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Abstract:

Spatial pattern has a key role in the interactlmgtsveen species in plant communities. These
interactions influence ecological processes invivethe species dynamics: growth,
regeneration and mortality. In this study, we inigeged the effect of spatial pattern on
productivity in mature mixed forests of sessile aaki Scots pine. We simulated tree
locations with point process models and tree gromith spatially explicit individual growth
models. The point process models and growth madeis fitted with field data from the
same stands. We compared species productivityraatan two types of mixture: a patchy
mixture and an intimate mixture. Our results shbat the productivity of both species is
higher in an intimate mixture than in a patchy migt Productivity difference between the
two types of mixture was 11.3% for pine and 14. 6¥dlak. Both species were favored in the
intimate mixture because, for both, intraspecibmpetition was more severe than
interspecific competition. Our results clearly sagdavoring intimate mixtures in mature
oak-pine stands to optimize tree species produgtivak is the species that benefits the most
from this type of management. Our work also shdwas mnodels and simulations can provide
interesting results for complex forests with miesyrresults that would be difficult to obtain

through experimentation.

Keywords: Point process model; Spatially explicit growthdeb Intimate mixture; Patchy

mixture; Quercus petraealinus sylvestris
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1. Introduction

Since the beginning of the 1990s when the worldviglet against biodiversity loss gained
recognition (Earth summit, Rio de Janeiro, 199&grest in mixed forests has been growing.
Species composition has become a key criteriongtbgable forest management, as defined
at the 2003 Vienna conference on forest protecdtidturope (MCPFE et al. 2011).

Moreover, several scientific studies have showratieantage of setting up mixed stands
compared to pure stands. For example, a mixtuteefspecies can reduce damage by
phytophagous insects (Jactel and Brockerhoff 20@iXing species can also lead to an
increase in stand productivity (Pretzsch and Seh@09; Vallet and Perot 2011) thanks to
better resource exploitation and facilitation meghas between species (Kelty 2006). More
recently, the question of how ecosystems will adaglimate change has strengthened the
interest in mixed forests (Lenoir et al. 2008). Aiing to the insurance principle
(McNaughton 1977), mixing tree species could miggae consequences of future climatic
changes on forest ecosystem functioning by didinguhe risks over the different species. In
Europe, mixed-stand management is also a very itapoeconomic issue because the surface
area these stands cover is considerable (MCPHE29HL).

How to optimize the productivity of mixed forestghile at the same time preserving them, is
therefore an important question for forest researotreach this goal, managers need better
knowledge and a more precise description of thiofad¢hat influence trees and species
growth in mixtures. Spatial pattern is known to éavsignificant impact on species
interactions which in turn impact ecological praesin plant communities (Mokany et al.
2008; Begon et al. 2006; Dieckmann et al. 2000ati8ppattern refers to the organization of
individuals in space and therefore reflects thalleovironment around each individual. This
local environment modifies the expression of dyranatural processes such as growth,

mortality and regeneration (Barot et al. 1999; @aud et al. 2001). Thus, spatial pattern can
3
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modify species productivity. For herbaceous spetiasiosova et al. (2010) showed that the
type of spatial organization affected species petdily in mixtures, and depended on
complicated interplay between interspecific andaspecific competition: generally, in a
random pattern the dominant species (superior cttof® increased their productivity,

while the aggregated pattern was more favorabléh®subordinate species (inferior
competitors). However, few studies have dealt withrelationship between spatial pattern
and productivity in forest stands, much less inedixorest stands, partly because
experimental approaches which take tree spatigdqpatinto account is difficult to set up for
mixed forests (Vanclay 2006). Some authors usedehschulations to overcome this
difficulty. For example, Pukkala (1989) studied #ftect of spatial pattern type on
productivity in monospecific forest stands. To éiffintiate the effects of intra- and
interspecific competitions in mixed stands, sptiekplicit models have been developed
(e.g. Vettenranta 1999). These growth models us®ettion indices that require to know
the spatial position of trees in the stand. Spataht processes, which are stochastic models
that governs the location of points in space (Geek393), were used to model the spatial
structure of mixed forests (e.g. Pretzsch 1997)agproach using simulations with these
kinds of realistic models is therefore an interggtivay to investigate the impacts of spatial
structure on mixed forests productivity (PretzseB7).

