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Abstract Pinus species show remarkable ontogenetic
differences in needle morphology (heterophylly) between
juvenile and adult vegetative phases. This developmental
shift may play an adaptative role in their success under
diverse habitats. As a first step to know the functional
differences between each vegetative phase, we compared
water loss through the cuticles of juvenile and adult needles
of 21-month-old nursery-grown seedlings of nine hard pine
species. Cuticular transpiration (CT), calculated after
complete stomatal closure, was obtained by leaf-drying
curves, and was related to leaf, ontogenetic and climatic
parameters. The rate of cuticular transpiration (RCT)
between juvenile and adult needles differed across pine
species, and in particular segregated the Mediterranean
species Pinus canariensis and P. halepensis, from the
Eurasian P. uncinata and introduced species P. radiata. For
these species, RCT was always higher in juvenile needles.
The different leaf and ontogenic parameters studied were
correlated with the variation in RCT among the nine pine
species. We discuss this relationship in the light of the
species ecology. Besides their possible adaptive interpre-
tation, these results suggest an underlying need to consider
the ontogenetic heterophylly when assessing functional
traits in hard pine seedlings, in particular those traits that
govern water relations.
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Introduction

Heteroblasty is a widespread phenomenon in plants, con-
sisting of differences in leaf characteristics, internode
dimensions and fate of axillary buds along the plant axis
(Jones 1999). In particular, heterophylly refers to the leaf
component of heteroblasty, i.e. the variation in the size or
shape of leaves produced along the axis of an individual
plant. Several conifer genera, such as Juniperus, Cupressus,
Pinus and Cedrus show a marked heterophylly during their
vegetative phase. It is still poorly known as to what extent
this process is genetically fixed during ontogeny (Kubien
et al. 2007) or related to different adaptive strategies
allowing them to cope with the contrasting environmental
conditions they encounter (Miller et al. 1995; Winn 1999).

Pinus species, in particular, show remarkable hetero-
phylly and heteroblasty, with distinct juvenile and adult
vegetative phases. This plasticity may play an adaptative
role in their success across diverse habitats. In the juvenile
phase, when growth is free, stem units exclusively bear
solitary, juvenile needles and elongate shortly after their
formation without forming terminal buds. By contrast, the
adult phase is characterised by preformed stem units, bar-
ing fascicles of adult needles bundled in dwarf-shoots
(Cannell et al. 1976; Lanner 1976). Between these two
extreme stages, various transitional stages can be found,
characterised by the co-occurrence of juvenile needles and
axillary dwarf shoots bearing adult, secondary needles.
Differences between the juvenile and adult phases in spe-
cific leaf area (SLA), resistance to water loss and resistance
to frost damage have been reported in Pinus canariensis
(Climent et al. 2006, Luis et al. 2007), but these compar-
isons remain to be investigated in other species.

Both the timing and amplitude of heteroblastic changes
can vary greatly between pine species; while most pines
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form secondary needles after the second vegetative period,
some others produce adult needles during the first growing
season (Climent et al. 2006 and in preparation). In the
Mediterranean species, Pinus pinea, P. canariensis,
P. halepensis and P. brutia, and to a lesser extent also in
P. pinaster, the juvenile growth can persist for several years
(Klaus 1989). In particular, P. pinea and P. canariensis have
long-lasting juvenile stages which can last for six or more
years depending on the genotype and the environment.

One of the theories for the evolution of juvenile forms of
heteroblastic woody species suggests that these forms are
selected for resistance to water loss; but in fact many
juvenile forms of woody plants show characteristics of
water spenders (Darrow et al. 2002). In P. canariensis,
juvenile needles lose water faster than adult needles and
seedlings have a higher probability of death than adults
when planted under a dry common environment. Yet,
provenances from dry regions show a consistently longer
juvenile phase (Lépez et al. 2007). This counter-intuitive
outcome was also found in Juniperus occidentalis (Miller
et al. 1995). Juniperus occidentalis is a water stress-toler-
ant species that maintains the juvenile vegetative state as a
strategy to enhance its competitive ability. Although such
strategy is thought to be a risky compromise, it allows
more adaptive biomass allocation in the tree as the tran-
sition to the adult form occurs (Miller et al. 1995; Climent
et al. 2006). If this is the case, we would expect that pro-
longed juvenility might be related to greater inter-specific
variation in differentiation between juvenile and adult
needles.

