
ORIGINAL ARTICLE

Does landscape composition alter the spatiotemporal distribution

of the pine processionary moth in a pine plantation forest?
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Abstract Landscape composition and physiognomy

affect community structure and species distribution across

space and time. The pine processionary moth (PPM)

(Thaumetopoea pityocampa Den. & Schiff., Lepidoptera,

Notodontidae) is a common pine defoliator throughout

southern Europe and Mediterranean countries. We surveyed

the spatiotemporal distribution of the PPM in a pine plan-

tation forest in southwestern France and used the density of

the winter nests as a proxy for population density. The study

spanned 4 years (2005–2008) and showed a high temporal

variability in nest density. We found a strong edge effect

with nest densities at stand edges more than twice as large

as within-stand densities. At the landscape scale, the spatial

distribution of the moth exhibited a significant spatial

autocorrelation in 3 out of 4 years of our study. The spatial

scales of the autocorrelation ranged from ca. 2 km to more

than 22 km. We found a positive correlation between spa-

tial distributions corresponding to certain sampling years,

but the relationship was not systematic. Landscape config-

uration appeared to be an important driver of the PPM

spatial pattern. Bivariate Moran’s I correlograms showed

that patch richness density as well as the percentage of local

landscape covered by various land uses were correlated

with population density. The study showed that accounting

for landscape characteristics may be important in order to

understand forest insect pest distribution, even in cases

where the host species is abundant and homogeneously

distributed throughout the study area, e.g., pure plantation

forests.
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Introduction

Landscape composition and physiognomy affect community

structure, species richness, and distribution (Tscharntke

et al. 2005; Ritchie et al. 2009). The effects of landscape

configuration encompass a variety of processes, including

dispersal, source–sink dynamics, neighborhood effects, and

metapopulation dynamics (Dunning et al. 1992). Likewise,

population dynamics are largely dependent on the spatial

arrangement of habitat patches, the interaction between

landscape structure and individual behavior (Goodwin and

Fahrig 2002), and indirect effects of landscape via the dis-

tribution and dynamics of natural enemies (Kruess and

Tscharntke 1994; Cappuccino et al. 1998). Many forest

insects display complex dynamics with outbreaks (Berryman

1996) and sometimes spatial synchrony (Liebhold and

Kamata 2000). Various factors interplay, such as specialist

and generalist natural enemies (Bjørnstad and Bascompte
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2001; Klemola et al. 2002; Dwyer et al. 2004), landscape

structure (Johnson et al. 2006, 2004), and interaction

between these factors (Bjørnstad et al. 2002). One conse-

quence of such a system is that forest insects often exhibit

complex spatial distributions with a substantial amount of

temporal variability (Liebhold et al. 1993).

The subject species, the pine processionary moth (PPM)

(Thaumetopoea pityocampa Den. & Schiff., Lepidoptera,

Notodontidae), is a common pine defoliator occurring on

various pine species throughout southern Europe and

Mediterranean countries, where it is the most important

pine defoliator. PPM distribution range is controlled by the

minimum winter temperatures (Battisti et al. 2005). Recent

studies revealed that PPM distribution is expanding both in

altitude (Battisti et al. 2006) and latitude (north), probably

in relation to climate changes (Battisti et al. 2005; Robinet

et al. 2007). The PPM is also a pest of public concern

because of the larvae urticating hairs that cause severe

allergic reactions in people and animals (Vega et al. 2004).

Population dynamics of PPM is characterized by outbreaks

of irregular frequency. It is a serious pest in the Massif des

Landes de Gascogne, the largest monospecific plantation

forest in Europe, with 1 million ha of maritime pines

(Pinus pinaster, Aiton 1789). This plantation forest con-

stitutes a somewhat simplified ecosystem where the host

species strongly dominates and is rather homogeneously

distributed throughout the region. The spatial heterogeneity

of this landscape is therefore low, at least when considered

from the insect viewpoint. Habitat is neither rare nor

fragmented with regard to PPM dispersion ability, and this

raises the question of whether or not landscape affects PPM

spatial dynamics (Turner et al. 2001). PPM colonies may

also display local spatial variability due to edge effects, as

has been reported for other forest insects (e.g., bark beetles;

see Peltonen 1999). Edge effects may be related to host

finding by female moths or other factors and are poorly

documented in the literature.

