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Abstract — Damage by the pine weevil Hylobius abietis L. (Coleoptera: Curculionidae) on Pinus pinaster Ait. was evaluated in a fertilization
x progeny test in Galicia (NW Spain) to determine the genetic variation among families and the possibility to include the resistance to this insect
as a selection criteria in the Galician maritime pine breeding program. Several damage and symptoms traits were evaluated. All these traits
showed highly significant family effects and were strongly correlated among each other. Individual and family heritability estimates of the
wound evaluations in the seedling stems were around 0.2 and 0.8, respectively. Strong genetic correlations among wounds and the average
seedling color indicated that this last simple and subjective trait can be used for screening for pine weevil susceptibility. A positive genetic
correlation was also observed between diameter growth and pine weevil damage. Faster growing families were more attacked hindering the
possibility to include the susceptibility to the insect in the breeding program.

Pinus pinaster | Hylobius abietis / genetic parameter / genetic resistance / pest management

Résumé - Variation génétique de la susceptibilité des jeunes plants de pin maritime a Hylobius abietis L. Les dommages provoqués par
Hylobius abietis L. (Coleoptera : Curculionidae) au pin maritime (Pinus pinaster Ait.) ont ét€ évalués sur un test génétique de descendances
maternelles soumis a différents traitements de fertilisation en Galice (NO Espagne). Le but était d’étudier la variation entre familles du niveau
d’attaque de I’insecte et la possibilité d’inclure ce caractere dans le programme d’amélioration du pin maritime en Galice. Différents dégéts et
symptomes ont été mesurés ainsi que la hauteur et le diametre. Tous les traits évalués ont montré un effet famille tres significatif et ils ont
souvent corrélés entre eux. Les blessures évaluées au niveau de la tige du jeune plant montrent une héritabilité individuelle et familiale d’environ
0,2 et 0,8 respectivement. Le nombre de blessures sur la tige et la couleur des jeunes plants sont corrélés génétiquement. Il semble donc possible
d’utiliser cette mesure de coloration, simple et subjective, pour évaluer la sensibilité du pin a I’hylobe. Nous avons aussi observé une corrélation
génétique positive entre la croissance en diametre et les dommages dus a H. abietis. Les familles les plus vigoureuses ont été les plus attaquées,
ce qui limite les possibilités d’inclure la sensibilité a I’insecte dans le programme d’amélioration du pin maritime.
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1. INTRODUCTION

Plants usually show high genetic variation in plant suscep-
tibility to insect pests [34]. This variation affects insect per-
formance, insects commonly preferring plants with high
quality tissues and low plant defensive responses [5, 45]. Farm-
ers and foresters have also exploited this genetic variation
developing resistant genotypes through selective breeding.
Several morphological and anatomical characters, the chemical

cific genetic variation, the environmental conditions are also
determining the phenotypic expression of plant resistance and
modifying the herbivore-host system. For instance, changes in
resource availability for the plant (namely soil fertility, water
and light regime) could modify the allocation of carbon
resources in both induced and constitutive defenses, leading to
altered herbivore resistance and plant growth [23]. Moreover,
plant genotype and environmental conditions can interact lead-
ing to different responses of a genotype in a range of variation

tissue composition, the properties of the resin flow, the density
of resin canals, the capacity to produce induced defensive
responses, differences in phenology, the presence of feeding
repellents, deterrents or toxic compounds, etc. can be impli-
cated in this genetic resistance [1, 17].

In conifers, strong genetic variation have been reported in
resistance of several species to insects feeding on leaves, bark
and phloem [15, 16, 18, 19, 36]. Besides this observed intraspe-
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of environmental factors (e.g. [10, 32]). Several ecological the-
ories have been proposed to explain the modification in
resource allocation as a response to environmental stress and
herbivory (e.g. [12, 24, 25, 42]).

The pine weevil Hylobius abietis L. is a major problem for
successful conifer regeneration in recently harvested conifer
stands of Europe. Adults feed on the bark of young seedlings
causing important growth losses, stem deformation and high
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Table I. Codes and chemical composition of the fertilization treatments. The + and — signs indicate presence and absence of a given compound

in the fertilizer treatment, respectively.