In our work, we focused on the case of a mixedsfiooé sessile oakJuercus petraed.) and
Scots pineRinus Sylvestrig.) in central France. In a previous study, thatis pattern of
these stands had already been accurately des¢higedBieng et al. 2006). The authors
identified different spatial patterns of canopyeiethe two species showed an intraspecific
spatial pattern characterized by a gradient fromdoan to strong aggregation while the
interpecific spatial pattern was characterized lgyaalient from independence to interspecific

repulsion. Moreover, Ngo Bieng et al. (2011) bpdint process models in order to simulate
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the different spatial patterns identified in thetends. In another previous work in the same
forest, Perot et al. (2010) developed individuavgh models based on local competition
indices and showed that within these stands, ipé@Bc competition had a more negative
effect on growth than interspecific competition bmth species. According to these results,
species productivity may be enhanced in a mixturer& intraspecific competition is
minimized.

The aim of the present study was to clarify andhgjfiathe impact of tree spatial pattern on
species productivity in a mature mixed forest. Bdhis, we used point process models to
simulate two contrasting types of existing spaiettern that had been identified by Ngo
Bieng et al. (2006). We then simulated tree growith a spatially explicit individual based
model using the point process realizations asrtttiali state, then we compared the
productivity obtained in each type of spatial paité-inally, we assessed the contribution of

spatial pattern to productivity variability of easpecies.

2. Methods

2.1 Study site and types of spatial pattern for the simulated oak-pine mixed stands

Our work focused on oak-pine mixed stands in tHédis forest located in central France
(47°51'N, 2°25'E). With 35,000 hectares, the Ordéfanest is France’s largest public
woodland. The forest is dominated by oaks (ma@ercus petraed.) and Scots pine
(Pinus sylvestrid..). Between 2004 and 2007, 30 plots in the Odéarest of between 0.5
and 1.25 ha were fully inventoried and mapped g0 asn an in-depth study on the
horizontal spatial pattern in these stands (Ngo@et al. 2006). These plots were
characterized by a mixed canopy composed of oakpsrg] and by an understory dominated
by oak. Between 2006 and 2007, nine of the 30 plere selected to study growth in mixed

oak-pine stands (Perot et al. 2010). In these flable 1), the mean oak age as determined
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by cores taken at breast height ranged from 53 tgears, and that of pines from 50 to 112
years. In any given plot, all the trees of the sapexies were approximately the same age,
thus indicating a single cohort for pines and glgircohort for oaks. Pines were restricted to
the canopy of the stands while oaks occupied bwltanopy and the understory.

In order to quantify the effect of tree spatialtpat on species productivity, in this study we
focused on two contrasted types of canopy spadidém identified by Ngo Bieng et al.
(2006). The first type of mixture is characterizgdmonospecific clusters (clusters of oaks
and clusters of pines) with interspecific spatgdulsion (Fig. 1a). For this first type,
repulsion occurs between clusters of individualisTpatchy mixture” is henceforth called
Type 1. In the second type of mixture, individuake and pines are randomly scattered (or
only slight aggregated) (Fig. 1b). Here, the irgersfic structure is characterized by
repulsion between individuals at short distancekrasults in an intimate mixture at the plot
scale. This “intimate mixture” is referred to asp€y?2 in the following sections.

We also took the understory trees into accountsiney participate in stand productivity and
are involved in local competition. In the studi¢drgls, the understory is mainly composed of
oak. Several types of spatial pattern have beettifaa for the understory in these stands
(Ngo Bieng 2007). However, in eight of the ninetplahere we measured tree growth, the
spatial pattern of the understory was the samesé€mrently, we chose only one type of

spatial pattern for the understory and applied hdth types of mixture (Type 1 and Type 2).

