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ABSTRACT

In recent years there has been growing interest in uneven-aged or mixed
forest stands as a result of new demands of society and of changing forestry
practices. Unfortunately, due to their complexity, the dynamics of these
stands are more difficult to understand than those of pure and even-aged
stands. Thus, new research questions have arisen in terms of stand description,
stand dynamics, and growth modelling.

The first step toward better management of such mixed or uneven-aged
stands is to describe them precisely — this step corresponds to a classical
typological approach. As spatial structure plays a key role in the dynamics
of such stands, spatial structure analysis can be used to infer certain types of
information based on the biological processes involved in the growth and the
dynamics of heterogeneous stands, and thus to build a typology.
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In order to present a first typology of Quercus petraea (Matt.) Liebl. (Sessile
oak) and Pinus sylvestris L. (Scots pine) mixed stands, we analysed the
spatial structure in a mixed stand of oak and Scots pine from the French
Centre region. We used the classical Ripley function L(r), and intertype
function L;,(r) to characterise the specific spatial structure of each population,
and the structure of the interaction between populations. We then used the
results of this analysis to build a typology for these stands, with four main
types. These four types may have resulted from ecological processes and
historical management, and a typology could be used to simulate realistic
virtual stands when real data are unavailable.

Keywords: spatial structure; mixed stands; Ripley functions; Orléans Forest;
forest management; Quercus petraea; Pinus sylvestris.

INTRODUCTION

For a few years, there has been renewed interest in uneven-aged and mixed forest
stands (Buongiorno ef al. 1995; Otto 1997; Pretzsch 1997; Hanewinkel 2001;
Johansson 2003; Gotmark et al. 2005). This interest stems from changes both in the
needs of society and in forest management practices. Indeed, there is a general
social demand that environmental considerations be taken into account in forest
management. Thus, single-species forest management, widely used in France and
in several temperate countries, has been put into question. More precisely, mixed
and uneven-aged stands are seen as a better answer to the objectives of ecological
diversification. They are also perceived to be more resistant to catastrophic climatic
events or parasitic attacks (Lygis et al. 2004; Simard et al. 2005). Forest managers
may also see value in these types of stands: better use of poor sites, no clearfelling
with resulting periods of bare soil, more even balance between income and
expenditure.

However, there is a need for specific new tools to manage these complex stands.
Indeed, the description and modelling tools usually used for pure even-aged stands
cannot easily be applied to mixed stands, because they are composed of very
different trees with highly variable characteristics and growth conditions (Spellmann
1992; Hanewinkel & Pretzsch 2000).

The first step toward better management of such mixed or uneven-aged stands is to
describe them precisely, and especially to take into account their variability by
defining different types of stands. This step corresponds to a classical typological
approach, which may better encompass the variability and the functioning of
complex systems (Tomassone et al. 1993). In forest management, site typology is
often used to describe environmental factors, and to optimise the choice of tree
species, as well as to predict the potential production of a forest stand (Arnould &
Simon 1988). Moreover, stand typology is used both to globally describe a forest
stand for management purposes, and to define optimal silvicultural practices
(Lacombe 2001). However, classic stand typologies are based on simple stand-
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level variables such as total basal area or diameter distribution (Renaud 1995) and
do not take into account individual variability or spatial structure. Therefore it is
difficult to use them directly on mixed or uneven-aged stands, that are composed
of very different trees, with highly variable characteristics (species, size, age), and
that have complex spatial structures.

Spatial structure analysis can be used to adapt some dendrometrical tools, and
especially the typological approach, to complex stands (Goreaud 2000; Seynave
1999). Spatial structure plays a crucial part in the functioning of ecosystems (Begon
et al. 1990). For a forest stand, spatial structure represents the organisation of trees
in space, and describes the neighbourhood relations between individuals, possibly
taking into account their dimensions (Matern 1960; Bouchon 1979). As the
dynamics for each individual tree are strongly influenced by its interactions with
the other elements in the ecosystem (Begon ez al. 1990), spatial structure influences
the dynamics of the whole stand. Stand spatial structure results from history, past
biological processes (birth, recruitment, and mortality of trees), and past interactions
between individuals. It also defines the variety of local neighbourhoods around
each tree, which in turn influence future processes such as competition and
mortality. Consequently, studying the spatial structure enables us not only to
describe the stands, but also to establish some links with the various processes
implied in their operation and dynamics (see for example Moeur 1997; Batista &
Maguire 1998; Barot et al. 1999; Hoshino et al. 2001, 2002; Goreaud et al. 2002;
Park 2003). What is more, the analysis of spatial structure is now commonly used
in plant ecology (e.g., Tomppo 1986; Haase 1995; Pélissier & Goreaud 2001;
Wiegand & Moloney 2004).

The aim of this paper is to present a first typology of oak and Scots pine mixed
stands, based on the spatial structure of canopy trees.

Our study focused on mixed stands of Sessile oak and Scots pine in Orléans Forest
in France. We describe these stands in the first section of this paper, and then present
the method used to analyse the spatial structure. We applied our method to 24 plots
of mixed stands, and used the results to define four types, which we organised into
a typology. Finally, we discuss how the four types may have resulted from
ecological processes and historical management, and how such a typology could be
used to simulate realistic virtual stands when real data are unavailable.