The aim of this study was to assess the relationships

linking PPM distribution and landscape composition at

spatial scales ranging between 2 and 16 km. There are

many processes by which landscape may drive (at least

partly) PPM spatial pattern, among which the role of pre-

dators, parasites, and/or pathogens that may be favored in

some landscape configuration or by some type of land use,

as well as more or less subtle impacts upon the male or

female dispersal across space. Specifically, we addressed

the questions of whether the spatial pattern of the PPM was

spatially autocorrelated, to which extent the structure was

repeated through time, and whether some relationships

with the forest landscape could be identified and at what

spatial scale(s). Additionally, we designed a sampling

procedure to test the presence of an edge effect upon PPM

spatial distribution.

Materials and methods

Background biology

Information given below corresponds to populations

inhabiting southwestern Europe. Although governed by

climatic conditions, moth emergence from soil generally

occurs between mid June and mid August. Soon after

emergence, adults mate and females select a host tree and

lay one egg batch on the pine needles. Hatching occurs

from August to September. Larvae are gregarious, feed on

pine needles, and build a silk nest in which they develop

until next spring [Fig. S1 in Electronic Supplementary

Material (ESM)]. Colonies generally remain in the same

host tree. Depending on weather conditions, the later instar

occurs in February or March, and larvae migrate into soil

where they pupate until emergence in the following sum-

mer (Démolin 1969; Géri et al. 1985). Nests inhabited by

larvae are white and easy to count (Fig. S1 in ESM).

Larvae maintain their nest, which quickly deteriorates after

their migration into soil. Ageing, empty nests quickly turn

brownish.

Study site and sampling procedure

We studied the dynamics of PPM in a pure maritime pine

plantation forest (P. pinaster) in southwestern France

(Fig. 1a). We estimated the average winter nest density in

145 sampling locations scattered on a 16 9 16 km area

(sampling window = 25600 ha) with a grid size of
ffiffiffi

2
p

�
1:4 km (Fig. 1a). An initial sampling grid was designed,

and some sampling locations had to be slightly displaced

when they were located on an area where the vegetation

consisted of nonhost species.

We defined four subsamples (SS) at each sampling

location, referred to as a, b, c and d hereafter (Fig. 1b).

Three SSs (a, b, and c in Fig. 1b) were separated by a

distance of 25 m and consisted of a group of 20 pine trees.

We investigated possible differences in nest densities at the

stand edges by setting up a fourth, complimentary, SS (d in

Fig. 1b) on the closest stand edge and separated from other

SSs by a distance B200 m.

Overall, 4 9 20 = 80 trees were sampled at each

sampling location. The number of winter nests was

recorded visually for each tree. Because the mean tree

density and tree size changed markedly from one location

to another as a result of different stand age, we estimated

the average tree density and expressed the density of

winter nests as the number of nests per hectare. Tree

density of each stand was estimated on the basis of the

relascopic estimates within each subsample. We addi-

tionally expressed PPM densities as the number of colo-

nies per tree, but we believe that this unit is not adapted
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to the context of our plantation forest where stands are

pure and comprise trees of similar age class. Host-tree

density is highly correlated with age and hence to tree

density, and this may lead to overestimating the PPM

density in plots planted with old (large) pines where tree

density is low as a consequence of their age (size). All

statistical analyses were performed using both units of

measurement and yielded similar conclusions.

PPM nest density was monitored every year from 2005

to 2008. In 2005, we sampled the 145 locations shown in

Fig. 1a. The sample intensity was decreased in 2006 and

the following years but the surveyed area remained

unchanged. As a consequence, the mesh size of the sam-

pling grid was extended to 2 km in 2006. The number of

sampled points is given in Table 1 and ranged from 145 to

78 according to the sampling year. Some plots were logged

during the course of the study, and we had to replace them

by new plots that were chosen as close as possible to the

initial locations. The number of sampling plots common to

the 4 years of our study was 78. Plots represented different

age classes, excluding young pine plantations (B4 years)

where PPM populations are generally low (Piou, personal

observation).

Landscape mapping

Landscape description was based on a high-resolution and

multispectral satellite image (SPOT 5 XS, 10 m) covering

the study area (� CNES, distribution Spot Image SA, 13

July 2005). Land cover of the study site was categorized

into eight main land uses by supervised classification

(Fig. 1a; urban areas, water, pine plantations, riparian

forest (RF), cultures, coppices, clear cuts, and bare soil).