2.2 Point process models of oak-pine mixed stands.

2.2.1 Point process models

The point process model we used in our study wasTeination of classic point processes.
In forestry applications, as in this study, thetgpaattern of the trees in a stand is assumed to

result from a given point process. We thereforals®wn point processes to reproduce the
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spatial features observed in the studied standsder to generate clustered or aggregated
spatial point patterns, we used the Neyman-Sc@) (Mint process (Tomppo 1986; Ngo
Bieng et al. 2011). In order to generate the repulbetween individuals or groups of
individuals, we used the “soft core” (SC) point gges, which is a pairwise interaction
process where pairs of points should not be clibsar a threshold distance or “soft core”
distance (lllian et al. 2008; Ngo Bieng et al. 2DMith the combination of these two point
processes, Ngo Bieng et al. (2011) developed pootess models fitted on field data to
reproduce the spatial patterns of oak-pine mixadds. These models took into account the
spatial pattern of the two species when reproduttisgpbserved spatial features, thus
describing the spatial interactions between qualéanarks associated to the simulated
spatial point process. For our work, we used thetpmwocess models developed by Ngo
Bieng et al. (2011) to simulate oak-pine mixed dtamhese models are described in the

following subsections.

2.2.2 Point process model for spatial pattern of Type 1patchy mixture

This point process model is a combination of Ney8aaott processes (NS) and soft core
processes (SC). Oak locations were simulated BySaprocess. Pines locations were
simulated by a NS process with an additional regylaonstraint obtained through a SC
process. The regularity constraint takes into astoegularity at short distances, which is
typical of the spatial pattern of pines (Ngo Bi&ti)6). The regularity constraint is a
threshold distance of regularitgrég) which corresponds to the minimum distance allowed
between two pines. To generate a more realistidaeity, if the distance between two pines
is below the threshold distance, tree locationshmaretained with a probability depending on
the distance between the two trees (principle ®3& process). This probability varies
linearly from O at a null distance to 1 at the #iv@ld distancéreg Interspecific repulsion

was also simulated with a SC process and a reputkgtancedrep. The Type 1 model has

7



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

six parameters (Table 2): the number of oak aggesdacl,.y), the radius of the oak
aggregates¢loay, the number of pine aggregatesli.e), the radius of pine aggregates
(rclping), the minimal intraspecific distance between pioesegularity distancedfeg), the

minimal repulsion distance between oaks and pinespulsion distancel(ep).

2.2.3 Point process model for spatial pattern of Type 2intimate mixture

This model is a combination of a NS process an@ @idcess. Pine locations were simulated
with a NS process with a regularity constraint oted with a SC process as explained for the
previous model. Oak individuals were then randosiyulated with a repulsion distance also
ensured with a SC process. Contrary to the previtagel, the probability of accepting an
oak closer to a pine than the threshold repulsistadce is constant and does not vary with
the distance. This model has five parameters (T2bllhe number of pine aggregates
(nclyine), the radius of pine aggregatesline), the intraspecific minimal distance between
pines or distance of regularitgireg), the minimal repulsion distance between oakspanes
(drep) andp the constant probability to accept an oak treeedistance lower thaarepfrom a

pine.

2.2.4 Point process model for oak understory

As mentioned previously, the understory was matoiynposed of oak, and its spatial pattern
did not vary much among the studied plots. We floeeechose to simulated only one type of
spatial pattern for understory oaks: the most feeqiype in the plots where growth was
measured. For Type 1 and Type 2 mixtures, the sitedispatial pattern of understory oaks
was therefore identical. As we did for the canapgs$, we used a point process model fitted
on field data to simulate the locations of undexstiaks (Ngo Bieng et al. 2011). This point
process model simulates an attraction with the oakise canopy and a repulsion with the

pines in the canopy. The point process model feutiderstory oaks was a combination of
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NS and SC processes. First, understory oaks wardated with a NS process. During this
simulation, repulsion with the pines in the cana@s ensured with a SC process containing
an additional constraint of attraction with can@@ks. This attraction constraint between
understory and canopy oaks was simulated by chgd¢kat each understory oak was at a
distance below or equal to a given attraction dista This model had four parameters (Table
2): the number of oak aggregates in the undergtany,q), the radius of oak aggregates in the
understoryiclung), the distance of intraspecific attraction betwaaderstory oaks and

canopy oaksdattr), the distance of interspecific repulsion betweerderstory oaks and

canopy pinesdrep).