STUDY AREA AND DATA COLLECTION

Orléans State Forest is one of the largest public woodlands in France (350 km?). It
is located a few kilometres north of the Loire River. It is a typical flat, lowland
forest, stretching from Gien to Orléans (Fig. 1). Our experimental network was set
up in the southern part of the forest, characterised by alluvial deposits of sand upon
clay. The absence of natural drainage and the non-permeable substratum both
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FIG. 1-Location of Orléans Forest (indicated in the map on the right), a few
kilometres north of the Loire River. Source: www.geoloiret.com

contribute to the development of groundwater tables. Soils are often acidic and
characterised by successive water-logging and dry periods.

The ancient oak forest was heavily over-harvested from the Middle Ages to 1850
(ONF 1992). By that time, the oak stands had been decimated, and the numerous
gaps accounted for 30% of the total surface area. Between 1870 and 1890, the
openings were reforested by either seeding or planting of Scots pine. In this way,
the administration intended to reclaim soils and to restore the forest ecosystem.
Since that time, oak and pine have been managed together. Today, foresters wish
to continue to manage as mixed stands the large area that originated from second-
generation pine. These stands are the object of our surveys.

In 2003, our research team started a project aimed at analysing these mixed stands
of oak and pine, in collaboration with the National Forest administration. We set up
1-ha experimental plots in each compartment with homogeneous site conditions
and containing more than 10% of mixed canopy. A first study (unpubl. data)
showed wide variations in the mixture rate and tree-size distribution in these stands.
For the study reported here we chose 24 plots representative of these various
mixture rates and tree-size distributions, located throughout the southern part of the
forest.
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We mapped these 24 plots in order to study the spatial structure of the oak/pine
mixed stands. Within each 1-ha plot, we measured the exact location of each tree
(diameter >7.5 cm) using a theodolite. Measurements were taken from four points,
each located at the centre of one 2500-m? quarter section of the plot. For the
occasional trees that may have been obscured by other trees, the direction was
assumed to be the same as the direction of the obscuring tree, and the distance was
estimated in a slightly modified direction. For each tree located, we noted its
species, circumference, and whether it formed part of the forest canopy or was in
the understorey. One of our 24 maps (plot 20) is illustrated in Fig. 2 which shows
the position (obtained by the x, y co-ordinates) of all the different tree species
represented by different symbols; the size of the symbols indicates whether the tree
belonged to the canopy (bigger symbols) or to the understorey (smaller symbols).

These plots showed a wide variety of tree species, heights, and circumferences,
which led us to define various sub-populations corresponding to homogeneous
groups of trees — mainly oak and pine, but also birch, chequer-tree, and hornbeam.
We also distinguished the trees in the canopy from the trees in the understorey,
which were not present in all plots.
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FIG. 2-Location of trees in plot 20 in Orléans Forest. The different species are
represented by different symbols (oak are circles, Scots pine are triangles).
Larger symbols indicate that the tree belongs to the canopy (Cn); smaller
symbols indicate that the tree belongs to the understorey (Us).
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In this paper, we focus only on the trees that are included in the forest canopy,
because canopy trees are known to play a major role in the stand dynamics. Indeed,
the structure of the canopy greatly influences the penetration of light inside the
stand (e.g., Schiitz 1999; Ricard et al. 2003), which then becomes a constraint on
the regeneration and growth of the understorey. Moreover, canopy trees represent
most of the biomass and define the economic value of the stand. We have therefore
considered two sub-populations of canopy trees for each plot, oaks on the one hand
and pines on the other. We verified that each sub-population is composed of trees
with similar characteristics: the same species, the same height class, and mostly
similar circumferences.

METHODS
Spatial Structure Analysis

There are many methods used to analyse the spatial structure of ecosystems. For
instance, geostatistics focus on the spatial structure of continuous variables,
whereas point processes are more relevant for analysing sets of points (e.g., Diggle
1983; Cressie 1993). Therefore, point processes are typically used to analyse the
spatial structure of trees in forest stands (Tomppo 1986). Among the possible tools
for point process analysis, Ripley’s K(r) and L(r) functions are increasingly being
used in ecological studies (see Batista & Maguire 1998; and Goreaud 2000 for a
summary). While these statistics require a complete map of the area to be
characterised, they are able to describe the spatial structure of point patterns at
different scales (Cressie 1993).

In this study, we used the classical K(r) and L(r) functions (Ripley 1977) to
characterise the specific spatial structure of each sub-population, and the K ;,(r) and
L;,(r)intertype functions (Lotwick & Silverman 1982) to characterise the structure
of the interactions between sub-populations (i.e., between oaks and pines in the
canopy).

The K(r) function is based on the average value of the number of neighbours at
various distances r from an arbitrary tree in the stand (Equation 1). A is the density
of the sub-population, considered to be homogeneous all over the plot, and
estimated as the ratio of the number of trees in the sub-population to the area of the
plot. E() is the expectation operator.

AK(r) = E(number of trees within a circle of radius r centred in one tree) Egn 1

When analysing spatial point patterns, the classic null hypothesis corresponds to
Complete Spatial Randomness (CSR), which means that the location of each tree
is completely random and completely independent from the location of the other
trees (Diggle 1983; Cressie 1993). For this null hypothesis, the expected value of
K(r)is mr?, i.e., the area of a circle of radius r, at every range r. In order to simplify
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the comparison with the null hypothesis and to stabilise the variance, we used the
classic L-function transformation (Besag 1977) (Equation 2). It follows that L(r) =
0 for CSR, L(r) > O for clustering, whereas L(r) < 0 indicates regularity.