Data analysis

Landscape analysis

Landscape around each sampling point was described using

a circular area of radius = 1000 m, hereafter referred to as

buffers. Rossi and van Halder (2010) recently showed the

importance of buffer size upon our perception of landscape

features (hence on the ability to identify landscape–species

relationships) in a study of butterfly species richness. For

this reason, we tested three buffer sizes (radius = 250, 500,

and 1000 m), which led to very similar results. As a con-

sequence, we only report the results of the spatial analyses

for a single buffer size (radius = 1000 m). We used dif-

ferent landscape metrics (Table 2) to describe the ‘‘local’’

landscape corresponding to the buffers. The mean propor-

tion of landscape covered by water and urban development

was, respectively, 0 and 0.16% of the buffer area, and

therefore, these classes were ignored.

The six remaining land-use classes were described using

the proportion of the landscape they occupied within the

buffers [the corresponding landscape metric is referred to as

PLAND (proportion of landscape) sensu McGarigal et al.

(2002)]. In addition, we computed a metric that reflected the

landscape diversity, the patch richness density (PRD), which

expresses the density of patches corresponding to different

landscape classes. Computations were done using the soft-

ware Fragstats (McGarigal et al. 2002).

Fig. 1 Sampling site and

protocol. a Satellite-based map

of the study site. The study site

consists of a maritime pine

forest (Pinus pinaster) with a

central elongated riparian forest

patch. Sampling localities are

distributed along a regular grid

and are represented by black

crosses centered on small red

dots. b Subsamples. The

number of pine processionary

moth (PPM) (Thaumetopoea

pityocampa) winter nests was

assessed in three subsamples

located within pine stands (a, b,

c) and one additional subsample

located at the stand edge (d)
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Spatial statistics

We investigated the presence of spatial autocorrelation by

means of the Moran’s I (1950) spatial autocorrelation sta-

tistic; I is computed for different distance classes d as:

IðdÞ ¼
1
W

Pn
h¼1

Pn
i¼1 whiðyh � �yÞðyi � �yÞ

1
n

Pn
i¼1ðyi � �yÞ2

for h 6¼ i

where yh and yi are the values of the observed variable at

sites h and i, d is the distance class, and whi is the Kro-

necker weight. A pair of observations h and i takes the

value whi = 1 if it belongs to the distance class d and

whi = 0 otherwise. In this way, only the pairs of sites

(h, i) within the distance class d were taken into account in

the calculation of I(d). W is the sum of the whi for a given

distance class d. Moran’s I is usually comprised in the

interval [-1, ?1], and positive (negative) autocorrelation

leads to positive (negative) values of I (Legendre and

Legendre 1998). The significance of each individual value

of I(d) was tested using a randomization test based on 2000

randomizations (Fortin and Dale 2005, p. 126). However,

testing the overall significance of the correlogram is more

difficult because I(d) values lack statistical independence

and multiple testing is necessary (Legendre and Legendre

1998). We used Holm’s corrected probability level, which

is fully described in Legendre and Legendre (1998, p. 18,

721).

The presence of a general spatial structure of landscape

composition was assessed by means of the Mantel correlo-

gram (Oden and Sokal 1986; Fortin and Dale 2005). The

sampling points were described by means of a multivariate

distance derived from the landscape metrics. The geo-

graphical distance matrix that contains the distance sepa-

rating the sampling points was then altered as follows: for

each distance class d, points separated by a distance that

belongs to d were linked by 1s and 0 otherwise, and the

Mantel statistic was computed. The plot of the resulting set

of Mantel statistics against d is referred to as the Mantel

correlogram. The significance of each coefficient was tested

using a Monte Carlo method (2000 permutations), whereas

the global significance was assessed using the Holm’s cor-

rection, as described above. The spatial relationships

between PPMwinter nest density estimated at different dates

and various landscape continuous descriptors were assessed

using a modified Moran’s I statistic (Fortin and Dale 2005).