Fig. 1 presents simulated stands for the patchpgTyand the intimate (Type2) mixtures.

2.3 Spatially explicit individual growth models

As mentioned above, we developed our growth madeh data collected from nine plots in
the Orleans forest. The nine plots cover the tvpes$yof mixture simulated in this work
(Table 1). In each plot, we selected 30 oaks angir3€s based on a stratified sampling
method. The stratification variables were tree aizé local environment (see Perot et al.
2010 for details). Sampled trees were cored titeat a height of 1.3 m. The cores were
scanned and analyzed using the WinDENDRO softwamsjon 2005a (Regent 2005), and
ring width was measured to the nearest 0.01 mm CIDEECHA software (Grissino-Mayer
2002) was used to cross-date the individual ringthvseries. The ring width analyses were
performed on a final total of 230 oaks and 269 gimeetailed information on past
disturbances was not available for our plots (leceand size of suppressed trees) so we
chose the 6 years period from 2000 to 2005 to stesygrowth because there had been no
thinnings or storms during that time.

The growth model we developed is a spatially expidividual based model based on local

competition indices (Uriarte et al. 2004b). Thisdabis similar to that presented by Perot et

9
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al. (2010) but for the present study we added arplodom effect to account for factors
influencing tree growth at the plot level (soil ¢jtya stand age, stand density). The final
model for each species was a linear mixed effecahd-or both species, the competition
indices were the basal areas of the oaks and paleaging to the neighborhood of the target
tree Cloak €tClping). In @ previous work on the same plots (Perot.e2G1.0), several radii (5,
10 and 15m) were tested for the neighborhood $0 egver the range of radii reported in
other studies (Canham et al., 2004; Stadt et @07 2Uriarte et al., 2004a) and to minimize
the influence of edge effects when computing themetition indices. Based on model
comparisons, the authors concluded that indicepoted with a 10 m radius gave the best
results. Based on this work, we defined the neigidiad as a 10 m radius circle around the
target tree. These competition indices accounbddi intra- and interspecific competitions.
For each species the final model was written devi!:

Ay =(ag +a )+ (B + Be)girth,, + A, Cl ot A Sl ndt & (1)
wheredr; g is the radial increment of tredor plotk over a growth period of 6 yearsrth; xis
the girth of tree at 1.3 mCl; oax andCl; pine are the competition indices for oak competitors
and pine competitors respectivelyp{fo, oak Aping are the parameters estimated for the
fixed effects of the model o, i} are the parameters corresponding to the randotopthe
model (plot effect) ané  is the residual part of the model.

Preliminary results showed that the variance ofréiseduals increased with the adjusted
values. To correct for this heteroscedasticitymagleled the variance of the residuals with
the fitted values and a power function (Eq. 2)s@ggested by Pinheiro and Bates (Pinheiro
and Bates 2000):

Var(s,) = o?|(fitted valuey)[?’ 2)

10
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Whered is the parameter of the variance model. The medslfitted using the R software
version 2.14.0 (R Development Core Team 2011) thighime function of the nlme package

(Pinheiro et al. 2011).

2.4 Simulation experiment design

Initial stands for the two types of mixture wermalated with the point process models
presented in section 2.2. Since stand densityraedsize influence individual growth (see Eq.
1), in order to have exactly the same number ekstad each species and exactly the same
dendrometric characteristics for the two types oftune, we used the same tree list to
simulate the initial stands for both mixture typ@sth this method, we ensured that the only
parameter that changed between Type 1 and Type&tRnes was the spatial pattern of the
trees. We carried out our simulations on a 1-ha(glable 4).

