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Abstract – Twelve poplar (Populus) genotypes, belonging to different taxa and to the sections Aigeiros and Tacamahaca, were studied during the third
growing season of the second rotation of a high density coppice culture. With the objective to highlight the relationships between leaf traits, biomass
production and taxon as well as the influence of canopy position, anatomical and morphological leaf characteristics (i.e. thickness of epidermis, of
palisade and spongy parenchyma layers, density and length of stomata, leaf area, specific leaf area (SLA) and nitrogen concentration) were examined
for mature leaves from all genotypes and at two canopy positions (upper and lower canopy). Above ground biomass production, anatomical traits,
stomatal and morphological leaf characteristics varied significantly among genotypes and between canopy positions. The spongy parenchyma layer was
thicker than the palisade parenchyma layer for all genotypes and irrespective of canopy position, except for genotypes belonging to the P. deltoides ×
P. nigra taxon (section Aigeiros). Leaves at the upper canopy position had higher stomatal density and thicker anatomical layers than leaves at the lower
canopy position. Leaf area and nitrogen concentration increased from the bottom to the top of the canopy, while SLA decreased. Positive correlations
between biomass production and abaxial stomatal density, as well as between biomass production and nitrogen concentration were found. A principal
component analysis (PCA) showed that genotypes belonging to the same taxon had similar anatomical characteristics, and genotypes of the same section
also showed common leaf characteristics. However, Wolterson (P. nigra) differed in anatomical leaf characteristics from other genotypes belonging to
the same section (section Aigeiros). Hybrids between the two sections (Aigeiros × Tacamahaca) expressed leaf characteristics intermediate between
both sections, while their biomass production was low.

Populus spp. / taxon / stomatal density and length / thickness of leaf anatomical layers / nitrogen concentration / specific leaf area / productivity

Résumé – Variabilité des caractères foliaires anatomiques et morphologiques du peuplier en relation avec la position des feuilles dans la
canopée, la production de biomasse et le taxon. Douze génotypes de peuplier (Populus), appartenant à différents taxa ainsi qu’aux sections Aigeiros
et Tacamahaca, ont été étudiés durant la troisième saison de croissance de la deuxième rotation d’une plantation à forte densité. L’objectif de l’expérience
était de mettre en évidence les relations entre les caractères foliaires, la production de biomasse et le taxon, ainsi que l’influence de la position des feuilles
dans la canopée. Pour ce faire, diverses caractéristiques anatomiques et morphologiques des feuilles (épaisseur des épidermes et des parenchymes
palissadique et lacuneux, densité et longueur des stomates, surface foliaire, surface foliaire spécifique (SLA) et teneurs en azote) ont été déterminées
pour des feuilles matures de tous les génotypes et à deux hauteurs dans la canopée (haute et basse). La production de biomasse aérienne et les caractères
foliaires anatomiques et morphologiques variaient significativement entre génotypes et entre positions dans la canopée. Le parenchyme lacuneux était
plus épais que le parenchyme palissadique pour tous les génotypes et quel que soit la hauteur dans la canopée, excepté pour les génotypes appartenant
au taxon P. deltoides × P. nigra (section Aigeiros). Les feuilles du sommet de la canopée présentaient des densités de stomates et des épaisseurs de
tissus plus importantes que les feuilles de la base de la canopée. La surface des feuilles et leurs teneurs en azote augmentaient de la base vers le sommet
de la canopée, tandis que les SLA diminuaient. Des corrélations positives entre la production aérienne de biomasse et la densité de stomates abaxiale
ainsi qu’entre la production de biomasse et la teneur en azote foliaire ont été mises en évidence. Une analyse en composantes principales (ACP) a
montré que les génotypes appartenant au même taxon présentaient des caractéristiques anatomiques similaires, et que les génotypes de la même section
montraient également des caractéristiques foliaires communes. Wolterson (P. nigra) était cependant différent des autres génotypes de la même section
(section Aigeiros) en termes de caractères anatomiques. Les hybrides entre les deux sections (Aigeiros × Tacamahaca) présentaient des caractéristiques
foliaires intermédiaires entre les sections, alors que leur production de biomasse était faible.

Populus spp. / taxon / densité et longueur des stomates / épaisseur des tissus anatomiques foliaires / teneur en azote / surface foliaire spécifique
/ productivité

1. INTRODUCTION

The Populus genus is a very rich and variable genus, ex-
hibiting a high variability in terms of morphology, levels
of biomass production, and resistance to biotic and abiotic
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stresses [60]. The subdivision of the genus is still a subject of
discussion and many studies have tried to relate variability in
productivity as well as in tolerance to environmental changes
to variability in leaf characteristics, with variable success de-
pending on the growth conditions [21, 60]. This study aims
to clarify the relationships between leaf anatomical as well as
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morphological characteristics and productivity, on one hand,
and taxon, on the other hand.

The genus Populus is a member of the Salicaceae fam-
ily and is subdivided into six taxonomically distinct sec-
tions [18, 21]. There are approximately 30 species that are
widely distributed, mainly in the Northern hemisphere. The
sections Aigeiros and Tacamahaca comprise most of the
species of economic importance. Species of these sections are
sexually compatible and natural interspecific hybridization oc-
curs [71]. The placement of species within a section has tradi-
tionally been based on morphological and reproductive char-
acteristics, as well as on interspecific crossability [21, 71].
However, classical taxonomic analysis, based on morpholog-
ical characteristics, has proven to be very difficult because
of wide intraspecific heteroblasty, high natural crossability
among members of the genus, and the convergent morphology
shown by hybrids and their parental species [16, 63]. Relative
indicators of parentage are still needed.

