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A B S T R A C T

Stemwood productivity in forest ecosystems depends on the amount of light absorbed by the trees (APAR) and on
the Light Use Efficiency (LUE), i.e. the amount of stemwood produced per amount of absorbed light. In fertilized
Eucalyptus plantations of Brazil, growth is expected to be strongly limited by light absorption in the first years
after planting, when trees can benefit from high soil water stocks, recharged after clearcutting the previous
stand. Other limiting factors, such as water or nutrient shortage are thought to increase in importance after
canopy closure, and changes in allocation patterns are expected, affecting the LUE.

Studying changes in APAR and LUE along a complete rotation is paramount for gaining insight into the
mechanisms that drive the inter- and intra-genotype variabilities of productivity and stemwood biomass at the
time of harvest. Here, we present a 6-year survey of productivity, APAR and LUE of 16 Eucalyptus genotypes of
several species used in commercial plantations and planted in 10 randomized replications in the São Paulo
Region, Brazil. APAR was estimated using the MAESTRA tridimensional model parameterized at tree scale for
each tree in each plot (a total of 16,000 trees) using local measurements of leaf and canopy properties. Stand
growth was estimated based on allometric relationships established through successive destructive biomass
measurements at the study site.

Allometric relationships predicting biomass of tree components, leaf surface, crown dimension and leaf in-
clination angle distribution throughout the rotation for the 16 productive genotypes are shown. Results at stand
scale showed that (1) LUE increased with stand age for all genotypes, from 0.15 at age 1 yr to 1.70 gMJ−1 at age
6 yrs on average; (2) light absorption was a major limiting factor over the first year of growth (R2 between APAR
and stand biomass ranging from 0.5 to 0.95), explaining most of the inter- and intra-genotype growth variability;
(3) at rotation scale, the variability of final stemwood biomass among genotypes was in general attributable to
other factors than average APAR; (4) differences in stemwood productions among genotypes remained large
throughout the rotation; (5) LUEs over the second half of the rotation, rather than initial growth or APAR, was
the major driver of stemwood biomass at the time of harvest.

1. Introduction

In recent years, trade of wood products has increased sharply in
response to the growing demand for industrial wood (e.g, particle
board), paper and cardboard, coal for industry (e.g, iron and steel),
among other products. This increase in wood demand is expected to

strengthen in the future (+20% by 2060, Elias and Boucher (2014)).
Given the depletion of the natural forest resources, the area of pro-
ductive forest plantations has sharply increased (Elias and Boucher,
2014). Planted forest areas increased from 168 to 278 million hectares
between 1990 and 2015 (FAO, 2015; Keenan et al., 2015; MacDicken,
2015). Forest plantations are providing an increasing share of the
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world’s wood products, representing 6.9% of total forest area in 2012
(1.8% in South America), but responsible for 46.3% of the roundwood
production (89.8% in South America) (Payn et al., 2015). Under ap-
propriate policies and market regulations, commercial forest planta-
tions are one of the options to tackle the current global forest de-
gradation and deforestation by substituting wood products from natural
forests (Pirard et al., 2016).

Eucalyptus plantations account for 33% of tropical forest planta-
tions, with ca. 20 Mha planted worldwide (Iglesias-Trabado et al.,
2009). In 2016, Eucalyptus plantations covered 5.67Mha in Brazil,
mostly for industrial use and located in the southern half of the country
(IBA, 2017). The average production of Eucalyptus plantations in Brazil
is 35.7 m3 ha−1 year−1, managed in rotations of 6–8 years (IBA, 2017).
With gross primary productivity (GPP) of about 4.2 kg Cm−2 yr−1 and
net primary productivity (NPP) of up to 3 kg Cm−2 yr−1 (Stape et al.,
2008; Ryan et al., 2010; Nouvellon et al., 2012; Epron et al., 2013),
these planted forests rank among the most productive ecosystems in the
world (Luyssaert et al., 2007). Large disparities do exist, however, with
observed productivities ranging from 20 to 60m3 ha−1 year−1 among
plantations, as a result of contrasting pedoclimatic conditions, genetic
material and management (Gonçalves et al., 2013; Binkley et al., 2017).
To reach the highest productivities, local genetic improvement through
breeding programs have been conducted in the main Eucalyptus culti-
vation areas of Brazil, aiming to increase adaptation to different en-
vironmental contexts. Eucalyptus species or hybrids are planted in a
rainfall range from 500 to 2000mm and an average annual temperature
range from 19 to 27 °C (ABRAF, 2012).

Breeding programs are primarily focused on production perfor-
mance and wood quality at the time of harvest, which integrates de
facto genetic potential, and its interaction with management, pedocli-
matic conditions and resistance to biotic and abiotic stresses. Building
on the high diversity of resource acquisition and ecological strategies
found among Eucalyptus species and provenances (Drake et al., 2015;
Pfautsch et al., 2016; Aspinwall et al., 2019) the genetic materials
currently in use display a broad range of physiological, structural,
biochemical and life history traits (Gonçalves et al., 2013). However,
the biological mechanisms and associated traits responsible for the
differences in final trunk biomass production and wood quality remain
unclear, mostly because of the high covariation commonly observed
among traits (Reich, 2014). Process-based models calibrated using local
measurements of functional traits and evaluated against carbon and
water cycling data have proved useful to untangling the mechanisms
responsible for forest productivity (Marsden et al., 2013; Christina
et al., 2015; Guillemot et al., 2015). Furthermore, the variability of soil
and climate conditions occurring at both local and regional scales af-
fects the intra-genotype variability of productivity, which hinder the
quantification and analyse of inter-genotype variability. Performance
comparisons among genotypes are therefore conducted in forestry trials
that aim at controlling the variability attributable to soil and residue
management (Gonçalves et al., 2007; du Toit et al., 2010), fertilization
(Laclau et al., 2009), water supply (Stape et al., 2008), rainfall exclu-
sion (Battie-Laclau et al., 2014), stocking (Stape and Binkley, 2010;
Crous et al., 2013; Resende et al., 2018), genotypes (Pallett and Sale,
2004; Silva et al., 2016) or a combination of these effects (Binkley et al.,
2017).

Large differences in leaf size, foliage area per tree, spatial dis-
tribution of leaf area within the canopy, leaf inclination angles, optical
properties and crown dimensions are observed among genotypes, re-
sulting in different light absorption capacities. Light absorption capa-
city is thought to be a major factor limiting growth at tree scale across a
broad range of environmental contexts and management (Binkley et al.,
2010; Binkley et al., 2013; Campoe et al., 2013). At stand scale, how-
ever, the positive effect of light absorption on GPP and biomass pro-
duction (Russell et al., 1989; Wang et al., 1991; Will et al., 2001) can be
obscured by other limiting factors (Landsberg and Waring, 1997). For
instance, Marsden et al. (2010) showed that the total absorbed

radiation (APAR) was well related to productivity among stands
planted with the same Eucalyptus genotype in the first two years after
planting, but vanished afterward. One reason could be the influence of
water deficit on tree growth which is much larger after canopy closure
(Christina et al., 2017; Christina et al., 2018). The effect of light ab-
sorption on forest productivity is also expected to vary among geno-
types, soil, climate and management conditions (Forrester et al., 2018).
Heterogeneity within a stand was shown to partly explain differences in
production for a given genotype, higher heterogeneity reducing sig-
nificantly the productivity (Binkley et al., 2010; Ryan et al., 2010; Stape
et al., 2010; Luu et al., 2013). Heterogeneity could also explain dif-
ferences of production observed among genotypes, e.g. if some geno-
types show more tendencies towards heterogeneity and competition
than others (Resende et al., 2016; Soares et al., 2016; Resende et al.,
2018).