Both the spatial pattern within a mixture and gtostiow some variability. This variability
was estimated from field data and was includedhéptoint process models as well as in the
individual growth model. To account for the diffatesources of variability, it was necessary
to carry out several simulations with each moded. pkbceeded as follows: a) to account for
variability in the spatial pattern within a mixtunge, each type was simulated 200 times, b)
to account for growth variability at the plot levidr each initial stand the parameteg®t Sk
(Equation 1) were simulated 50 times, c) to accéomvariability in individual growth
(residual variability), for each initial stand aedch pair of valueso, fi}, individual tree
growth was simulated 10 times following Equationnlall, we performed 200,000
simulations (2 * 200 * 50 * 10). For each simulatiove calculated the basal area productivity
for oak and for pine. All the simulations were gerfied in the Capsis platform with the

oakpinel module (Dufour-Kowalski et al. 2012).

11
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2.5 Decomposition of the basal area productivity variability

Thanks to our simulation design, we were able tonege the effects of several factors on the
productivity of both species: 1) an effect relatiedhe type of mixture, 2) an effect related to
the variability in the spatial pattern within thge of mixture, 3) an effect related to the
growth variability between plots (plots are nestethe type of mixture) and 4) an effect
related to tree growth variability within the plot:

Yig = H*+type+ pp+ plgt +§ 3)
Wherey;q is the basal area productivity of one spegigs,the general meatypg is the type
of mixture effectpp; is the spatial pattern random effect in the typet is the plot random
effect of the growth model in each point procesdization, ey is the residual and
corresponds to tree level variability in the growtbdel. The structure of our simulation
design (balanced nested design) made it possildledompose the variability of species
productivity into different components and to estieithe contribution of each component to
variability as follows (for simplicity, the variare® and the estimate of the variance are

denoted identically):

g% =MSD_,

res

02 = (MSDplot - Jrzes)/ nres

plot —

J§p = (MSDpp _Urzes_ nregzplo)/( rlresn plo)

O-I?/pe = (MSDtype_ O-Zres_ nregzplot_ n rep plgz;)g/( n regI plcp )y
WhereMSDis the mean square deviation for the differentsesiof variability Nnype = 2, Npp

2 —_ 2 2 2 H
- atype pI0t+ o resWIth

g,

2
total +to pp+ o

= 200,npiet = 50, andhes = 10. We then assessed the importance of spatitrp variability

in the productivity variability of each species.eTéum ofg?,

2 .
weaNd o, was considered to be

the overall contribution of spatial pattern to puotivity variability.
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3. Results

The results of the growth model show that, for dh&,effect of oak competition on growth is
about twice higher than the effect of pine compmti{seel,ax andipine in Table 3). The
magnitude of the effect of pine competition on pgnewth is close to the effect of pine
competition on oak growth (-0.085 mmrand -0.094 mm.ffirespectively). But contrary to
oak, the competition index computed on oaks hasigraficant effect on pine growth.

The results of the simulations show that produtstivi Type 2 (intimate mixture) is higher
than in Type 1 (patchy mixture) for both speciag.(B). The difference in productivity
between Type 2 and Type 1 is more pronounced fotlen for pine: +14.7% for oak and
+11.3% for pine.

The productivity values obtained for oak and piheve some variability. If we combine the
results from the two types of mixture, oak produitfivaries from 0.23 to 0.36 m2.hyear’
(first and ninth deciles) with a coefficient of iatron of 0.175 (ratio of the standard deviation
to the mean). Pine productivity varies from 0.19185 m2.hd.yeaf" (first and ninth deciles)
with a coefficient of variation of 0.228. Varialbyliin pine productivity is thus slightly higher
than that of oak.