L=/ KO

VA Eqn 2

Considering the classic null hypothesis of CSR, we computed the confidence
intervals for L(r), and for each range r at the o = 1% level using Monte Carlo
simulations. More details on the methods and programs used to estimate these
functions and their confidence intervals have been given by Goreaud & Pélissier
(1999, 2003). We considered that there is significant aggregation (clustering or
clumping) for significant positive values (outside the confidence interval) of the
L(r)function at differentranges r, and significant regularity for significant negative
values (outside the confidence interval) of the L(r) function at different ranges r.
The different spatial patterns and corresponding L(r) curves are illustrated in Fig. 3.
The more positive or negative (outside the confidence interval) the values of L(r),
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FIG. 3—(a): illustration of regular, random, and aggregated distribution, and (b): corresponding
L(r) (from Goreaud 2000). In Fig. 3(b), we have the L(r) curves for aggregation
(dashed black line), regularity (black line), and random structure (grey line). The
CSR curve is between the corresponding confidence interval for the CSR null
hypothesis (dotted grey line).



332 New Zealand Journal of Forestry Science 36(2/3)

the more significant the resulting structure. When the values of L(r) are within the
confidence interval, we can conclude that the structure is not significantly different
from CSR. Since the L(r) function characterises the spatial structure at different
ranges r, we can describe the spatial structure at many scales: for high resolution
(small scale, range, or distance; for » < 10 m), medium scale (for 10 m <r <20 m),
and low resolution (high scale; for » > 20 m).

The L;,(r) intertype function, which characterises the structure of the interactions
between two sub-populations, is based on the same principle as the L(r) function,
but used when two sub-populations (1 and 2) occur in the same plot. The function
K5(r) is based on the number of trees in sub-population 2 within a radius r of an
arbitrary tree from sub-population 1. As for the L(r) function, the L,(r) function is
a transformation of the K,(r) function (Equation 3).

Ly(r) :\/K%(r)_r Eqgn 3

When analysing the relative location of our two sub-populations, corresponding to
oaks and pines in the canopy, we used the null hypothesis of population independence
(Lotwick & Silvermann1982; Goreaud & Pélissier 2003). Indeed, our two sub-
populations correspond to a priori different patterns. For this null hypothesis of
population independence, the expected value of K;,(r) is again pi*r?, and the
expected value of L;,(r) is 0. Hence, for L;,(r)>0, we have attraction between the
populations, and for L;,(r) <0, we have repulsion of the populations. The confidence
interval is built using the same approach as previously explained.

Building a Typology Based on the Spatial Structure of the Stand

We used a hierarchical cluster analysis (Tomassone et al. 1993; Everitt 1974, cited
by R Development Core Team 2005) to determine groups of plots with similar
spatial structure.

For each plot, we considered the values of the L(r) function computed for the two
sub-populations (oaks and pines in the canopy) at ranges r=2,4,...,30 m. Indeed, we
wanted to take into account only the short- and middle-range spatial structure,
corresponding to inter-tree interactions, not the long-range structure that usually
corresponds to soil heterogeneity whose results are difficult to interpret. We
obtained 30 values characterising the specific spatial structure for oaks (15 values)
and pines (15 values) in the canopy at short and middle distances. We also
considered the 15 values of the intertype function L;,(r) between these two sub-
populations, at the same ranges (r=2.4,...,30 m).

We then computed the matrix of spatial structure distances between all 24 plots,
using the classic Euclidean distance between the 45 values characterising the
spatial structure of each plot: the square distance between two plots i and j was
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defined as the sum of the squares of the differences between the corresponding
values of L(r) or L,(r) (Equation 4). It should be noted that weighting factors could
have been used to give more importance to some ranges or functions. However, as
we had no statistical or ecological reasons to give preference to certain ranges or
functions, we first gave the same weight to each measure (as done by Diggle 1983)
(Equation 4).

) 30 . ) 2 30 ) . 2 30 . . 2
Dij= 3 (Lo ()~ Lot (1) V43 (Line () = L () )+ 3 (L () =L () ) Eqn 4

Lastly, we applied the classic hierarchical clustering algorithm to this distance
matrix, grouping together the plots whose spatial structure distances were the
smallest. We used the corresponding “hclust” function in the R software
(R Development Core Team 2005). As all the plots corresponding to the same
cluster have, by construction, a similar spatial structure, we interpreted the different
clusters as different types in our typology.

RESULTS

We will first detail the results obtained for one of the plots (plot 20; Fig. 2), then
present the main spatial characteristics of the oak-pine mixed stands in this study
that we have used to build our first typology of the spatial structure.

One Example: Plot 20

Plot No.20 (Fig. 2) was composed of 239 pines all within the canopy, and 492 oaks
of which 284 were in the canopy. We also located 41 birches, 10 chequer-trees, and
11 hornbeams. For this first study, we considered only oaks and pines within the
canopy that were also the biggest in terms of diameter.

The results of the L(r) and L,,(r) functions, estimated for the two sub-populations,
are presented in Fig. 4. Canopy oaks have a structure not significantly different
from randomness, while canopy Scots pines have a clumped spatial structure
(significant positive values of the L(r) function at all ranges r>4 m). The two sub-
populations present an interspecific repulsion at short distances (significant negative
values of the L;,(r) function up to r = 4 m).

First Typology for Spatial Structure of our Oak - Pine Mixed Stands

The analysis of the spatial structure performed on all 24 plots showed that there was
a high variability in the spatial pattern of the plots, concerning both the specific
spatial structure of each sub-population, and the intertype structure between sub-
populations.