Table 1 Descriptive statistics for the winter nest density (nest � ha-1)

of the pine processionary moth (PPM) Thaumetopoea pityocampa in a

25600 ha study area in southwestern France on four consecutive

sampling occasions (2005–2008)

Year Mean SD Minimum Maximum Sampling points (n)

2005

a 70 98.6 0 526.1 145

b 77.5 103.8 0 601.3 145

c 79.6 103.4 0 569.6 145

d 199 232.2 0 1172.7 145

a-d 106.5 112.4 0 573.8 145

2006

a 9.2 23.2 0 126.7 80

b 11.8 20.4 0 70.7 80

c 9.9 21.1 0 99.9 80

d 24.8 37.2 0 133.8 80

a-d 13.9 17.3 0 66.9 80

2007

a 4.4 14.6 0 82.5 78

b 6.6 18.1 0 99.2 78

c 5.5 16.9 0 99.2 78

d 13 33.3 0 177.1 78

a-d 7.4 15.8 0 89.7 78

2008

a 14.8 33.6 0 198.3 78

b 15.5 38.9 0 187.2 78

c 17.1 52.6 0 361.1 78

d 48.3 88.8 0 423.1 78

a-d 23.9 43.7 0 231.4 78

Four subsamples (a, b, c, and d) were surveyed at each sampling

point. a, b, and c were located inside the stand, whereas d was located

near the stand edge. a-d indicates the mean value for the four

subsamples. SD standard deviation

Table 2 Descriptive statistics for two landscape metrics computed for various land-use types within circular areas (buffers) centered on the

sampling points (n = 145)

PRD PLAND

Pine (%) Clear-cut (%) Riparian forest (%) Culture (%) Bare soil (%) Coppice (%)

Mean 1.42 79.98 8.97 4.04 3.18 2.10 1.50

SD 0.37 13.93 8.73 8.52 6.65 3.09 2.17

Minimum 0.64 30.47 0 0 0 0 0

Maximum 2.23 99.42 54.35 55.10 31.91 19.40 12.12

PRD patch richness density, PLAND proportion of landscape (see McGarigal et al. 2002, for a complete description of each metric), SD standard

deviation

290 Popul Ecol (2011) 53:287–296

123

 1438390x, 2011, 2, D
ow

nloaded from
 https://esj-journals.onlinelibrary.w

iley.com
/doi/10.1007/s10144-010-0227-4 by Inrae - D

ipso, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



IxyðdÞ ¼
1
W

Pn
h¼1

Pn
i¼1 whiðxh � �xÞðyi � �yÞ

1
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
h¼1ðxh � �xÞ2

q

� �

1
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
h¼1ðyh � �yÞ2

q

� �

for h 6¼ i

where xh, yh, xi, and yi are the values of the observed

variables x and y at sites h and i, d is the distance class, and

whi is the Kronecker weight. Two distance increments were

used for correlogram computation. An increment of

1000 m was used for analysis of the landscape–PPM

relationships based on the 2005 data set. The reduced

number of sampling points (n = 78) in 2006–2008 led to a

higher minimum intersample distance, and a larger dis-

tance increment of 2000 m was therefore used in correlo-

gram computation. We also computed the correlogram for

the 2005 data set with the simplified sampling scheme used

in 2006–2008. Both correlograms were similar, thus indi-

cating that the sampling scheme used in the 2006–2008

period captured similar spatial patterns. All correlograms

were interpreted for distances B15000 m. The uni- and

bivariate Moran’s I and Mantel correlograms were com-

puted using the software R (R Development Core Team

2008) and the associated package ncf written by Bjørnstad

(2009).

Results

We report results obtained using data expressed as number

of nests per hectare.

PPM density

PPM nest density changed markedly during the course of

the study. It was highest in 2005, sharply decreased in 2006

and 2007, and increased in 2008 (Table 1). This pattern

corresponded to the outbreak dynamics of the species,

which was recorded throughout southwestern France

(Pauly 2007). The different SSs yielded very contrasted

density estimates (Table 1). The nest density at the stand

edges (SS d) was roughly twice that observed within the

stands (SSs a, b, and c) (Table 1).

PPM spatial autocorrelation

PPM nest density spatial distribution exhibited a significant

autocorrelation in 2005, 2006, and 2008 but not in 2007,

when the average density was at its lowest level (Table 3

diagonal; Fig. 2). Moran’s I correlograms for PPM density

between 2005 and 2008 are shown in Fig. 3a. The first

autocorrelation coefficient was negative in 2005 and 2008,

which reflected the existence of an important local vari-

ability, i.e., variance between closest sampling points. This

short-range variability sharply decreased in 2006, as indi-

cated by a positive and somewhat high value of Moran’s

I coefficient. This may be due to very low levels of PPM

density recorded that year.

Temporal variability of PPM spatial distribution

Bivariate Moran’s I of the PPM nest density, computed on

the basis of the sampling points that were common to all

dates, revealed a lack of correlation between the patterns

observed in 2005, 2006, and 2007 (Table 3, above diago-

nal). On the contrary, a significant and positive relationship

was observed between 2005 and 2008 samples.