Poplar is extremely well suited to biomass production be-
cause of its rapid juvenile growth, high photosynthetic ca-
pacity [5], and large woody biomass production in a single
growing season [6, 28, 29, 36]. The increasing interest in in-
tensive poplar culture requires a better understanding of the
mechanisms determining productivity. Interspecific and inter-
sectional hybrids are known to exhibit strong growth vigour
as compared with their parents [44]. However, large differ-
ences in productivity and in its functional and structural de-
terminants have been observed among poplars, particularly
within the Tacamahaca and Aigeiros sections and their hy-
brids [10,15,65]. A productivity determinant can be defined as
a characteristic implied in the differences of productivity levels
between trees, and thus as a potential indicator of this produc-
tivity level. Leaf traits need to present several properties to be
considered as relevant productivity determinants: (1) to show a
significant degree of variation among the different genotypes,
(2) to be strongly linked to biomass production, and (3) the
link with biomass production has to be stable under varying
environmental conditions [43]. From a practical point of view,
breeders are interested in early and easily measurable indica-
tors of the future performance of the genotypes.

The relevance of various traits, both at the whole plant and
at the leaf levels, as determinants of productivity has already
been studied in poplar. At crown level, tree architecture and
canopy density are also intimately related to stand productiv-
ity. Crown architecture determines leaf display, leaf distribu-
tion and canopy density, and therefore influences light inter-
ception [27]. It has been demonstrated that the main factor
giving rise to the high leaf area index of poplars is sylleptic
branching [55, 68]. Thus, branch traits, such as syllepsis ver-
sus prolepsis, have been incorporated in the formulation of the
poplar breeding ideotype for biomass production, i.e., ideal-
ized phenotype [15, 19]. Large differences exist in crown ar-
chitecture among poplar species. For instance, P. trichocarpa
is known to differ significantly from P. deltoides in many mor-
phological, anatomical and physiological traits, especially in
branching habits [31,68]. Syllepsis is known to be common in
P. trichocarpa and P. nigra, but rare in P. deltoides [44,60]. At
the leaf level, functional and structural components associated

with high growth rates and productivity include total as well
as individual leaf area, internal leaf morphology, stomatal mor-
phology and behaviour, leaf growth physiology, and functional
traits such as photosynthetic performance [5, 13, 32, 53]. Two
of the main factors limiting productivity during the growing
season are the time necessary to reach maximal leaf area and
the ability to maintain leaf area [39]. According to Ridge et al.
[57] significant genotypic variation exists in the three physio-
logical components that control total leaf area of poplar trees:
individual leaf growth, rate of leaf production and duration
of leaf expansion. Genotypic differences in all three variables
have been observed among and between the hybrids between
P. deltoides and P. nigra as well as between P. deltoides and
P. trichocarpa [13, 14, 42]. Changes in the anatomy and phys-
iology of plant organs in response to environmental stimuli are
well documented in poplar [22,35,40,45,46]. Light affects leaf
characteristics such as leaf morphology [1, 7, 48, 49, 51], leaf
anatomy, and stomatal conductance and density [52, 62]. The
relevance of the use of leaf traits as determinants of biomass
production as well as for taxonomic applications is therefore
strongly dependent on the growth conditions of the concerned
plant material. For instance, it has been shown that leaf area
and leaf number increment are robust indicators of produc-
tivity under various environmental conditions, while the links
between productivity and specific leaf area vary according to
growth irradiance and temperature as well as with the age of
the plants [41,43–45]. Thus, the finding of stable determinants
remains an open question, and only a few studies have exam-
ined the relevance of leaf anatomy and stomatal characteristics
for this purpose.

In this context, the objectives of the present paper are (1) to
estimate the relevance of a wide number of leaf anatomical
characteristics as indicators of taxon of the genotypes, and as
determinants of biomass production, and (2) to test the robust-
ness of these relationships for two canopy positions.

2. MATERIALS AND METHODS

2.1. Experimental plantation

2.1.1. Lay-out

In April 1996, 17 poplar (Populus) genotypes were planted on
an experimental field site of 0.56 ha in an industrial zone at Boom,
province of Antwerp (Belgium, 51◦ 05′ N, 4◦ 22′ E; 5 m above sea
level). The plantation was situated on an old waste disposal site, cov-
ered with a 2 m thick layer of sand, clay and mixed rubble.

Hardwood cuttings (25-cm long) were planted in a double-row de-
sign with alternating inter-row distances of 0.75 m and 1.5 m, and a
spacing of 0.9 m within rows accommodating an overall density of
10 000 trees per ha. The plantation design was adapted to the lay-
out of a suite of mirror English plantations [4, 37]. A randomised
block design with 17 genotypes × 3 replications was adopted accord-
ing to the protocol prescribed by the UK Forestry Commission [4].
Each mono genotypic plot (n = 100 trees) had ten rows wide by ten
columns deep, and the interior 6×6 trees constituted the measurement
plot with a double buffer row encircling the plot [70]. The plantation
was irrigated shortly after planting and mechanical weed control was
applied to promote optimal establishment.
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2.1.2. Plant material and management regime

The cuttings that did not establish in 1996 were replaced in the
spring of 1997 with new hardwood cuttings. At the end of the estab-
lishment year in December 1996, as well as after the first rotation cy-
cle of four years in January 2001, all shoots were cut back to a height
of 5 cm to create a multi-shoot coppice system. No fertilisation or irri-
gation was applied after the establishment of the experiment. Limited
chemical weed control techniques were applied during the course of
the plantation when the mechanical weeding became insufficient. On
three occasions (in June 1996, June 1997 and May 2001) herbicides
(a mixture of glyphosate at 3.2 kg ha−1 and oxadiazon at 9.0 kg ha−1)
were applied using a spraying device with a hood-covered nozzle to
reduce the impact on trees. Further details on the plantation includ-
ing site management, history and plant materials can be found in [17]
and [36].