The result of the hierarchical clustering allowed us to summarise this variability and
todefine four main types of spatial structure. Indeed, the dendrogram corresponding
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FIG. 4-Analysis of the spatial structure of Plot 20 in Orléans Forest: L(r) function (black
line), and the corresponding confidence interval for the CSR null hypothesis (grey
line), for oak and pine in the canopy: (a) oak, (b) Scots pine. Intertype L ,(r) function
(black line), and the corresponding confidence interval for the Population
Independence null hypothesis (grey line), for (c) oak vs Scots pine in the canopy.

toour 24 plots (Fig. 5) shows four very clear clusters, that we identified as four types
for our typology. These types highlight a form of gradient, from random (type 1)
to strong aggregation (type 3) of the two species, with the others falling between
these two. The intertype structure also ranges from independence (type 1) towards
clear interspecific repulsion (type 3).

Type 1

The first type is characterised by a relatively similar structure for oaks (Fig. 6a) and
pines (Fig. 6b), not differing significantly from randomness or only slightly
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FIG. 5-Dendrogram of plots. We can identify four main clusters of plots corresponding to
four types of spatial structure.
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clustered. The intertype structure is (Fig. 6¢) not different from interspecific
independence, or shows only a slight interspecific repulsion. In this type, we can
subdivide the different plots into two subtypes: the first where oaks and pines
present a random spatial pattern , and the second where oaks are slightly clustered
while pines have a random or only slightly clumped pattern (see the brackets in
Fig. 6a). Plot 20 (Fig. 4) belongs to this type.

Type 2

The second type is characterised by a spatial pattern more clumped than the
previous type for oaks (Fig. 7a) and a slightly clumped spatial pattern for pines
(Fig. 7b), with the two populations showing an interspecific repulsion (Fig. 7c)
over a shorter distance.
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FIG. 7-L(r) function for oak and pine in the canopy for type 2: (a) oak, (b) Scots pine,
and (c) intertype L,(r) function.
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Type 3

The third type is characterised by a clustered pattern for both oaks (Fig. 8a) and
pines (Fig. 8b) that is more significant than types 1 and 2. The intertype structure
is characterised by interspecific repulsion at the medium and high distances (Fig.
8c). Compared to the first two types, we see a more clustered spatial structure and
more significant repulsion.
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FIG. 8—L(r) function for oak and pine in the canopy for type 3: (a) oak, (b) Scots pine, and
(c) intertype L,(r) function.

Type 4

The fourth type is characterised by slight aggregation for oaks (Fig. 9a) and strong
aggregation for pines (Fig. 9b).The two populations show either an intertype
structure of independence or a tendency toward repulsion (Fig. 9¢). In this type, we



338 New Zealand Journal of Forestry Science 36(2/3)

8 - a

—- 10L(MA

— —13LMA
— —16L(DA
—— 17dLOA
----- 27L(NA

—- 48L(DA

—— 53L(A

| {----- 55L(NA

b

—- 10L(nB
— —13L(nB
— —16L(NB

—— 17dL()B
----- 27L(nB

—- 48L(NB

—— 53L(nB

T f T T T T T T T T T T — ... 55L(0B
2}//4,6810121416182022242628307

4 c
— - 10L12(7)
2 — —13L12()
2 4 6 8 10 12 14 16 18 20 22 24.-76 28 30 | |— —16L120)

0 — . 2726 2830
~ —~ T ———17dL12(1)
2 T e T | 27L12(1)

— - 48L12(n)

—— 53L12(7)

----- 55L12(1)

FIG. 9-L(r) function for oak and pine in the canopy for type 4: (a) oak, (b) Scots pine, and
(c)intertype L;,(r) function. In Fig. 9c, we can see the first subtype with independence
or slight repulsion between oak and pine (black brackets) and the second type were
the repulsion is more significant (grey brackets).

can define one subtype where oak show interspecific repulsion with pine and a
second subtype where interspecific repulsion is less pronounced, sometimes even
showing independence (see brackets in Fig. 9c).

The difference between this type and type 3 is the slight aggregation of oaks, while
pines always show a significant aggregation.

INTERPRETATIONS OF RESULTS

The analysis of the spatial structure of oak-pine mixed stands has led us to
demonstrate two main characteristics of these stands. Firstly, aggregation is the
most common structure. Secondly, there is high variability in the spatial structure
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of our stands with a gradient from random structure (type 1) to strong aggregation
(type 3).

These spatial characteristics can help us to better understand how the ecological and
anthropic processes have influenced the dynamics of the ecosystems. Many studies
have used spatial analyses to characterise the structure of different populations and
spatial patterns to infer information on ecological processes that play a part in the
dynamic of stands studied (for example, Moeur 1993, 1997; Batista & Maguire
1998; Barot et al. 1999; Goreaud 2000; Hoshino et al. 2001, 2002; Goreaud et al.
2002; Park 2003; Zenner et al. 2000; Szwagrzyk 1991). Indeed, the spatial structure
of a stand results from different processes that lead to the death of older trees and
to regeneration at any given position. For instance, the regeneration of species with
heavy seeds is considered to induce aggregates, whereas competition for light or
soil nutrients is considered to induce regularity and interspecific repulsion (e.g.,
Collinet 1997; Goreaud et al. 2002).