Drought is an important limiting factor for growth in
Mediterranean ecosystems. Thus, woody plants have
developed drought resistance to cope with water stress, by
either dehydration avoidance or dehydration tolerance
strategies (Levitt 1972). Plants that adopt the first strategy
avoid stress because their functions are relatively unex-
posed to tissue dehydration (Blum 2005). Conversely,
plants tolerate drought by withstanding some degree of
tissue dehydration without protoplasmatic damage (Villar
et al. 2004). Under conditions of optimum water avail-
ability, cuticular transpiration is relatively insignificant as
compared with stomatal transpiration. However, during
periods of severe water deficit that causes stomatal closure,
the cuticle becomes the most important structure restricting
leaf water loss (Tischler and Voigt 1990; Burghardt and
Riederer 2003). In particular, a low rate of water loss
through the plant cuticle [i.e., cuticular transpiration (CT)]
is considered to be an important drought survival mecha-
nism in cereal genotypes (Clarke and McCaig 1982; Clarke
et al. 1989; Clarke 1992) and likewise in woody shrubs
from the Californian chaparral (Davis et al. 2004).

For this study, we chose nine hard pine species that
share a circum-Mediterranean geographical distribution

@ Springer

area in Western Europe, but presently occupy different
ecological niches with marked differences in water avail-
ability (Barberd et al. 1998; Gandullo 1994). We tested two
hypotheses: first, if juvenile pine needles always lose water
faster than adult needles, after complete stomatal closure,
irrespective of species; and second, if differences in
cuticular transpiration between juvenile and adult needles
are greater in those species that delay the formation of
adult needles, that is, in the Mediterranean pines (sensu
Klaus 1989), compared to Euro-Siberian species. We also
expected to find a meaningful relationship between the
morpho-physiological characterisation of juvenile and
adult needles and the climatic conditions typical of each
species origin.

Materials and methods
Plant material

Plant material for this study was obtained from the seed-
lings of nine pine species. These nine species share a
circum-Mediterranean geographical distribution area in
Western Europe. They include: (1) five Mediterranean
species, subsection Pinaster : P. pinaster, P. brutia,
P. halepensis, P. pinea and P. canariensis, (2) three
Eurasian pines, subsection Pinus: P. sylvestris, P. uncinata,
and P. nigra, and (3) one introduced, widely used pine
species: P. radiata. P. radiata is currently widespread in
mild and humid climate areas in Northern Spain, but it is
also representative of other Mediterranean climate zones
(coastal SW California). This species is phylogenetically
distant to the other pines, since it is classified in subsection
Australes of section Trifoliae, while all the other studied
pines belong to subsection Pinus (Gernandt et al. 2005).

Seeds were collected by the Forest Administration
(DGB), in natural stands (except in P. radiata) from open-
pollinated trees at least 100 m apart to reduce consanguinity
(Table 1). The nine species were each represented by the
provenance which corresponded to the centre of its eco-
logical range, which had shown “typical” or average
growth and survival in previous field experiments (Chambel
et al. 2007). Seed lots were an equilibrated mixture from
25 to 30 mother trees of the same provenance.

Cultivation conditions and experimental design

Prior to germination, seeds were stratified at 4°C for a
month to homogenise their germination rate. In June 2005,
two seeds were sown in 300 cc cell Forest-Pot container,
and placed in a greenhouse located in NW Spain
(42°16'38” N, 7°37'32” W, 537 m as.l). During the
experimental period, temperatures inside the greenhouse
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Table 1 Geographic location of the studied seed source for each species

