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To buffer against the high spatial and temporal heterogeneity of the riparian habitat, riparian tree species, such as black poplar
(Populus nigra L.), may display a high level of genetic variation and phenotypic plasticity for functional traits. Using a multisite
common garden experiment, we estimated the relative contribution of genetic and environmental effects on the phenotypic varia-
tion expressed for individual leaf area, leaf shape, leaf structure and leaf carbon isotope discrimination (A'3C) in natural popula-
tions of black poplar. Twenty-four to 62 genotypes were sampled in nine metapopulations covering a latitudinal range from 48°N
to 42°N in France and in ltaly and grown in two common gardens at Orléans (ORL) and at Savigliano (SAV). In the two common
gardens, substantial genetic variation was expressed for leaf traits within all metapopulations, but its expression was modulated
by the environment, as attested by the genotype x environment (G X E) interaction variance being comparable to or even greater
than genetic effects. For LA, G X E interactions were explained by both changes in genotype ranking between common gardens
and increased variation in SAV, while these interactions were mainly attributed to changes in genotype ranking for A'3C. The nine
P, nigra metapopulations were highly differentiated for LA, as attested by the high coefficient of genetic differentiation (Qs; = 0.50
at ORL and 0.51 at SAV), and the pattern of metapopulation differentiation was highly conserved between the two common gar-
dens. In contrast, they were moderately differentiated for A'3C (Qsr=0.24 at ORL and 0.25 at SAV) and the metapopulation
clustering changed significantly between common gardens. Our results evidenced that the nine P nigra metapopulations present
substantial genetic variation and phenotypic plasticity for leaf traits, which both represent potentially significant determinants of
populations’ capacities to respond, on a short-term basis and over generations, to environmental variations.

Keywords: bulk leaf carbon isotope discrimination, common gardens, leaf traits, natural populations, phenotypic plasticity,
population differentiation.

Introduction
a high level of genetic variation for functional traits, such as bud

Forest tree species generally have a broad geographical distribu- phenology, growth rate or water-use efficiency (WUE) (Alberto
tion encompassing a wide range of environmental conditions and et al. 2013). At the leaf level, leaf structure, leaf area and leaf
large effective population sizes (Petit and Hampe 2006). Both of shape vary tremendously between and within species as well as
these characteristics are supposed to favour the maintenance of in response to environmental conditions, and these variations are
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known to play a key role in shaping plant functioning (Wright
etal. 2004, 2005, Niinemets and Sack 2006, Reich et al. 2007,
Nicotra et al. 2011, Niinemets 2015). Over generations and at
the population level, a high amount of intraspecific genetic varia-
tion may offer possible adaptive responses of populations to
directional selection involving these functional traits (Jump et al.
2009). On a short-term basis and at the whole-organism level,
phenotypic plasticity, i.e., the ability of a genotype to produce
different phenotypes depending on environmental conditions, is
also regarded as a major way by which trees could withstand
environmental heterogeneity (Bradshaw 1965). An enhanced
knowledge of the interplay between genetic variation and pheno-
typic flexibility in responses of natural populations to environ-
mental changes may increase our ability to develop informed
management plans for in situ or ex situ conservation of endan-
gered genetic resources (Forsman 2014).

Located at the interface between aquatic and terrestrial eco-
systems, riparian zones are characterized by a high degree of
spatial and temporal heterogeneity (Karrenberg et al. 2002)
that may promote the maintenance of a high level of phenotypic
plasticity and genetic variation in riparian tree species. Black
poplar (Populus nigra L.) is one of the dominant pioneer tree
species of riparian ecosystems in the temperate climatic zones
of Europe, Northern Africa and Western Asia (Dickmann and
Kuzovkina 2008). Pollen and seeds of black poplar are dis-
persed by wind and to a lesser extent by water over several
kilometres. Thus, gene flow is likely to occur over long distances
within river catchments and P, nigra populations generally form
metapopulations, i.e., a network of local populations intercon-
nected by significant gene flow (Lefévre et al. 2001). Evaluating
the expressed genetic variation and phenotypic plasticity for
traits influencing plant functioning in different environmental
conditions may help to gain insight into the geographical struc-
ture of phenotypic variation and the ability of natural popula-
tions to cope with environmental variations.

The phenotypic plasticity for leaf dimensions, specific leaf area
(SLA) and leaf-level WUE (generally evaluated through bulk leaf
carbon isotope discrimination, A'3C), has been well documented
in hybrid poplars. These traits have been found to be modulated
by various environmental factors, including light (Larocque 1999,
Casella and Ceulemans 2002, Al Afas et al. 2005, Benomar et al.
2011, Toillon et al. 2013), nutrient availability (Ibrahim et al.
1997, Siegwolf et al. 2001, Cooke et al. 2005, DesRochers
etal. 2006, 2007, Toillon et al. 2013) and water availability (Liu
and Dickmann 1992, Ibrahim et al. 1997, Marron et al. 2003,
Monclus et al. 2006, 2009, DesRochers et al. 2007, Toillon et al.
2013). In this regard, natural populations of pure poplar species
have received much less attention (Zhang et al. 2004, Xu et al.
2008, Chamaillard et al. 2011). In other forest tree species, the
phenotypic plasticity of leaf dimensions, SLA and A'3C has been
widely documented and further confirmed the high plasticity of
these traits in response to variations in light (e.g., Valladares et al.
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2000, Aranda et al. 2007), nutrient availability (e.g., Curtis et al.
1995, Valladares et al. 2000, Ripullone et al. 2004) and water
availability (e.g., Aranda et al. 2007, 2010, Corcuera et al. 2010,
de Miguel et al. 2012).

Besides phenotypic plasticity, significant phenotypic variation
has been reported for leaf area, SLA and A'3C among genotypes
of different hybrid poplars (e.g., Marron et al. 2005, Monclus
etal. 2005, Marron and Ceulemans 2006, Bonhomme et al. 2008,
Toillon et al. 2013) as well as among genotypes within natural
populations of different pure poplar species (Dunlap et al. 1995,
Gornall and Guy 2007, Kanaga et al. 2008, Soolanayakanahally
etal. 2009, Keller etal. 201 1), including black poplar (Chamaillard
etal. 2011). However, quantification of population differentiation
for these leaf traits in poplar species remains much less documented
at a large geographical scale. Only one study conducted on 20
natural populations of balsam poplar (Populus balsamifera L.),
covering the entire distribution range over North America, evi-
denced that SLA was highly differentiated among populations,
as estimated by the coefficient of genetic differentiation
(Qsr=0.47), while A'3C was moderately differentiated among
populations (Qsy=0.21 for leaf and wood A'3C). In other forest
tree species, several studies have reported significant geograph-
ical variation for SLA and A'3C (e.g., Zhang et al. 1993, Lauteri
et al. 2004, Grossnickle et al. 2005, Ducrey et al. 2008, Aleta
et al. 2009). However, only a few reported Qs estimates
(Ramirez-Valiente et al. 2009, Lamy et al. 2011). These values
were low to moderate for leaf traits (0.06 < Qgp < 0.28)
(Ramirez-Valiente et al. 2009, 2010, Lamy et al. 201 1), with the
exception of leaf size in Quercus suber L. for which natural popu-
lations were highly differentiated (Qsr = 0.46) according to water
availability at the sites of origin (Ramirez-Valiente et al. 2009,
2010). Overall, studies examining the genetic variation expressed
for leaf traits in forest tree species have been conducted under
single environments. As a consequence, they did not enable test-
ing either for the robustness of population differentiation over
environments or the joint contribution of phenotypic plasticity and
genetic variation in determining the phenotypic variation.

The aim of the present study was to evaluate the relative con-
tribution of environmental and genetic effects in phenotypic vari-
ation expressed for leaf morphology, leaf structure and A'3C in
natural populations of black poplar to provide a first insight into
their ability to cope with environmental variations. Measurements
were conducted on 24-62 P nigra genotypes sampled in nine
European metapopulations naturally distributed along nine river
catchments covering a latitudinal range from 48°N to 42°N and
grown in two common gardens in France and in ltaly. This two-
site common garden experiment allowed us to estimate the rela-
tive contribution of genetic, environmental and genotype by
environment (G x E) interaction effects on the total phenotypic
variation. Thus, the specific objectives of the study were to evalu-
ate: (i) the phenotypic plasticity of genotypes for the different
leaf traits and its genetic variation in the P, nigra populations and
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(ii) the level and the geographical patterns of genetic variation in
the P, nigra populations. Additionally, a previous common garden
experiment conducted on a set of 14 European P, nigra popula-
tions partially overlapping with the one studied here reported a
strong latitudinal cline for growth cessation and bud set (Rohde
et al. 2011). We therefore also checked whether the patterns
observed for leaf traits here are comparable to those observed
for growth cessation and bud set in this previous study.