All 17 poplar genotypes had been selected for superior biomass
production and disease resistance and were representative of the com-
mercially available hybrids, species and taxa in Europe. A subset of
12 genotypes was selected for the current study. The primary selec-
tion criterion was the requirement to achieve a range of biomass pro-
duction and leaf sizes and to avoid large gaps in the canopy caused
by non-uniform shoot mortality. The studied genotypes belong to dif-
ferent taxa and hybrid groups: Balsam Spire (BS) belongs to P. tri-
chocarpa T.&G. × P. balsamifera L. (T×B, section Tacamahaca);
Beaupré (BE), Hazendans (HD), Raspalje (RA) and Unal (UN) be-
long to P. trichocarpa × P. deltoides Marsh. (T×D, sections Tacama-
haca × Aigeiros); Columbia River (CR), Fritzi Pauley (FP) and Tri-
chobel (TR) belong to P. trichocarpa (T, section Tacamahaca); Gaver
(GA), Gibecq (GI) and Primo (PR) belong to P. deltoides × P. nigra
L. (D×N, section Aigeiros); and Wolterson (WO) belongs to P. nigra
(N, section Aigeiros) [53]. At the time of sampling, all stools essen-
tially consisted of unbranched vertical shoots allowing us to study
the influence of differences in leaf characteristics on stand-level light
impact independently of branching.

2.2. Leaf anatomy and stomata

During the third growing season of the second coppice rotation
(August 2003) two recently mature leaves per replication plot were
collected from 12 randomly selected homogenous shoots per geno-
type and per plot from two different canopy positions, i.e. the upper
(top 2 m of each shoot) and the lower ones (1.5 m above the soil
level). Only mature leaves were sampled from both the upper and
the lower canopy positions. Excised leaves were put in plastic bags
with moistened filter paper (to protect leaves from drying out) and
brought to the laboratory for stomatal impressions and anatomical
cross-sections.

Replicate impressions of abaxial and adaxial leaf epidermis were
taken at the point of maximum leaf width near the central vein of the
leaf, using colourless nail polish and adhesive cellophane tape. All
impressions were fixed on glass slides and examined under a light
microscope (Orthoplan Leitz, Germany, with JVC camera connected
to JVC TV, Germany, and projected on a screen) at a magnification
of ×100. At least 20 microscopic fields from the abaxial and 10 from
the adaxial leaf surface were randomly selected per leaf. Stomata
were counted and stomatal density (adaxial stomatal density, SDd,
and abaxial stomatal density, SDb) was calculated as the number of
stomata per unit leaf area (mm−2) (Tab. I). Imaging of every stom-
atal impression from both abaxial and adaxial leaf surfaces was done

Table I. Abbreviations, units and descriptions of the traits analysed
in the present study.

Trait Description Unit

Biomass Prod Biomass production Mg ha−1y−1

SLA Specific leaf area cm2g−1

Leaf morphology NM Leaf nitrogen concentration mg g−1

LA Leaf area cm2

EdT Adaxial epidermis thickness µm

PpT Palisade parenchyma thickness µm
Leaf anatomy

SpT Spongy parenchyma thickness µm

EbT Abaxial epidermis thickness µm

TLT Total leaf thickness µm

SDd Adaxial stomatal density mm−2

Stomata SDb Abaxial stomatal density mm−2

SLd Adaxial stomatal length µm

SLb Abaxial stomatal length µm

with a Zeiss Axioskop (Germany) microscope equipped for a Nikon
DXM1200 (Japan) digital camera at a magnification of × 200. Stom-
atal length (adaxial stomatal length, SLd, and abaxial stomatal length,
SLb) was defined as the length of the stomatal complex. Stomatal
length was measured by using the ScionImage program [2].

Anatomical determinations were made on 60 µm thick transverse
cross-sections at the point of maximum leaf width. The sections were
made by a hand microtome (R. Jung, Heidelberg, Germany). Cross-
sections were put in 50% of PBS (25 mm Na2HPO4 and 0.15 M NaCl,
pH 7.4) and 50% glycerol on glass slides to clear the sections under
the light microscope. Imaging of every leaf cross-section was done
with a Zeiss Axioskop (Germany) microscope equipped for a Nikon
DXM1200 (Japan) digital camera at a magnification of ×200 and
×400. Measurements were made with the ScionImage program. In-
ternal anatomical organization of the leaves was characterized by the
thicknesses of adaxial epidermis (EdT), palisade parenchyma (PpT),
spongy parenchyma (SpT), abaxial epidermis (EbT), total leaf thick-
ness (TLT), and the ratio palisade/spongy parenchyma (Tab. I).

2.3. Morphological leaf characteristics

In August 2003, 10 homogenous shoots per replicate plot were
randomly selected for each genotype and harvested at 5 cm above
soil level. Every shoot was divided into one meter sections. All leaves
of each 1 m section were removed and brought to the laboratory for
various measurements. Individual leaf area (LA) was measured for
all leaves using a laser area meter (CID Inc. type CI-203, USA). Leaf
dry mass (DM) of 30 randomly chosen leaves per 1 m section were
determined after drying at 75 ◦C in a forced air oven until constant
dry mass was reached. Specific leaf area (SLA) was calculated as
LA/DM.

After drying, 30 leaves were ground to a fine powder and analyzed
for leaf nitrogen (N) concentration using the Dynamic Flush Com-
bustion Method with a Soil Auto-analyser (Carlo-Erba, Instr. type
NC 2100, Italy). Each sample was analyzed twice; the detection limit
of the instrument was 0.01%. Leaf N concentrations were calculated
on a dry mass basis and expressed as mg g−1 of dry mass. One or
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Table II. Regression coefficients a and b of the equations between
shoot diameter (mm) and shoot dry mass (g) for the 12 poplar geno-
types at the end of a three-year rotation in a short rotation coppice
culture. The established equation is: Dry mass = a Diameterb. All re-
gression coefficients (r2) were significant at P � 0.001. The range of
shoot diameters used and the estimated biomass production (± SE)
are indicated for each genotype.