Species Provenance Altitude Latitude Longitude
P. brutia Taurus (Bucak). Turkey 980 37°29' N 30° 37 E
P. canariensis Tenerife. Spain 1,350 28° 19 N 16° 44 W
P. halepensis Inland Eastern Spain 830 39°35' N 0° 58 W
P. pinea La Mancha. Spain 690 39°22' N 2°38 W
P. pinaster Guadarrama Mountains. Spain 1,230 40° 34' N 4° 19 W
P. nigra Southern Iberian Range. Spain 1,280 40° 43' N 2° 15 W
P. sylvestris Guadarrama Mountains. Spain 1,520 40° 51' N 4° 00 W
P. uncinata Eastern Pyrenees. Spain 1,760 42°22' N 2°17 E
P. radiata Vasque Coast. Spain 220 43° 15' N 2°05 W

ranged from —1.2 to 39.4°C (average of 14°C), and mean
relative humidity was 80%. Seedlings were grown under
natural photoperiod. Water availability was maintained ca.
80% of field capacity, corresponding to 37.3% in volume.
Growing media was a mixture of peat and perlite (3:1, v:v),
plus 2 g/l of Osmocote. After germination, one germinated
seed was removed from each container, leaving those
seedlings at the most similar developmental stage. Seed-
lings were divided in three randomised complete blocks
(15 plants per species and block, 135 plants per block, 405
plants in total) to control for fine-scale microenvironmental
gradients. In February 2006, 15 seedlings per species were
transplanted to individual 7-L containers, and placed at full
sunlight (temperatures ranged from —6.0 to 36°C, average
temperature of 12°C and mean relative humidity of 72%).
Pots were filled with the same growing media and fertiliser.
Seedlings were watered regularly, following the nursery’s
standard cultivation protocol, which implied avoiding both
water stress and over-saturation of the pot rooting media.

Leaf-drying curves

Cuticular transpiration (CT) after complete stomatal clo-
sure was measured by the mass loss in excised needles.
When seedlings were 21 months’ old (March 2007), fresh
juvenile and adult needles from five randomly selected
seedlings per species were harvested at 0800 h, placed in
wet paper towels, brought into the laboratory and used for
water-loss determinations. This period of time following
germination was sufficient for all nine species to develop
both types of needles in transitional vegetative metamers
(Fig. 1). Three adult needles per seedling and an equivalent
weight of juvenile needles were selected in the same or
adjacent metamers, and their length and projected leaf area
were determined after scanning and analysis using the
software WinFolia2002a (Régent Instruments Inc., Swit-
zerland). Following an initial weighing, needles were
suspended in water overnight. After saturation, needles
were reweighed, needle section bases were sealed with

paraffin wax to avoid significant water losses, and then
needles were placed on a laboratory bench at 26°C and RH
of 45%, VPD 1.85 KPa.

Needle weight change was then determined at 5-min
intervals for 60 min. Cumulative cuticular transpiration
(CCT) was calculated at 5-min intervals during the first
60 min as grams of water lost per gram of leaf dry weight.
When representing the leaf—drying curves for the 60-min
period we obtain a curve, which started in the origin,
corresponding with water loss of zero at time 0. However,
we were interested in the linear portion of the curve, which
occurred from the 10th minute. Thus, a linear regression
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Fig. 1 Position of samples for juvenile needles (/) and adult needles
(A) in transitional vegetative metamers. The proportion of plant
height with adult needles in dwarf shoots (DSh) was obtained as the
quotient (Ht — Hds)/Ht
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was fitted for the relationship between CCT and time
between 10 and 60 min. The rate of cuticular transpiration
(RCT) was calculated from the slope of the linear regres-
sion of time against CCT. To achieve homogeneous error
variances and minimise any curvilinear response during the
first 60 min, data from the first 5-min increment were not
included in the analysis. Using the water-loss data from 10
to 60 min into the drying period represents the best com-
promise to provide a measure of cuticular transpiration
(Tischler and Voigt 1990).