The present study aims at exploring the age-related changes in
APAR, and the relationship between light absorption and stemwood
production across 16 contrasted Eucalyptus genotypes at stand scale. In
other words, our main objective is to test whether differences in stem
production among genotypes are mostly related to differences in APAR
or to differences in the light use efficiency for stemwood production
(LUE), or both. The following specific questions are addressed:

- What are the changes of tree growth and APAR along the rotation?
- Which traits explain the differences in APAR among genotypes (e.g.
leaf area index, leaf optical properties, leaf inclination angles or
canopy clumping)?

- How does LUE vary among genotypes, and how does it correlate
with annual growth?

- Does within-stand heterogeneity of tree sizes explain the variability
of production among clones?

- How do the drivers of stemwood production change across a local
gradient of soil properties?

Sixteen genotypes from different origins were compared in a ran-
domized block design set up at a single site in the field, in order to
reduce the effects of changes in soil, climate and management on the
inter-genotype comparisons. The studied genotypes were selected
among the most productive ones from the South to the North of Brazil.
Each selected genotype has good performances in some pedo-climatic
conditions of Brazil, but these conditions do not necessarily correspond
to the local conditions of the field trial in our study. This was expected
to lead to a large range of wood productivity, and thus useful to gain
insight into the mechanisms underlying genotype performances.

2. Material and methods

2.1. Study site and experimental design

The experiment was set up within a commercial plantation of 90 ha
located in the State of Sao Paulo, south-eastern Brazil, at 22°58′04′’S
and 48°43′40′’W, 750m.a.s.l. and managed by the EUCFLUX project,
from the Forestry Science and Research Institute (http://www.ipef.br/
eucflux/en/). It consisted in 10 repetitions (blocks) of 16 plots (Fig. 1a),
each plot being planted with one different Eucalyptus genotype
(G1–G16, Table 1). Each block was made of a 4× 4 grid of 16 plots
where genotypes were randomly distributed (Fig. 1b). Each plot was
planted with a single genotype with a tree spacing of 3×2m
(1666 trees ha−1). Each plot was 36×32m large and contained 12
lines of 16 planted trees. Only the 100 central trees are studied to avoid
border effects between plots. An entire block had therefore a size of
144× 128 meters. All blocks were managed following the standards
currently used by Brazilian Eucalyptus plantation companies (Gonçalves
et al., 2013) throughout the entire rotation. The experiment was
planted in November 2009. The mean annual rainfall was 1430mm y−1

over the study period, 85% of this amount occurring between October
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and May, which is the period with high incoming global radiation
(Christina et al., 2017). The 10 blocks were distributed over the 90 ha
commercial plantation, which topography was mostly flat, excepted
some slight declivity in the North-western and North-eastern parts of
the area, down to a small river (see the riparian natural vegetation on
Fig. 1a). The soil was a deep Ferralsol over the whole area but the slight
declivity was associated with a gradual change in soil texture properties
(Campoe et al., 2012), from sandy soils upward (including blocks
B1–B7) to more clayish soils downward (blocks B8, B9 and B10). A
complete physical and chemical description of the soil profile was
performed in Pinheiro et al. (2016). A long-term ecosystem observatory
at the center of the 90 ha stand, was equipped with a complete me-
teorological station and an Eddy-covariance tower (Nouvellon et al.,
2010; Christina et al., 2017; Nouvellon et al., 2018). We surveyed the
experiment for 6 years, which corresponds to the standard rotation
duration of commercial Eucalyptus plantations for industrial roundwood
in Brazil.

2.2. Stand inventories

All trees of the inner plots were individually surveyed for diameter
at breast height (DBH) and tree height (H). DBH measurements were
made at 8 dates in all blocks (i.e. 100 trees× 16 plots× 10
blocks= 16,000 trees), and at 5 additional dates in a subset of blocks
(Table 2). H measurements were made on all trees during the first two
years and on a subset of 24 central trees per plot afterwards (Table 2).
Power relationships between measured DBH and H were established on
these 24 trees to estimate H for the non-measured trees. DBH of all
border trees were measured twice during the 6 years, and their values
for other dates were obtained using between-date relationships cali-
brated on the inside plot measurements of the same genotype and same
block. H of border trees was then computed using DBH-H power re-
lationships calibrated on measurements in the inner plot at the same

date. Finally, tree DBH and H in the plots (including border trees) were
linearly interpolated at daily time step, for each tree and for the 6 years.
The percentage of dead trees was recorded at each inventory date
(hereafter called “mortality”). The GINI Index was also computed: this
heterogeneity index can be used to evaluate the within plot competition
between trees, using distributions of tree basal areas. It is based on the
Lorenz curve and proved to be efficient at quantifying differences in
stand structures among diverse forest management systems (Cordonnier
and Kunstler, 2015; Fernández-Tschieder and Binkley, 2018). It was
computed using the lorenz.curve function of the lawstat package of R
software (v3.5.1). The higher the index, the more competition among
trees.

2.3. Tree biomass measurements

Destructive sampling of trees for biomass, leaf area, crown dimen-
sions, leaf angles, and leaf optical measurements were performed at 5
dates over the 6-year survey (Table 2) in all genotypes. At each date, 12
trees per genotype were sampled. Sampled trees were distributed
among blocks (Table 2) and selected to encompass the DBH range
measured in the inventories, which is the method generally adopted for
these eucalypt plantations (Laclau et al., 2008). Only border trees were
cut to avoid as much as possible perturbations and changes in tree
growth in the inner plots.

After felling the tree, the height of the crown base and crown length
was measured. The tree was then cut at crown base, the crown was
straighten up vertically to measure leaf angle and crown radius (in the
row and inter-row directions). Note that felling the tree did not damage
the crown. Leaf angle distributions were measured on these 12 sampled
trees per genotype. In each tree, 72 leaves were selected for angle
measurement as follows: at three heights in the canopy, four axillary
branches were randomly selected among the four azimuthal quarters,
two of them in the row direction and the other two in the inter-row

Fig. 1. (a) Maps of the genotype trial, including blocks from B1 to B10. The background image is a Pléiades panchromatic image of May 2014. The star is the position
of the flux-tower with meteorological station. (b) illustration of the B2 block (West is upward). Each color is a different Genotype, labelled G1–G16 as in Table 1.
Circles represent the crown size from vertical angle of view. Red stars are the locations of LAI2000 measurement. Trees surrounding the block are of the genotype G3.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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direction. Six leaves were randomly selected between the basis and the
end of each branch. On each leaf, the vertical component of the leaf
blade’s inclination was measured with a clinometer. The leaf angle
distribution (LAD) was obtained at 10° intervals for each genotype and
each date.