Treatment code

Nutrient Fertilizer Dose

control Fl1 F2 F3 F4 F5 F6 F7 F8
N Ammonium nitrate 5 g N plant™! + + + + - - -
P-Ca Calcium phosphate 10 g P plant! + + - + + - + +
K Potassium sulfate 15 g K plant™! + + + - + + - +
Mg Magnesium sulfate 5 g Mg plant! + + + + - + + -

mortality [22,44]. Seedling mortality after plantation can reach
60-80% if no preventive silvicultural measures are applied
[33]. Preventive practices include delayed planting, soil scari-
fication, shelterwood, feeding barriers, vegetation control or
insecticide applications [33, 35, 40]. Mortality can be drasti-
cally reduced combining some of these silvicultural methods
[35]. Despite the important effort to find out effective prophy-
lactic methods against weevil damage, none has resulted com-
pletely successful. In the context of the reduction of pesticide
use in European forests, the possibility of breeding for genetic
resistance appears as a promising tool for weevil management
[2]. Besides, an integrative breeding program should consider
that genetic improvement of growth traits is not leading to
undesired side effects such as greater pest susceptibility.

H. abietis damages affect many conifers in Europe including
maritime pine (Pinus pinaster Ait.) which is one of the most
important forest tree species of Galicia. Actually, maritime pine
is the most commonly planted species in this region with an
annual plantation rate of about 7 000 ha [4]. A breeding pro-
gram for maritime pine in Galicia was started in the 80’s look-
ing forward to improve growth, stem form and branching
characteristics [49]. Given the importance of nutritional factors
in the productivity of many forest species in Galicia [29, 38,
47, 48] several progeny x fertilization trials were established
in order to test the impact of soil fertility and fertilization in the
performance of the improved material. The massive attack of
H. abietis in one of these trials gave us the opportunity to test
how fertilization and genotype affect the pine weevil damage.
The effect of fertilization on pine weevil damage has been pre-
sented in a companion paper [51].

The objectives of this study were (i) to determine the level
of genetic variation in the susceptibility to pine weevil damage
in a subset of the actual P. pinaster breeding population in Gali-
cia, (ii) to examine the viability of different damage traits for
operational breeding and (iii) to determine the genetic relation
between resistance to pine weevil and growth capability.

2. MATERIALS AND METHODS

2.1. Site description

The study was conducted on a progeny X fertilization trial located
nearby the sea in Galicia (Rianxo, NW Spain, 42.60° N, 8.77° W, alti-
tude 90 m). The trial was established on March 2003, one year after
the previous 35 yr-old P. pinaster stand was clear-cut harvested. The
climate is Atlantic with high annual (~ 2 000 mm) and summer
(~ 170 mm in July and August) precipitation, and low annual temper-

ature oscillation (11 °C between the coldest and the warmest month).
The soil is a typical acidic and sandy forest soil on granites. It has pH
in H>O around 4.5, high organic matter content (170 g ash free dried
weight kg=1), high total Kjeldahl nitrogen concentration (8.3 g N kg~!)
and low levels of nutrients, especially of available phosphorus
(P Oslen = 5.2 mg-kg™).

The damage by the pine weevil started around 4 months after plan-
tation and it was uniformly distributed in all the experimental surface area
[51], which was surrounded all around by mature maritime pine stands.

2.2. Plant material

The study material consisted of open-pollinated families of 28 plus
trees randomly selected in a first generation seed orchard (Sergude,
42.82°N, 8.45° W) which provides high genetic quality seed for refor-
estation in the Atlantic coast of Galicia. All these plus trees were
selected within the Atlantic-Coast provenance for superior growth,
stem form and branch characteristics. Two unimproved seed sources
were also included as controls: the TC and TI, which are commercial
seeds commonly used in the coastal and interior area of Galicia,
respectively.