The relative difference of RCT between juvenile and
adult foliage was calculated as: Dif(RCT) = (RCTjyyenite
- RCTadult)/RCTjuvenile-

Leaf mass area

After the cuticular transpiration test, needle samples were
oven-dried for 24 h at 70°C, and this dry mass value was
used to determine needle mass per unit area, or LMA
(LMA = needle dry mass/needle area, g cm~2). The rela-
tive difference in LMA between juvenile and adult foliage
was calculate as: Dif(LMA) = (LMAjyyenite — LMAqui0)/
LMAjuvenile~

We checked the possible bias of using projected area
instead of total needle area, (given that pine needles are
amphistomatic) by comparing needle cross-sections of
juvenile and adult needles per species. Even when the ratio
between total needle area and projected leaf area was
slightly greater in adult needles, this difference did not
affect the results presented, and therefore we preferred to
use a simpler measure instead of introducing wider
experimental errors.

Ontogeny

Ontogeny was estimated through two variables estimating
the timing (acceleration or delay) of development: TB (the
percentage of plants with a terminal bud formed after
20 months) and DSh (the proportion of plant height with
adult needles, i.e. dwarf shoots, Fig. 1).

Climatic variables

Two climatic variables, Ps (precipitation of the warmest
quarter, corresponding to June, July and August) and Dm
(the number of dry months, which are the months when
P < 2T, where P is the precipitation and T is the mean
temperature) were chosen to characterise each species.
Climatic variables were obtained for the central range of
each species studied from the Global Climatic Model
WorldClim (Hijmans et al. 2005) implemented in DIVA-
GIS version 1.3 at a 30" resolution.
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Statistical analysis

Each relationship between CCT and time was assumed to
be linear between 10 and 60 min, so linear regression was
fitted to the whole data set, jointly including all species and
needle ages (Eq. 1).

CCT=a+bxt (1)

where ¢ is time (in minutes), a represents the intercept and
b the slope of the regression. The slope, b, can be
interpreted as the rate of cuticular transpiration (RCT). To
test differences in CCT and RCT due to species and
needle age, we first assumed that both the intercept and
slope parameters in Eq. 1 are expressed as an effect of
species (as and bg), an effect of needle type (an and by),
and an effect of the interaction between species and
needle type (asxn and bgyn), all of them were assumed
to be fixed factors. Inherent correlation among
measurements coming from the same plant prevented us
from solving the proposed model using ordinary least
squares; thus, a mixed model was used, adding random
effect factors (u and v) specific to each plant. The model
for CCT is:

CCT = [as + an + asxN + u] + [bs + bx + bsxn + V] X ¢
(2)

The level of significance for fixed effect factors was
evaluated using Type-III F tests. Empirical best linear
unbiased predictors (EBLUP’s) for random parameters
were predicted for each plant, thus individual plant-level
responses could be represented. Differences in CCT were
tested by computing least squared differences among pairs
of species, needle age and interactions, jointly for the
whole interval as well as separately for initial (minute 10)
and final moments (minute 60). Tests of equality of slopes
between species, needle age and interactions were also
carried out to test for significant differences in RCT. All
analyses were done using SAS (version 8.2) procedure
MIXED.

The relationship between variables (RCT, Dif(RCT),
LMA, Dif(LMA),TB, DSh, Ps and Dm) was assessed using
the Pearson (r) coefficient, using the mean values for each
species.

Results

The mixed model showed highly significant effects
(P <0.0001) of the species, needle type, and spe-
cies x needle type in the rate of cuticular transpiration,
RCT (slope of CCT vs. time) (Table 2), with higher RCT
values corresponding to juvenile needles, (26% greater
than adult needles). Neither the species (P = 0.759)
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Table 2 Type III F tests for fixed effects included in the linear
regression model of CCT versus time

Effect Num DF F Pr>F

ag 8 0.62 0.7591
an 1 108.89 <0.0001
as « N 8 0.57 0.8058
bs 8 13.63 <0.0001
by 1 39.29 <0.0001
bs « N 8 7.14 <0.0001

Parameters b; represent the contribution of each source of variation to
the slope of the line, this is, the rate of residual transpiration RCT
while a; represent intercepts (s species, N needle type).
CCT = [as + an + asxN + u] + [bs + Dn + bsxn + V] X ¢

nor the interaction between species and needle type
(P = 0.8006) significantly affected the intercept parameter,
a (Table 2).