However, as we are dealing with managed stands, we can hypothesise that the main
factor influencing the spatial structure is past management of the stand. Indeed,
Orléans Forest is a former oak grove, deforested by excessive cutting at the end of
the eighteenth century. Later (between 1870 and 1890), gaps were filled in with
Scots pine, chosen for its adaptation to difficult climatic and soil conditions. Thus,
we can assume that at the end of that period the spatial structure was mainly
characterised by aggregates of oak and pine in interspecific repulsion. This same
spatial structure can still be found in our present-day mixed stands, especially in the
third type.

For both oak and pine, the presence of more or less aggregated patterns and the fact
that regularity is rare lead us to two assumptions: (i) intraspecific competition is not
the main factor in stand dynamics, (ii) silvicultural thinnings have not been too
intense. The latter is linked to the fact that there are no clear guidelines for thinning
in these mixed stands.

We can assume that these aggregated structures are also the result of localised
regeneration. Indeed, regeneration in our stands (and more generally in broad-
leaved/coniferous mixed stands) is known to be highly dependent on quantity of
light, and this leads to the creation of aggregates within gaps (Mosandl & Kleinert
1998; Hoshino et al. 2001, 2002, 2003; Park 2003; Paluch & Bartkowicz 2004).
Clustering may also be explained by the limited seed dispersal of some species
(Menaut et al. 1990; Collinet 1997; Barot et al. 1999), particularly for sessile oak
in our study. With these oaks, seedlings are found in clusters around the mother
trees.

For interspecific spatial structure, the trend is sometimes toward independence, and
sometimes toward repulsion. We therefore hypothesise that interspecific competition
is higher in some plots (type 3), and lower in others.
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Interspecific interaction can have a considerable influence on regeneration. In these
plots we have found (unpubl. data) that: (i) oak can regenerate under a canopy of
pine, but (ii) the opposite situation is very rare (pine regeneration is generally rare
under shelter), (iii) in certain plots, no oak regeneration occurred under pine, which
could be the result of too great a distance from mother trees, poor soils, or
competition with herbaceous vegetation. These remarks are recurrent in many
studies on mixed broad-leaved /coniferous stands (Mosandl & Kleinert 1998;
Hiura & Fujiwara 1999; Lookingbill & Zavala 2000; Takahashi et al. 2003; Paluch
& Bartkowicz 2004).

We can therefore suppose that, when oak does regenerate under pine, the spatial
structure will evolve towards less aggregation and less interspecific repulsion
(types 1 and 4), whereas when no oak regeneration occurs under pine, the spatial
structure will remain aggregate with repulsion (type 3).

This difference in spatial structure from one type to another may be explained by
differences in soil conditions. Soil heterogeneity has a great influence onregeneration
and stand dynamics by creating favourable or unfavourable conditions for individual
tree growth. Soil heterogeneity is often the outcome of the spatial distribution of soil
resources, resulting either in favourable zones where aggregates will be found, or
in less favourable or unfavourable zones which will be more or less empty (Barot
et al. 1999). Certain species may also use environmental resources better than
others, following the ecological niche theory (Hutchinson 1957, cited by Begon et
al. 1990). This could be the case in our mixed stands, as broad-leaved and
coniferous trees may not have the same environmental needs, which could also lead
to a structure with aggregates and the two species in repulsion.

DISCUSSION

In this paper, we have presented a typology of mixed oak and pine stands, based on
spatial structure. We have showed clearly that the spatial structure of such stands
can be highly variable, and we have identified four types, that can be interpreted as
a gradient from random (type 1) to strong aggregation (type 3) of the two species,
and from independence (type 1) towards clear interspecific repulsion (type 3). Such
results on the variability of the spatial structure can be obtained only because we
analysed many plots in the same stands. It is complementary to previous work,
usually focusing on one or two plots only (e.g., Paluch & Bartkowicz 2004) We
used spatial structure in two important steps. Firstly, we built a typology with four
types of spatial structures that helped us to describe the stands. Secondly, we used
the generally observed spatial structure to link the present structure with the history
of the stand, and to make hypotheses about the ecological processes which had
influenced the dynamics of these stands.
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Our study was applied to a mixed oak and Scots pine forest, but the method
described in this paper can, of course, be used in any other mixed stands.

Interest and Limit of Such a Typology

Such a typology appears to be very important, because the precise description of
stand structure should allow forest managers to set out forestry guidelines and to
adjust them according to the different types identified. In the current context where
knowledge of heterogeneous stands is lacking, this approach based on spatial
structure supplies a clear description of mixed stands, a preliminary condition for
an appropriate management policy.

Such a typology could also be helpful in simulating realistic virtual stands, that
could be used as the initial state for a simulation to proceed with an individual-tree-
based growth model. Individual-tree-based models are often used for growth
modelling in mixed or irregular stands, in order to take into account the strong
individual variability inside these stands (Houllier et al. 1991; Spellman 1992;
Pretzsch 1997). Such models simulate the evolution of each individual tree
according to its particular characteristics and its local environment. There are many
models of this type, with a great diversity of competition index — for example,
Botkin et al. (1972), Ek & Dudek (1980), Schiitz (1989), Pukkala et al. (1994),
Murphy & Shelton (1996), Moeur (1997), Cescatti & Piutti (1998), Nagel (1999),
Gourlet Fleury & Houllier (2000), Dube et al. (2001), Courbaud et al. (2001),
Ménard et al. (2002), and Chertov et al. (2003). However, this kind of model cannot
easily be used by forest managers because an initial state with the description and
the location of each tree must be provided in order to run simulations. Typically,
these data are not commonly available.