Regression parameters Input Output

Genotype a b r2 Range of shoot Biomass ±SE

diameters (mm) (t ha−1y−1)

Beaupré 0.11 2.47 0.97 8.9–66.5 2.79 ±0.33

Hazendans 0.53 1.97 0.97 3.9–52.5 3.53 ±0.54

Raspalje 0.06 3.05 0.73 1.5–57.3 4.57 ±0.62

Unal 0.11 2.54 0.93 3.3–56.6 3.89 ±0.32

Columbia River 0.21 2.3 0.93 2.0–72.8 6.21 ± 0.47

Fritzi Pauley 0.24 2.31 0.96 4.7–68.6 8.24 ± 0.42

Trichobel 0.11 2.53 0.94 2.9–71.9 8.23 ±1.50

Balsam Spire 0.09 2.60 0.87 1.1–66.2 7.52 ±0.40

Gaver 0.17 2.43 0.93 3.8–65.6 7.49 ±0.35

Gibecq 0.48 2.12 0.95 6.1–63.8 3.25 ±0.77

Primo 0.12 2.48 0.96 5.8–64.9 5.97 ±0.83

Wolterson 0.25 2.27 0.90 2.4–67.0 9.66 ±0.10

two genotypes of each taxon (i.e. BS, CR, PR, UN, and WO) were
used for the establishment of the canopy profile (i.e. six canopy posi-
tions, every one meter high) of LA, SLA and N. For the seven other
genotypes, LA, SLA and N were determined, like for anatomical and
stomatal traits, for two canopy positions only, i.e. top 2 m of each
shoot and 1.5 m above soil level.

2.4. Biomass production

At the end of the third growing season of the second rotation, di-
ameter of all shoots was determined at 22 cm above soil level by
using a digital calliper (Mitutoyo, type CD-15DC, UK) [54]. Thirty
shoots per genotype (ten shoots per plot) were then selected using the
technique of the quantils of the total, so that the sampled shoots repre-
sented the total basal area and its variation within a replicate plot [8,9]
and harvested at 5 cm above soil level. Dry mass of the whole shoots
was determined after drying in a forced air oven at 105 ◦C until con-
stant mass was reached. Least-square regression equations between
shoot diameter and shoot dry mass were used to determine above-
ground biomass production per genotype: M = aDb, with a and b
as regression coefficients, D as shoot diameter, and M as shoot dry
mass [36]. Different equations were obtained and used for the 12
genotypes (see Tab. II for the a and b regression coefficients and the
range of shoot diameters per genotype). Productivity was obtained by
dividing the biomass production by the number of growing seasons
in this rotation: Productivity (Prod, Mg ha−1y−1) = Biomass produc-
tion/3 years.

2.5. Statistical analyses

Data were analysed using the Statistical Package SPSS, version
11.0, 2001 (SPSS, Chicago, IL). The Shapiro-Wilk test was used to

check the normal distribution of the traits. Means were calculated
with their standard error (± SE). Data were evaluated by analysis of
variance according to the two following models:

– for productivity, Y ′j = µ +G j + ε j,
– and for leaf anatomical, stomatal and morphological traits,

Y ′jk = µ +G j + Pk +G × P + ε jk ,

where Y’ j and Y’ jk are individual values adjusted for plot effects,
when plot effect was significant at P � 0.05 (Y ′ = Y − Bi, where
Bi is the estimated effect of plot i), µ is the general mean, G is the
genotypic effect (random), P is the canopy position effect (random)
and G × P is the genotype by canopy position interaction effect (ran-
dom). To quantify the relative importance of each effect, variance
components σ2

G , σ2
P, σ2

G×P, and σ2
ε were calculated by equating ob-

served mean squares to expected mean squares and solving the re-
sulting equations [30]. Inter-genotype comparisons were followed by
a Scheffé test. All differences were considered significant at P � 0.05.

Relationships between parameters were tested using Pearson’s
correlation coefficient. The effect of canopy height on SLA, LA and
NM was tested using Spearman’s rank coefficients. The study of the
inter-genotype variability and of the relationships between leaf char-
acteristics was performed by using Principal Components Analysis
(PCA). The basic variables were standardized and orthogonal factors
(= PC1 and PC2 axis) were successively built as linear combinations
of these variables to maximize the part of the variability explained
by these factors. The PCA was performed with genotypic means of
variables at the upper and lower canopy positions, separately. Vari-
ables were first represented on the plane defined by the two main
factors of the PCA; their coordinates were their linear correlation co-
efficient (Pearson’s coefficient) with these factors. Traits measured
for the lower canopy position were also projected, as supplementary
variables, in the main plane previously defined for the upper canopy
position. In this way, linear correlations were calculated between the
lower canopy variables and PC1 and PC2 factors. The variables TLT,
PpT/SpT ratio and SDd/SDb ratio were not included because they
were derived from the other traits.

3. RESULTS

3.1. Productivity

The mean productivity differed significantly among geno-
types. Mean annual biomass production ranged from 2.8 ton
ha−1 y−1 for BE (T×D taxon) to 9.7 ton ha−1 y−1 for WO (N
taxon) (Tab. II). All genotypes could be subdivided into two
distinct categories: high biomass producers belonging to the
T, T × B, and N taxa (BS, FP, TR, CR, and WO) and low
biomass producers belonging to the T×D and D×N taxa (HD,
RA, UN, BE, GA, GI, and PR).