Juvenile needles had a significantly higher RCT than
adult needles for five species (P. canariensis and P. radiata
with P < 0.001, P. halepensis and P. uncinata with
P < 0.01 and P. pinaster with P < 0.1), while three species
showed no significant differences between foliage types (P.
pinea, P. brutia and P. nigra), and only one, P. sylvestris,
showed a significantly (P < 0.1) lower RCT for juvenile
needles than for adult needles (Fig. 2, Table 3).

The cumulative cuticular transpiration (CCT) between
10 and 60 min (Table 4) was higher in juvenile than adult
needles (Fig. 3). Again, these differences in CCT were
species-related. For example, after 60 min the CCT of both
juvenile and adult needles of P. canariensis was lowest,
and highest in P. radiata.

Adult needles were distinct from juvenile needles
in their higher LMA (P < 0.0001), and such differences
were also species-dependant (Pgpecicsxneedie type < 0-0001,
Fig. 4). The LMA of juvenile (but not adult) needles was
negatively correlated to the rates of cuticular transpiration
(RCT) of both juvenile and adult needles (Table 5). The
precipitation of the warmest quarter at the seed source (Ps)
was significantly and positively correlated with RCT for
both juvenile (P = 0.072) and adult (P = 0.063) needles,
and negatively with LMA of both juvenile (P = 0.009) and
adult (P = 0.099) needles (Table 5). The number of dry
months (Dm) at the seed source was negatively correlated
with RCT of adult needles (P = 0.038) and positively to
LMA of juvenile needles (P = 0.003). Meaningfully, the
relative difference of RCT between juvenile and adult
needles [Dif(RCT)] was negatively correlated with both the
proportion of budset per species (TB, P = 0.006) and the
proportion of plant height with adult needles (DSh,
P = 0.052, Table 5).

0.014

(***)
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O Adult

0.012
0.010 A

0.008 A (ns)

RCT

0.006 - (ns)
(‘k‘k‘k)
0.004 -

0.002 A

0.000 -

pna bru can rad hal

nig ptr syl unc
Species

Fig. 2 Mean rate of cuticular transpiration (RCT, g g~' min~") and
P value for the effect of needle type within species. (*** P < 0.001,
** P <0.01, * P<0.05 P <0.1, ns non-significant). (n = 5 per
needle type and species) pna: P. pinea, bru: P. brutia, can :
P. canariensis, rad : P. radiata; hal: P. halepensis, nig: P. nigra, ptr:
P. pinaster, syl: P. sylvestris, unc: P. uncinata

Table 3 Equality test of slopes (RCT) between species x needle-
type

pna bru can hal ptr nig syl unc rad Juvenile

pna ns ns ** ns ns ¥ * ns  ¥FF pna

bru ns ns . ns ns ns ns ns FF* bru
can skoksk Hsksk skoksk ns ns ns ns *k skoksk can
hal HkE Rk ¥ ns ns ns - *%%  hal
ptr ns ns @ CFEE O ER ns ns - *EE O ptr
nig ns ns  FEF ns ns ns Kk FEE pjg
syl ns ns  FFF EEE g opg . * *EE syl

unc ns ns #rk Rk g ops  ns KR FEE une
rad . . gk ksdek ok skk ok * 4% pad

Adult

Values above the diagonal show inter-specific differences for juvenile
needles. Values below the diagonal show inter-specific differences for
adult needles. Diagonal values represent intra-specific differences
between juvenile and adult needles

pna: P. pinea, bru: P. brutia, can : P. canariensis, rad : P. radiata;
hal: P. halepensis, nig : P. nigra, ptr: P. pinaster, syl: P. sylvestris,
unc: P. uncinata
% P < 0.001,
significant

** P <0.01, *P<005 "P<O0.1, ns non-

Discussion
Our experiment is one of the very few to give experimental

evidence of the functional differences linked to hetero-
phylly in different hard pines, by comparing the rate of
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Table 4 Type III F tests of the linear regression model for CCT between 10 and 60 min, for the effect of needle type (juvenile and adult needles)

within species

Eff P. sylvestris P. nigra P. uncinata P. canariensis P. pinaster  P. radiata P. pinea P. brutia P. halepensis