Felled tree compartments were then weighted in the field, separ-
ating trunk (diameter > 2 cm at the thinnest end), living branches,
dead branches and leaves. Subsamples of stemwood, bark and branches
were taken to the laboratory and weighted before and after drying until
constant weight. For leaf biomass, the green crown length of felled trees
was divided into three equal-length sections (lower, middle and upper).
All leaves were weighted immediately after tree fall for each section.
Twenty-five leaves were randomly selected for each crown section and
kept cold until their fresh mass and area were measured in the la-
boratory. Trunk, bark, branch and leaf subsamples were then dried at
65 °C until constant weight. Average dry matter content (ratio of the
sample dry mass over the fresh mass) were calculated for each tree and
combined to field-based fresh weight to calculate the dry biomass of all
tree components. The leaf area of each crown section was calculated by
multiplying the total field-based fresh mass by the leaf area to fresh
mass ratio (calculated on the 25 sampled leaves). Single-tree leaf area
and leaf biomass were computed by summing the values of each crown
sections.

We measured the optical properties of leaves of each genotype at 1
and 6 years of age in two different blocks (Table 2) in 3 trees of different
size, with 6 leaves measured per tree (3 crown sections * 2 samples),
totalizing 1152 single leaf measurements. The reflectance and trans-
mittance of these leaves were measured in the visible and near infrared
spectra with an ASD FieldSpec Pro (Analytical Spectral Devices,
Boulder, Colorado, USA) spectrometer and a Licor integrating sphere
(Oliveira et al., 2017). SPAD measurements, which are highly corre-
lated with leaf chlorophyll content per unit of leaf area, were performed
on the same leaves with the Chlorophyll Meter SPAD-502 (Minolta
Camera, Osaka, Japan), averaging 5–10 SPAD readings per leaf. A
supplementary SPAD measurement was done at 4.6 years of age
(Table 2).

2.4. Allometric relationships calibrations

After having tested many forms of age-related allometric equations
issued from Saint-Andre et al. (2005) and Picard et al. (2015) (not
shown), we found that Eq. (1) was the most precise and flexible to
predict trunk and living branch biomass:

=Y a age D H* * 2 *b c aged
(1)

where Y is the variable to predict (trunk or branch biomass). D2H is the
product of squared DBH (m2) and H (m), age is the age of the trees (in
years as in Table 2), a, b, c and d are parameters to be estimated.
Parameters were fitted using the nls function of R software. For a given
genotype, we tested two fit options: one with the data from all blocks,
and another including a “site” effect, i.e. fitting two different equations,
one for blocks B1–B7 (sandy blocks) and another for B8–B10 (clayey
blocks, Fig. 1). Model selection was based on Akaike Information Cri-
terion (AIC).

For leaf area and leaf biomass, a genotype-specific allometric re-
lationship was calibrated at each inventory date (without age effect),
with the following equation:

=Y a X* b (2)

where Y is the variable to predict (leaf area or leaf biomass), and X is
either DBH or D2H. As before, a model selection procedure based on
AIC was used to select the best predictor (DBH or D2H) and select be-
tween one common equation for all blocks or two different equations
for sandy and clayey blocks.

After applying the final allometric equations to each tree measuredTa
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at each inventory date, Leaf Area Index (LAI, m2
leaf m−2

soil) was computed
by summing the calculated tree leaf area of all trees within each plot
and dividing the result by the plot areas. Specific Leaf Area (SLA,
m2 kg−1) was obtained by dividing the total leaf area of the plot by the
sum of the tree leaf biomass of all trees of that plot. Time interpolation
of tree leaf area between the inventory dates was done following the
methodology adopted in other studies, using remote-sensing data to
account for the seasonal dynamics of tree leaf area and LAI (le Maire
et al., 2011; le Maire et al., 2013; Christina et al., 2017).

Other allometric relationships were calibrated to estimate tree di-
mensions needed for MAESTRA model simulations: crown diameter (D)
in the directions of the planting row and the inter-row (Eq. (3)) and the
crown ratio (CR), which was the ratio between the crown height and
the total height of the tree (Eq. (4)). Single equation per genotype for all
blocks and using DBH had systematically lower AIC.

=D a age DBH* * *b c age (3)

= +CR a age DBH c* *( )b (4)

Finally, the dependency of Leaf Inclination Angle (LIA) to height
was explored. Leaf angles are indeed commonly observed to vary along
a vertical gradient in forests, from sun leaves on the top of the canopy
having large angles to more horizontal leaves at the bottom of the ca-
nopy (Russell et al., 1989; Posada et al., 2009). From destructive
measurements, average leaf angle per section of crowns (three sections:
top, middle and bottom) was associated to the central height of this
crown section. The following equation was fitted for each genotype:

=LIA a age H* * ,b
m

agec
(5)

where Hm was the measurement height, i.e. the height from the soil to
the middle of the crown section where the angles of the leaves were
measured. The standard deviation of LIA was constant across

measurement height.

2.5. Simulations of fAPAR, extinction Coefficient, and LUE

The MAESTRA processed-based model (Medlyn, 2004) is an im-
provement of the MAESTRO model (Wang and Jarvis, 1990). The light
interception calculation is based on Norman and Welles (1983) and is
described in other studies (Wang and Jarvis, 1990; Medlyn, 1998;
Bauerle et al., 2004). The MAESTRA model has been applied in many
other studies dealing with Eucalyptus plantations (Campoe et al., 2013;
le Maire et al., 2013; Christina et al., 2016; Christina et al., 2017;
Christina et al., 2018; Vezy et al., 2018), and a detailed description of
the model and parameterization for different Eucalyptus plantations can
be found in these studies.

The model was parameterized for the 16 genotypes in all 10 blocks
(Fig. 1b). For each block, all trees were described in the model, in-
cluding border trees in all the plots. Parameters at tree level were:
position in the plot (x,y), height, crown height, crown radius in the row
and inter-row directions and leaf area, which were obtained by ap-
plying the allometric equations (Section 2.4) to tree inventories. Leaf
inclination angle distribution was computed at plot scale, for each
genotype, block and date, after having applied the Eq. (5) to all crown
sections of all trees of the inventories and weighted by their section leaf
areas. Other parameters such as reflectance and transmittance of leaves
were averaged at genotype level, and linearly interpolated between
measurements dates. The same horizontal distribution of leaf area
density within crowns were used for all genotypes, because no local
measurements were available (values from Christina et al. (2016) in a
neighbouring stand). Meteorological data used in these simulations
consisted in half-hourly gap-filled (only 0.15% of missing data) global
radiation converted to Photosynthetically Active Radiation (PAR), that
was measured on top of the eddy-covariance tower (Fig. 1a) during the

Table 2
Description of the measurements conducted in the experiment. Each number is a code described below the table, informing on the measured blocks and genotypes
numbers. Other information such as the number of trees or leaves sampled are also given. DBH: trunk diameter at 1.3 m; Refl/Tran: reflectance/transmittance: LAI-
2000: measurements with the LiCor PCA LAI-2000 device (see Section 2.6).