3.2. Leaf traits

3.2.1. Anatomical leaf characteristics

Cross-section leaf characteristics differed significantly
among genotypes belonging to the different taxa and between
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Table III. General means and standard error (± SE) of anatomical leaf characteristics at the upper and the lower canopy positions for the
12 poplar genotypes. See Table I for abbreviations of variable names. The parentage abbreviations are: T = P. trichocarpa, D = P. deltoides, N
= P. nigra, and B = P. balsamifera

EdT (µm) PpT (µm) SpT (µm) EbT (µm) Ratio PpT/SpT
Genotype Section Taxon

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower

Beaupré 17.6 17.0 111.1 75.3 155.4 133.8 15.1 13.0 0.71 0.56
Tacamahaca × 0.8 ±0.6 ±4.2 ±3.6 ±2.8 ±1.6 ±0.5 ±0.3 ±0.04 ±0.02

Hazendans Aigeiros 15.7 13.4 121.3 64.9 183.8 116.9 14.1 11.6 0.66 0.56
T×D ±0.2 ±0.6 ±3.4 ±3.9 ±1.4 ±3.1 ±0.6 ±0.3 ±0.02 ±0.03

Raspalje 15.1 12.4 97.0 65.9 151.3 113.9 14.6 11.6 0.64 0.58
±0.4 ±0.6 ±4.4 ±0.9 ±3.6 ±4.7 ±0.5 ±0.4 ±0.03 ±0.03

Unal 17.7 13.1 107.5 70.3 152.6 111.8 14.5 11.4 0.70 0.63
±0.9 ±0.3 ±2.0 ±2.6 ±6.5 ±6.0 ±0.2 ±0.5 ±0.02 ±0.03

Columbia River 18.0 13.5 118.5 68.0 166.3 92.9 14.4 12.3 0.71 0.73
±0.7 ±0.2 ±7.2 ±2.7 ±3.5 ±3.9 ±0.8 ±0.1 ±0.05 ±0.02

Fritzi Pauley Tacamahaca T 16.4 12.8 120.5 64.9 217.9 107.6 14.4 11.6 0.55 0.60
±0.9 ±0.3 ±4.7 ±2.2 ±6.7 ±1.3 ±0.4 ±0.7 ±0.03 ±0.03

Trichobel 16.0 12.6 103.7 59.5 184.4 103.1 13.3 10.2 0.56 0.58
±0.7 ±0.6 ±3.9 ±1.5 ±5.1 ±2.4 ±0.5 ±0.4 ±0.03 ±0.02

Balsam Spire T×D 18.1 12.8 91.2 66.8 140.0 96.0 13.1 11.1 0.65 0.70
±0.9 ±0.3 ±1.8 ±2.2 ±2.3 ±6.3 ±0.6 ±0.3 ±0.02 ±0.04

Gaver 14.0 12.4 143.0 61.3 95.3 82.0 12.4 10.9 1.50 0.75
±0.3 ±0.6 ±3.9 ±0.9 ±2.2 ±5.2 ±0.2 ±0.4 ±0.04 ±0.04

Gibeq Aigeiros D×N 14.7 13.1 148.3 79.6 99.1 109.4 12.9 11.2 1.50 0.73
±0.2 ±0.3 ±2.2 ±2.3 ±3.3 ±4.4 ±0.3 ±0.5 ±0.05 ±0.04

Primo 14.9 12.0 136.2 64.9 91.4 81.4 12.5 11.3 1.49 0.80
±0.4 ±0.4 ±3.4 ±5.1 ±2.5 ±7.1 ±0.3 ±0.6 ±0.01 ±0.02

Wolterson N 18.4 13.5 94.1 65.9 137.8 79.2 15.1 10.6 0.68 0.83
±0.5 ±0.7 ±0.8 ±1.7 ±1.8 ±6.7 ±0.4 ±0.4 ±0.01 ±0.07

canopy positions (Tabs. III and IV). The genotype by canopy
position interaction was significant for most anatomical traits,
except for the thickness of the abaxial epidermis (EbT).

The leaves of the genotypes of the Tacamahaca (T, T×B)
and Tacamahaca× Aigeiros (T×D) sections were thicker than
the leaves of the genotypes of the Aigeiros (N, D×N) sec-
tion, irrespective of canopy position. In most of the geno-
types, the thickness of the spongy parenchyma layer (SpT)
was higher than the thickness of the palisade parenchyma layer
(PpT), irrespective of canopy position (except for genotypes
of the D×N taxon at the upper canopy position). Genotypes
of the section Tacamahaca (T and T×B) had the highest SpT
as compared with other genotypes at the upper canopy po-
sition, especially with genotypes of the T taxon. Genotypes
of the Aigeiros section had the lowest SpT because they ex-
hibited a double palisade layer at the upper canopy position
only (Fig. 1). Adaxial epidermis thickness (EdT) was higher
than the abaxial one (EbT) for all genotypes, irrespective of
canopy level. Overall, leaves in the upper canopy position
were thicker for all measured anatomical layers than the lower
canopy leaves.

At the upper canopy position, the PpT/SpT ratio was higher
for genotypes of D×N than for the other genotypes. At the
lower canopy position, the highest PpT/SpT ratio was ob-
served for the N and D×N taxa. Genotypes with thin leaves
had a significantly higher PpT/SpT ratio than genotypes with

thicker leaves. The PpT/SpT ratio correlated significantly and
negatively with total leaf thickness (TLT) at the upper (r =
−0.76; P � 0.001) and the lower (r = −0.65; P � 0.001)
canopy positions, while TLT showed significant and positive
correlations with SpT at both the upper (r = 0.70; P � 0.001)
and the lower (r = 0.68; P � 0.001) canopy positions.

3.2.2. Stomatal traits

Means and standard errors of stomatal traits can be found
in [2]. Genotypic and canopy position effects as well as the in-
teraction between both were highly significant for most stom-
atal traits, except for the interaction effect of the adaxial stom-
atal length (Tab. IV). All traits showed a very high genotypic
effect, representing 34% to 84% of the phenotypic variance.

3.2.3. Morphological leaf traits

Leaf area (LA), specific leaf area (SLA) and leaf N concen-
tration (NM) differed significantly among genotypes belong-
ing to the different taxa, and varied as a function of shoot
height (Fig. II and Tabs IV and V). LA increased gradually
with height, i.e. smaller leaves were at the bottom of the shoot,
while the largest leaves were located at the last two meters of
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Table IV. Relative importance of genotypic (σ2
G), canopy position

(σ2
P), genotype by canopy position (σ2

G×P), and residual (σ2
ε) effects

in the phenotypic variation (σ2
Ph) of leaf anatomy (EdT, PpT, SpT, and

EbT), stomatal traits (SDd, SDb, SLd, and SLb), leaf morphological
traits (LA, SLA, and NM), and biomass production (Prod). See Table
I for definitions of trait abbreviations. Level of significance of each
effect is indicated by asterisks: ns = non significant; * = P � 0.05; **
=P � 0.01; and *** =P � 0.001.