Relationships between PPM nest density in 2005

and landscape features

The landscape was dominated by pine plantations with

scattered patches of culture or clear cuts and featured a

long central RF (comprising deciduous tree species and

mostly Quercus spp. and Alnus glutinosa). The average

landscape composition of 1000 m circular buffers centered

on each sampling location is given in Table 2. The land-

scape descriptors (i.e., metrics) computed for these buffers

exhibited a clear spatial pattern as expressed by the Mantel

correlogram (Fig. 3b), which was significant (P\ 0.05,

Holm’s correction). This indicated that buffers of 1000 m

provided a sensible assessment of the landscape charac-

teristics and also rendered its large-scale spatial variability.

Landscape was surveyed only in 2005, and therefore, its

relationships with the PPM distribution could only be

investigated for that year. The bivariate correlograms

between PPM density and landscape metrics were signifi-

cant in all cases but for clear cuts (P C 0.05, Holm’s

correction), thus reflecting the correlation between the

insect spatial distribution and landscape characteristics.

However, correlograms yielded contrasting results

according to the spatial scale considered. A negative rela-

tionship between PPM nest density and the RF percentage

Table 3 Significance of the uni- and bivariate Moran’s I correlo-

grams of pine processionary moth (PPM) density (nest � ha-1)

between 2005 and 2008

2005 2006 2007 2008

2005 0.047 0.319 0.095 0.015

2006 – 0.003 0.083 0.019

2007 – – 0.099 0.003

2008 – – – 0.003

Probability thresholds derived from Holm’s probability adjustment

procedure (see ‘‘Material and methods’’ for details). Values B0.05

are deemed significant (in italic). On diagonal univariate Moran’s

I. Above diagonal bivariate Moran’s I
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of landscape cover was observed for distances B4000 m

(Fig. 3c). Similar relationships were observed with the

percentage of landscape covered by coppices as well as

with the PRD. Interestingly, a positive relationship

between the percentage of land covered by culture and

PPM nest density emerged for distances B4000 m

(Fig. 3c). The relationships between PPM and landscape

metrics [e.g., PLAND RF and coppices) changed with the

distance lags considered. For example, it was positive for

PLAND RF and coppices at scales of C5000 m. These

features mostly reflected the position and sizes of both

landscape and population patches with regard to sampling

window limits.

Discussion

Population spatial variability

Stand edge effect

As with many insects, T. pityocampa displayed a spatially

aggregated distribution, and this appeared to be the case at

different spatial scales (Taylor 1984). The density was

always higher at the stand edges (subsample d), and this

was true every year of the study. This intrastand variability

might be linked to the mechanisms implied in host selec-

tion by moth females for egg laying. It has been shown that

the tree outline is an important factor that drives female

choice for oviposition, with more visible trees being more

easily spotted and used as a resource (Démolin 1969). This

may be the reason for larger nest densities being observed

in the edge subsamples (d). In addition, climatic conditions

along edges (e.g., temperature and sunshine) may also be

more favorable compared with within-stand conditions.

Interestingly, Einhorn et al. (1983) reported a higher

number of PPM males (captured in pheromone-baited

traps) at edges of pine stands.

Large-scale spatial distribution and temporal variation

A strong variability was also apparent when comparing the

density of winter nests between neighboring sampling

locations at scales\2000 m (i.e., the smallest distance lag

of the correlograms in Fig. 3a). Various sources of heter-

ogeneity could be invoked to explain such discrepancies.

Fig. 2 Maps of the pine

processionary moth (PPM)

winter nest density in a 2005,

b 2006, c 2007, and d 2008.

Data are centered, and the size

of the symbols is proportional to

the observed values. Black

squares positive-centered values

(corresponding to original

values[mean). White squares

negative-centered values

(corresponding to original

values\mean)
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They include features such as differences in stand age,

forest-track pattern (that create edges), or contrasted

neighboring landscape configuration (see below). At the

study site, the landscape features a central elongated RF

and peripheral patches of clear cuts and cultures (Fig. 1).

The areas corresponding to higher nest densities were

distant from either side of the RF. Such large-scale patterns

were clearly picked up by the correlograms when the PPM

density was at its highest (2005, 2008). This survey started

at the end of an outbreak phase in the study region. The

density in 2006 and 2007 decreased sharply (decrease

phase) and started to increase in 2008 (building phase).