Date age (years) DBH H DBH border t. Biomass Leaf angles SPAD Leaf Refl/Tran LAI-2000

03/11/2009 0
17/05/2010 0.53 1 1
03/11/2010 1.00 1 1 5a 6 7 7
01/06/2011 1.58 1 1
01/01/2012 2.16 1 1
01/06/2012 2.58 4 5a 6
01/07/2012 2.66 3 3
15/01/2013 3.20 1 2
15/07/2013 3.70 3 3
15/11/2013 4.04 6b 6b
15/02/2014 4.29 1 2
15/06/2014 4.62 9
23/06/2014 4.64 3 3 4 5b 6 8
31/10/2014 5.00 3b 3b
15/02/2015 5.28 1 2
15/07/2015 5.70 3 3
15/11/2015 6.03 5b 6 7 7
15/01/2016 6.20 1 2

1: all blocks; all genotypes; all inside plot trees.
2: all blocks; all genotypes; 24 inside plot trees/genotype.
3: B3 B8 B10; G1 G6 G8 G12 G14 G16; all inside plot trees.
3b: B3 B8 B10; G1 G6 G8 G12 G14 G16; 24 inside plot trees/genotype.
4: all blocks; all genotypes; all border trees.
5a: B1 B2 B4 B5 B6 B7 B9; all genotypes; 6–12 trees/genotype.
5b: B2 B3 B8 B10; all genotypes; 6–12 trees/genotype.
6: B2 B3 B10; all genotypes; 12 trees/genotype; 60 leaves/tree.
6b: B2 B3 B10; G1 G6 G8 G12 G14 G16; 12 trees/genotype; 60 leaves/tree
7: B1 B2; all genotypes; 3 trees/genotype; 6 leaves/tree.
8: B2 B3 B10; all genotypes; 3 trees/genotype; 6 leaves/tree.
9: B2 B3 B8; all genotypes; 12 positions/genotype.
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entire simulation period.
Simulations were performed at half-hourly time-step, in all inside

plots of all blocs (i.e. for 16,000 trees). To speed-up the computation
time, we chose to perform simulations of one day every 20 days. The
ratio of the sum of the radiation absorbed by all within-plot trees
(APAR) to incident PAR is the fraction of absorbed PAR (fAPAR). Daily
fAPAR was computed for these simulated days and interpolated in time
for each plot. Daily APAR of non-simulated days were estimated as the
product of interpolated fAPAR and the incident PAR. Annual values of
fAPAR were also computed as the annual sum of APAR divided by
annual sum of incident PAR.

As PAR absorption is influenced by many canopy structural para-
meters other than LAI (crown size and shape, LIA, Leaf optical prop-
erties, etc), we computed effective extinction coefficients for daily PAR
absorption in order to assess the overall effect of these parameters.
Extinction coefficients (k) were computed for each plot with a non-
linear regression of the following simplified and widely used equation
(Landsberg and Hingston, 1996; Almeida et al., 2004), for each year:

= − −fAPAR exp k LAI1 ( * ), (6)

where fAPAR is the fAPAR computed over the annual period and LAI is
the averaged LAI at the same dates.

APAR was further used to compute the light use efficiency for NPP
of stemwood (LUE, g MJ−1):

=LUE NPP
APAR

,stem
(7)

where NPPstem (g m−2 y−1) is the annual Net Primary Production of
stemwood biomass at plot level. NPPstem is different from the stemwood
biomass variation ( BΔ ). BΔ is computed as final minus initial living
stem biomass during a time period, and is further used in the manu-
script as “stemwood biomass growth”. NPPstemis the sum of BΔ and the
biomass of trees that died during the same time period. APAR is the
total PAR absorbed by the plot during the same period. Growth
Efficiency (GE, g mleaf

−2 y−1), also called Leaf Area Efficiency, was si-
milarly computed as the ratio of NPPstem and LAI.

2.6. Model validation

Simulated APAR is difficult to validate against measurements, since
APAR cannot be measured easily on a large number of plots. Instead, as
in other studies (Charbonnier et al., 2013; le Maire et al., 2013;
Christina et al., 2015), we validated another simulated intermediate
variable, which is of high importance in the APAR simulation: the gap
fractions (GF) as a function of view angles. We compared the measured
and simulated directional GF at ground level, as in Roupsard et al.
(2008). Canopy structures strongly varied among genotypes, as illu-
strated with vertical upward pictures in Fig. 2, which allowed testing
the MAESTRA model on a large range of light interception conditions.

Measurements of directional gap fractions (GF) were conducted
using two LiCor PCA LAI-2000 (Li-Cor, Lincoln, NE, USA) on June
2014, in all plots of blocks B2, B3 and B8 (Table 2). In each plot, 12
measurements were made below the canopy with one LAI-2000 device
using a 180° azimuthal field of view, with the viewing direction parallel
to planting lines, in periods with ca. 100% diffuse incoming light. The
locations of the measurements were distributed in a systematic grid to
cover a large part of the plot and to sample points at different distances
from the trees but never in front of a tree trunk (see positions in
Fig. 1b). Continuous measurements of incident radiation were per-
formed simultaneously at the top of the central tower with the second
LAI-2000, which was inter-calibrated with the first one and which used
the same measurement configuration (orientation and view cap). The
ratio between below- and above-canopy measurements were computed
for the five zenithal rings of the LAI-2000 fish eye lens and were used as
an estimate of the directional gap fraction. Simulated GF at the same
locations, angles and date were obtained from MAESTRA simulations.

The simulated and measured angular GF values were then averaged per
genotype and compared. The Diffuse Non-Interceptance (DIFN) values,
computed as in the LAI-2000 manual (LI-Cor, 1992), were compared
between simulations and measurements. The value of (1-DIFN) is a
good proxy of the APAR of the canopy under diffuse conditions, even
though leaf reflectance and transmittance and soil reflectance may af-
fect the correspondence between both variables.

2.7. Statistical analysis

Half-hourly tree-scale simulations of MAESTRA were averaged over
each plot (i.e. 10 plots for each of the 16 clones), and each year. As
described before, the simulations were averaged annually, for each
growing year. Statistical analyses were performed on variables that
were all averaged over the same time periods. The analysis of ob-
servations and MAESTRA simulations were conducted using Pearson
correlations and linear mixed models (lmer function of lme4 package of
R). A linear mixed model between fAPAR and variables described in
Table 3 was computed at each age, including blocks as random effect.
We first performed a model selection based on the Variance Inflation
Factors (VIF) in order to deal with multicollinearity among variables.
Variables having highest VIF were iteratively removed one by one until
all remaining variables had a VIF lower than 5. Then, we performed a
simple backward elimination of non-significant effects of the linear
mixed effects model, starting with the remaining variables after VIF
elimination (step function of lmerTest). Final model F-test of fixed effects
are computed using the Satterthwaite's method. Another more simple
linear mixed models was computed between annual stemwood growth
and genotype, APAR, GINI and blocks, with blocks as random effects.
Fraction of variation attributable to each variable in regression model
were computed using the calcVarPart function of the variancePartition
package. Least Significant Difference (LSD) used in graphical re-
presentation of inter-genotype difference was computed using the
LSD.test function of package agricolae.