Variance components (%)

Trait α2
C/α

2
Ph α2

P/α
2
Ph α2

G×P/α
2
Ph α2

ε /α
2
Ph

Biomass
Prod 61.6 ** – – 38.4
Leaf structure
LA 1.1 *** 68.1 *** 16.8 *** 14.0
SLA 0.0 * 76.7 *** 9.9 ** 13.4
NM 21.0 *** 70.2 *** 3.7 ** 5.0
Leaf anatomy
EdT 10.6 *** 60.3 *** 9.9 *** 19.2
PpT 1.7 *** 82.8 *** 11.3 *** 4.2
SpT 14.7 *** 50.0 *** 30.0 *** 5.3
EbT 7.2 *** 64.1 *** 3.5 ns 25.3
Ratio 21.9 *** 14.1 *** 58.6 *** 5.4
Stomata
SLd 72.9 *** 13.0 *** 0.87 ns 13.2
SLb 83.6 *** 5.9 *** 3.5 *** 6.9
SDd 67.7 *** 16.3 *** 14.5 *** 1.5
SDb 33.8 *** 48.0 *** 16.5 *** 1.7

the shoot (Fig. 2C). SLA increased from the top to the bottom
(Fig. 2A). On the contrary, NM decreased from the top to the
bottom (Fig. 2B). LA, SLA and NM were significantly linked
to canopy height (P � 0.001), except for NM of UN. Overall,
the variation among genotypes of the same taxon was smaller
than between genotypes of different taxa.

3.3. Relationships between traits

The main plane of the PCA (PC1× PC2) established for the
upper canopy position explained 63.4% of the inter-genotype
variability and PC1 alone explained 40.0%. The PC3 axis did
not significantly differentiate the traits (data not shown). At
the lower canopy position, the main plane of the PCA (PC’1×
PC’2) explained 60.1% of the inter-genotype variability with
F1 alone explaining 40.6%. To avoid redundancy, only the
PC1× PC2 plane established for the upper canopy position
is presented, with traits measured at the lower canopy posi-
tion projected as supplementary variables (Fig. 3A). At both
canopy positions, three groups of variables were defined from
the PC1× PC2 plane:

(1) the first group included NM, SDb, and Prod;
(2) the second group included EbT, EdT, LA, SLb, and

SpT;
(3) and the third one included SLA, PpT and SDd.
At the lower canopy position only, trait SLb was not asso-

ciated with any of the groups. The PC1 axis of the PCA was

defined by the opposition between the second and the third
groups. SDd, SLA, and PpT (sum of adaxial and abaxial PpT
for genotypes of the D×N taxon) scaled negatively with EbT,
EdT, LA, SpT, and SLb. The PC2 axis was mainly defined by
the traits belonging to the first group. The first group was inde-
pendent from both other groups. The groups composed of the
supplementary variables (measured at the lower canopy posi-
tion) overlapped with groups of traits measured at the upper
canopy position in most cases, except concerning variables of
the second group, associated with PC1 at the upper canopy po-
sition and with PC2 at the lower one.

At both canopy positions, and within each group, most of
the variables were positively correlated (Tab VI). The projec-
tion of the genotypes in the main planes of the PCA showed
a clear grouping among genotypes in the PC1 × PC2 plane.
Genotypes were grouped according to four trends (Fig. 3B):

– cluster A included BS, CR, TR, and FP (T and T×B taxa,
section Tacamahaca);

– cluster B included BE, HD, RA, and UN (T×D taxon,
Tacamahaca × Aigeiros);

– cluster C included GA, GI, and PR (D×N taxon, section
Aigeiros);

– and cluster D is only composed of WO (N taxon, section
Aigeiros).

The genotypes in cluster A displayed high Prod, NM, and SDb
with thick (high TLT) and hypostomatous leaves, while the
genotype of cluster D had high Prod, NM and SDb with rela-
tively thin (low TLT) and amphistomatous leaves. Genotypes
of cluster B displayed thick leaves with low Prod and NM,
while genotypes of cluster C had thin leaves with double pal-
isade layers and displayed low Prod (Fig. 3B, Tab. V).

4. DISCUSSION

In the present study, the hybrids resulting from the crosses
between P. deltoides, P. trichocarpa and P. nigra were the least
productive genotypes as compared with pure species. Many
studies have shown the high growth potential of Interamerican
(P. trichocarpa× P. deltoides) as well as Euramerican (P. nigra
× P. deltoides) hybrids during the first years of short rotation
cultures [38, 43–45, 55]. Our results showed that this hybrid
superiority was no longer observed in a second-rotation plan-
tation. Hybrid vigor decreases with the aging of the plant ma-
terial, and hybrid genotypes seem to have a reduced biomass
production in plantations with a high number of rotations.

4.1. Relationships between leaf traits and productivity

In this study, a large variability was observed for leaf traits
among the poplar genotypes, in agreement with previous stud-
ies on various species and hybrids [43, 45, 55]. Biomass pro-
duction was positively scaled with adaxial stomatal density
and nitrogen concentration of both canopy positions. Like-
wise, previous studies have shown a positive correlation be-
tween stomatal density and fast growth in different plant
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Figure 1. Schematic representation of leaf cross-sections for Primo (P. deltoides × P. nigra) and Columbia River (P. trichocarpa) at the upper
canopy level.