Materials and methods

Populus nigra collection and experimental design

This study makes use of a P, nigra collection composed of 1098
cloned individuals sampled in 14 natural metapopulations pres-
ent in 11 river catchments in four European countries. In this
study, the term ‘metapopulation’ refers to a group of individual
trees, sexually mature or not, that were sampled in one or sev-
eral stands distributed along the same river and geographically
close enough to be interconnected by gene flow (Lefévre et al.
2001). This collection was established in common gardens in
2008 at two experimental sites located in Central France (Orlé-
ans, ORL, Loire valley, 47°50’N 01°54’E, 108 m above sea
level, a.s.l.) and in Northern lItaly (Savigliano, SAV, Po valley,
44°36'N 07°37’E, 343 m as.l.). The whole P, nigra collection
was set up in ORL, while a subset of 815 genotypes from the
14 metapopulations was set up in SAV. For each site, plantations
were established from 25 cm hardwood cuttings according to a
completely randomized block design with a single tree per block
and six replicates per genotype. Initial spacings within and
between rows of 1.00 x 2.00 m in ORL and 0.80 % 2.20 m in
SAV were used. A double border row of the P nigra genotype
‘Jean Pourtet’ was planted around the experimental plot to
reduce border effects. The experimental plantations were regu-
larly irrigated, without fertilizer addition, weed controlled and
treated with insecticides as necessary throughout the two grow-
ing seasons considered in this study (2008 and 2009).
Meteorological data for each experimental site were obtained
from the closest meteorological station (Saint-Cyr-en-Val for ORL;
Lagnasco for SAV). In 2009, the growing season of main interest
in this study, the range of temperatures was similar between the
two experimental sites (see Figure S1 available as Supplementary
Data at Tree Physiology Online), but annual precipitation was
higher at SAV than at ORL (968 vs 665 mm). Soil composition of
the upper layers was analysed by collecting spatially distributed
soil core samples across the two experimental sites at a 0—40 cm
depth. Soil analyses were carried out after planting in both exper-
imental sites. For each site, soil texture (% clay, % silt and %
sand), pH and composition of organic matter (OM, g kg™),
organic carbon (C, g kg™') and total nitrogen (N, g kg™') were
determined. Results indicated that in ORL the soil was a loamy-
sandy type (16.2% clay, 15.4% silt and 68.4% sand) while the
soil was a loamy type in SAV (21.6% clay, 36.7% silt and 41.7%

sand). The soil in SAV was richer in OM (27.9 vs 19.9 gkg™'),
C (16.1 vs 11.5gkg™) and N (1.4 vs 0.6 gkg™") and had a
higher pH than in ORL (8.0 vs 5.4). The loamy texture and the
higher level of soil fertility characterizing SAV induced a substan-
tial increase of tree growth potential when compared with ORL: at
the end of the first growing season (2008), circumference at 1 m
above ground level ranged from 27 £ 4 to 110 £ 5 mm between
extreme genotypic means at SAV vs 17 £ 4 to 31 £ 2 mm at ORL.
To prevent mutual shading of trees during the year of study (i.e.,
2009), trees were cut back in February 2009 at SAV and only the
most vigorous stem of each stool was preserved after resprouting.
For this study, we selected a subset of 308 and 307 genotypes
from nine metapopulations in ORL and SAV, respectively; among
them, 296 genotypes were common to both common gardens
(Table 1). The selected metapopulations are naturally distributed
along nine river catchments covering a latitudinal range from 48°N
to 42°N in France and in Italy (Table 1). Most of these river catch-
ments are highly dynamic and provide a constant supply of open
area where different uneven-aged cohorts are established
(Table 1). However, due to the lack of suitable area for spontane-
ous regeneration, three metapopulations no longer displayed a
dynamical behaviour in terms of demography and only consist of
old mature trees progressively being replaced by successional
hardwood trees (Table 1). No introgression from interspecific cul-
tivated poplar plantations was detected within all selected meta-
populations (data from molecular analyses not shown).

Phenotypic data collection

Measurements were carried out in 2009, 1 year after planting.
The same traits were measured in the two common gardens but
the number of studied trees per genotype differed between
common gardens and traits (Table 2).

Dimensions and shape of mature leaves At the end of July
2009, an average of two neoformed mature and fully illuminated
leaves (one to six according to their size) were collected on the
terminal shoot of each tree in ORL and SAV. A digital picture of
each collected leaf was immediately taken after sampling and
analysed using LAMINA software (Bylesjo et al. 2008) to deter-
mine lamina length, lamina width, lamina perimeter (P, cm) and
lamina area (LA, cm?). The ratio between lamina perimeter and
lamina area (P: LA, cm™") was then calculated and used as a
proxy of lamina shape (Sack et al. 2003). Petiole length was
measured using ImageJ software (Abramoff et al. 2004). All esti-
mated values were averaged to give a single tree value.

Structure and function of mature leaves Three (at SAV) and
four (at ORL) calibrated discs (0.80 and 2.0 cm?, respectively)
were punched from each lamina and oven-dried at 60 °C for 72 h
before being weighed to compute SLA (cm? gpy,~'). Carbon iso-
tope composition (8'3C) was measured from 1-mg dry homoge-
nous leaf powder using an elemental analyser (Carlo Erba, Milan,
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Table 1. Location, river management and number of studied genotypes in ORL and SAV for the nine P. nigra metapopulations. Where metapopulations
were represented by individual trees sampled in different stands distributed along one river, a range of latitudes, longitudes and altitudes is given.
Metapopulations were ordered by country according to the latitude of origin. Altitude is expressed in metres a.s.l.

Country River Metapopulation Latitude Longitude Altitude Cohorts' River Number of studied
catchment management? genotypes
ORL SAV Common
France Rhin Rhin 48°16'N-48°37'N 07°41’'E-07°49E 135-160  Mature Regulated 31 32 3f
France Loire Saint-Pryvé 47°51'N 01°48’E 90 Juvenile/mature  Dynamic 27 26 25
France Allier ValAllier 46°24'N 03°19°E 220 Juvenile/mature  Dynamic 30 31 30
France Dranse Dranse 46°23'N 06°30°E 374 Juvenile/mature  Dynamic 30 30 26
France Drome Ramieres 44°41'N-44°45'N 04°55'E-05°24’E 145 Juvenile/mature  Dynamic 44 43 42
France Adour Adour 42°53'N-43°23'N  0°02’'W-00°56'W  52-902 Mature Partially 30 31 30
regulated
France Nohedes Nohedes 42°37'N 02°17°E 820 Mature Dynamic 28 28 27
Italy Ticino Ticino 45°12’N-45°16'N 08°59’E-09°04’'E  60-70 Juvenile/mature  Dynamic 62 62 61
[taly Paglia Paglia 42°45'N-42°52'N 11°45’E-11° 55'E 235-358  Juvenile/mature Dynamic 26 24 24

Juvenile trees were defined as non-reproductive trees.

°Regulated if water flows have been regulated to facilitate navigation or to prevent floods; dynamic if water flows are not regulated and allow some

flooding events.

Table 2. List of traits measured in ORL and SAV common gardens with
their abbreviation used in the text, figures and tables and number of
studied trees per genotype. DM, dry mass.

Trait Definition Unit Number of
studied trees
per genotype
ORL  SAV

LA Lamina area cm? 5 6

P: LA Ratio between lamina cm™! 5 6

perimeter and lamina area

SLA Specific leaf area cm? gpy ! 3 6

N ass Leaf nitrogen content on mg gom ™ 3 3

leaf dry mass basis

Crnass Leaf carbon content on mg gou ! 3 3

leaf dry mass basis
A'3C Bulk leaf carbon isotope oo 3 3
discrimination

Italy) coupled with a continuous flow isotope ratio mass spectrom-
eter (Delta S, Finnigan MAT, Bremen, Germany). Carbon isotope
composition was expressed relative to the Vienna Pee Dee Belem-
nite (VPDB) standard as (Craig 1957)

R, -R
$13C = [ sampIRet ; s;andard :| % 1000 (%0)1
stanaar

where Re,oe and Rypnaarg refer to the 13C0O,/2CO, ratios of the
sample and the standard, respectively. The accuracy of §'3C
measurements was +£0.06%o.

