neighbour of one reference
tree in CLG2 exceeded buffer strip width. To determine whether this
resulted in systematic variation in spatial variables, these were
examined for significant non-parametric (Spearman’s) correlations
with the shortest distance to a plot boundary for each sample tree.
The relationships observed were not considered sufficiently
numerous or consistent to give cause for concern.

Non-parametric (Spearman’s) correlation analyses were carried
out in SPSS 11.5 (SPSS Inc.) using all data for each species to
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Table 2
Individual tree indices used in this study

Index Diversity of . . . Formula

Mean directional index (Pommerening, in press) Tree positions (8)
MDIi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
j¼1ððX j � XiÞð1=HDisti jÞÞ

� �2
þ

Pn
j¼1ððY j � YiÞð1=HDisti jÞÞ

� �2
r

Species mingling (von Gadow and Hui, 2002) Tree species (9)
Mi ¼ 1

n

Pn
j¼1w j w j

1; speciesi 6¼ species j

0; otherwise

�
dbh dominance (Aguirre et al., 2003) Tree dimensions (10)

Udbhi ¼ 1
n

Pn
j¼1udbh j udbh j

1; dbhi >dbh j

0; otherwise

�
Height dominance (Aguirre et al., 2003) Tree dimensions (11)

Uhi ¼ 1
n

Pn
j¼1uh j uh j

1; hi þ Zi > h j þ Z j

0; otherwise

�
dbh differentiation (Pommerening, 2002) Tree dimensions (12)

Ti ¼ 1
n

Pn
j¼1 1� minðdbhi ; dbh j Þ

maxðdbhi ; dbh jÞ

� �
Diameter correlation index (Pommerening, in press) Tree dimensions (13)

DCIi ¼
dbhi

Pn

j¼1
dbh j

ndbh
2

Hegyi index (Hegyi, 1974) Tree dimensions (14)
Hgi ¼

Pn
j¼1

dbh j

dbhi

1
HDisti j

� �

i is the reference tree, j is a neighbour tree, n is the number of neighbours, dbh is diameter at breast height (cm), dbh is the arithmetic mean diameter at breast height of all

trees in the plot (cm), h is the tree height (m), HDistij is the horizontal distance between trees i and j (m), and X, Y and Z are Cartesian co-ordinates (m). Values of the species

mingling, dbh dominance and height dominance indices (Eqs. (9)–(11)) are distributed between 0 and 1.
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investigate relationships between crown dimensions and spatial
variables.

2.4. Non-spatial variables

Although it was assumed that spatially explicit variables would
be required to quantify tree interactions in stands which were,
despite their plantation origins, relatively irregular in structure,
model tests were also carried out with non-spatial variables for
comparison. Two common variables, BAL (Eq. (15)) and BALMOD
(Eq. (16)), were calculated for each tree as described by Schröder
and von Gadow (1999). BALMOD was originally applied to pure,
uniform stands, and includes an index of relative spacing (Eq. (17))
based on stand dominant height. Although most of the stands in
this study are mixed and uneven-aged, dominant height was still
calculated using data from all trees in each plot, rather than
separately by species or cohort, as this was considered to be more
representative of the overall stocking of the stands.

BALall; i ¼ BAallð1� piÞ (15)

BALMODi ¼
ð1� piÞ

RS
(16)

RS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10;000=N

p
H

(17)

where BALall,i is the basal area per unit area of all trees in a given
plot larger than reference tree i (m2 ha�1), BAall the basal area per
unit area of all trees in a given plot (m2 ha�1), pi the basal area
percentile of reference tree i, BALMODi the modified BAL for
reference tree i, RS the relative spacing index, N the number of trees
per unit area for a given plot (stems ha�1), and H is the stand
dominant height (m).

As with spatial variables, non-parametric correlations analyses
were carried out in SPSS to investigate relationships with crown
dimensions.

2.5. Model parameterisation and validation

Data from each crown measurement sample (i.e. all of the birch
or spruce for a given research plot) were randomly split into
parameterisation and validation data sets of roughly equal size for
model testing. In addition, all of the crown measurement data for
each species were used to produce a combined data set, randomly
split in the same way. For each data set, basic crown models
(Eqs. (2) and (3)) and modified models (Eqs. (4)–(7)) were
parameterised using Solver (Frontline Systems, Inc.) in Microsoft
Excel 2002 (Microsoft Corporation) to minimise the sum of
squared errors between measured and predicted values. The
modified models were parameterised for all 39 independent
variables, the 37 combinations of spatial variables and numbers of
nearest neighbours, and the non-spatial variables BALall and
BALMOD.