Figure 2. Canopy profiles of specific leaf area (A), leaf nitrogen concentration (B), and leaf area (C) of five poplar genotypes: Balsam Spire
(P. trichocarpa × P. balsamifera); Columbia River (P. trichocarpa); Primo (P. deltoides × P. nigra); Unal (P. trichocarpa × P. deltoides), and
Wolterson (P. nigra). Mean values (± SE) of three replicates per genotype.
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Table V. Relative values of leaf characteristics of the different sec-
tions and taxa. (+) = high value, (–) = low value, and (+/–) = inter-
mediate value. See Table I for definition of abbreviations. Trait SLb
belongs to group 3 at the upper canopy position and is independent
of all groups at the lower canopy position. The parentage abbrevia-
tions are: T = P. trichocarpa, D = P. deltoides, N = P. nigra, and B =
P. balsamifera.

Cluster A Cluster B Cluster C Cluster D

Section Tacamahaca Tacamahaca × Aigeiros

Aigeiros

Taxon T, T×B T×D D×N N

Canopy Upper Lower Upper Lower Upper Lower Upper Lower

Group 1

Prod + – – + +

NM + – – +/– +

SDb + +/– – – +/– +

Group 2

EdT + +/– – – –

EbT + +/– – – –

SpT + + – –

LA + + – –

Group 3

PpT – +/– – + +/–

SDd – – + +/–

SLA – – + +/–

SLb + + – –

species [34, 66]. For genotypes of P. deltoides and P. × eu-
ramericana, Orlovic et al. [52] found a positive correlation
between adaxial stomatal density and biomass production, and
the author proposed to use this correlation for the selection
of nursery stock for biomass production. The positive cor-
relation between abaxial stomatal density and above-ground
biomass production, valid for both canopy positions and asso-
ciated with a very high relative genotypic variance for stom-
atal traits, confirmed the potential of stomatal characteristics
as early indicators of genotypic productivity. Stomata are re-
sponsible for both leaf CO2 input, needed for photosynthesis,
and H2O release, responsible for the sap flow within the plant,
and consequently have a primordial role in plant growth physi-
ology. Our results underlined the fact that the number of stom-
ata per unit leaf area, rather than the size of individual stomata,
affects biomass accumulation in a larger proportion. However,
the stomatal length is not necessarily related to the degree to
which stomata are opened and additional measurements, no-
tably of stomatal conductance, would be needed to make final
conclusions in this regard. Moreover, Ceulemans et al. [12]
found no significant correlation between stomatal density (ei-
ther adaxial or abaxial) and yield for genotypes of N, T×D,
and D×N taxa. On the contrary, these authors found a positive
and significant correlation between stomatal length and yield.
The validity and robustness of the relationships observed be-
tween biomass production and leaf anatomical or stomatal

traits therefore need to be further investigated for other taxa,
growth conditions and plantation age.

4.2. Relationships between leaf traits and taxonomy

The genus Populus has six taxonomical sections [21]. There
is still a question of sectional affiliation with regard to the rela-
tionships between the sections Aigeiros and Tacamahaca, and
the status of P. nigra [21]. In this study, genotypic variations
in leaf characteristics were related to the taxon, and they were
grouped depending on the section taxonomy.

Genotypes belonging to the Tacamahaca section showed
thick and large leaves with low SLA, stomata with high den-
sity and length at the abaxial leaf surface, and high leaf nitro-
gen concentration (Tab. V). Tacamahaca leaves are very thick
and this large thickness is related to the thick, loosely arranged
spongy parenchyma layer [15, 24, 57, 65, 67]. To confirm this
result, total leaf thickness correlated positively with spongy
parenchyma thickness and negatively with the ratio between
palisade and spongy parenchyma thicknesses. Thus, genotypes
with thick leaves had a thicker spongy parenchyma layer, and
a small ratio between palisade and spongy parenchyma thick-
nesses. Moreover, the abaxial leaf side of P. trichocarpa geno-
types is generally white due to a thick and loosely structured
spongy mesophyll, whereas it is green in P. deltoides because
of bilateral palisade parenchyma layers [15, 24, 57, 65, 70].
Leaves of P. trichocarpa are known to have a small number of
large stomata and a low ratio of adaxial/abaxial stomatal den-
sities [15, 22, 24]. Moreover, P. trichocarpa genotypes (sec-
tion Tacamahaca) have hypostomatous leaves in contrast to
the amphistomatous leaves of P. deltoides and P. nigra species
(section Aigeiros) [2, 11].

Genotypes belonging to the Aigeiros section showed thin
and small leaves with high SLA, stomata with low density
and small stomatal length at the abaxial leaf surface, and
low leaf nitrogen concentration (Tab. V). Actually, leaves of
P. deltoides generally show a large number of small stomata
and a high ratio of adaxial/abaxial densities [15, 24]. Within
the Aigeiros section, the P. nigra genotype (WO) was an ex-
ception, showing thin leaves with high abaxial stomatal den-
sity and high leaf nitrogen concentration (Tab. V). P. nigra is
known to produce leaves with large stomata and with a ratio of
adaxial/abaxial densities intermediate between those of P. tri-
chocarpa and P. deltoides [58, 64]. Rajora and Dancik [56]
have proposed a new section, Nigrae for P. nigra, which is
separated from other species in the Aigeiros section. Based on
genetic molecular markers, P. nigra was clearly separated from
its consectional P. deltoides, and should be classified sepa-
rately according to Cervera et al. [10]. Although our results are
consistent with the conclusions of the previously cited studies,
the use of only one P. nigra genotype in the present study does
not allow us to conclude about this aspect, nor to confirm or
contradict previous findings.

Hybrids resulting from crosses between the Tacamahaca ×
Aigeiros sections showed intermediate characteristics, but with
more similarities with the Tacamahaca than with the Aigeiros
section (Tab. V). Van Volkenburgh and Taylor [65] reported
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Table VI. Linear correlations (Pearson’s coefficients) between leaf anatomy (EdT, PpT, SpT, and EbT), stomatal traits (SDd, SDb, SLd, and
SLb), leaf morphological traits (LA, SLA, and NM), and biomass production (Prod) at the upper (normal font) and the lower (italic font) canopy
positions. Level of significance is indicated by asterisks: ns = non significant; * = P � 0.05; ** =P � 0.01; and *** =P � 0.001. See Table I
for definitions of trait abbreviations.