A'3C between atmospheric CO, (3., assumed to be equal to
—8%o) and plant material (3,,,) was then calculated according

to Farquhar and Richards (1984) as

o, —0
13~ _ air plant
AT = {3 (8, 1000)] )

Total carbon and nitrogen contents were determined from the
same samples and were expressed on a dry mass basis (C.ss
and NmassY mg gDM_1)'

Statistical analyses

Statistical analyses were performed using the R software (R
Development Core Team 2012). Data required no transformation
to meet the assumption of homoscedasticity and normal distribu-
tion of residuals. All tests were considered significant at P < 0.05.
Individual data were analysed using the following linear models:

(i) for adjustment of individual data to block effects:
Y=L+ B+ Gy + ey, where Y, refers to individual perfor-
mance, U is the general mean, B, is the effect of block i
considered as fixed, G is the effect of the genotype j
nested under metapopulation k considered as random and
ej is the residual error.

(i) To characterize genetic variation expressed within each meta-
population in each common garden, a random model was
used: Yjk = 4+ G; + eji where Yjj refers to the individual tree
performance adjusted to block effects, GJ is the effect of the
genotype j considered as random and ej is the residual error.

(iii) To evaluate metapopulation differentiation in each com-
mon garden, the following random model was used:

ik = M+ M+ Gy + efi where M, is the effect of the meta-
population k considered as random, G, is the effect of the
genotype j nested under metapopulation k considered as
random and ej is the residual error.

(iv) Prior to exploring G x E interactions, a Levene'’s test was
performed and indicated that genetic and residual variances
were not homoscedastic between metapopulations and
common gardens. Therefore, G X E interactions were investi-
gated for each metapopulation separately using the following
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random model: Yji = 4+ G; + E; + (G X E); + ey where G; is
the effect of the genotype j considered as random, £ is the
effect of the environment / considered as random, (G X E) ;is
the genotype by environmental interaction effect considered
as random and ey, is the residual error.

All the variance components from within and between common
gardens models were estimated using the restricted maximum
likelihood method. Broad-sense heritability was calculated on an
individual basis (HZ24) for each metapopulation in each common
garden according to the following equation: H2, = 6/(c& + 02)
where o0& and o2 are genetic and residual variance compo-
nents estimated for each metapopulation in each common gar-
den. Standard errors associated with values of HZ, were
calculated as described by Singh et al. (1993). The coefficient
of genetic variation (CV;) was calculated as the ratio of genetic
standard deviation to the mean and was expressed as a percent-
age. Levels of population differentiation for quantitative traits are
classically estimated through the coefficient of genetic differen-
tiation (Qsr), which is defined as the proportion of additive
genetic variance attributable to differences between populations
(Spitze 1993). Given that the present study was conducted with
unrelated cloned individuals, we did not have access to additive
genetic variation but to total genetic variation. Thus, the coeffi-
cient of metapopulation differentiation was estimated for each
trait in each common garden as: Qst = 05/(0f + 2 X 0¢) with
o¢ and 0% representing the within- and among-metapopula-
tions genetic variance components. The patterns of metapopula-
tion differentiation were investigated by computing pairwise Qgy
across metapopulations.

When G x E interaction variance was significantly different
from zero, it was further partitioned into two types of interac-
tions according to method 1 developed by Muir et al. (1992):
(i) interaction due to heterogeneous variances between com-
mon gardens and (ii) interaction due to changes in genotype
ranking between common gardens. The stability of genotype
and metapopulation ranking between the two common gardens
was assessed by computing Spearman’s rank coefficients (r) on
a genotypic and metapopulation mean basis, respectively. Phe-
notypic relationships between leaf traits were analysed on a
genotypic mean basis for each metapopulation in each common
garden and described using linear regression analysis [Pearson’s
correlation coefficients (r,)].

Results

Phenotypic variation in the two common gardens

All traits related to leaf dimensions (i.e., lamina length, lamina
width, lamina perimeter, LA and petiole length) were highly cor-
related (data not shown). Data obtained for lamina length, lamina
width, lamina perimeter and petiole length are not presented
because they yielded comparable results to those obtained for

LA. Most leaf traits differed between ORL and SAV (Figure 1). In
SAV, leaves displayed a larger area than in ORL (102 £ 2 vs
34 £ 1 cm?, respectively; Figure 1a). The amplitude of variation
between extreme genotypic means for LA was greater in SAV
than in ORL (228 vs 87 cm?, respectively; Figure 1a). Lamina
shape also differed between the two common gardens: leaves
collected in SAV exhibited lower values of P: LA than in ORL
(0.42 £0.01 vs 0.72 £ 0.01 cm™', respectively), indicating that
leaves tended to have a more circular shape in SAV than in ORL
(Figure 1b). Contrary to what was observed for LA, the range of
variation between extreme genotypic means for lamina shape
was lower in SAV than in ORL (0.41 vs 0.80 cm™', respectively;
Figure 1b). Leaf structural and functional traits also differed
between ORL and SAV: in the latter, leaves displayed higher SLA
(126.6 £ 0.5 vs 90.4 £ 0.5 cm? g~', respectively), higher nitro-
gen (32.7+£0.2vs 14.6 £ 0.1 mg g~', respectively) and carbon
content per mass unit (456.7 £ 0.4 vs 426.8 £ 0.6 mg g~') and
lower A'3C values (19.09 +0.04 vs 21.55 + 0.05%0) than in
ORL (Figure 1c—f). The amplitude of variation between extreme
genotypic means was similar between sites for A'3C (4.50%o;
Figure 1f) while it was greater in SAV for SLA (56.1 vs
43.6cm?g") and N, ... (20.4 vs 12.6 mgg™") and lower for
Crnass (43.1vs 69.2 mg g') (Figure 1c—e).

Genetic variation within metapopulations, G x E
interactions and relationships between traits

In each common garden and for each metapopulation, significant
differences between genotypes were detected for all traits,
except for N, and C,. (Figure 1). When estimated on an
individual basis, H2, varied among traits but in a site-dependent
manner (Figure 2a). At ORL, the highest H2, values were
recorded for A'3C, while at SAV they were recorded for LA and
lamina shape (P: LA) (Figure 2a). Irrespective of the common
garden, N, and C_,. always displayed low values of H2,
(Figure 2a), explained by a low level of genetic variation and a
higher influence of environmental variations. Standard errors
associated with values of HZ, [SE(HZ,)] never exceeded 0.13
(0.05 < SE(H24) < 0.13) regardless of the trait, the metapopula-
tion or the common garden considered. On average, over all
metapopulations and in comparison with ORL, heritability
increased in SAV for the traits related to leaf size (i.e., LA) and
leaf shape (i.e., P:LA), while it decreased for other structural
and functional leaf traits (i.e., SLA and A'3C) (Figure 2a). The
CV, was constant between ORL and SAV for most of the traits,
showing that the amplitude of genetic variation was similar
between the two common gardens (Figure 2b).

The relative contribution of G X E interactions to the total phe-
notypic variation was weak (02,g/0% <15%) for all metapopula-
tions and traits (Table 3). For all the studied traits, the relative
contribution of G X E effects to the total phenotypic variation
reached the same level or was even greater than genetic effects
for most of the metapopulations (Table 3). However, it is worth
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Figure 1. Phenotypic variation of leaf traits in the two common gardens: ORL and SAV. Box plots are shown for (a) LA, (b) the ratio between lamina
perimeter and lamina area (P : LA), (c) specific leaf area (SLA), (d) leaf nitrogen content on leaf dry mass basis (N,...), (€) leaf carbon content on
leaf dry mass basis (C,.e) and (f) bulk leaf carbon isotope discrimination (A'3C). Each box is based on block-adjusted genotypic means and represents
the quartile below (Q;) and above (Q3) the median value. Vertical bars represent minimum and maximum values. Genotypes with values 1.5 times
away from the top of the interquartile range (Q3—Q4) are represented by open circles. Boxes filled in grey indicate that the genetic variance within a
metapopulation was different from zero. For all traits, the number of genotypes used to construct box plots for the two common gardens (ORL/SAV)
is: Rn, n=31/32; Sp, n=27/26; Va, n=30/31; Dr, n=30/30; Rm, n=44/43; Ad, n=30/31; Nh, n=28/28; Tc, n=62/62; Pg, n=26/24. The
horizontal dashed lines represent the general mean for each trait in each common garden. Rn, Rhin; Sp, Saint-Pryvé; Va, ValAllier; Dr, Dranse; Rm,

Ramieres; Ad, Adour; Nh, Noheédes; Tc, Ticino; Pg, Paglia.

noting that the ratio between G X E and genetic variances
(0&xe/0¢) varied across metapopulations, but in a trait-
dependent manner (Table 3). For LA and SLA and for some
metapopulations, this ratio reached up to 7.1 and 11.5, respec-
tively, while it averaged ~1 and did not exceed 1.5 for A'3C
(Table 3, Figure 3). For LA, G X E interactions were explained by
both changes in genotype ranking and increased variation in
SAV (Figure 3a). For SLA and A'3C, G x E interactions were
mainly attributed to changes in genotype ranking between the
two common gardens, which was further confirmed by the low-
to-moderate values of Spearman’s rank coefficient generally
observed for these traits (Table 3, Figure 3b and c). For most of

the metapopulations in the two common gardens, relationships
between traits were weak and mostly non-significant such that
no clear relationship could be evidenced (see Figure S2 avail-
able as Supplementary Data at Tree Physiology Online).