Model validations, comparing observed and predicted values of
crown dimensions, were also carried out in Excel, calculating
values of model relative bias and efficiency (von Gadow et al.,
2003):

B ð%Þ ¼
Pn

i¼1ðŷi � yiÞ
nȳ

� 100 (18)

E ¼ 1�
Pn

i¼1 ðŷi � yiÞ
2

Pn
i¼1 ðyi � ȳÞ2

(19)

where B (%) is relative bias, E the efficiency, ŷi the ith prediction
(modelled crown radius or crown length), yi the ith observation
(measured crown radius or crown length), ȳ the mean observation,
and n is the number of observations. A t-test was used to determine
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Fig. 5. Selection of the (a) three, (b) four, (c) five and (d) seven nearest neighbours of the reference tree (black circle) based on Euclidean distances, showing the trees identified

as neighbours (grey circles) and surrounding trees not identified as neighbours (white circles).
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whether bias was equal to zero. Efficiency values approach one
with improving model performance; a value of zero indicates that
the model explains no more variation than the mean value alone
(von Gadow et al., 2003). Modified models containing spatial
variables were ranked for each data set according to efficiency (and
relative bias in the case of ties), as were models containing non-
spatial variables. The validation results of the best models were
compared with those of the basic models to determine whether the
inclusion of spatial or non-spatial variables improved model
performance.

3. Results

3.1. Relationships between crown dimensions, and spatial and non-

spatial variables

The results of correlation analyses are summarised in Table 3.
Many factors influence crown dimensions, particularly stand age,
stocking density, thinning history, and species, and the inter-
pretation of correlations should be considered in this context. In
the plots studied, crown size generally increases with subject tree
dominance (Udbh and Uh) and decreases with increasing
competitive pressure (as quantified by the Hegyi index, Hg, the
basal area of larger trees, BAL, or the non-spatial variables BALall

and BALMOD). There are no significant correlations with MDI,
suggesting that the regularity of the arrangement of neighbouring
trees does not have a direct or simple effect on crown size. The
negative relationships with species mingling (M) in spruce reflect
the fact that most of the largest crowns are in plots CLG1 and CLG2,
where mingling is minimal, and most of the smallest crowns are in
plots CYB1 and CYB2, where mingling is high, but it should be
noted that the CYB stands are both younger and more densely
stocked than the CLG stands (Table 1). Diameter differentiation (T)
is positively correlated with birch crown radius; birch crowns are
therefore wider where tree sizes are more heterogeneous, possibly
representing the occupancy of different canopy strata. Conversely,
spruce crowns are larger in areas where tree sizes are more
homogeneous; these negative correlations are strongly influenced
by the relatively small naturally regenerated trees in CLG2 and
GWY1, which show exceptionally high differentiation with their
neighbours. The behaviour of the diameter correlation index DCI is
complex. All else being equal, values increase as reference tree size
increases. For a given reference tree size, however, they increase as
average neighbour size increases, whereas for a given group of
reference tree and neighbours they increase as stand mean dbh
decreases. The positive relationships observed here between DCI
and crown dimensions are likely to be due to the strong
dependence of DCI on reference tree dbh (for both birch and
spruce, DCI is significantly positively correlated with dbh). The
positive correlations between crown dimensions and BA are
perhaps counter-intuitive. For a given stand, a larger basal area of
neighbouring trees might be expected to indicate a greater level of
competition, with a corresponding negative effect on crown size.
Over the range of plots sampled, however, the generally positive
relationship between BA and crown size simply reflects the fact
that the basal area of neighbours tends to be greater in plots where
sample trees are larger and more widely spaced.

3.2. Alternative crown radius models

Table 4 shows the maximum efficiency values achieved for the
basic crown radius model (Eq. (2)) and modified versions
incorporating non-spatial and spatial variables (Eqs. (4) and (5))
for all data sets. Regardless of the modelling approach, efficiency
values are generally poorest for CYB1 and CYB2 data sets,
particularly for birch. Basic model efficiencies for individual plot

data sets are significantly negatively correlated with median
crown radius coefficient of variation (Fig. 3) and relative canopy
displacement (Fig. 4) at the 0.05 significance level (non-parametric
correlations, two-tailed, n = 9, p = 0.030 and 0.036, respectively),
demonstrating that crown radius model performances are poorest
in stands where crowns are most irregular in shape and most
heavily displaced as a result of suppression. The models with non-
spatial variables give slight efficiency gains for five data sets, but in
some cases actually give worse results than the basic model.
Spatial models not only give efficiency gains in all cases, these
gains are consistently greater than those for non-spatial models.
Gains are especially great for CYB1 and CYB2 birch.