2.3. Fertilization treatments

Eight fertilization treatments (built upon combinations of four
commercial fertilizers, Tab. 1) plus an unfertilized control were
applied at the establishment. The fertilizers were spread by hand on a
30 cm diameter circle around the seedlings.

2.4. Experimental layout

The experimental layout was a randomized split-plot design repli-
cated in 10 blocks, with the nine fertilization treatments acting as the
whole factor, and the 30 seed sources as the split factor. Spacing was
2x 3m.

2.5. Assessment

Total height (H) and ground line diameter (D) were measured in
all living plants one year after plantation. Height of those plants with
dead leader was not measured. Pine weevil damage was measured by
evaluating the wounds in the stem caused by the insect. To avoid sub-
jectivity, the stem height was divided in ten parts using an elastic ruler,
and wounds were evaluated in each resulting tenth using a 4-levels
scale (0 = undamaged, 1 = some wounds, 2 = many wounds, and 3 =
death due to girdling). The sum of these ten values by plant, expressed
as percentage, was the damage trait ‘wounds’ (WND). Additionally,
the leader loss (LL) due to stem girdling by the pine weevil was also
recorded as a percentage of the total height using a discrete 6-level
scale from 0% to 100% by 20%.
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The WND trait was a reliable measure of the pine weevil damage
but it was very hard to assess. In order to explore other practical traits
for operational breeding, several symptoms traits were also consid-
ered. Seedlings were visually scored for foliage color (COL), foliage
density (DEN) and amount of resin in the stem (RES). These three
traits were subjectively assessed on a scale from 1 (yellow foliage, low
foliage density and many resin on the stem) to 4 (green foliage, no nee-
dle loss and no resin on the stem). All assessments were made by the
same person.

2.6. Statistical analyses

All traits were analyzed by the following linear model:
Hijx=p+ Fi+ Gj+ B+ FG;j + GBj + FBj + €k

where Hj is the value of the trait, /is the overall mean, F;, G; and By
are the main effects of fertilization i (i =1 to 9), family j (j = 1 to 28)
and block k (k= 1to 10), FG;, GBj;and FBj are the corresponding
interactions and &;j is the experimental error. To analyze the whole
plot factor (i.e. fertilization) with the appropriate error term, the F x B
interaction was considered a random effect. The genotype and all the
interactions involving this factor were also considered random. Ferti-
lization and block were considered fixed effects. This mixed model
was analyzed with the MIXED procedure of the SAS System [39].
Variance components of random effects were estimated using the
restricted maximum likelihood (REML) method of the MIXED pro-
cedure.

2.7. Genetic parameter estimates

Individual (#?;) and family (hzf) heritabilities were estimated as:

h2;= o
l ($2+(52+($2 +($2
g gf" tgbT Ve
02
2 g
hep= 3

2 2 2
O, + 0,/ F+0,,/ B+o,/ FB

where %4 is the additive variance which was assumed to be &4 =
4'028’ ng is the family variance, c72gf and ngb are the variance of the
family x fertilization and family x block interactions, respectively,
F and B are the number of fertilization treatments and blocks, respec-
tively, and o,2 is the residual variance. Approximate standard errors
of individual and family heritabilities were estimated according to
Wright [46].
Genetic correlation between traits x and y was estimated as:

COVg(xy)

rg= —/—
2 2

N O

where COV (xy) is the genetic covariance between the two traits, and
qcxz and %2 are the family variance of traits x and y, respectively. The
covariance between the two traits was calculated as: COV,(xy) =
Y2 (0% x4y) — O — Gf) Where Gfyy) is the family variance of the sum
trait x + y. Data were standardized (mean = 0, standard deviation = 1)
for each trait to remove scale effects prior to calculating genetic cor-
relations. Standard errors of genetic correlations were estimated as in
Falconer [9].

Table II. Results of the mixed model for the fixed effects and
variance components (%) of the random effects. ng, Ggfz, ng2 and
6,2 are the variance components for family, family by fertilization
interaction, family by block interaction and error, respectively. Signi-
ficance levels: *** = P < 0.001, ** = P <0.01, * =P <0.05.