However, our typology of mixed oak-pine stands identifies the main spatial
characteristics of the stands in terms of spatial types. Furthermore, for each type we
can measure many stand-level characteristics such as the rate of mixing in the
canopy, the tree density in the canopy and in the understorey, the presence or
absence of species in the understorey, the basal area, the diameter classes, and
possibly a few inter-tree distances. For a given real stand whose spatial pattern has
not been mapped, we could easily measure the stand-level characteristics and the
resulting variables could be used to identify its corresponding type in our typology.
Then, the main spatial characteristics of the identified type could be used to
simulate a realistic stand, using specific point processes.

Our typological approach depends, of course, on the number of plots used to build
the typology. We do have a few reservations concerning the representative
character of our typology. To evaluate this aspect, we hope to create additional
maps in other mixed oak-pine stands (possibly outside Orléans Forest), in order to
compare the structure with our typology, and maybe to define new types.
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Our approach also depends on the variable that we chose to build the typology. We
used the spatial structure of oaks and pines in the canopy. It would be interesting
to investigate the influence of understorey spatial structure on our typology; and
also possibly the influence of the other significant species present.

ACKNOWLEDGMENTS

We would like to express our gratitude to the “heterogeneous forest” (‘“forét hétérogene”)
team for their precious help during the data collection, the ONF (National Forest Office) for
their support, the anonymous referees for their constructive comments, and Vicky for her
help with the English text.

REFERENCES

ARNOULD, P.; SIMON, L. 1988: Les catalogues des stations forestieres: de 1’histoire
d’une idée a ses implications théoriques et pratiques. Biogéographie, Environnement,
Aménagement, Association Frangaise de Géographie Physique, CNRS - ENS Saint-
Cloud: 155-167.

BAROT, S.; GIGNOUX, J.; MENAUT, J.-C. 1999: Demography of a savanna palm tree:
predictions from comprehensive spatial pattern analyses. Ecology 80(6): 1987-2005.

BATISTA, J.L.F.; MAGUIRE, D.A. 1998: Modeling the spatial structure of tropical
forests. Forest Ecology and Management 110: 293-314.

BEGON, M.; HARPER,J.L.; TOWNSEND, C.R. 1990: “Ecology: Individuals, Populations
and Communities”. Blackwell Scientific Publications. 945 p.

BESAG,J. 1977: Contribution to the discussion of Dr Ripley’s paper. Journal of the Royal
Statistical Society, B 39: 193—-195.

BOTKIN, D.B.; JANAK, J.F.; WALLIS, J.R. 1972: Some ecological consequences of a
computer of forest growth. Journal of Ecology 60: 849-872.

BOUCHON,J. 1979: Structure des peuplements forestiers. Annales des Sciences Forestiéres
36(3): 175-209.

BUONGIORNO, J.; PEYRON, J.L.; HOULLIER, F.; BRUCIAMACCHIE, M. 1995:
Growth and management of mixed-species, uneven-aged forests in the French Jura :
implications for economic returns and tree diversity. Forest Science 41(3): 397-429.

CESCATTI, A.; PIUTTI, E. 1998: Silvicultural alternatives, competition regime and
sensitivity to climate in a European beech forest. Forest Ecology and Management
102(2-3): 213-223.

CHERTOV, 0.; KOMAROV, A.; KOLSTROM, M.; PITKANEN, S.; STRANDMAN, H.;
ZUDIN,S.; KELLOMAKI, S.2003: Modelling the long-term dynamics of populations
and communities of trees in boreal forests based on competition for light and nitrogen.
Forest Ecology and Management 176(1-3): 355-369.

COLLINET, F. 1997: Essai de regroupements des principales especes structurantes d une
forét dense humide d’apres I’analyse de leur répartition spatiale. These, Université
Claude-Bernard — Lyon L. 313 p.

COURBAUD, B.; GOREAUD, F.; DREYFUS, P.; BONNET, F.R. 2001: Evaluating
thinning strategies using a tree distance dependent growth model: some examples

based on the CAPSIS software uneven-aged spruce forests module. Forest Ecology
and Management 145(1-2): 15-28.



Ngo Bieng et al. — Oak and Scots pine stands in Orléans Forest 343

CRESSIE, N.A.C. 1993: “Statistics for Spatial Data”. Wiley Series in Probability and
Mathematical Statistics. 900 p.

DIGGLE, P.J. 1983: “Statistical Analysis of Spatial Point Patterns”. Academic Press, New
York. 148 p.

DUBE, P.; FORTIN, M.J.; CANHAM, C.D.; MARCEAU, D.J. 2001: Quantifying gap
dynamics at the patch mosaic level using a spatially-explicit model of a northern
hardwood forest ecosystem. Ecological Modelling 142(1-2): 39-60.

EK,A.R.;DUDEK, A. 1980: Development of individual tree based stand growth simulators:
progress and applications. Staff Paper Series No. 20. 24 p

EVERITT, B. 1974: “Cluster Analysis”. Heinemann Educational Books, London.

GOREAUD, F. 2000: Apports de I’analyse de la structure spatiale en forét tempérée a
I’étude et la modélisation des peuplements complexes. Theése de doctorat en Sciences
forestieres, ENGREF. 362 p.

GOREAUD, F.; PELISSIER, R. 1999: On explicit formulas of edge effect correction for
Ripley’s K-function. Journal of Vegetation Science 10: 433—438.