Details of the spatial models giving the highest efficiency values
for each data set are shown in Table 5. None of these models is
significantly biased at the 0.05 level. The Hegyi index (Hg), height
dominance index (Uh) and basal area of neighbours (BA) are the
most commonly represented independent variables, and seven is
the most common number of neighbours selected. Most variables
are not logarithmically transformed. The CLG1 spruce model
features the mean directional index, MDI, despite the fact that this
variable was not significantly correlated with crown dimensions.

310
311
312
313
314
315
316
317
318
319
320

321

322

323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

364

365
366
367
368
369
370
371

371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392

Table 3
Non-parametric (Spearman’s) correlations significant at the 0.05 level between

crown dimensions (crown radius, r, and length, L) and spatial and non-spatial

variables for birch (BI, 125 trees) and Sitka spruce (SS, 154 trees)

rBI LBI rSS LSS

MDI3

MDI4

MDI5

MDI7

M3 � �
M4 � �
M5 � � �
M7 � � �

Udbh3 + + + +

Udbh4 + + + +

Udbh5 + + + +

Udbh7 + + + +

Uh3 + + + +

Uh4 + + + +

Uh5 + + + +

Uh7 + + + +

T1 + � �
T3 + � �
T4 + � �
T5 + � �
T7 + � �

DCI3 + + + +

DCI4 + + + +

DCI5 + + + +

DCI7 + + + +

Hg3 � � � �
Hg4 � � � �
Hg5 � � � �
Hg7 � � � �

BA3 + + +

BA4 + + +

BA5 + + +

BA7 + + +

BAL3 �
BAL4 �
BAL5 �
BAL7 �

BALall � � � �
BALMOD � � � �

Symbol ‘+’ indicates a positive correlation, ‘�’ a negative correlation.
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The models for the two full species data sets are given in

Eqs. (20) and (21), and their behaviours are illustrated in Figs. 6
and 7. Both show increases in crown radius with increases in
variables which might be expected to represent levels of
competition (BA7 and Hg7). The spruce crown radius model
(Fig. 7) returns extremely high values when both dbh and Hg7 are
high; in practice, however, such high values of Hg7 are not
associated with the larger trees.

r̂BI ¼ e�1:34520þ0:70302 lnðdbhÞþ0:90728 lnðBA7þ1Þ (20)

r̂SS ¼ e�2:17846þ0:82286 lnðdbhÞþ0:10903 Hg7 (21)

where r̂BI is the predicted birch crown radius (m) and r̂SS is the
predicted Sitka spruce crown radius (m).

3.3. Alternative crown length models

As with crown radius models, crown length model efficiencies
are lowest for CYB1 and CYB2 data sets (Table 6). In general,
however, efficiencies are higher than for crown radius models.
Non-spatial models give efficiency gains in most cases, and these
are greatest for CYB1 and CYB2 birch. Models incorporating spatial
variables give gains in all cases, though these are lower than those
for non-spatial models for CYB1 and GWY1 birch; again, the
greatest gains are for CYB1 and CYB2 birch.

392
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Table 4
Results of crown radius model tests for birch (BI) and Sitka spruce (SS) data sets, showing for each data set the maximum efficiency achieved by including non-spatial and

spatial variables, and the gain in efficiency over the basic model

Data set (and number of trees) Maximum efficiency (and gain over the basic model)

Basic model With non-spatial variables With spatial variables

CLG7 BI (50) 0.67 0.67 (+0.00) 0.76 (+0.09)

CYB1 BI (25) �0.31 �0.19 (+0.12) 0.27 (+0.58)

CYB2 BI (25) 0.02 �2.11 (�2.13) 0.67 (+0.65)

GWY1 BI (25) 0.48 0.56 (+0.08) 0.62 (+0.14)

All plots BI (125) 0.40 0.42 (+0.02) 0.65 (+0.25)

CLG1 SS (50) 0.57 0.55 (�0.02) 0.61 (+0.04)

CLG2 SS (25) 0.49 0.54 (+0.05) 0.57 (+0.08)

CYB1 SS (25) 0.11 �0.11 (�0.22) 0.28 (+0.17)

CYB2 SS (25) 0.26 0.25 (�0.01) 0.47 (+0.21)

GWY1 SS (29) 0.75 0.79 (+0.04) 0.88 (+0.13)

All plots SS (154) 0.75 0.75 (+0.00) 0.77 (+0.02)