Fixed effects Variance components (%)

Fert. Block g2 Oy Op” 6.2
Growth
Diameter (D) HEE L okkk 33%%  2.1% 0.0 86.9
Height (H) R 7.9%% 0.5 0.0 84.6
Damage
Wounds (WND)  *¥%  kx 52%%  29%F (09 84.1

Leader loss (LL) ~ **¥*  #¥* 2.6% 2.7%* 1.4 90.1
Symptoms

Colour (COL) kol 4.5% 0.0 0.8 86.5
Defoliation (DEF) ###% sk 1.8%* 0.5 0.8 91.6
Resination (RES)  *%#%* Hok 4.9** 0.0 0.0 85.8
Survival
Survival (SUR) wk 0.1 1.7 1.1 95.9
3. RESULTS

One year after plantation, almost all seedlings (94%) showed
some pine weevil damage. Severe attacks led to stem girdling
(42% of seedlings) and consequently leader loss, causing
important growth losses and stem deformities, and in some
cases seedlings death (10%).

The fertilization effect was highly significant for all the stud-
ied traits (Tab. II). All the eight fertilization treatments signif-
icantly increased growth and damage and decreased symptoms
traits (Fig. 1). In summary, those treatments that did not include
P gave intermediate results for all traits. The effect of fertiliza-
tion has been extensively treated in a companion paper [51] and
will be not further considered here.

Differences among families were highly significant for all
traits except for Survival (Tab. II). Wounds in the stem of the
most attacked family were over the double than those of the less
attacked one, whereas leader losses were 4-fold greater in the
susceptible family. Unimproved control material (TC and TI)
showed significantly lower diameter and height growth than
almost all families (Fig. 3). The coastal control (TC) was one
of the least attacked, whereas the control seed lot from the inte-
rior area of Galicia (TI) was intermediately damaged (Fig. 3).

The estimated heritability on a family mean basis was high
(0.6-0.8) for damage and symptoms traits (Tab. III), suggesting
an important genetic gain in pine weevil resistance through
family selection. Individual heritability was only moderate
(0.1-0.2) for both damage and symptoms traits. Additive coef-
ficient of variation was high for damage traits but lower for
symptoms traits (Tab. III).

Family x fertilization (Fam x Fer) interaction was significant
for the damage traits and for diameter (Tab. IT). The Fam x Fer
interaction was approximately one half of the family variance
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Height (cm)

Wounds (%)

Color score

FO F1 F2 F3 F4 F5 F6 F7 F8
Fertilization treatments

Figure 1. Height growth (a), wounds due to Hylobius abietis damage
(b) and color of Pinus pinaster seedlings (c) under different fertiliza-
tion treatments. Least square means + standard errors are presented.
Different letters indicate significant (P < 0.05) differences between
fertilization treatments.

for WND and D, and similar to the family variance in the case
of LL. Family X block interaction was not significant in any case.

Phenotypic and genetic correlations between different traits
are presentedin Table IV. All damage and symptoms traits were
significantly correlated among each other, with genetic corre-
lation close to unity. Survival family mean was also signifi-
cantly correlated with damage and symptoms traits (Fig. 2b)
suggesting pine weevil to be the main cause of mortality.
Genetic correlations for those trait pairs including survival
should be use with care due to nonsignificant family effects for
this trait. In fact, standard errors of these genetic correlations
were always very high (Tab. IV). The strong relation between
wound and color family means (Fig. 2a) suggest that screening
for pine weevil resistance can be carried out by just subjectively
assessing the average color of the seedlings.

Damage and symptoms traits were significantly correlated
with diameter but not with height (Tab. IV and Fig. 3). Families
with greater diameter were more attacked by the pine weevil
and showed more symptoms of this attack.

Table III. Genetic parameter estimates. Range of family means,
individual heritability (h;2) +standard error (s.e.), family heritability
(hfz) +s.e. and additive genetic coefficient of variation (CVy).