The results also show that most of the productivésiability is explained by plot effect,
which represents 86% of the total variability fangpand 67% for oak (Fig. 3). The spatial
pattern (type of spatial pattern + random effedhimtype) explains 12% of the variability for
pine and 31% for oak. The overall effect of spatattern on oak productivity is important.
Even if the individual growth variability within plot is high, it has little impact on the
overall productivity variability (between 1 and 28fthe total variability). Variability in
spatial pattern within a mixture type also haslatireely little impact, though the effect on

oak productivity (5%) is slightly higher than ompiproductivity (2%).
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4. Discussion

4.1 Spatial pattern and species productivity

Spatial pattern plays a key role in the interadibatween species in plant communities
(Dieckmann et al. 2000). These interactions infageacological processes involved in the
species dynamics: growth, regeneration and mortd@iegon et al. 2006). Our results show
that the productivity of sessile oak and Scots priggher in an intimate mixture (Type 2)
than in a patchy mixture (Type 1). Our work has en&ighossible to estimate the difference in
species basal area productivity between the twestyd mixture. This difference was 11.3%
for pine and 14.7% for oak (Fig. 2). These figuaies comparable to those of Pukkala (1989)
who simulated Scots pine productivity in pure stafad different spatial patterns. He found
that volume productivity was 10% lower in aggredagpatial patterns compared to regular
spatial patterns. Our results also show that tbegsfect explains a large part of the
productivity variability (Fig. 3). The plot effeatstimated with the growth model, includes
several factors that affect tree growth: (i) a siffiect - soil conditions vary from one plot to
another and affect species productivity, (ii) ae affect - young stands have higher
productivity and finally, (iii) a density effectdenser stands generally have higher
productivity (Vallet and Perot 2011). The variatyilobtained for pine productivity is similar

to that of oak productivity but is much more inflwed by plot effects (Fig. 3).

4.2 Influence of spatial and growth interactions

Intra- and interspecific competition are cruciabtaderstand the effect of mixture on forest
productivity and forest dynamic (Kelty 2006; Foterset al. 2006). As in the study of Perot et
al. (2010), our results showed that, for both sgdntraspecific competition had a more
negative effect on growth than interspecific cortjpet (see parametefigax andipine in Table

3). Oak had little impact on pine growth probabbcause pines had a greater girth than oaks

14
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on average (Table 1). The light interception byghee foliage is lower than the light
interception by the oak foliage (Balandier et &l0@;, Sonohat et al. 2004). This may help to
explain that in our oak model, the interspecifiogetition was lower than the intraspecific
competition. The two species involved have diffétaght requirements but also different
root distribution patterns (Brown 1992). The compémtarity in nutrient and water use could
also contribute to explain why intraspecific conifp@h was more severe than interspecific
competition. The local competition and the spdgatures of each mixture type help to
explain the results of this work. Two spatial feativary simultaneously between Types 1
and 2: the intraspecific pattern and the interdpepattern. Ripley's function and inter-type
function (Ripley 1977; Lotwick and Silverman 19&&rot and Picard 2012) can be used to
characterized and compare these two dimensionaveénage in the patchy mixture (Typel),
there are more oaks around an oak tree than imtineate mixture (Type 2) (see L functions
at 10 m for oak in Fig. 4). Consequently, the cotitipa indexIC,a is higher, on average, in
Type 1 than in Type 2. In contrast, in Type 1 mig{uhere are fewer pines on average around
an oak tree than in Type 2 (see inter-type funst@nl0 m in Fig. 4). Consequently, the
competition indeXCine is lower, on average, in Type 1 than in Type 2addition, the
parameters of the growth model must be examinadnReersiyax andigine (Table 3) show
that oak competitord@oa) have a more negative effect on oak growth thapide
competitors ICpine) (oakiS Mmore negative thahine). In the intimate mixture (Type 2) there
are more pines around oaks than in the patchy neiXtype 1) and pines are less competitive
than oaks. This explains why oak productivity ighar, on average, in the intimate mixture
than in the patchy mixture. For one particular dahan, the final result is complex because
productivity depends on both intra- and interspe@admpetition (estimated through
parameters,ak andiging and also on intra- and interspecific spatialgratt. Variability in the

spatial pattern of a mixture type thus explains whl¢ productivity in Type 2 is not always

15



312 higher than in Type 1 (Fig. 2). The reasoningmsilsir for pine but the result is easier to
313 analyze because there is no interspecific competgarameter in the individual growth

314 model. For pine, productivity depends only on thigaspecific spatial pattern.