3. Results

3.1. Time course of the characteristics of each genotype in each plot

3.1.1. Allometric relationships
Allometric relationships predicting the biomass of tree components

throughout the rotation for highly productive genotypes used in com-
mercial plantations are illustrated in Fig. 3 for genotype 14, and figures
and equations for all other genotypes are given in Supplementary
Material 1 “allometric relationships”. Most of the relationships had high r-
square and low Root Mean Square Error, allowing a precise estimation
of single tree characteristics for all ages, genotypes and blocks. For
some genotype, using distinct allometric equations for sandy (B1-B7)
and clayey (B8-B10) areas yielded better fit of trunk and branch bio-
mass. For tree leaf area (and therefore LAI and SLA), the allometric
relationships changed between the sampling dates.

3.1.2. Leaf area index
The average annual LAI increased during the first 2 years, to reach a

peak value during the second year, and then decreased until the end of
the rotation (Fig. 4). The temporal evolution along the rotation was
mostly similar among genotypes. Large differences in LAI were ob-
served the second year after planting between genotypes, up to
3m2m−2. The genotype G16 showed the lowest LAI throughout the
rotation, averaging 3m2m−2 (reaching a peak value of 4.2m2m−2 at
2.6 years old, data not shown), while the genotype G11 had the highest
average LAI of 4.5m2m−2 (and a peak value of 6.5m2m−2 at 2.6 years
old, data not shown). The LAI of the other genotypes were quite
homogeneously distributed between these extremes, and differences
between genotypes were significant each year. A seasonal decrease in
LAI during the cold and dry season was observed in the data (data not
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shown). SLA decreased with age for almost all genotypes as observed in
other works (Sands and Landsberg, 2002; Almeida et al., 2004; le Maire
et al., 2011), and particularly for the seed origin G1 and G2
(Supplementary Material 4).

3.1.3. Trunk biomass and tree growth
The time course of biomass of the stem, branch and leaves is pre-

sented in Fig. 4. Stem biomass almost linearly increased during the
6 years of the rotation (Fig. 4). The pattern was totally different for the
biomass of living branches and leaves, which reached a plateau (branch
biomass) or slightly decrease (leaf biomass) from the 3rd year to the 6th
year after planting. Branches and leaves therefore accounted for a de-
creasing percentage of the total aerial living biomass, from 20% at the
end of the third year to 5% at the end of the rotation.

The differences in stem biomass among genotypes at the end of the
6-year survey were very large and highly significant. For instance, the
biomass of G10 (21.5 kgm−2) was on average across the 10 blocks 35%
higher than that of G15 (15.9 kgm−2) at age 6 years (Fig. 5). Between
these extremes, the 16 genotypes were fairly well distributed, some
being significantly different from the others whatever stand age (Fig. 4
and Fig. 6). However, their ranking changed along the rotation, with
some genotypes such as G8 or G16 starting with a very strong growth
until the fourth year, but then slowing down, while other genotypes
(e.g., G5 and G10) steadily accumulated stem biomass throughout the
rotation (Fig. 4). Some genotypes, such as G9, exhibited a large dif-
ference in plot biomass and productivity among blocks, which tended to
increase toward the end of the rotation due to outliers with low values
(Fig. 4). This was mostly due to an increase in tree mortality in some of
their plots (Figs. 4 and 6).

3.1.4. Mortality and intra-plot competition
Mortality was generally low in the experiment, most genotypes

having<5% of dead trees compared to stocking at planting, on
average, at the end of the rotation (Figs. 4 and 6). However, mortality
was significantly different among genotypes, some genotypes (e.g., G1,

Fig. 2. Vertical upward pictures of each genotype taken on plots centre (block B3, 15th of June 2014, 4.6 years old trees, spacing 3×2m). Leaf area index, crown
sizes, gap factions, crown cover, and other canopy structure showed high diversity across genotypes.

Table 3
Result of mixed model of fAPAR in function of plot averages characteristics,
with all genotypes included and with the blocks considered as random effect.
One model was adjusted each year. Some variables, noted “o”, were first re-
moved after computing their Variance Inflation Factors (VIF), to solve multi-
collinearity issue (see Section 2.7). Then, a backward elimination of non-sig-
nificant effects of the linear mixed effects model was performed (eliminated
variables are noted “x”). Remaining significant variables are labelled with *** if
p < 0.001, ** p < 0.01, *p < 0.05 of the F-test of the fixed effects, green if
the effect on fAPAR is positive and red if the effect is negative.
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G2, G3 and G13) being more severely affected than others. G1 and G2
were from seed origins and had higher number of dead trees since the
first year of the rotation, while genotypes G3 and G13 displayed high
mortality rates, possibly caused by a sensitivity to extreme wind. Some
particular events occurred at some plots, such as a lightning strike,
pathogen attack and other causes of tree dieback. Some blocks, such as
B2, but more clearly B10, showed high mortality rate for all genotypes.

Competition among trees within plots is both the result of differ-
ences in tree development and spatial heterogeneity created by mor-
tality of some trees. GINI heterogeneity index showed that the level of
competition was in general low (GINI< 0.25) (Cordonnier and
Kunstler, 2015; Fernández-Tschieder and Binkley, 2018). Competition
intensity, as captured by Gini index, differed among genotypes: all
genotypes followed a comparable trajectory with time, but at different
absolute levels. The four genotypes showing the highest competition
level also showed the highest mortality rates, and the highest hetero-
geneity in tree height (Fig. 4). As expected, the two seed-origin geno-
types (G1 and G2) had the highest GINI index. The GINI index de-
creased from the first to the second year, and then increased steadily
with time for all genotypes. Standard deviation of tree height also in-
creased along the rotation, meaning that tall tree grew faster in height
than smaller ones.

3.1.5. Leaf angles distributions and optical properties
Leaf inclination angle distributions were highly variables among

genotypes and changed with time along the rotation. Illustration for
two contrasted genotypes, G6 and G16 are given in Fig. 7, and figures
and equations for all other genotypes are given in Supplementary
Material 2 “Leaf inclination angle distributions”. Some genotypes had
erectophile-like leaf angle distribution, such as the G14 or G16, while
others tended to be more planophile (e.g. G3, G6). Changes of LIA with
time was significant for some genotypes, progressively changing from a
planophile-like distribution at young ages to more erectophile leaves
(e.g. G1, G2, G3, G6, G8, G15). Other genotypes, on the contrary, did
not show large changes of LAD with time (e.g. G4, G9, G10, G16). All
genotypes showed a clear leaf inclination change from the top to the

bottom of the canopy, with more erectophile leaves at the top and more
planophile leaves at the bottom (see Fig. 7 and Supplementary Material
2). It is interesting to note that this trend is found in all trees, whatever
their size within the canopy: top leaves of a small tree have similar
angles than bottom leaves of tall trees.

The reflectance and transmittance of leaves were not statistically
different between genotypes due to high within-genotype variability of
leaves within the crown. The observed increase of SPAD values between
age 1 and 6, for almost all genotypes (Fig. 8 and Supplementary
Material 4), is coherent with the decrease of reflectance and transmit-
tance, which was accounted for in the light transfer simulations. SPAD
values increased for almost all genotypes, and inter-genotype differ-
ences were high.