Range of family h? hfz CVy (%)
means
Growth
Diameter (mm) 8.3-10.4 0.14+0.05 0.74£0.12 15.8

Height (cm) 35.9-56.5 0.34+0.10 0.89 £0.23 249

Damage

Wounds (%) 29.9-66.6 0.23+0.07 0.80 £0.16 56.8

Leader loss (%) 10.0-43.2 0.11 £0.04 0.64+0.09 87.7

Symptoms

Colour (0-4) 2.8-3.7 0.20+0.06 0.81 £0.15 23.7

Defoliation (0-4) 3.1-3.7 0.08 £0.03 0.61 £0.08 13.0

Resination (0-4) 2.5-33 0.22+£0.07 0.84£0.16 264

Survival 0.8-1.0 0.01 £0.01 0.09+0.03 5.1
4. DISCUSSION

4.1. Genetic variation

This study showed an important genetic variation among
P. pinaster families in the degree of pine weevil damage. The
pine weevil showed markedly preferences to some open-polli-
nated P. pinaster families. Although individual heritability was
moderate (~ 0.2), family heritability was high (~ 0.8) suggest-
ing that important gains can be expected through family selec-
tion. Rouging the seed orchards should consider pine weevil
resistance in order to exploit this potential. Judging from the
individual heritability estimates, selections within the progeny
tests can also be carried out to develop resistant genotypes. The
relatively large genetic coefficients of variation (Tab. III) also
indicated high expected genetic gains. Irrespective of including
pine weevil resistance as an operational trait in the maritime
pine breeding program in Galicia, the results presented here
indicated that, at least, some susceptible families should be dis-
carded for planting on high weevil risky sites such as second
rotation sites, or, alternatively, some resistant families should
be preferred. It should be noted that the unimproved commer-
cial seed TC was much less susceptible than most of the tested
families (Fig. 2) and thus, the use of genetically improved mate-
rial appeared to increase the weevil damage risk.

Heritability estimates of tree resistance to insects are usually
low or moderate. For example, individual-tree heritability for
P. pinaster resistance to the moth Dyorictria sylvestrella Ratz.
was found about 0.1 [19], whereas heritability for resistance of
interior spruce (Picea glauca (Moench) Voss, Picea engelman-
nii Parry, and their hybrids) to another pine weevil (Pissodes
strobi (Peck)) was 0.2-0.4 [15, 16, 18]. These last studies were
conducted under low to moderate levels of attack and were
based on frequency traits (percentage of plants attacked). The
study presented here was conducted under a higher attack level
(94% of the seedlings presented some weevil damage) and con-
sidered not only the frequency but also the severity of the attack
in each seedling (see Materials and methods). It can be expected
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Figure 2. Relationship between wounds in the stem due to Hylobius
abietis and color (a) and survival (b) of Pinus pinaster families. Black
squares are family means whereas white circles are the two unimpro-
ved control seed sources.

that higher genetic variation should be found under lower attack
levels and using similar frequency traits as in the cited reports.
Alfaro et al. [1] confirmed the genetic variation in resistance
of interior spruce to P. strobi using several traits that measured
intensity, severity and tolerance to the insect attack, but heri-
tability of these traits was not reported.

Fertilization had an important effect on pine weevil damage
(Fig. 1) and also affected the P. pinaster genetic susceptibility
to this insect, resulting in significant family x fertilization
(Fam x Fer) interaction (Tab. II). However, judging from the
interaction to family variances ratio (Tab. II), the Fam x Fer
interaction was not quantitatively relevant. Given the impor-
tance of fertilization on weevil damage and the significant Fam
x Fer interaction for diameter growth (Tab. II), the Fam x Fer
interaction for the damage traits could be a consequence of a
genetic variation in the use efficiency of the extra nutrient
supplied. Different families responded differently to fertiliza-
tion (significant Fam X Fer for diameter growth), and thus fer-
tilization altered their genetic resistance in different ways,
resulting in significant Fam X Fer interaction.