315 4.3 Influence of species assemblage and stand age

316 The effect of spatial pattern on species produgtivi mixed stands should depend on species
317 assemblage. In our study, both oak and pine weradd in the intimate mixture because, for
318 both species, intraspecific competition was moxesethan interspecific competition. Other
319 authors have also shown that interspecific conmipativas lower than intraspecific

320 competition (e.g. Forrester and Smith 2012), wbdme studies have shown the opposite in
321 some conditions (e.g. Pretzsch et al . 2010). #itgof interactions may also change with
322 species assemblages. Further works involving aipecies are therefore necessary to

323 generalize our results. Moreover, for tree spetiescompetition relationship between

324 species may depend on stand developmental stdgeegeu and Comeau 2007; Cavard et al.
325 2011). Pine is a fast growing species compare@koDuplat and Tran-Ha 1997; Perot et al.
326 2007). In young stage, pine is probably more cortipetthan oak. Consequently, oak

327 productivity could be favored by a patchy mixtutea earlier stage. In addition, Getzin et al.
328 (2006) showed that interspecific competition islggense at older stages than at younger
329 stages, probably due to the spatial sharing ofureges. In our study, this would explain why
330 the mixture type had less impact on pine produstittian on oak productivity, and why pine

331 is more influenced by plot effects (site, age, dghthan oak.

332 Conclusion

333 Our study is innovative in that we worked on a maimixed forest. For such complex
334 forests, models and simulations can provide interg@sjuantitative results that would be

335 difficult to obtain through experimentation. Theotmixture types that we tested are realistic
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oak-pine mixtures found in central France (Ngo Bienal. 2006). Our results show that their
spatial differences are contrasted enough to hawepact on the productivity of both species
in the mixture. From a practical point of view, ouwork shows the interest of favoring
intimate mixtures in mature oak-pine stands toroje tree species productivity. Oak is the
species that benefits most from this type of mameaye. In order to achieve more general
results, further work is needed to determine threngle in competition between oak and pine

over time.
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7. Tables

Table 1: Dendrometric characteristics of the nine fots used for growth models (Orléans Forest, FrangeBA = basal area; Other = other
broadleaf tree species; D = mean diameter at a héigof 130 cm; Age = mean age of the cored treesateight of 130 cm; Ho = dominant
height. Only the height of the sample trees was meared. The dominant height was estimated with a meare of the dominant diameter
and a height-diameter relationship fitted for eachspecies and each plot using the sample trees; PRype of spatial pattern, 1 = patchy
mixture, 2 = intimate mixture, 3 = intermediate type with cluster of pines and oakrandomly scattered; For diameters and ages, valae

represent the mean with the standard deviation in grentheses.

Plot Area BAoax BApine BAother BAtotal Doax Dpine Ag€oak Ag6ine HOoaxk  HOpine PP
(ha) (m2ha) (m2ha) (m2ha') (m2ha) (cm) (cm) (m)  (m)
P108 0.80 9.6 19.8 1.4 30.8 17.7 (6.74)  36.2 (5.3B8 (4.3) 66 (2.5) 223 230 2
P178 1.00 16.5 10.0 1.5 28.0 21.5(10.49) 36.%}7.578 (4.6) 77 (1.8) 211 221 1
P184 0.75 10.9 12.0 2.1 25.1 17.5(8.88)  36.37.761 (8.6) 68 (4.2) 219 208 3
P216 050 11.2 12.1 0.9 24.1 17.0 (6.39)  27.8(7.652 (2.8) 50 (2.2) 188 19.0 2
P255 1.00 12.6 10.5 1.1 24.2 17.8 (7.54)  31.76.269 (5.9) 62 (4.6) 201 197 2
P534 050 122 19.6 1.0 32.7 16.6 (6.54)  37.4 (6.559 (2.3) 83 (3.2) 221 225 2
P563 0.50 13.6 11.9 0.2 25.7 25.1(10.12) 35.8J4.570 (3.1) 69 (2.3) 245 230 2
P57 100 11.2 11.4 0.4 23.0 16.7 (6.36)  34.3 (6.4By (7.1) 62 (3.1) 204 212 1
P78 0.70 147 16.5 1.0 32.2 20.1(7.48) 42.2(8.79R (5.2) 112 (17.5) 218 256 2