F Pr>F F Pr>F F Pr>F F Pr>F F Pr>F F Pr>F F Pr>F F Pr>F F Pr>F
as 10.7 0.009 425 0.0003 64.2 <0.0001 19.3 0.0033 62.2 0.0001 28.6 0.0007 11.1 0.0103 11.2 0.0015 10.4 0.0093
bs 22 0.1460 19 0.1726 8.1 0.0053 22.6 <0.0001 3.1 0.0821 82.9 <0.0001 4.4 0.0390 0 09459 7.2 0.0085

Linear regression was fitted to the data using a mixed model. CCT = [as + an + asxn + ] + [bs + b + bsxN + V] X ¢

Pinus brutia Pinus canariensis

‘\

Pinus pinaster

\

Pinus uncinata Pinus radiata

\
\

Fig. 3 Marginal response for 1.0 - -
CCT (g of water loss/g leaf dry Pinus pinea
weight) (random parameters in 0.8 1
Eq. 2 set to zero) between 10 0.6 4
and 60 min, for the effect of '
needle type [juvenile (square) 0.4
and adult (circle) needles]
within species. (n = 5 per 0.2 4
needle type and species) ‘ ‘ ‘
CCT = [as + an + asxn] Pinus halepensis
+[bs + bx + bsxn| X t 0.8
0.6
0.4 M
0.2 M
Pinus sylvestris
0.8 1
0.6 1
0.4 1
0.2
0 20 4b 60

cuticular transpiration in juvenile and adult leaves in nine
species growing under a common cultivation regime.

The results partially confirm our first hypothesis that
juvenile needles lose water faster than adult needles once
stomatal closure is complete. As juvenile needles contain
more water (higher initial cumulative cuticular transpira-
tion, CCT), they can maintain a higher rate of water loss for
a longer period of time before limiting factors come into
play, to reduce their rate of water loss (Tischler and Voigt
1990). Moreover, a lower rate of cuticular transpiration
(RCT) might be attributed to a greater resistance to water
vapour diffusion through the external epidermal walls
(Premachandra et al. 1992) and may help seedlings to
spend less water and maintain better water status under
drought conditions (Villar et al. 2004). As mentioned
above, differences in rate of cuticular transpiration (RCT)
between juvenile and adult needles were related to the
species considered, with P. canariensis, P. halepensis,
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P. pinaster, P. radiata and P. uncinata showing the dif-
ferences in the hypothesised direction (juveniles losing
more water per time unit than adults), while three species
showed no significant differences, and only one (P. syl-
vestris) showed a difference in the opposite direction.

A clear divergence was found for cuticular transpiration
and LMA not only among species but more importantly
between juvenile and adult needles. Such results demon-
strate species-specific differences in cuticular transpiration
and LMA among the nine pine species studied in a
common environment. Intuitively, it might be assumed,
that differences in cuticular permeability should be
directly related to a variation in the thickness of the
cuticular membrane (Riederer and Schreiber 2001).
However, it is difficult to relate cuticular permeances with
cuticle thickness (Burghardt and Riederer 2003). Accord-
ingly, our results only showed a negative correlation
(Pearson coefficient ~ —0.6) between LMA of juvenile,
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0.02
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0.00-
pna bru can rad hal nig ptr syl unc
Species

Fig. 4 Mean leaf mass area (LMA = needle dry mass/needle area,
g cm ) for each species and needle type and P value for the effect of
needle type within species. (n = 5 per needle type and species).
(*** P <0.001, ** P <0.01, * P <0.05, " P <0.1, ns non-signif-
icant). Intervals are standard errors. pna: P. pinea, bru: P. brutia, can :
P. canariensis, rad: P. radiata; hal: P. halepensis, nig: P. nigra, ptr: P.
pinaster, syl: P. sylvestris, unc: P. uncinata

but not adult, needles and rate of cuticular transpiration
(RCT) and cumulative cuticular transpiration (CCT).
Thus, LMA of juvenile needles was species-dependent,
but the role of this trait in differentiation between juvenile
and adult needles is not evident.