Patterns of distribution in 2005 and 2008 were positively

correlated, which suggests that areas where the density was

higher remained the same, at least at the scale of a few

years, but could not be perceived during low-density

periods. This observation is in agreement with the con-

clusions of Géri et al. (1985) in another region of France

(Mont Ventoux). As a consequence, assessment of tem-

poral patterns may preferably be based on comparison of

observations made at similar phases of outbreak dynamics.

This remains to be explored with additional field work and

over larger time scales.

Relationships with landscape

Our approach of landscape description based on 1000 m

buffers revealed the presence of a strong autocorrelation of

landscape composition. Most landscape metrics exhibited

spatial correlation with PPM nest density in 2005. The

percentage of landscape covered by pine was significantly

correlated with PPM nest density. Because this land use

was always highly dominant, we believe that such a rela-

tionship is meaningless and mostly conveyed correlations

with other land-use types rather than a direct link with the

host abundance (the average value of which is 80%).

Interestingly, we found a negative relationship between

PPM density and PRD. The latter metric renders the

diversity of the landscape surrounding sampling locations.

This is in accordance with the meta-analysis of Bianchi

et al. (2006), who concluded that diversified landscapes

harbored more biodiversity and had more potential for pest
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Fig. 3 Uni- and bivariate correlograms. a Univariate Moran’s

I correlogram for the winter nest density (nest � ha-1) of the pine

processionary moth (PPM) (Thaumetopoea pityocampa) on 4 years of

sampling (2005–2008). Spatial autocorrelation is significant in 2005,

2006, and 2008 (see Table 3). b Mantel correlogram computed with

the matrix of the multivariate distance derived from a set of landscape

metrics (see text for details). c, d. Bivariate Moran’s I correlograms

computed for the PPM winter nest density (nest � ha-1) and various

landscape metrics (all significant at a = 0.05)
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control in agricultural landscapes. Various ecological

mechanisms may explain such a negative relationship.

Landscape composition and fragmentation can affect pop-

ulations by altering survival rate according to neighbor-

hood composition or by affecting dispersal success through

fragmentation or composition. In our plantation forest site

where stands are pure, this mechanism may act at spatial

scales ranging from several juxtaposed patches of different

land uses to the broad scale of our sampling window. On

the other hand, the presence of nonhost species is known to

lead to chemical barriers to host location through the dis-

ruption of olfactory host recognition. Such mechanisms

have been described, for example, in the case of conifer-

inhabiting bark beetles (Huber and Borden 2001) and

might act similarly on PPM, as it is sensitive to various

volatile terpenoids (Tiberi et al. 1999; Kanat and Alma

2003; Niccoli et al. 2008). More data are necessary to test

these hypotheses in the case of PPM.

What influences the success of adult moths in locating a

suitable habitat is the scale of movement relative to the

scale of resource patchiness. In our case, the resource is

near continuous, but landscape could affect the pattern of

dispersal success through physical or chemical barriers.

This is particularly plausible given the relatively poor

dispersal abilities of T. pityocampa, whose female flying

abilities barely exceed 2–3 km (Démolin 1969, in site with

very low host density), whereas males can fly up to 20 km

(A. Roques and J. Rousselet, personal communication).

Besides the chemical hypothesis, landscape diversity or

certain types of landscape components may also alter PPM

spatial distribution by constituting physical barriers to

dispersal and host location. This is the case in the RF,

which strongly differs from pine plantations in terms of air

temperature, humidity, and vertical movement. The PPM

may have limited abilities to traverse such landscape units,

with subsequent consequences upon movement behavior

and resulting population spatial patterns. Another example

is given by the positive relationship we found between the

percentage of landscape covered by culture and the average

number of winter nests.

We hypothesize that females will not traverse such large

nonhabitat areas and thus tend to aggregate in the nearest

host patches. Nevertheless, the fact that cultivated stands

are open areas does not explain alone the positive rela-

tionship with PPM density, since no relationship was found

when considering the percentage of landscape covered by

clear cuts, which are open area as well. We still lack

comprehensive data about female behavior and host

selection to fully explain those differences.