Genetic differentiation among metapopulations

Regardless of the common garden, metapopulations differed sig-
nificantly for all leaf traits (Figure 1). The percentage of pheno-
typic variation explained by differences among metapopulations
varied largely among traits: it accounted for 40-60% of the
phenotypic variation for LA and P: LA while it was <30% for
SLA and A™3C (Figure 4).
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The percentage of phenotypic variance explained by differ-
ences among metapopulations appeared to be modulated by the
environment in a trait-dependent manner: it was greater in SAV
for LA (59 vs 44%) and P: LA (52 vs 40%) while the opposite
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Figure 2. Broad-sense heritability estimated on an individual basis
(H24) (2) and CVg (b) calculated for each trait for each metapopulation
in each common garden, ORL (open triangles) and SAV (filled circles).
For both common gardens, values of HZ; and CVq were calculated
when genetic variance within a metapopulation was different from zero.
Standard errors associated with values of H2, were not plotted for the
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clarity of the figure. See Table 2 for trait abbreviations.

trend was observed for SLA (3 vs 17%) and A'3C (17 vs 29%)
(Figure 4). Graphical inspection, combined with the estimation of
Spearman'’s rank coefficients among metapopulation means, indi-
cated that the metapopulation ranking was highly conserved
between the two common gardens for the traits related to leaf
size (i.e., LA) and leaf shape (i.e., P: LA), while it was modified
between ORL and SAV for structural and functional leaf traits (i.e.,
SLA and A'3C) (see Figure S3 available as Supplementary Data
at Tree Physiology Online). For A'3C, it is worth noting that the
relationship among metapopulation means observed in ORL and
SAV tended to be triangular: metapopulations with low values of
A'3C in ORL also showed low values for this trait in SAV whereas
metapopulations with high values of A'3C in ORL exhibited a
great range of variation for this trait in SAV (see Figure S3 avail-
able as Supplementary Data at Tree Physiology Online).

The level of metapopulation differentiation (Qsy) for a given
trait was comparable between ORL and SAV, but it largely varied
among traits (Figure 4). The highest Qs values were detected
for LA (Qsy=0.50 at ORL and 0.51 at SAV) and P:LA
(RQsr=0.43 at ORL and 0.48 at SAV) and the lowest one for
SLA (Qsr=0.19 at ORL and 0.05 at SAV) (Figure 4). For two of
the most differentiated traits, LA and A'3C, the differences
between metapopulations could not be described according to
a latitudinal cline irrespective of the common garden (Figure 1a
and f). Therefore, the patterns of pairwise metapopulation dif-
ferentiation were investigated to evaluate how metapopulations
clustered for these traits (Figure 5). The geographical pattern of
metapopulation differentiation was highly conserved between
the two common gardens for LA (Figure 5a). The metapopula-
tions clustered into three major groups: the Eastern metapopula-
tions, Rhin, Dranse and Ticino exhibited the highest values for
LA, while the lowest ones were obtained for the metapopulations
Nohedes, Ramieres and Paglia; intermediate values of LA were
observed for the metapopulations Adour, Saint-Pryvé and ValAl-
lier (Figures 1a and 5a). Although the pattern of metapopulation
differentiation for A'3C differed between the two common
gardens, the metapopulations Rhin, Dranse and Ticino always
displayed the lowest values for A'3C, while the opposite trend
was observed for the metapopulations Adour, Paglia, Saint-Pryvé
and ValAllier (Figures 1f and 5b).

Table 3. Phenotypic variance components and stability of genotype ranking between the two experimental sites for leaf traits. 03,02,02,0%,¢, phe-
notypic, environmental, genetic and genotype by environmental interaction variance components; Nyegapop NUMber of metapopulations for which vari-
ance components or Spearman'’s rank coefficients (r,) were significantly different from zero; median, minimum and maximum calculated on the Nyeiapop:

estimates; see Table 2 for trait abbreviations.

Trait  52/62 (%) 02/0% (%) 0éxc/op (%) O6xe/ 06 s

Nietapop. Median Min—max.  Nyepop. Median Min.—max. Nyegpop. Median Min.—max. Nyegpop,, Median Min—max. Niyegpop. Median Min.—max.
LA 9 814 755-875 8 4.2 1.2-10.6 9 6.4 29-13.4 8 1.4 0.3-115 6 0.54 0.46-0.79
P:LA 9 66.8 37.3-783 8 6.0 0.9-10.2 6 7.2 56-92 6 1.8 0.7-60 6 0.50 0.41-0.74
SLA 9 824 746-867 9 2.7 0.2-32 5 3.5 1.9-51 5 1.5 0.6-71 3 0.36 0.30-0.60
A3C 9 80.1 74.8-851 9 5.1 2892 6 4.2 39-60 6 1.1 05-15 7 0.44 0.28-0.61
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further partitioned into metapopulation (black bars) and genotype
within metapopulation (grey bars) components. The coefficients of
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abbreviations.

Discussion

In this paper, we evaluated the relative contribution of genetic
and environmental effects to the phenotypic variation expressed
for leaf morphology, leaf structure and A'3C in European P, nigra
metapopulations. The study was conducted in two common
gardens, one located in Central France (ORL) and the other one
in Northern Italy (SAV), such that robustness of metapopula-
tion differentiation over environments could be tested. In
SAV, the leaves exhibited, on average, a higher individual area,
a more circular shape, a higher SLA and a lower value of
A'3C. These variations were attributed to the confounded
effect of a higher soil fertility (Liu and Dickmann 1992,
Ibrahim et al. 1997) and an invigorating effect of shoot pruning
on SAV (Tschaplinski and Blake 1989, 1995, Dickmann et al.
1996).

Partitioning of phenotypic variation within
metapopulations

Our sampling strategy enabled us to estimate genetic parameters
for each metapopulation in each common garden, which is
consistent with the fact that genetic variance components and
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Figure 5. Patterns of pairwise genetic differentiation of metapopulations estimated with phenotypic data of two quantitative traits: (a) LA and (b) bulk
leaf carbon isotope discrimination. Metapopulations were plotted on both X-axis and Y-axis and were ordered from the left to the right (X-axis) and
from the bottom to the top (Y-axis) according to their level of differentiation with all the other metapopulations. Pairwise genetic differentiation of
metapopulations was estimated for the two common gardens, ORL (below the diagonal) and SAV (above the diagonal). Colouration is indicative of the
coefficients of genetic differentiation according to the bar on the right. Metapopulation abbreviations are as in Figure 1.

heritability of traits are defined relative to one given pop-
ulation in a given environment (Visscher et al. 2008). The
moderate-to-high values of H2, reported for most leaf traits
(0.18 < H24, < 0.79) attested that the micro-environmental influ-
ences on phenotypic expression have been well-controlled in
the two common gardens to allow the detection of significant
genetic variation within the nine P, nigra metapopulations.

For most of the studied metapopulations, the phenotypic vari-
ance for leaf traits was significantly modulated by environmental
conditions, as attested not only by environmental effects but also
by a G x E interaction variance comparable to or even greater
than total genetic variance. However, the partitioning of the
G X E interaction variance revealed contrasted interaction pat-
terns depending on leaf traits. For LA, these interactions were
explained by both changes in genotype ranking between the two
common gardens and increased variation in SAV, while they
were essentially explained by changes in genotype ranking
between common gardens for SLA and A'3C. These results indi-
cate that the nine P, nigra metapopulations presented a substan-
tial individual variation in the pattern of plastic responses for leaf
traits to environmental variations.