Confirming our second hypothesis, the relative differ-
ence of rate of cuticular transpiration (RCT) was
significantly and negatively correlated to each species
ontogeny, evaluated through budset and the proportion of
plant height with adult needles. The later secondary needles
formed in particular species, the greater the difference
between their cuticular transpiration and that of juvenile

needles. Therefore, our results confirm that in general, the
behaviour, in terms of transpirational water loss, of juvenile
and adult needles is more similar in the Euro-Siberian pines,
which have accelerated ontogeny than in the Mediterranean
pines, with a much longer delay before the formation of
their adult foliage. A typical representative of this pattern is
P. canariensis which needs 2—6 years before undergoing a
heteroblastic change in the main shoot (Climent et al. 2006),
but once adult needles are formed, they show the lowest rate
of cuticular transpiration (RCT) of all the pines studied.
Both greenhouse and field studies have demonstrated the
high capacity of this species to withstand drought and the
existence of high intra-specific variation in survival under
drought stress (Climent et al. 2002; Lépez et al. 2007).

The two exceptions to this link between ontogenetic and
functional heterophylly were P. uncinata and P. radiata,
which combine the very precocious appearance of adult
needles with a high differentiation between these and
juvenile needles in terms of cuticular transpiration rates.
However, in P. radiata, budset occurs much later than in P.
uncinata. More research is needed to understand the
adaptive cues governing this decoupling between different
developmental features in pine seedlings.

Different studies have shown that developmental pat-
terns at the seedling stage can be linked to different life
history strategies in pines (Strauss and Ledig 1985; Grot-
kopp et al. 2002). Accordingly, the different developmental
features of the studied pine species (either undergoing an
early heteroblastic change or maintaining a prolonged
juvenile phase) are consistent with contrasting stress-resis-
tance strategies. Juvenile needles spend more water, but
they can be less expensive to construct as compared with
adult needles, due to their lower LMA (Villar and Merino
2001). This risky but low-cost strategy can be advantageous
in limiting environments, given that some plants can
undergo the transition to the adult, more stress-tolerant form

Table 5 Correlation values (Pearson’s r) of different parameters derived from the leaf drying curves, ontogeny parameters and climatic variables

DSh TB Dm Ps

RCT, LMA;, LMA, Dif(LMA)
RCT, 0.700 (0.018) —0.627 (0.035)
RCT, —0.639 (0.032) 0.550 (0.063)
Dif(RCT) —0.559 (0.059) —0.837 (0.002)
LMA,
LMA, 0.792 (0.006)
Dif(LMA )
DSh
TB

0.528 (0.072)
0.597 (0.045) 0.548 (0.063)
—0.576 (0.052)

—0.476 (0.097)

—0.620 (0.038)
—0.792 (0.006)

0.833 (0.003)  —0.758 (0.009)

—0.474 (0.099)

0.493 (0.089)  0.589 (0.047)

0.714 (0.015)  —0.814 (0.004)

—0.537 (0.068)

RCT; rate of residual transpiration in juvenile needles, RCT rate of residual transpiration in adult needles, Dif(RCT) = (RCT; — RCTA)/RCTj; LMA; leaf
mass area of juvenile needles, LMA, leaf mass area of adult needles, Dif(LMA) = (LMA; — LMA,)/LMAy; TB percentage of plants with terminal bud
formed after 20 months, DSh proportion of plant height with adult needles, Ps precipitation of the warmest quarter, Dm number of dry months

Probability values are shown in parenthesis. Only correlations with P < 0.1 are shown
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(Miller et al. 1995; Darrow et al. 2002). Our results support
that the species from drier habitats tend to delay hetero-
blastic change, and this is generally related to lower
cuticular transpiration of adult needles and higher differ-
entiation between juvenile and adult foliage types (see
correlations in Table 5). This inter-specific trend mimics
the variation observed among provenances of Canary Island
pine (Climent et al. 2006), which suggests that ontogenetic
delay could have been selected in dry environments.

In addition to these ecological implications, deserving
further investigation, the results of this research underline
the need to account for ontogenetic shifts in needle mor-
phology (heterophylly) when assessing the functional traits
of pine seedlings, in particular those traits implicated in
water relations.
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