Table 5
Crown radius models incorporating spatial variables giving the highest efficiency values for birch (BI) and Sitka spruce (SS) data sets

Data set (and number of trees) Model form Independent variable Efficiency Relative bias (%)

CLG7 BI (50) Eq. (5) Hg7 0.76 �1.28

CYB1 BI (25) Eq. (4) Uh7 0.27 3.42

CYB2 BI (25) Eq. (4) Hg7 0.67 4.30

GWY1 BI (25) Eq. (4) T3 0.62 1.96

All plots BI (125) Eq. (5) BA7 0.65 2.93

CLG1 SS (50) Eq. (4) MDI5 0.61 0.41

CLG2 SS (25) Eq. (5) BAL7 0.57 0.65

CYB1 SS (25) Eq. (5) Udbh3 0.28 7.60

CYB2 SS (25) Eq. (4) BA5 0.47 3.26

GWY1 SS (29) Eq. (4) Uh7 0.88 �4.90

All plots SS (154) Eq. (4) Hg7 0.77 �0.95

Fig. 6. Crown radius model behaviour for the combined birch data set over the

approximate observed range of predictor variables, showing crown radius (r) in

relation to reference tree dbh (dbh) and the basal area of the seven nearest

neighbours (BA7).

Fig. 7. Crown radius model behaviour for the combined Sitka spruce data set over

the approximate observed range of predictor variables, showing crown radius (r) in

relation to reference tree dbh (dbh) and the Hegyi index calculated using the seven

nearest neighbours (Hg7).
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None of the spatial crown length models (Table 7) is biased at

the 0.05 significance level. The Hegyi index (Hg) and basal area of
neighbour trees (BA) are the most commonly included indepen-
dent variables, with seven the most common number of
neighbours. Approximately half of the models include logarithmic
transformation of the spatial variable. Although most of the
variables selected can be considered to represent competitive
effects or reference tree dominance, the species mingling index
features in one birch model and one spruce model, suggesting that
crown interactions do not depend on tree size alone.

The models for the species combined data sets are given in
Eqs. (22) and (23). Fig. 8 shows the behaviour of the birch model,
with crown length increasing with basal area of neighbouring trees
(BA7) and decreasing with height:diameter ratio of the reference

tree. Crown length also decreases with height:diameter ratio in the
spruce model (Fig. 9) and additionally decreases with basal area of
neighbouring trees (BA5).

L̂BI ¼ he�maxð0; 0:54513ðh=dbhÞ�0:28043BA7Þ (22)

L̂SS ¼ he�maxð0; 0:58557ðh=dbhÞþ0:30910BA5Þ (23)

where L̂BI is the predicted birch crown length (m) and L̂SS is the
predicted Sitka spruce crown length (m).

4. Discussion

Our results have shown that simple crown radius and crown
length models based on stem dimensions alone perform relatively
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Table 6
Results of crown length model tests for birch (BI) and Sitka spruce (SS) data sets, showing for each data set the maximum efficiency achieved by including non-spatial and

spatial variables, and the gain in efficiency over the basic model

Data set (and number of trees) Maximum efficiency (and gain over the basic model)

Basic model With non-spatial variables With spatial variables

CLG7 BI (50) 0.69 0.66 (�0.03) 0.71 (+0.02)

CYB1 BI (25) 0.42 0.62 (+0.20) 0.55 (+0.13)

CYB2 BI (25) 0.31 0.47 (+0.16) 0.53 (+0.22)

GWY1 BI (25) 0.81 0.87 (+0.06) 0.85 (+0.04)

All plots BI (125) 0.59 0.60 (+0.01) 0.61 (+0.02)

CLG1 SS (50) 0.64 0.66 (+0.02) 0.70 (+0.06)

CLG2 SS (25) 0.65 0.70 (+0.05) 0.78 (+0.13)

CYB1 SS (25) 0.54 0.61 (+0.07) 0.63 (+0.09)

CYB2 SS (25) 0.55 0.50 (�0.05) 0.56 (+0.01)

GWY1 SS (29) 0.89 0.92 (+0.03) 0.92 (+0.03)

All plots SS (154) 0.67 0.65 (�0.02) 0.74 (+0.07)

Table 7
Crown length models incorporating spatial variables giving the highest efficiency values for birch (BI) and Sitka spruce (SS) data sets

Data set (and number of trees) Model form Independent variable Efficiency Relative bias (%)