As a pioneer tree species, the successful establishment of
black poplar in the riparian habitat partly depends on its ability
to rapidly colonize its environment, which may notably depend
on the variation expressed for phenotypic traits involved in
resource acquisition and plant functioning, such as LA. Thus, the
maintenance in P nigra metapopulations of a high level of
phenotypic plasticity for LA may contribute to high whole-plant
plasticity and thus optimal population response to varying envi-
ronmental conditions. The huge increase of variation observed
for LA in SAV indicates that the contrast between P, nigra geno-
types for this trait was exacerbated and may reflect different

strategies in crown and leaf area development. Crown architec-
ture determines leaf display, leaf distribution and canopy density
and is therefore a critical determinant of whole-plant light inter-
ception (Hallé et al. 1978). A major part of the canopy architec-
ture is influenced by the branching pattern. Poplars produce
both proleptic and sylleptic branches. Proleptic branches are
produced from buds that experienced a period of winter dor-
mancy, while sylleptics develop from meristems during the same
growing season in which they were formed (Remphrey and
Powell 1985). Sylleptic branches are characterized by a larger
and faster development of leaf area when compared with the
main stem axis (Scarascia-Mugnozza et al. 1989, Ceulemans
etal. 1990, Zeleznik 2007). In addition, the large leaf area car-
ried by sylleptic branches exports more carbon to the main stem
and roots than main stem leaves, which much contribute to
height growth (Scarascia-Mugnozza et al. 1999). Leaf area dis-
tribution by main stem axis vs sylleptic branches varies substan-
tially among poplar genotypes (Ceulemans et al. 1990, Dunlap
et al. 1995, Gielen et al. 2002, Zeleznik 2007, Broeckx et al.
2012) as well as in response to environmental conditions (Wu
and Stettler 1998, Marron et al. 2006). These variations are
known to play a key role in determining growth performances, a
large number of sylleptics being generally associated with high
growth performances (Ceulemans et al. 1990, Rae et al. 2004,
Marron et al. 2006). Future research in black poplar should
therefore adopt a better integrated approach by combining mea-
surements at the leaf level but also at the whole-plant level to
gain insights into the phenotypic plasticity of leaf size as well as
of plant branchiness and crown architecture in response to envi-
ronmental variations.

A'3C is a complex and composite trait reflecting primarily the
balance between photosynthetic capacities and stomatal
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conductance to water vapour (in poplars, for example, Monclus
et al. 2006, Fichot et al. 2011, Rasheed et al. 2013). Plastic
responses for A'3C are therefore potentially governed by the
underlying responses of other morphological, structural and
physiological components, including leaf nitrogen content and
allocation to the photosynthetic apparatus, leaf density and/or
leaf thickness, mesophyll conductance, stomatal density and sto-
matal morphology. The contribution of these components to the
plastic responses for A'3C is likely to vary depending on environ-
ment and genetic background, which may favour the detection
of significant G x E interactions. The examination of G x E inter-
actions for A'3C in forest tree species, including poplars, brought
contrasting results, with some studies reporting significant G x E
interactions (Cregg et al. 2000, Ponton et al. 2002 in response
to varying irradiance levels, Corcuera et al. 2010, Chamaillard
et al. 2011 in response to site effect, Dillen et al. 2011, Toillon
et al. 2013) while others failed to evidence such interactions
(Johnsen et al. 1999, Ponton et al. 2002 in response to varying
water availability, Chamaillard et al. 2011 in response to varying
water availability). As suggested by Dillen et al. (2011), the
contrasting results for G x E interactions for A'3C could be partly
explained by differences in (i) plant material, genetic back-
ground and relatedness between studied genotypes, (ii) the
number of genotypes studied and (iii) the nature of environmen-
tal variables driving plastic responses for A'3C.

Genetic differentiation among metapopulations

Genetic differentiation among the nine P nigra metapopulations
was evidenced in the two common gardens for most of the stud-
ied leaf traits despite the substantial level of genetic variation
expressed within metapopulations. In forest tree species, many
studies examining jointly the levels and the patterns of popula-
tion differentiation for quantitative traits have been conducted
under single environments. Our two-site common garden exper-
iment therefore enabled us to assess whether the patterns
of metapopulation differentiation were conserved in different
environments.

The nine P nigra metapopulations were highly differentiated
for LA in the two common gardens (Qsy = 0.50 at ORL and 0.51
at SAV). This level of genetic differentiation was of the same
order of magnitude as the one reported in a set of 14 P, nigra
populations, covering a comparable geographic range, for
growth cessation (Qs; = 0.59) and bud set (Qsr = 0.60) (Rohde
etal. 201 1), two traits known to play a key role for local adapta-
tion of natural populations of forest tree species (Howe et al.
2003, Alberto et al. 2013) including poplars (Hall et al. 2007,
Keller et al. 2011, Evans et al. 2014). Interestingly, the pattern
of metapopulation differentiation for LA was highly conserved
between the two common gardens, suggesting that the
evolutionary forces that have shaped this pattern have left a
strong imprint, such that the differences between meta-
populations were robust to environmental variations. Qg — Fsr

Genetic variation for leaf traits in black poplar 859

comparisons, i.e., comparative studies of the divergence of pop-
ulations for quantitative traits and the corresponding differentia-
tion based on neutral molecular markers, provide a means for
researchers to infer the action of natural selection on phenotypic
traits (Merild and Crnokrak 2001). Microsatellites genotyping of
a set of European P, nigra populations partially overlapping with
the set studied here has revealed that European populations of
black poplar are weakly differentiated, with pairwise Fs; values
ranging from 0.002 to 0.158 among populations (Smulders
et al. 2008). This range of pairwise Fsy values was much lower
than the range of pairwise Qs; observed for LA in the two com-
mon gardens (58% of pairwise Qg values ranging from 0.20 to
0.76 at ORL and 54% of pairwise Qs values ranging from 0.21
to 0.78 at SAV), which led us to hypothesize that the pattern of
metapopulation differentiation for this trait could have been
partly shaped by directional selection. In Q. suber, Ramirez-Valiente
et al. (2009) showed that leaf size was highly differentiated
among 13 natural populations (Qs;=0.46) and the Qg value
for this trait was much higher than the F¢; estimate (0.032),
providing evidence of adaptive differentiation. Comparable
results were obtained for petiole length in natural populations of
P, balsamifera (Qsy = 0.70; Keller et al. 2011). On the basis of
chloroplast DNA structuration patterns, Cottrell et al. (2005)
have suggested that black poplar had several glacial refugia in
Spain, in ltaly and/or in the Balkans from which Southern France
and the Eastern part of Europe were, respectively, colonized
after the ice age. The fact that the three Eastern P nigra meta-
populations (i.e., Rhin, Dranse and Ticino) clustered together for
LA suggests that post-glacial events and subsequent routes
of recolonization may have also played a role in shaping
the geographical pattern of genetic variation for LA in black
poplar.

Natural populations of different forest tree species, including
poplar species, have been found to exhibit low-to-moderate lev-
els of genetic differentiation for A'3C (0.06 < Qs <0.21)
(Ramirez-Valiente et al. 2009, Keller et al. 2011, Lamy et al.
2011). Our results further confirmed this trend since the nine
P, nigra metapopulations were moderately differentiated for A'3C
in the two common gardens (Qsy=0.24 at ORL and 0.25 at
SAV). We also evidenced that the pattern of metapopulation dif-
ferentiation for A'3C was not robust to environmental variations
between the two common gardens. Given that A'3C is a compos-
ite trait, the physiological components driving the variations
observed for A'3C may vary depending on environmental condi-
tions, which may be responsible for significant changes of popu-
lation clustering across environments. In forest tree species, the
variations observed for A'3C have been found to be under the
control of several quantitative trait loci (QTLs; 4—10 QTLs) with
small-to-moderate effects (2-30% of the total phenotypic
variation) and not always stable over time and environmental
conditions (Brendel et al. 2002, Casasoli et al. 2004,
Rénnberg-Wastljung et al. 2005, Rae et al. 2009, Monclus et al.
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2012). The complex genetic architecture underlying the varia-
tions of A'3C may also explain the difficulty of observing stable
pattern of population differentiation for this trait across environ-
ments. As suggested by Muir et al. (2014), phenotypic traits that
are highly polygenic, such as A'3C, may respond to selection less
readily than traits governed by few loci with large effects because
of the potential existence of significant pleiotropy and correla-
tions with other traits, and because large genetic changes
induced by directional selection are necessary to achieve pheno-
typic changes.