Predators and parasitoids have direct effects upon insect

herbivores, and it is recognized that these natural enemies

are influenced by land-use patterns surrounding agricultural

areas (Tscharntke et al. 2005; Gardiner et al. 2009). In the

case of the PPM, various birds and parasitoids constitute

the pool of natural enemies. The hoopoe (Upupa epops L.)

is an insectivorous bird often preying on larvae and pupae

of the PPM (Battisti et al. 2000). This bird species is

present in the study region, and its presence in pine plan-

tations depends on the availability of suitable breeding sites

(deciduous trees) in the neighborhood (Barbaro et al.

2008). Parasitoids also constitute important factors of

regulation of PPM dynamics (Mirchev et al. 2004), and

these species may be influenced by the presence of habitats

other than pure pine stands (Dulaurent et al. 2010). It has

been demonstrated on various occasions that the regulatory

action of parasitoids may be promoted when additional

sugar-rich food such as nectar or homopteran honeydew are

available (Faria et al. 2008). These additional resources

allow an increase of parasitoid longevity or fecundity and

are possibly more available in a heterogeneous landscape

(Dulaurent et al. 2010).

It is generally considered that accounting for the land-

scape spatial pattern is essential for understanding popu-

lation functioning when habitat is rare or fragmented or if

dispersal limits movement between habitat patches (Turner

et al. 2001). The host species of T. pityocampa is clearly

not a fragmented resource in our study site or at the scale of

the Massif des Landes de Gascogne region. On the con-

trary, our survey is particular in that the habitat is dominant

and virtually nonfragmented. Although our model species

has modest dispersal abilities, host abundance and distri-

bution prevents any strong impact of dispersal limitations.

Interestingly, we nonetheless report effects of landscape

composition upon the species spatial pattern possibly due

to various nonhabitat patch effects, as discussed above.

This result is important because it shows that even in a

fairly homogeneous ecosystem mostly covered by host-tree

species, landscape spatial information may be important for

our understanding of the defoliator insect species distri-

bution and dynamics.

Implications for sampling and monitoring PPM

populations in plantation forests

Our data on PPM and, more generally, many forest pest

species, often exhibit complex spatial autocorrelation. As

a consequence, forest damage assessment and monitoring

should ideally entail a multiscale spatially explicit

approach (Samalens et al. 2007; Rossi et al. 2009), which

requires considerable sampling effort. This task is com-

plicated by autocorrelation (Fortin and Dale 2005), and

various analytical solutions have been proposed (Webster

and Oliver 1990). The presence of spatial autocorrelation

has different consequences, among which those that reg-

ular sampling should be preferred over random sampling,

in particular when mapping is one aim of the survey
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(Webster and Oliver 1990). Another important aspect is

the total number of points sampled. Our survey illustrated

that local variance was very high, conveying the short-

range aggregation of winter nest counts. Such information

was used by Arnaldo and Torres (2005) to derive optimal

PPM sampling. In our case, however, there is a clear

spatial autocorrelation, and the methods used in the for-

mer paper are irrelevant (our data points lack statistical

independence).

We emphasized the importance of noise in our data, and

one possibility to reduce it would be to increase the sample

support size, i.e., the number of trees sampled. The sample

variance theoretically decreases linearly with the sampling

unit size, but this decrease may be lower, however, in case

of short-range autocorrelation (i.e., at scales B sample

support) (Rossi and Nuutinen 2004). Given the higher PPM

density at stand edges, alternate sampling strategies might

be elaborated that account for this particular pattern of

populations. Additional analyses are needed to evaluate

whether these approaches could be used to optimize sam-

pling intensity in PPM population monitoring in plantation

forests.

Conclusions

1. PPM winter nest density appeared to be spatially

structured at the scale of several kilometers and was

correlated with certain landscape features. These

relationships could be due to direct effects through the

modalities of moth dispersal and a variety of indirect

effects implying natural enemies.

2. These results showed that accounting for landscape

characteristics may be important to understand forest

insect pest distribution, even in cases where host

species are very abundant and homogeneously distrib-

uted throughout the study area (e.g., plantation

forests).

3. At the scale of 4 years, the density changed markedly

due to the natural outbreak cycle of the species. Nest

density was spatially structured in 3 out of 4 years of

sampling. Population spatial pattern lacked clear

temporal stability, but our ability to describe spatial

pattern in years where density was at its lowest level is

doubtful.

4. The presence of spatial autocorrelation indicated that

sampling for monitoring PPM must be preferentially

regular. Further analyses and field work are needed to

design optimized sampling design for long-term mon-

itoring, mapping, and control.

5. Our data revealed a strong stand edge effect that

constituted a major driver of local PPM spatial

variability.
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