3.2. Validation of the light transfer modelling

Measured and modelled directional gap fractions were in close
agreement for much of the genotypes (Supplementary Material 3
“MAESTRA validation”, Figure SM3.1). There were substantial differ-
ences in gap fraction among genotypes, as visually observed in the field
on the day of the measurements (Fig. 2), which was well captured by
the model. The vertical GF was more difficult to simulate accurately,
because this angle integrated small canopy areas and was therefore
more subject to uncertainties in tree positions and sizes, but the
agreement between simulations and measurements is correct. The
shape of the decrease of GF with view angle is related to the leaf angle
distributions and dimensions and locations of the crowns and was also
well simulated for most of the genotypes.

When comparing the simulated and measured (1-DIFN) variables,
the correlation was high (Pearson correlation r= 0.84, p < 0.001) and
the results were good for the three blocks were the measurements were
carried on (Supplementary Material 3, Figure SM3.2). The results were
slightly underestimated for high values and overestimated for low va-
lues. Large differences in (1-DIFN) among genotypes were well cap-
tured, which confirmed that the MAESTRA model was able to simulate
APAR in contrasting stand structures.

Fig. 3. . Tree-scale allometric relationships calibrated for genotype G14. When allometric function include age effect, the equation is given. Points are measurements
(see Table 2), lines represent the model at that age. Crown diameter is in the row direction. For leaf biomass and area per tree, the equations are age-specific, and
eventually site-specific with a separation in function of soil characteristics (dotted lines). Equations for leaf biomass, area per tree, crown diameter in the inter-row
direction and equations and figures for the other 15 genotypes of the study are given in Supplementary Material 1. DBH: trunk diameter at 1.3 m; D2H: product of
DBH and tree height; DM: dry matter.
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3.3. Genotype differences in APAR and fAPAR

fAPAR increased rapidly during the first two years, and then
reached a plateau with values between 0.8 and 0.97 (Fig. 4). From the

second year on, APAR interannual variation was therefore mostly
driven by changes in average annual incident PAR. The increase in
fAPAR at the beginning of the rotation mostly resulted from the in-
crease in LAI and crown diameter and height. A saturation of fAPAR

Fig. 4. . Annual variations of 12 variables characterizing genotype light use efficiency and productivity. Gini index is computed based on basal area. Biomasses and
percent of dead trees, Gini index and standard deviation of height are the value at the end of the period, while other variables are period averages or differences.
Vertical bars indicate the least significant difference (LSD) at each age. LSD are shown when treatments are significantly different (p < 0.05).

G. le Maire, et al. Forest Ecology and Management 449 (2019) 117443

9



when LAI reached approximately 3m2m−2 was observed for all gen-
otypes along the rotation (Fig. 4). Variations of fAPAR also resulted
from other structural characteristics of the canopies taken into account
in the MAESTRA modelling, such as crown size and shape, leaf in-
clination angle distribution, leaf distribution within crowns, and leaf
optical properties. All these variations were summarized in the Ex-
tinction Coefficient variable (Fig. 8 and Supplementary Material 4). Ex-
tinction coefficient showed an initial decrease until 3 years of age,
followed by an increase, and large differences between genotypes. A
simple mixed model predicting stem growth in function of the genotype

and APAR and their interactions, with blocks considered as random
effects, showed that APAR and genotype were always significant pre-
dictors, but that their interactions occurred only in the first four years
(data not shown). So in the first years, the Growth vs. APAR relation-
ship changed among genotypes, but the genotype principal effect on
stem growth subsequently become stronger and independent of APAR.

A linear mixed model of fAPAR in function of plot averages char-
acteristics, with all genotypes included and with the blocks considered
as random effect, confirmed the highly significant importance of LAI all
along the rotation (Table 3). LIA was also significantly affecting fAPAR

Fig. 5. . Boxplot of stem biomass for each
genotype (left, G1–G16) and each block
(right, R1–R10). Median value is a hor-
izontal red bar, mean value a blue point,
edges of the box are 25th or 75th percen-
tiles, bars correspond to the extreme values
not considered as outliers, black points are
considered outliers (based on a distance to
the 25th or 75th percentiles). Rankings are
based on stem biomass at 6 years of age, and
the same rank is kept for all ages. Stars in
plot titles indicate the significance of an
ANOVA on Genotypes or on Blocks (*** if
p < 0.001, ** p < 0.01, *p < 0.05). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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all along the rotation, except for the 5th and 6th year. Plot average
height significantly affected fAPAR along the rotation. Mortality had a
significant effect in the 4th year only, when several genotypes suffered
from high mortality increase (Fig. 6), which created gaps only partly
compensated by increasing growth of neighbour trees. Finally, average
optical properties were significant at explaining the inter-plot varia-
tions of fAPAR at the end of the rotation.

3.4. Genotype differences in growth efficiency and LUE

Growth efficiency (GE), a measure of the amount of stemwood
produced per year and per unit of leaf area, was in general increasing
along the rotation (Fig. 4). The GE variability among genotypes was
very high and significant, with some genotypes such as G16 having a
very high GE at the beginning of the rotation that stabilized with stand
age, while other genotypes had lower GE at the beginning but it in-
creased steadily to reach high values at the end of the rotation (e.g.,
G10).

Similarly to GE, light use efficiency for stemwood production (LUE)
increased during the rotation. However, some differences appeared
between GE and LUE: the genotypes having high GE did not necessarily

Fig. 6. Stem biomass, percent of dead trees at 6 years old, and averaged APAR across the rotation for all genotypes and blocks.

Fig. 7. Leaf inclination angle distribution
and canopy profile for two contrasted gen-
otypes, G6 and G16. Color code are the same
as in Fig. 3. Left: angles in degrees
(90°= vertical). Values in colors are the
weighted average angles. Right: Hm is the
height between the soil and the measured
crown section. Model equation is given in
titles. Correlation coefficient and root mean
squared error, and the figures for the 14
other genotypes of the experiment are given
in Supplementary Material 2. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Annual variations of SPAD and Extinction Coefficient values. For
Extinction Coefficient, vertical bars indicate the least significant difference
(LSD) at each age. No LSD was computed for SPAD since estimation for each
Block was not possible.
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showed high LUE. These differences resulted from the non-pro-
portionality between LAI and fAPAR (see Section 3.3). The slight de-
crease observed in LUE in the 5th year was mostly due to the slight
increase in APAR during that year, which did not impact tree growth.
This increase of APAR was mostly attributable to an increase in annual
incoming PAR. Despite being affected by inter-annual changes in
growth conditions, the LUE showed a slightly increasing trend, con-
sistent along the rotation. fAPAR was indeed almost constant for most
of the rotation, while trunk growth slightly increased. Rotation aver-
aged LUE, shown in Fig. 9 c, show high difference among genotypes,
with 29% higher value for G10 (1.35 gMJ−1) than for G2
(1.05 gMJ−1).