The determination of the resistance mechanisms would be
helpful before starting a breeding program for pine weevil
resistance. Resistance is though that is likely the combination
of several mechanisms such as bark resin canals, traumatic
induced resin canals, bark thickness, the presence of needles on
stem bases, and other characters such as the presence of feeding
repellents, deterrents or toxic compounds [1-3, 11, 17, 23, 27,
43], although the relative importance of each trait probably
changes even from genotype to genotype [2]. Particularly, the
resin canals appearing in the bark of conifers constitute a phys-
ical and chemical barrier to the insect, and the characteristics
of those resin canals of Picea spp. have been proved to be
strongly related to genetic resistance against other species of

Table I'V. Phenotypic correlation of family means (n = 28, below diagonal) and genetic correlation (above diagonal, standard errors in paren-
thesis) between different traits. Significant phenotypic Pearson correlations coefficients (P < 0.05) are typed in bold.

Damage Growth Survival Symptoms
Trait WND LL D SUR COL DEF RES
Damage
Wounds (WND) 1.02 0.55 -0.13 -1.87 —0.94 -1.05 -1.00
(0.01) (0.16) (0.20) (1.53) (0.03) (0.02) (0.00)
Leader loss (LL) 0.96 0.32 -0.29 -1.44 —-0.89 -1.01 -0.93
(0.23) (0.21) (0.71) (0.05) (0.01) (0.03)
Growth
Diameter (D) 0.54 0.41 0.74 —-0.11 -0.61 —-0.66 —-0.56
(0.10) (0.64) (0.15) (0.16) (0.64)
Height (H) 0.14 0.09 0.57 -0.07 —-0.18 -0.21 -0.21
(0.58) (0.20) (0.23) (0.20)
Survival
Survival (SUR) -0.74 -0.76 -0.34 -0.06 —-0.06 -0.06 -0.06
(0.61) (0.71) (0.61)
Symptoms
Color (COL) -0.87 -0.83 -0.46 -0.02 0.52 1.01 0.90
(0.01) (0.71)
Defoliation (DEF) -0.85 -0.85 -0.38 -0.11 0.49 0.88 1.03
(0.61)
Resination (RES) -0.95 -0.88 —0.46 -0.03 0.58 0.83 0.80
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Figure 3. Relationship between damage by Hylobius abietis and dia-
meter (a) and height (b) growth in Pinus pinaster families. Black squa-
res are family means and white circles are the two unimproved control
seed sources. Numbers in the figure are the codes of the families and
the control seed sources.

pine weevils [3, 16,37,43]. Besides, several terpenes of the ole-
oresin of P. pinaster have been shown to be related to the sus-
ceptibility to Dioryctria sylvestrella [13, 20] whereas the resin
production of P. pinaster after tapping has been shown to be
under high genetic control [41]. On the other hand, several
plant-derived antifeedants against H. abietis have been identi-
fied [6, 21, 31]. Other factors such as the genetic variation in
the nutrient use efficiency, which probably exist among these
maritime pine families [50], may be also interacting by chang-
ing the nutrient concentration in the plant tissues and conse-
quently, the pine weevil preferences.

Another important question is that established by Kiss and
Yanchuk [18] about what may occur if a plantation is estab-
lished with just genetically improved resistant material,
because the pest response to increased resistance is not
expected to be static [30]. Is the genetic variation in suscepti-
bility a real genetic variation in resistance mechanisms or at
what extent susceptibility is driven by pine weevil preferences?
If pine weevil preferences play a major role, apparent resistant
genotypes may be attacked when planted alone without more
susceptible neighboring trees. Further research including non-
choice assays and cooperative studies with insect biochemists
are needed to answer these questions.

4.2. Evaluation traits

The WND trait, measured as the sum of the wound evalua-
tions in each stem tenth, was a reliable damage trait that objec-

tively measured the debarked area in the stem caused by pine
weevil feeding. However, for operational breeding, this trait
was too much hardy to assess. Alternatively, symptoms traits,
such as the average seedling color (COL), were easier to assess
and were strongly genetically correlated with WND (Tab. IV
and Fig. 2), suggesting high correlated responses by selecting
through these traits. A complete evaluation of the actual mar-
itime pine breeding population could thus be done by just eval-
uating the global seedlings appearance.