——2003: Avoiding misinterpretation of biotic interactions with the intertype K-
function: population independence vs. random labelling hypotheses. Journal of
Vegetation Science 14: 681-692.

GOREAUD, F.; LOREAU, M.; MILLIER, C. 2002: Spatial structure and the survival of
an inferior competitor: a theoretical model of neighbourhood competition in plants.
Ecological Modelling 158(1-2): 1-19.

GOTMARK, F.; FRIDMAN, J.: KEMPE, G.; NORDEN, B. 2005: Broadleaved tree
species in conifer-dominated forestry: Regeneration and limitation of saplings in
southern Sweden. Forest Ecology and Management 214(1-3): 142—157.

GOURLET-FLEURY, S.; HOULLIER, F. 2000: Modelling diameter increment in a
lowland evergreen rain forest in French Guiana. Forest Ecology and Management
131(1-3): 269-289.

HAASE, P. 1995: Spatial pattern analysis in ecology based on Ripley’s K-function:
Introduction and methods of edge correction. Journal of Vegetation Science 6: 575—
582.

HANEWINKEL, M. 2001: Economic aspects of the transformation from even-aged pure
stands of Norway spruce to uneven-aged mixed stands of Norway spruce and beech.
Forest Ecology and Management 151(1-3): 181-193.

HANEWINKEL, M.; PRETZSCH, H. 2000: Modelling the conversion from even-aged
stands of Norway spruce (Picea abies L. Karst) with a distance-dependent growth
simulator. Forest Ecology and Management 134: 55-70.

HIURA, T.; FUIIWARA, K. 1999: Density dependence and co-existence of conifer and
broad-leaved trees in a Japanese northern mixed forest. Journal of Vegetation Science
10(6): 843-850.

HOSHINO, D.; NISHIMURA, N.; YAMAMOTO, S.2001: Age, size structure and spatial

pattern of major tree species in an old-growth Chamaecyparis obtusa forest, Central
Japan. Forest Ecology and Management 152(1-3): 31-43.

——2002: Dynamics of major conifer and deciduous broad-leaved tree species in an old-
growth Chamaecyparis obtusa forest, central Japan. Forest Ecology and Management
159(3): 133-144.



344 New Zealand Journal of Forestry Science 36(2/3)

——2003: Effects of canopy conditions on the regeneration of major tree species in an old-
growth Chamaecyparis obtusaforestin central Japan. Forest Ecology and Management
175(1-3): 141-152.

HOULLIER, F.; BOUCHON, J.; BIROT, Y. 1991: Modélisation de la dynamique des
peuplements forestiers: état et perspectives. Revue Forestiére Frangaise 43(2): 87—
108.

JOHANSSON, T. 2003: Mixed stands in Nordic countries—a challenge for the future.
Biomass and Bioenergy 24(4-5): 365-372.

HUTCHINSON, G.E. 1957: Concluding remarks. Cold Spring Harbour Symposia on
Quantitative Biology 22: 415-427.

LACOMBE, E. 2001: La typologie de peuplement du Massif vosgien: un outil au service
des aménagistes et des marteleurs. Typologie des peuplements. Actes de la table
d’hote sur la sylviculture des peuplements en futaie irréguliere: 73-78.

LOOKINGBILL, T.R.; ZAVALA, M. A. 2000: Spatial pattern of Quercus ilex and Quercus
pubescensrecruitmentin Pinus halepensis dominated woodlands. Journal of Vegetation
Science 11(4): 607-612.

LOTWICK, H.W.; SILVERMAN, B.W. 1982: Methods for analysing spatial processes of
several types of points. Journal of the Royal Statistical Society 44(3): 406—413.

LYGIS, V.; STENLID,J.; VASILIAUSKAS, R.; VASILIAUSKAS, A.2004: Silvicultural
and pathological evaluation of Scots pine afforestations mixed with deciduous trees
to reduce the infections by Heterobasidion annosum s.s. Forest Ecology and
Management 201(2-3). 275-285.

MATERN, B. 1960: Spatial variation: stochastic models and their application to some
problems in forest survey, and other sampling investigations. Meddelangen Fran
Statens. Skoksforskninstitut, Band 49, Nr 5: 144.

MENARD, A.; DUBE, P.; BOUCHARD, A.; CANHAM, C.D.; MARCEAU, D.J. 2002:
Evaluating the potential of the SORTIE forest succession model for spatio-temporal
analysis of small-scale disturbances. Ecological Modelling 153(1-2): 81-96.

MENAUT, J.C.; CLOBERT, J.; GIGNOUX, J.; PRADO, C. 1990: Tree community
dynamics in a humid savanna of the Cote d’Ivoire: modelling the effects of fire and
competition with grass and neighbours. Journal of Biogeography 17: 471-481.

MOEUR, M. 1993: Characterizing spatial patterns of tree using stem-mapped data. Forest
Science 39(4). 756-775.

——1997: Spatial models of competition and gap dynamics in old-growth T'suga heterophylla
Thuja plicata forests. Forest Ecology and Management 94(1-3): 175-186.

MOSANDL, R.; KLEINERT, A. 1998: Development of oaks (Quercus petraea (Matt.)
Liebl.) emerged from bird-dispersed seeds under old-growth pine (Pinus silvestris L.)
stands. Forest Ecology and Management 106(1): 35-44.

MURPHY, P.A.; SHELTON, M.G. 1996: An individual-tree basal area growth model for
loblolly pine stands. Canadian Journal of Forest Research-Revue Canadienne De
Recherche Forestiere 26(2). 327-331.