Stomata Leaf anatomy Leaf structure Biomass

SDd SDb SLb SLd EdT SpT PpT EbT NM SLA LA Prod

Biomass
Prod ns 0.63 * ns ns ns ns ns ns 0.69 * ns ns
Leaf structure
LA –0.73 ** ns ns ns ns ns ns ns ns –0.71 * ns
SLA 0.59 * ns –0.58 * ns ns –0.75 * ns ns ns ns ns
NM ns 0.68 * –0.71 * ns ns ns ns ns ns ns 0.53 *
Leaf anatomy
EbT ns ns ns ns 0.64 * –0.63 * 0.59 * ns ns ns ns
PpT ns ns –0.58 * ns ns ns ns ns ns ns –0.66 *
SpT –0.59 * ns 0.78 ** 0.91 ** ns ns 0.58 * ns ns ns –0.73 *
EdT ns ns ns ns ns 0.61 * ns ns ns ns ns
Stomata
SLd ns ns 0.97 *** ns ns ns ns ns ns ns ns
SLb –0.77 ** ns 0.97 *** ns ns ns ns ns ns ns ns
SDb ns ns ns ns ns ns ns 0.6* ns ns 0.75 **
SDd ns -0.77 ** ns ns ns ns ns ns ns ns ns

Figure 3. Distribution of the 11 traits (A) and projection of the 12 poplar genotypes (B) in the factorial plane PC1× PC2 of the PCA established
for the upper canopy position (• / normal font / continuous lines). Axis PC1 and PC2 are linear combinations of the 11 traits and were constructed
to maximize the part of the data variability that they explained. Traits measured at the lower canopy position were projected, as supplementary
variables, in the main plane PC1× PC2 (× / italic font / dashed lines). See Table I and Materials and Methods section for abbreviations of
variable and genotype names, respectively.

that leaf growth characteristics of P. trichocarpa and P. del-
toides and of their hybrids differed. Leaf area in P. trichocarpa
is primarily obtained from cell expansion, whereas in P. del-
toides leaf area is primarily obtained from cell division. In gen-
eral, hybrids between these two species mainly inherit their
stomatal characteristics from P. trichocarpa and present an in-
termediate ratio of adaxial/abaxial densities [2, 24]. The hy-
brids between P. deltoides and P. nigra also show intermediate
values of stomatal density, length and ratio of adaxial/abaxial
densities as compared with the parental species [2, 24].

4.3. Relationships between leaf morphology and height
in the canopy

In the present study, leaf area, specific leaf area, and ni-
trogen concentration varied with canopy depths. Casella and
Ceulemans in 2002 [7] have shown for the same plantation
that irradiance could vary from 22 mol of PAR per m2 and
per day at 7 m above ground level to 3 mol of PAR per
m2 and per day at 1 m above ground level. Previous studies
have already shown the strong impact of irradiance on leaf
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morphology: upper canopy leaves are generally longer and
larger than lower canopy leaves [1,7,28,51]. Larger top canopy
leaves generally take advantage of the higher irradiance by ex-
posing a larger surface to sun. In tobacco, leaves tended to be
small under low irradiance; leaf size increased with irradiance
until a certain level was reached [61].

SLA had high values in the lower canopy and decreased
gradually from the bottom to the top of the canopy. SLA is
known to be very sensitive to changes in irradiance, and scales
negatively with light [1, 3, 26, 48–51]. In contrast, the study of
Marron et al. [40] reported that SLA was mostly dependent
on leaf developmental stage (mature vs. expanding leaves). In
the present study, the observed variations were the result of
the combined effects of irradiance and leaf aging, leaves at the
base of the stems being the oldest ones and age decreasing
from the bottom to the top of the stem. The variations in SLA
are usually related to leaf thickness and/or leaf density [49,59].
An increase in leaf thickness is primarily due to an additional
photosynthetic component mesophyll layer, as well as to larger
cells in each mesophyll layer [33,49]. On the other hand, an in-
crease in leaf density is due to thicker cell walls and to smaller
and more tightly packed cells [25, 49]. In our study, SLA was
almost independent of the thickness of the anatomical layer,
showing a higher dependence of SLA on leaf density than on
leaf thickness.

SLA correlated negatively with the nitrogen concentration
in this study, in agreement with other studies [49, 50]. Conse-
quently, the increase in nitrogen concentration from the lower
to the upper canopy with decreasing SLA suggests that pal-
isade and spongy layer thicknesses increased in line with the
profile of nitrogen concentration. Yano and Terashima [69]
reported that the light environment of mature leaves altered
the thickness of leaves along with the anatomy of the pal-
isade layer. It has already been shown that nitrogen varies
from the upper canopy to the lower canopy in different woody
plants [23] including poplar [7]. The profiles of SLA and ni-
trogen followed a pattern parallel to the light gradients, thus
acclimating to light availability within the canopy. Photosyn-
thetic capacities are known to increase with nitrogen for a wide
range of ecotypes, species and genera [20, 23, 47, 59].

5. CONCLUSIONS AND PERSPECTIVES

Our study has shown that: (1) leaf nitrogen concentration,
abaxial stomatal density, and thickness of the spongy and pal-
isade parenchyma are associated with biomass production and
could be used as indicators of growth potential dependent upon
where in the canopy the association is made, (2) variation in
leaf anatomy and morphology was often explainable in terms
of the varietal taxon, and (3) hybrids between Tacamahaca
and Aigeiros sections exhibited leaf characteristics interme-
diate between the two sections, and showed a relatively low
biomass production as compared with pure species. Results
are indicative of trends that need to be confirmed in future
studies, including a wider random sample of genotypes be-
longing to other taxa (notably P. deltoides genotypes), con-

trasting growth conditions, and short-rotation plantations of
various ages.
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