3.5. Drivers of the spatial variability of trunk growth in function of stand
age and genotypes

Variability in LAI and APAR among genotypes did not explain
variability in production (Fig. 9a, b) summed over the entire rotation.
By contrast, the inter-genotype variability of LUE explained a large part
of the variability in productivity (Fig. 9c). In other words, genotypes
with higher LAI, or absorbing more radiation along the rotation, did not
systematically produce more stemwood. Other processes than light
absorption, captured in the Light Use Efficiency for stemwood pro-
duction, were responsible for differences in productivity among geno-
types. However, LAI and APAR explained the spatial differences (inter-
block) in stemwood production of some genotypes (e.g., G7 and G13,
Fig. 9d, e). On an annual basis, the correlation was especially high and
significant in the first year of the rotation, when the net primary pro-
duction of stemwood was highly linearly related with APAR (Fig. 10).
In the first year, APAR explained most of the spatial variation of
stemwood production. This production was however very low com-
pared to subsequent years. From the second year on, some genotypes
were more responsive to change in their APAR (e.g., G10 and G14) than
others. The absence of a significant APAR-growth relationship was
likely due to the absence of inter-block variability of APAR (e.g., G5), or
of stemwood growth (e.g., G9). LUE explained most of the spatial

variability of stemwood production (Fig. 9f). This was expected in this
context since LUE was computed as the part of the productivity that was
not directly explained by absorbed PAR. To summarize, the variability
of wood production was primarily attributable to differences among
genotype that were not captured by differences in APAR all along the
rotation (Fig. 11). APAR significantly explained growth differences

Fig. 9. Final trunk biomass in function of Leaf Area Index (LAI), Absorbed Photosynthetically Active Radiation (APAR) and Light Use Efficiency (LUE) averaged along
the 6 years rotation, and averaged across blocks (a–c) or plotted for each block (d–f). Inter-blocks standard deviation of the final trunk biomass and variables are
given in a–c as error bars. Colors and associated numbers distinguish the different genotypes (G1–G16). Regression line, correlation coefficient and p-value (or stars :
*** if p < 0.001, ** p < 0.01, *p < 0.05) are given for the inter-genotypes correlations (a, b, c) and the intra-genotype inter-blocks correlations (d–f).

Fig. 10. Correlation coefficient between Absorbed Photosynthetically Active
Radiation (APAR) and net primary productivity of stemwood (NPPstem), for
each year of a 6 year Eucalyptus rotation, and for each genotypes (G1–G16).
Significance of the correlation are given with red stars (*** if p < 0.001, **
p < 0.01, *p < 0.05). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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among genotypes in the first year, in the fourth and at the end of the
rotation, while GINI competition index (within-plot competition in-
tensity) was observed to have a substantial effect at the middle of the
rotation (from 2nd to 4th years). The block effect was significant all
along the survey, but higher at the end of the rotation. Residuals, i.e.
the part of the variance in stand growth not explained by these four
variables, increased after 3 years of age.

4. Discussion

The Eucalyptus genotypes compared in our field trial were obtained
from breeding programs located throughout Brazil, and large difference
in production dynamics was expected among them when planted at a
single location. The same planting date, stocking density and manage-
ment practices over the study area make it possible to assess the con-
sequences of genotype choice and spatial variability of soil resources on
the dynamics of biomass accumulation in our field trial. The 10 blocks
of the experiment were indeed located close to each other, thus ex-
periencing a similar climate while soil characteristics substantially
varied among blocks (Campoe et al., 2012). The large range of pro-
ductivity observed among genotypes resulted in a valuable dataset for
testing hypotheses on the effects of stand characteristics, allometry and
functional traits on productivity for several species and hybrids within
the Eucalyptus genus.

We observed that tree productivity was mainly driven by differences
in genotypic performances. Indeed, after excluding the plot of B4-G9
having very high mortality rate (Fig. 6), the correlation between the
stem biomass of the most productive plots and the less productive plots
among genotypes was high and very significant (r= 0.90 and
p < 0.001), which indicate that the most productive genotypes were
consistently more productive everywhere in the whole area despite the
soil gradient. Most of the clonal materials studied here had higher
productivity than the two seed origin materials G1 and G2. To analyse
the productivity of each genotype, we followed the framework of the
production ecology equation that separates production into the product
of resource supply, proportion of captured resource and efficiency of
resource use (Monteith and Moss, 1977). Light supply was considered
equivalent for all plots of the experiment, reducing the explained var-
iation of productivity to variations of fAPAR and LUE for stem wood
production. LUE for stem wood production captures a variety of pro-
cesses such as photosynthesis per unit of absorbed light, which is
function of the leaf photosynthetic characteristics and of the

environment, living biomass respiration, and partitioning of assimilated
carbon to stemwood production (Russell et al., 1989).

4.1. Variations of APAR, fAPAR and extinction coefficient with genotype
and stand age

Comparison between MAESTRA simulation and light interception
measurements conducted in situ showed strong adequacy
(Supplementary Material 3). The model successfully predicted angular
gap fractions for all genotypes, i.e., it reproduced the absolute GF value
in zenithal direction (mostly linked to LAI) as well as the GF diminution
with angle view (mostly linked to leaf angle and directional clumping).
fAPAR and APAR increased in the first two years after planting for all
genotypes, before stabilizing at fAPAR plateau values ranging from
about 0.8 to 0.97 depending on the genotype. Similar dynamics of
fAPAR were observed in other studies, based on model simulations (le
Maire et al., 2013), or situ measurements and remote sensing data
(Marsden et al., 2010). At all ages, genotypic differences in fAPAR were
driven by LAI (Table 3). For all genotypes, LAI increased rapidly after
planting, reaching a peak in the second or third year, and decreased
afterward until the end of the rotation (Fig. 4). This typical age-related
pattern in LAI has been reported for many Eucalyptus plantations across
the world (Ryan et al., 2004; Whitehead and Beadle, 2004; du Toit,
2008; le Maire et al., 2011). The decrease in LAI toward the end of the
rotation did not strongly affect fAPAR, since LAI values remained at
high levels for which the fAPAR vs. LAI relationships saturates. The
genotypic variability in fAPAR was also explained by LIA and crown
sizes (Table 3). Crown size has an impact on the macro-clumping of LAI,
which was shown to enhance radiation transmission throughout the
canopy and increase GPP (Rambal et al., 2003). Although potentially
contributing to inter-genotype differences in APAR, micro-clumping
inside tree crowns were not characterized in this study due to lack of
data on the within-crown distribution of leaves.

The integrated effect of changes in canopy structure on APAR was
however captured in the extinction coefficient k for daily PAR absorp-
tion (Eq. (6), Fig. 8 and Supplementary Material 4). Daily extinction
coefficients are useful for a simplified modelling of daily absorbed light
from LAI and daily incident PAR. The values of k estimated in the
present study were in the 0.4–0.76 range. These values are on the
higher range of measured values reported in literature (Albaugh et al.,
2016). In the present case, k estimated with MAESTRA considered the
canopy properties, the course of the sun during the day and the se-
paration of direct and diffuse radiation. Extinction coefficient for dif-
fuse sky radiation are higher than for direct radiation, since extinction
coefficients are lower at nadir when eventual direct PAR is higher
(Nouvellon et al., 2000). On the contrary, diffuse extinction coefficient
takes into account the whole hemisphere, where nadir solid angles are
under-represented compared to higher angles which have higher di-
rectional k values. It underlines the necessity to distinguish the direct
and diffuse radiation when computing APAR (Li and Fang, 2015), as
done in MAESTRA.