NAGEL, J. 1999: Konzeptionelle Uberlegungen zum schrifttweisen Aufbau eines
waldwachstumskundlichen Simulationssystems fiir Nordwestdeutschland. Schriften
aus der Forstlichen Fakultdt der Universitdit Gottingen und der Niedersdichsischen
Forstlichen Versuchsanstalt Band 128: 122 p.



Ngo Bieng et al. — Oak and Scots pine stands in Orléans Forest 345

OFFICE NATIONAL DES FORETS LOIRET ORLEANS (ONF) 1992: “Forét domaniale
d’Orléans: révision d’aménagement 1990-2009”. Ouvrage ONF, Orléans. 825 p.

OTTO, H.J. 1997: Les foréts de Basse-Saxe en Allemagne du nord: un passé difficile
commande une gestion nouvelle. Deuxieme partie: le programme gouvernemental «
LOWE », principes d’une sylviculture proche de lanature. Revue Forestiére Frangaise
49(5): 477-488.

PALUCH, J.G.; BARTKOWICZ, L.E. 2004: Spatial interactions between Scots pine
(Pinus sylvestris L.), common oak (Quercus roburL.) and silver birch (Betula pendula
Roth.) as investigated in stratified stands in mesotrophic site conditions. Forest
Ecology and Management 192(2-3): 229-240.

PARK, A. 2003: Spatial segregation of pines and oaks under different fire regimes in the
Sierra Madre Occidental. Plant Ecology 169(1): 1-20.

PELISSIER, R.; GOREAUD, F.2001: A practical approach to the study of spatial structure
in simple cases of heterogeneous vegetation. Journal of Vegetation Science 12: 99—
108.

PRETZSCH, H. 1997: Analysis and modeling of spatial stand structures. Methodological
considerations based on mixed beech-larch stands in Lower Saxony. Forest Ecology
and Management 97: 237-253.

PUKKALA, T.; KOLSTROM, T.; MIINA, J. 1994: A method for predicting tree dimensions
in Scots pine and Norway spruce stands. Forest Ecology and Management 65(2-3):
123-134.

R DEVELOPMENT CORE TEAM 2005: R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. Available:
http://www.R-project.org [access date?]

RENAUD, J.P. 1995: Typologie et cartographie des forét irrégulieres de montagne:
objectifs, méthologie, intérét pour la gestion forestiere. Actes de rencontres
internationales: “La cartographie pour la gestion des espaces naturels”. Saint-Etienne
(France), 13—17 Novembre 1995: 147-151.

RICARD, J.P.; MESSIER, C.; DELAGRANGE, S.; BEAUDET, M. 2003: Do understory
saplings respond to both light and below-ground competition? A field experiment in
a north-eastern American hardwood forest and literature review. Annals of Forest
Science 60: T49-756.

RIPLEY, B.D. 1977: Modelling spatial patterns. Journal of the Royal Statistical Society,
B 39: 172-212.

SCHUTZ, J.P. 1989: Zum Problem der Konkurrenz in Mischbestinden. Schweizerische
Zeitschrift fiir Forstwesen 140(12): 1069-1083.

——1999: The principle of functioning of mixed forest stands; experience of temperate
central European forest conditions. Pp. 219-234 in “Management of Mixed-species
Forest: Silviculture and Economics”. IBN Scientific Contributions 15. 392 p.

SEYNAVE, I. 1999: Analyse de la structure de deux peuplements mélangés équiennes: la
sapiniere hétraie et la chénaie hétraie. Analyse de la dynamique de la structure de la
sapiniere hétraie. These de doctorat en Sciences forestieres, ENGREF.

SIMARD, S.W.; HAGERMAN, S.M.; HEINEMAN, J.L.; MATHER, W.J.; SACHS, D.L.
2005: Conifer growth, Armillaria ostoyae root disease, and plant diversity responses
to broadleaf competition reduction in mixed forests of southern interior British
Columbia. Canadian Journal of Forest Research 35(4): 843—859.



346 New Zealand Journal of Forestry Science 36(2/3)

SPELLMANN, H. 1992: Concepts for mixed stand studies. Proceedings from the [UFRO
conference, held in Berlin-Eberswalde. 10 p.

SZWAGRZYK, J. 1991: Small-scale spatial patterns of trees in a mixed Pinus sylvestris —
Fagus sylvatica forest. Forest Ecology and Management 51: 301-315.

TAKAHASHIL K.; HARA, T.; MITSUISHI, D.; SUZUKI, J-L.; UEMURA, S.2003: Stand
structure and dynamics during a 16-year period in a sub-boreal conifer-hardwood
mixed forest, northern Japan. Forest Ecology and Management 174(1-3): 39-50.

TOMASSONE, R.; DERVIN, C.; MASSON, J.P. 1993: “Biométrie: Modélisation de
Phénomenes Biologiques”. Masson, Paris. 553 p.

TOMPPO, E. 1986: Models and methods for analysing spatial patterns of trees. The Finnish
Forest Research Institute Helsinki, Finland, Communicationes Instituti Forestalis
Fenniae No.138. 65 p.

WIEGAND, T.; MOLONEY, K.A. 2004: Rings, circles and null-models for point pattern
analysis in ecology. Oikos 104: 209-229.

ZENNER, K.E.; HIBBS, D.E. 2000: A new method for modelling heterogeneity of forest
structure. Forest Ecology and Management 123: 75-87.