Conclusions

Our two-site common garden experiment revealed that the nine
P nigra metapopulations present substantial genetic variation
and phenotypic plasticity for leaf morphology, leaf structure and
A'3C, which both represent potentially significant determinants
of the capacities of populations to respond, on a short-term
basis and over generations, to environmental variations. The
patterns of metapopulation differentiation observed for LA and
A'3C differed from the latitudinal cline previously reported for
bud set in a set of comparable natural populations of black
poplar, suggesting that the patterns of genetic variation for
these traits are shaped by different evolutionary and/or environ-
mental drivers. Finally, our findings also evidenced that the three
Eastern metapopulations, Rhin, Dranse and Ticino, were highly
differentiated from all the other metapopulations for both LA
and A'3C, exhibiting on average the largest LA and the lowest
A'3C. This specific multivariate behaviour could be the product
of co-selection on a set of traits that maximize plant fitness
under specific environmental conditions. These results also sug-
gest that glacial refugia and subsequent routes of recoloniza-
tion also played a role in shaping the patterns of genetic
variation for leaf traits in P nigra metapopulations. Recent
advances in next-generation DNA sequencing technologies
have made possible the development of high-throughput single
nucleotide polymorphism (SNP) genotyping platforms that
allow for simultaneous interrogation of thousands of SNPs in
poplar (Geraldes et al. 2013). Such resources will provide a
valuable tool to develop association genetics studies and to
identify potential signatures of selection in candidate genomic
regions for LA and A'3C in black poplar.

Supplementary data

Supplementary data for this article are available at Tree Physiology
Online.

Acknowledgments

The authors gratefully acknowledge Marc Villar and the differ-
ent owners of the EVOLTREE P. nigra collection for access to

the referenced genetic resources of black poplar; Olivier Fores-
tier for the technical assistance of Guéméné-Penfao Forest
State Nursery in preparation of the cuttings; Patrick Poursat
and the staff of the experimental unit of INRA-GBFOR for the
establishment, management and participation in measurements
in the experimental plantation in Orléans; Alasia Franco Vivai
staff for the management of the experimental plantation in
Savigliano; Isabelle Le Jan, Francesco Palmieri and Antonio
Santilli for their helpful assistance in data collection. The
authors also thank Claude Bréchet and Christian Hossann of
the Technical Platform of Functional Ecology (OC 081) at INRA
Nancy for isotopic and elemental analyses; Richard Antoine and
the staff of the service unit 10 Soil Analysis Laboratory of
Arras (US10, LAS Arras, INRA Lille, France) for soil analysis.
The authors thank three anonymous reviewers and the Associ-
ate Editor for their helpful comments on previous versions of
the manuscript.

Conflict of interest

None declared.

Funding

This study was carried out with financial support from the NOV-
ELTREE project (FP7-211868). J.G. was supported by a PhD
grant from the ‘Conseil Régional, Région Centre, France’.

References

Abramoff MD, Magalhaes PJ, Ram SJ (2004) Image processing with
Imagel. Biophotonics Int 11:36-42.

Al Afas N, Pellis A, Niinemets U, Ceulemans R (2005) Growth and pro-
duction of a short rotation coppice culture of poplar. Il. Clonal and
year-to-year differences in leaf and petiole characteristics and stand
leaf area index. Biomass Bioenerg 28:536-547.

Alberto FJ, Aitken SN, Alia R etal. (2013) Potential for evolutionary
responses to climate change—evidence from tree populations. Glob
Change Biol 19:1645-1661.

Aleta N, Vilanova A, Diaz R, Voltas J (2009) Genetic variation for carbon
isotope composition in Juglans regia L.: relationships with growth,
phenology and climate of origin. Ann For Sci 66:413-424.

Aranda |, Pardos M, Puértolas J, Jiménez MD, Pardos JA (2007) Water-
use efficiency in cork oak (Quercus suber) is modified by the interac-
tion of water and light availabilities. Tree Physiol 27:671-677.

Aranda |, Alia R, Ortega U, Dantas AK, Majada J (2010) Intra-specific
variability in biomass partitioning and carbon isotopic discrimination
under moderate drought stress in seedlings from four Pinus pinaster
populations. Tree Genet Genomes 6:169—-178.

Benomar L, DesRochers A, Larocque GR (2011) Changes in specific leaf
area and photosynthetic nitrogen-use efficiency associated with
physiological acclimation of two hybrid poplar clones to intraclonal
competition. Can J For Res 41:1465-1476.

Bonhomme L, Barbaroux C, Monclus R, Morabito D, Berthelot A, Villar
M, Dreyer E, Brignolas F (2008) Genetic variation in productivity,
leaf traits and carbon isotope discrimination in hybrid poplars culti-
vated on contrasting sites. Ann For Sci 65:503-512.

Tree Physiology Volume 35, 2015

GTOZ ‘/ Jequiaides uo YND e /Bio'seulnolpioxosAydeay//:dny wouy papeoumoq


http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpv056/-/DC1
http://treephys.oxfordjournals.org/

Bradshaw AD (1965) Evolutionary significance of phenotypic plasticity
in plants. Adv Genet 13:115-155.

Brendel O, Pot D, Plomion C, Rozenberg P, Guehl JM (2002) Genetic
parameters and QTL analysis of §'3C and ring width in maritime pine.
Plant Cell Environ 25:945-953.

Broeckx LS, Verlinden MS, Vangronsveld J, Ceulemans R (2012) Impor-
tance of crown architecture for leaf area index of different Populus
genotypes in a high-density plantation. Tree Physiol 32:1214-1226.

Bylesjo M, Segura V, Soolanayakanahally RY, Rae AM, Trygg J, Gustafsson R,
Jansson S, Street NR (2008) LAMINA: a tool for rapid quantification of
leaf size and shape parameters. BMC Plant Biol 8:82-91.

Casasoli M, Pot D, Plomion C, Monteverdi MC, Barreneche T, Lauteri M,
Villani F (2004) Identification of QTLs affecting adaptive traits in Cas-
tanea sativa Mill. Plant Cell Environ 27:1088-1101.

Casella E, Ceulemans R (2002) Spatial distribution of leaf morphological
and physiological characteristics in relation to local radiation regime
within the canopies of 3-year-old Populus clones in coppice culture.
Tree Physiol 22:1277-1288.

Ceulemans R, Stettler RF, Hinckley TM, Isebrands JG, Heilman PE (1990)
Crown architecture of Populus clones as determined by branch orien-
tation and branch characteristics. Tree Physiol 7:157-167.

Chamaillard S, Fichot R, Vincent-Barbaroux C, Bastien C, Depierreux C,
Dreyer E, Villar M, Brignolas F (2011) Variations in bulk leaf carbon
isotope discrimination, growth and related leaf traits among three
Populus nigra L. populations. Tree Physiol 31:1076-1087.

Cooke JEK, Martin TA, Davis JM (2005) Short-term physiological and
developmental responses to nitrogen availability in hybrid poplar. New
Phytol 167:41-52.

Corcuera L, Gil-Pelegrin E, Notivol E (2010) Phenotypic plasticity in
Pinus pinaster 8'3C: environment modulates genetic variation. Ann For
Sci 67:812-823.

Cottrell JE, Krystufek V, Tabbener HE et al. (2005) Postglacial migration
of Populus nigra L.: lessons learnt from chloroplast DNA. For Ecol
Manag 206:71-90.

Craig H (1957) Isotopic standards for carbon and oxygen and correction
factors for mass-spectrometric analysis of carbon dioxide. Geochim
Cosmochim Acta 12:133-149.

Cregg BM, Olivas-Garcia JM, Hennessey TC (2000) Provenance variation
in carbon isotope discrimination of mature ponderosa pine trees at
two locations in the Great Plains. Can J For Res 30:428-439.

Curtis PS, Vogel CS, Pregitzer KS, Zak DR, Teeri JA (1995) Interacting
effects of soil fertility and atmospheric CO, on leaf area growth and
carbon gain physiology in Populus x euramericana (Dode) Guinier.
New Phytol 129:253-263.

de Miguel M, Sanchez-Gomez D, Cervera MT, Aranda | (2012) Func-
tional and genetic characterization of gas exchange and intrinsic water
use efficiency in a full-sib family of Pinus pinaster Ait. in response to
drought. Tree Physiol 32:94-103.

DesRochers A, van den Driessche R, Thomas BR (2006) NPK fertiliza-
tion at planting of three hybrid poplar clones in the boreal region of
Alberta. For Ecol Manag 232:216-225.

DesRochers A, van den Driessche R, Thomas BR (2007) The interaction
between nitrogen source, soil pH, and drought in the growth and phys-
iology of three poplar clones. Can J Bot 85:1046-1057.