4.3. Growth-damage relation

Diameter growth and weevil damage were both phenotypi-
cally and genetically positive correlated (Tab. IV), indicating
that faster growing families were much more attacked than
slower growing ones. The lack of a similar relation with height
growth can be explained because the most attacked plants fre-
quently loss their leaders and, consequently, total height was
not possible measured. The relation damage-height was then
analyzed on a biased sample, dropping from the analyses those
plants with higher damage. It should be noted that diameter was
measured after pine weevil attack and thus, it could be also
affected by the pest damage, without reflecting the real family
potential growth. However, the weevil effect on pine growth
is supposed to be negative, and thus, the positive relation
between diameter and weevil damage is effectively indicating
thatinherently fast growing families were more damaged by the
insect. In unselected populations, genetic correlations may be
due to either pleiotropic effects (multiple effects of individual
genes) or to linkage disequilibrium (non-random association
between alleles at different loci) [26]. In selected populations,
random association between genes controlling different traits
could also be the cause. However, this is not likely to be occur-
ring in our study population because all families originated
from unrelated plus trees selected for growth and form, restrict-
ing selections to healthy trees. So, a random association
between low resistance and high growth in the selected popu-
lation was not favored. Whether pleitropy or linkage is the main
cause, the positive relation between pine growth and weevil
damage appeared as an important handicap for including the
pine weevil resistance as a selection criteria in the breeding pro-
gram. Selections for growth would result in increased suscep-
tibility, whereas including the resistance as a selection trait
would compromise the expected gain in growth. Nevertheless,
some fast growing families, such as 2017 (Fig. 3), showed only
intermediate levels of weevil attack. Increased susceptibility
with tree vigor has been previously found in P. pinaster in rela-
tion to D. sylvestrella attack [14, 19] and to the infection by the
fungus Melampsora pinitorqua [7, 8]. Kleinhentz et al. [19]
also explain this unfavourable correlations in terms of pleiot-
ropy or/and linkage.

Fertilization caused also an important effect on plant growth
and weevil damage, the fertilized plants being the thickest and
the most attacked (Fig. 1). Whether the effect of both fertiliza-
tion and genotype in the weevil attack level is a direct effect or
is an indirect consequence of the effect on growth is an impor-
tant question. For example, fertilization can alter the tissue
quality by changing nutrient concentrations. Genetic differ-
ences in nutrient use efficiency can have a similar effect. Fer-
tilization and genotype could be thus directly affecting attack
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by changing the tissue attractiveness to the weevil. In this case,
improving the nutrient utilization, i.e. growth per unit of nutri-
ent in the plant tissues [28], would increase both growth and
resistance to the pine weevil because growth is improved with-
out increasing attractiveness to the insect. In relation to this
idea, the susceptibility of P. pinaster to the fungus M. pini-
torqua, which was positively correlated with growth, was asso-
ciated with increased levels of nutrients (phosphorus and
potassium) to a greater extent than that expected from only a
growth effect [7]. On the other hand, if growth and suscepti-
bility are really genetically linked, breeding for both will
become complicated.

5. CONCLUSIONS

There was considerable genetic variation in pine weevil
damage among the studied P. pinaster open-pollinated fami-
lies. Moderate individual (~ 0.2) and high family (~ 0.8) herit-
ability estimates suggested that it is possible to include the
resistance to the insect as a selection trait in the Galician mar-
itime pine breeding program.

Screening of pine susceptibility to pine weevil damage can
be successfully done by simply evaluating symptoms traits
such as the average color of the seedlings.

Pine growth and damage by the pine weevil were phenotyp-
ically and genetically positive correlated, fast growing families
being more attacked than slower ones. This unfavorable corre-
lation represents an important obstacle for including resistance
to the pine weevil in the pine breeding program.
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