23



Table 2 Parameters in the point process modelacls, = number of aggregates for specie®; rcls, = radius of aggregates for speciesp;
dreg = distance of regularity which corresponds to theninimum distance allowed between pinegjrep = repulsion distance between oaks

and pines;und = oak understory; dattr = distance of intraspecific attraction between unérstory oaks and canopy oaks.

Parameters in the point process model

Species Tree position Type of spatial pattern  nclyine rClpine dreg  nNClbax  rcloax  drep

(ha?) (m (m (&) (m) (m

Oak and pine Canopy Type 1 (Patchy mixture) 13 18 5 7 17 18
NCloine rClpine  dreg drep p
(ha?) (m)  (m) (m)

Oak and pine Canopy Type 2 (Intimate mixture) 38 8 10 4 0.15
NClyng rclyng  dattr drep
(ha?) (m)  (m) (m)

Oak Understory Type 1 and Type 2 37 12 52 2
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Table 3 Parameter estimates of the spatially expiicindividual growth model (see Eq. 1).

Parameter estimates

Model statistics

Intercept girth Cloak Clpine
a Noak Apine 5% RSE df AIC
(mm) (mm.cm')  (Mm.m?)  (mm.m?)
Oak Estimates 3.335 0.126 -0.196 -0.094 0.526 1.0238 1196
Std. error  1.202 0.018 0.042 0.024
P-value 0.006 <0.001 <0.001 <0.001
Oplot 2.036 0.048
Pine Estimates 2.711 0.0654 -0.0855 0.621 0.8388 2813
Std. error  1.054 0.0094 0.0241
P-value 0.011 <0.001 <0.001
Gplot 0.0145

2§ is the parameter of the variance model (see Eq. 2)
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Table 4 Dendrometric features of the initial standused in simulations (stand area = 1 ha). For girththe value in parentheses

corresponds to the standard deviation.

Number of trees Girth (cm)
Species  Canopy Understory mean min. max.
Oak 284 208 53.2 (23.2) 23 129
Pine 237 2 97.1 (21.0) 33 160
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8. Figure captions

a) Patchy mixture (Type 1) b) Intimate mixture (Type 2)
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Fig. 1 a) Patchy mixture (Type 1) simulated with tle point process models; b) Intimate

mixture (Type 2) simulated with the point process radels.
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Fig. 2 Productivity comparison between the two mixire types for oak and pine.

28



Oak Pine

Decomposition of the productivity variability Decomposition of the productivity variability

—~ 100 —~ 100

X X

2 2

8 80 - 5 g0

IS ©

> >

= =

Z 60 Z 60

&) &)

I I

° °

o o

Q. Q.

o 40 — o 40 —

S S

‘© ‘G

S S

g 20 T 20

C C

[0 [0

o o

g ¢ /1IN

0 — — 0 — [ — ——

PP
Plot
Tree
Type
PP
Plot
Tree

(O]
Q.
>
-

Fig. 3 Decomposition of the productivity variability for oak and pine following Equation

(3). The different sources of variability are: typeof mixture (Type), spatial point pattern

within the type (PP), plot random effect (Plot), an tree random effect (Tree).
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Type 1: patchy mixture Type 2: intimate mixture

Oak
—— Pine
© 7 —— Intertype
- -~ 5th and 95th percentiles
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Fig. 4 L function and intertype L function calculated with 1000 simulations of Type 1
and Type 2 mixtures. For the intraspecific L functon, L(r) less than O indicates spatial
regularity, L(r) greater than O indicates spatial aggregation. For the intertype L
function, L(r) less than 0 indicates spatial repul®n between the two species, L(r)

greater than O indicates spatial attraction betweethe two species.
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