Dickmann DI, Kuzovkina J (2008) Poplars and willows of the world, with
emphasis on silviculturally important species. In: Isebrands JG,
Richardson J (eds) Poplars and willows in the world: meeting the
needs of society and the environment. FAO/IPC (Food and Agricultural
Organization of the United States/International Poplar Commission),
Rome, Italy, 135 p, Chapter 2.

Dickmann DI, Nguyen PV, Pregitzer KS (1996) Effects of irrigation and
coppicing on above-ground growth, physiology, and fine-root
dynamics of two field-grown hybrid poplar clones. For Ecol Manag
80:163-174.

Genetic variation for leaf traits in black poplar 861

Dillen SY, Monclus R, Barbaroux C, Bastien C, Ceulemans R, Dreyer E,
Villar M, Brignolas F, Marron N (2011) Is the ranking of poplar geno-
types for leaf carbon isotope discrimination stable across sites and
years in two different full-sib families? Ann For Sci 68:1265-1275.

Ducrey M, Huc R, Ladjal M, Guehl JM (2008) Variability in growth, car-
bon isotope composition, leaf gas exchange and hydraulic traits in the
eastern Mediterranean cedars Cedrus libani and C. brevifolia. Tree
Physiol 28:689-701.

Dunlap JM, Stettler RF, Heilman PE (1995) Genetic variation and produc-
tivity of Populus trichocarpa and its hybrids. VIII. Leaf and crown mor-
phology of native P. trichocarpa clones from four river valleys in
Washington. Can J For Res 25:1710-1724.

Evans LM, Slavov GT, Rodgers-Melnick E etal. (2014) Population
genomics of Populus trichocarpa identifies signatures of selection and
adaptive trait associations. Nat Genet 46:1089-1096.

Farquhar GD, Richards RA (1984) Isotopic composition of plant carbon
correlates with water-use efficiency of wheat genotypes. Aust J Plant
Physiol 11:539-552.

Fichot R, Chamaillard S, Depardieu C, Le Thiec D, Cochard H, Barigah TS,
Brignolas F (2011) Hydraulic efficiency and coordination with xylem
resistance to cavitation, leaf function, and growth performance among
eight unrelated Populus deltoides x Populus nigra hybrids. J Exp Bot
62:2093-2106.

Forsman A (2014) Rethinking phenotypic plasticity and its conse-
quences for individuals, populations and species. Heredity (in press)
doi:10.1038/hdy.2014.92.

Geraldes A, DiFazio SP, Slavov GT et al. (2013) A 34K SNP genotyping
array for Populus trichocarpa: design, application to the study of natu-
ral populations and transferability to other Populus species. Mol Ecol
Resour 13:306-323.

Gielen B, Calfapietra C, Claus A, Sabatti M, Ceulemans R (2002) Crown
architecture of Populus spp. is differentially modified by free-air CO,
enrichment (POPFACE). New Phytol 153:91-99.

Gornall JL, Guy RD (2007) Geographic variation in ecophysiological traits
of black cottonwood (Populus trichocarpa). Can J Bot 85:1202-1213.

Grossnickle SC, Fan S, Russell JH (2005) Variation in gas exchange and
water use efficiency patterns among populations of western redcedar.
Trees 19:32-42.

Hall D, Luquez V, Garcia VM, St Onge KR, Jansson S, Ingvarsson PK
(2007) Adaptive population differentiation in phenology across a lati-
tudinal gradient in European aspen (Populus tremula, L.): a compari-
son of neutral markers, candidate genes and phenotypic traits.
Evolution 61:2849-2860.

Hallé F, Oldeman RAA, Tomlinson PB (1978) Tropical trees and forests:
an architectural analysis. Springer, Berlin, 441 pp.

Howe GT, Aitken SN, Neale DB, Jermstad KD, Wheeler NC, Chen THH
(2003) From genotype to phenotype: unraveling the complexities of
cold adaptation in forest trees. Can J Bot 81:1247-1266.

Ibrahim L, Proe MF, Cameron AD (1997) Main effects of nitrogen supply
and drought stress upon whole-plant carbon allocation in poplar. Can
J For Res 27:1413-1419.

Johnsen KH, Flanagan LB, Huber DA, Major JE (1999) Genetic variation
in growth, carbon isotope discrimination, and foliar N concentration in
Picea mariana: analyses from a half-diallel mating design using field-
grown trees. Can J For Res 29:1727-1735.

Jump AS, Marchant R, Pefiuelas J (2009) Environmental change and the
option value of genetic diversity. Trends Plant Sci 14:51-58.

Kanaga MK, Ryel RJ, Mock KE, Pfrender ME (2008) Quantitative-genetic
variation in morphological and physiological traits within a quaking
aspen (Populus tremuloides) population. Can J For Res 38:1690-1694.

Karrenberg S, Edwards PJ, Kollmann J (2002) The life history of Salica-
ceae living in the active zone of floodplains. Freshw Biol 47:733-748.

Keller SR, Soolanayakanahally RY, Guy RD, Silim SN, Olson MS, Tiffin P
(2011) Climate-driven local adaptation of ecophysiology and phenology

Tree Physiology Online at http://www.treephys.oxfordjournals.org

GTOZ ‘/ Jequiaides uo YND e /Bio'seulnolpioxosAydeay//:dny wouy papeoumoq


doi:10.1038/hdy.2014.92
http://treephys.oxfordjournals.org/

862 Guet et al.

in balsam poplar, Populus balsamifera L. (Salicaceae). Am J Bot
98:99-108.

Lamy J-B, Bouffier L, Burlett R, Plomion C, Cochard H, Delzon S (2011)
Uniform selection as a primary force reducing population genetic dif-
ferentiation of cavitation resistance across a species range. PLoS One
6:€23476.

Larocque GR (1999) Performance and morphological response of the
hybrid poplar DN-74 (Populus deltoides x nigra) under different spac-
ings on a 4-year rotation. Ann For Sci 56:275-287.

Lauteri M, Pliura A, Monteverdi MC, Brugnoli E, Villani F, Eriksson G
(2004) Genetic variation in carbon isotope discrimination in six Euro-
pean populations of Castanea sativa Mill. originating from contrasting
localities. J Evol Biol 17:1286-1296.

Lefevre F, Barsoum N, Heinze B, Kajba D, Rotach P, de Vries SMG, Turok
J (2001) EUFORGEN technical bulletin: in situ conservation of Populus
nigra. International Plant Genetic Resources Institute, Rome, Italy.

Liu Z, Dickmann DI (1992) Responses of two hybrid Populus clones to
flooding, drought, and nitrogen availability. . Morphology and growth.
Can J Bot 70:2265-2270.

Marron N, Ceulemans R (2006) Genetic variation of leaf traits related to
productivity in a Populus deltoides x Populus nigra family. Can J For Res
36:390-400.

Marron N, Dreyer E, Boudouresque E, Delay D, Petit J-M, Delmotte FM,
Brignolas F (2003) Impact of successive drought and re-watering
cycles on growth and specific leaf area of two Populus x canadensis
(Moench) clones, ‘Dorskamp’ and ‘Luisa_Avanzo'. Tree Physiol 23:
1225-1235.

Marron N, Villar M, Dreyer E, Delay D, Boudouresque E, Petit J-M, Delmo-
tte FM, Guehl J-M, Brignolas F (2005) Diversity of leaf traits related to
productivity in 31 Populus deltoides x Populus nigra clones. Tree
Physiol 25:425-435.

Marron N, Bastien C, Sabatti M, Taylor G, Ceulemans R (2006) Plasticity
of growth and sylleptic branchiness in two poplar families grown at
three sites across Europe. Tree Physiol 26:935-946.

Merild J, Crnokrak P (2001) Comparison of genetic differentiation at
marker loci and quantitative traits. J Evol Biol 14:892-903.

Monclus R, Dreyer E, Delmotte FM et al. (2005) Productivity, leaf traits
and carbon isotope discrimination in 29 Populus deltoides x P nigra
clones. New Phytol 167:53-62.

Monclus R, Dreyer E, Villar M et al. (2006) Impact of drought on produc-
tivity and water use efficiency in 29 genotypes of Populus deltoides x
Populus nigra. New Phytol 169:765-777.

Monclus R, Villar M, Barbaroux C et al. (2009) Productivity, water-use
efficiency and tolerance to moderate water deficit correlate in 33 pop-
lar genotypes from a Populus deltoides x Populus trichocarpa F1 prog-
eny. Tree Physiol 29:1329-1339.