CLG7 BI (50) Eq. (6) BA7 0.71 4.75

CYB1 BI (25) Eq. (7) M5 0.55 �11.22

CYB2 BI (25) Eq. (7) Hg7 0.53 �8.27

GWY1 BI (25) Eq. (7) Hg7 0.85 3.94

All plots BI (125) Eq. (6) BA7 0.61 �0.01

CLG1 SS (50) Eq. (7) Hg5 0.70 �2.10

CLG2 SS (25) Eq. (7) M3 0.78 5.30

CYB1 SS (25) Eq. (6) BAL3 0.63 9.09

CYB2 SS (25) Eq. (6) Uh3 0.56 1.49

GWY1 SS (29) Eq. (6) Hg7 0.92 3.42

All plots SS (154) Eq. (6) BA5 0.74 2.53

Fig. 8. Crown length model behaviour for the combined birch data set over the

approximate observed range of predictor variables, showing crown length (L) of a

tree 15 m in height in relation to reference tree height:diameter ratio (height (m)

divided by dbh (cm)) and the basal area of the seven nearest neighbours (BA7). Note

that the height:diameter axis has been reversed.

Fig. 9. Crown length model behaviour for the combined Sitka spruce data set over

the approximate observed range of predictor variables, showing crown length (L) of

a tree 35 m in height in relation to reference tree height:diameter ratio (height (m)

divided by dbh (cm)) and the basal area of the five nearest neighbours (BA5). Note

that the height:diameter axis has been reversed.
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poorly, in terms of model efficiency, in situations where trees are
heavily suppressed due to excessive stocking. In these situations,
the normally strong relationships between stem and crown
dimensions become weaker, and crowns may be very irregular
in shape, as quantified by the coefficient of variation of crown
radius, and strongly displaced from stem bases, as quantified by
relative canopy displacement. In this study, these effects have been
particularly pronounced for birch.

Correlation analyses have revealed definite relationships
between crown dimensions and a range of spatially explicit and
non-spatial indices of stand structure. The inclusion of non-spatial
indices can improve model performances in many cases, but
greater and more consistent improvements can be achieved using
spatially explicit structural indices and other spatial variables. This
may indicate that the stands studied are too structurally complex
for tree interactions to be modelled using non-spatial variables.
Particularly large improvements in model performance have been
achieved for the suppressed Coed y Brenin birch data sets. There is
still much scope for improvement in the modelling of suppressed
crowns, however, as absolute values of model efficiency remain
low in some cases, particularly for CYB1 crown radius models. The
relationships observed between crown dimensions and spatial
variables highlight the intensely spatial nature of crown growth
and interactions. It may be that, in the most extreme cases of
competition, more sophisticated methods of explicitly modelling
asymmetric crown shapes and crown displacement may be
required (e.g. Cescatti, 1997; Umeki, 1995).

The variety of models produced for different data sets hints at
the complexity of the underlying relationships. All of the spatial
variables tested, with the exception of the diameter correlation
index, featured in the most efficient models, and no one variable
has been shown to be superior in accounting for the interaction of
tree crowns. The variability of the models limits their wider use. At
present, the most promising models for widespread application
are those developed for the combined data sets for each species
(Eqs. (20)–(23)). However, as with any models, these should be
applied with caution outside the range of their parameterisation
data, particularly since the relationships they show with
measures of competition or local stand density are generally
the reverse of what might be expected within a given stand
(Figs. 6–8; cf. Fig. 9).

There is considerable scope for further study in this field. The
potential range of model forms, structural indices and neighbour
selection methods is vast (Pommerening, in press), and future
research may produce robust, effective models that can be applied
with confidence across a broad range of stand structures. Most of
the spatial variables tested in this study quantify the diversity of
tree dimensions, but variables quantifying the diversity of tree
positions (mean directional index, MDI) and species (species
mingling, M) also contributed to viable models and similar indices
could be explored. Many existing crown models could be used as
the basis for further tests (e.g. Gill et al., 2000; Pretzsch et al., 2002).
The models presented in this study are static, and the potential role
of spatial diversity indices in dynamic crown models, such as
crown base recession models, should also be investigated.
Research on heavily suppressed crowns may reveal models that
can account for the effects of extreme competition for space and
light.

5. Conclusions

This study of the use of spatial diversity indices in crown
dimension models has shown that these and other spatial variables
can contribute to effective models of crown radius and crown
length for birch and Sitka spruce growing in a variety of stand
structures, and can yield particularly great gains in model

performance in overstocked stands where interactions between
crowns are exceptionally intense. The complexity of tree spatial
interactions means that, at present, these models are largely stand
specific due to their variability, but further work may produce
more widely applicable indices and model forms, and may reveal
new ways of modelling the crowns of trees facing extreme
competition pressure.
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