Monclus R, Leplé J-C, Bastien C, Bert P-F, Villar M, Marron N, Brignolas F,
Jorge V (2012) Integrating genome annotation and QTL position to
identify candidate genes for productivity, architecture and water-use
efficiency in Populus spp. BMC Plant Biol 12:173-188.

Muir CD, Pease JB, Moyle LC (2014) Quantitative genetic analysis indi-
cates natural selection on leaf phenotypes across wild tomato spe-
cies (Solanum sect. Lycopersicon; Solanaceae). Genetics 198:
1629-1643.

Muir W, Nyquist WE, Xu S (1992) Alternative partitioning of the geno-
type-by-environment interaction. Theor Appl Genet 84:193-200.

Nicotra AB, Leigh A, Boyce CK, Jones CS, Niklas KJ, Royer DL, Tsukaya H
(2011) The evolution and functional significance of leaf shape in the
angiosperms. Funct Plant Biol 38:535-552.

Niinemets U (2015) Is there a species spectrum within the world-wide
leaf economics spectrum? Major variations in leaf functional traits in
the Mediterranean sclerophyll Quercus ilex. New Phytol 205:79-96.

Niinemets U, Sack L (2006) Structural determinants of leaf light-har-
vesting capacity and photosynthetic potentials. Prog Bot 67:385-419.

Petit RJ, Hampe A (2006) Some evolutionary consequences of being a
tree. Annu Rev Ecol Evol Syst 37:187-214.

Ponton S, Dupouey J-L, Bréda N, Dreyer E (2002) Comparison of water-
use efficiency of seedlings from two sympatric oak species: geno-
type X environment interactions. Tree Physiol 22:413-422.

Rae AM, Robinson KM, Street NR, Taylor G (2004) Morphological and
physiological traits influencing biomass productivity in short-rotation
coppice poplar. Can J For Res 34:1488-1498.

Rae AM, Street NR, Robinson KM, Harris N, Taylor G (2009) Five QTL
hotspots for yield in short rotation coppice bioenergy poplar: the pop-
lar biomass loci. BMC Plant Biol 9:23-36.

Ramirez-Valiente JA, Lorenzo Z, Soto A, Valladares F, Gil L, Aranda |
(2009) Elucidating the role of genetic drift and natural selection in
cork oak differentiation regarding drought tolerance. Mol Ecol 18:
3803-3815.

Ramirez-Valiente JA, Sénchez-Gomez D, Aranda |, Valladares F (2010)
Phenotypic plasticity and local adaptation in leaf ecophysiological
traits of 13 contrasting cork oak populations under different water
availabilities. Tree Physiol 30:618-627.

Rasheed F, Dreyer E, Richard B, Brignolas F, Montpied P, Le Thiec D
(2013) Genotype differences in '3C discrimination between atmo-
sphere and leaf matter match differences in transpiration efficiency at
leaf and whole-plant levels in hybrid Populus deltoides x nigra. Plant
Cell Environ 36:87-102.

R Development Core Team (2012) R: a language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria.

Reich PB, Wright IJ, Lusk CH (2007) Predicting leaf physiology from
simple plant and climate attributes: a global GLOPNET analysis. Ecol
Appl 17:1982-1988.

Remphrey WR, Powell GR (1985) Crown architecture of Larix laricina sap-
lings: sylleptic branching on the main stem. Can J Bot 63:1296-1302.

Ripullone F, Lauteri M, Grassi G, Amato M, Borghetti M (2004) Variation
in nitrogen supply changes water-use efficiency of Pseudotsuga men-
ziesii and Populus x euroamericana; a comparison of three approaches
to determine water-use efficiency. Tree Physiol 24:671-679.

Rohde A, Storme V, Jorge V et al. (2011) Bud set in poplar—genetic
dissection of a complex trait in natural and hybrid populations. New
Phytol 189:106-121.

Rénnberg-Wastljung AC, Glynn C, Weih M (2005) QTL analyses of
drought tolerance and growth for a Salix dasyclados x Salix viminalis
hybrid in contrasting water regimes. Theor Appl Genet 110:537-549.

Sack L, Cowan PD, Jaikumar N, Holbrook NM (2003) The ‘hydrology’ of
leaves: co-ordination of structure and function in temperate woody
species. Plant Cell Environ 26:1343-1356.

Scarascia-Mugnozza GE, Isebrands JG, Hinckley TM, Stettler RF (1989)
Dynamics of light interception, leaf area and biomass production in
Populus clones in the establishment year. Ann For Sci 46:515s-518s.

Scarascia-Mugnozza GE, Hinckley TM, Stettler RF, Heilman PE, Isebrands
JG (1999) Production physiology and morphology of Populus species
and their hybrids grown under short rotation. lll. Seasonal carbon allo-
cation patterns from branches. Can J For Res 29:1419-1432.

Siegwolf RTW, Matyssek R, Saurer M, Maurer S, Gunthardt-Goerg MS,
Schmutz B, Bucher JB (2001) Stable isotope analysis reveals differen-
tial effects of soil nitrogen and nitrogen dioxide on the water use effi-
ciency in hybrid poplar leaves. New Phytol 149:233-246.

Singh M, Ceccarelli S, Hamblin J (1993) Estimation of heritability from
varietal trials data. Theor Appl Genet 86:437-441.

Smulders MJM, Cottrell JE, Lefevre F etal. (2008) Structure of the
genetic diversity in black poplar (Populus nigra L.) populations across
European river systems: consequences for conservation and restora-
tion. For Ecol Manag 255:1388-1399.

Soolanayakanahally RY, Guy RD, Silim SN, Drewes EC, Schroeder WR (2009)
Enhanced assimilation rate and water use efficiency with latitude through

Tree Physiology Volume 35, 2015

GTOZ ‘/ Jequiaides uo YND e /Bio'seulnolpioxosAydeay//:dny wouy papeoumoq


http://treephys.oxfordjournals.org/

increased photosynthetic capacity and internal conductance in balsam
poplar (Populus balsamifera L.). Plant Cell Environ 32:1821-1832.

Spitze K (1993) Population structure in Daphnia obtusa: quantitative
genetic and allozymic variation. Genetics 135:367-374.

Toillon J, Fichot R, Dallé E, Berthelot A, Brignolas F Marron N (2013)
Planting density affects growth and water-use efficiency depending on
site in Populus deltoides x P. nigra. For Ecol Manag 304:345-354.

Tschaplinski TJ, Blake TJ (1989) Photosynthetic reinvigoration of leaves
following shoot decapitation and accelerated growth of coppice
shoots. Physiol Plant 75:157-165.

Tschaplinski TJ, Blake TJ (1995) Growth and carbohydrate status of cop-
pice shoots of hybrid poplar following shoot pruning. Tree Physiol
15:333-338.

Valladares F, Martinez-Ferri E, Balaguer L, Perez-Corona E, Manrique E
(2000) Low leaf-level response to light and nutrients in Mediterranean
evergreen oaks: a conservative resource-use strategy? New Phytol
148:79-91.

Visscher PM, Hill WG, Wray NR (2008) Heritability in the genomics
era—concepts and misconceptions. Nat Rev Genet 9:255-266.

Genetic variation for leaf traits in black poplar 863

Wright I, Reich PB, Westoby M et al. (2004) The worldwide leaf eco-
nomics spectrum. Nature 428:821-827.

Wright 1), Reich PB, Cornelissen JHC et al. (2005) Modulation of leaf
economic traits and trait relationships by climate. Glob Ecol Biogeogr
14:411-421.

Wu R, Stettler RF (1998) Quantitative genetics of growth and develop-
ment in Populus. lll. Phenotypic plasticity of crown structure and func-
tion. Heredity 81:299-310.

Xu X, Yang F, Xiao X, Zhang S, Korpelainen H, Li C (2008) Sex-specific
responses of Populus cathayana to drought and elevated tempera-
tures. Plant Cell Environ 31:850-860.

Zeleznik JD (2007) Effects of apical meristem loss on sylleptic branch-
ing and growth of hybrid poplar. Biomass Bioenerg 31:453-459.
Zhang J, Marshall JD, Jaquish BC (1993) Genetic differentiation in carbon
isotope discrimination and gas exchange in Pseudotsuga menziesii.

Oecologia 93:80-87.

Zhang X, Zang R, Li C (2004) Population differences in physiological
and morphological adaptations of Populus davidiana seedlings in
response to progressive drought stress. Plant Sci 166:791-797.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

GTOZ ‘/ Jequiaides uo YND e /Bio'seulnolpioxosAydeay//:dny wouy papeoumoq


http://treephys.oxfordjournals.org/