A decrease of the extinction coefficient between two and three years
of age was also observed by Dovey and Du Toit (2006), with lower
values (from 0.55 to 0.42). Lower k values were obtained at LAI peak,
probably due to the decrease of diffuse extinction coefficient with LAI
increase (Nouvellon et al., 2000). Differences between genotypes stayed
along the rotation. Our results therefore showed that genotype- and
age-specific values of extinction coefficient are needed when using Eq.
(6) for computing fAPAR, while most of modelling studies are using a
default value of 0.5 (Landsberg and Hingston, 1996; Almeida et al.,
2004; Pérez-Cruzado et al., 2011).

Despite a rather simple representation of the 3D structure of ca-
nopies, other studies show that MAESTRA is flexible enough to re-
present various types tree crowns, and fast enough to simulate APAR
over entire rotations (Bauerle et al., 2004; Binkley et al., 2010;
Charbonnier et al., 2013; Gspaltl et al., 2013; le Maire et al., 2013). On

Fig. 11. Fraction of variation attributable to each variable in mixed models
predicting annual stemwood growth, along a 6 year rotation.
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the present study, MAESTRA accounted for variation of LIA at plot
scale, explaining large part of the APAR variation (Table 3). It con-
firmed that this variable should be systematically estimated together
with LAI when analysing Eucalyptus plantations APAR. Detailed re-
presentation of specific tree traits such as vertical profiles of within-
crown leaf inclination angles or leaf area distribution would request
more complex measurements and models, such as 3D structural models
describing each leaf orientation (Parveaud et al., 2007). Gradient of
inclination angles from erectophile on the top to planophile on the
bottom of the canopy is known as optimal for maximizing canopy
photosynthesis and limiting leaf photoxidative, temperature or water
stresses associated with high irradiance (Russell et al., 1989; King,
1997; Posada et al., 2009). Such optimality seems to be genotype-de-
pendent, and further studies are needed to examine the effect of LAI and
leaf angles, together with other variables such as SLA, nitrogen and
photosynthetic parameters profiles on productivity. Leaf optical prop-
erties were shown to have significant effect on fAPAR differences
among genotypes. Correlation of SPAD with PAR reflectance and
transmittance observed in our dataset could facilitate the field estima-
tion of these characteristics. Finally, row orientation was accounted for
in the MAESTRA simulation but its effect on daily APAR and GPP was
not studied here. A model such as DART (Gastellu-Etchegorry et al.,
2004), can help understanding further differences in light absorption
regimes among genotypes and locations, as was done in the same ex-
periment in Oliveira et al. (2017).

4.2. Variations of LUE with genotype and stand age

The values of Light Use Efficiency for stemwood production ob-
tained in the present study were in line with measurements from pre-
vious studies led in Eucalyptus plantation in Brazil (Marsden et al.,
2010; le Maire et al., 2013), which showed similar patterns of strong
increase at early age and saturation or moderate increase after canopy
closing. Light Use Efficiency is driven by a complex set of processes
ranging from leaf-scale to tree-scale levels (Binkley et al., 2010) that
need to be untangled to understand the age-related trend observed in
our trial. LUE and GE have different trends along the rotation, GE
showing less saturation due to increase of the APAR/LAI ratio after
canopy closure. The photosynthetic capacities of the leaves may change
among genotypes and site conditions, but they were not measured in
this study. SPAD values averaged at stand scale, related to chlorophyll
content (Pinkard et al., 2006), increased with tree age (Fig. 8), but the
link with photosynthetic capacity, and consequently LUE and GE, is not
straightforward and would require more investigations.

Gross photosynthesis can also be strongly impacted by drought
periods, through changes in stomatal conductance and eventually
through leaf fall. There are large differences of leaf anatomy between
these genotypes, and sap flow measurements have also shown large
differences in tree transpiration per unit of leaf area in our experiment
(unpublished data). Previous studies led in the same stand (Christina
et al., 2017) or in a close rainfall exclusion trial (Christina et al., 2018)
have shown that in this region, Eucalyptus plantations established in
deep sandy soils have access to important soil water stocks in the first
years after planting. Water stress therefore starts affecting plantation
functioning and productivity only after canopy closure at about 2 years
of age. Our results suggest that this could also be the case for most of
the genotypes in the studied trial, but no measurements were made to
confirm this hypothesis.

Partitioning of the photosynthesized carbon between respiration
and allocation to tree organ is probably a major driver of the changes in
LUE with age, among genotypes and among sites. Indeed, partitioning is
predominantly oriented toward resource-capturing organs at the be-
ginning of the rotation (especially the first year) and toward woody
organs latter in the rotation (Nouvellon et al., 2012; Marsden et al.,
2013). Shifts in carbon allocation with ontogeny, environmental con-
straints and resource availability was also observed in Ryan et al.

(2004) in another Eucalyptus genotype. Carbon partitioning to above-
ground NPP is also spatially variable: higher GPP and carbon parti-
tioning to stemwood generally occurs in more fertile sites (Haynes and
Gower, 1995; Stape et al., 2008; Campoe et al., 2012; Vicca et al.,
2012). Increasing soil nutrient availability can also enhance the carbon
partition to aboveground tree components (Giardina et al., 2003; Litton
et al., 2007; Epron et al., 2012). Water availability and stand structure
also alter carbon partitioning, e.g. between aboveground and below-
ground (Ryan et al., 2004; Stape et al., 2008).

4.3. Effects of stand heterogeneity, tree mortality and soil properties on
growth and LUE

In general, mortality is low in commercial Eucalyptus plantation
managed in short rotations, but it was relatively high for some blocks
and genotypes in our study as a result of tree fall after windy events,
lightning strikes, etc. Contrasting sensibilities of the 16 genotypes to
wind and pathogens led to significant differences in mortality rates.
Mortality created or reinforced heterogeneity in tree size within ca-
nopies by creating gaps. In this study, seed-origin plantations (G1 and
G2) and clones G3 and G13 showed higher mortality rates.
Heterogeneous canopies of Eucalyptus were shown to have lower pro-
ductivity (Binkley et al., 2010; Ryan et al., 2010; Stape et al., 2010; Luu
et al., 2013). Similar conclusions were found in monospecific European
forests (Bourdier et al., 2016). Here, the effect of stand heterogeneity
was assessed with two indices, the GINI index of tree basal areas and
standard deviation of height of living trees. Heterogeneity is especially
high for seed-origins genotypes G1 and G2, which probably reflects the
heterogeneity of growth potential between seeds. Beyond biotic and
abiotic mortality events, the heterogeneity of clonal plantation is also
the consequence of differences in the planting conditions of each single
tree. We observed that the GINI index of heterogeneity had a high and
significant effect on clone productivity (Fig. 11).

4.4. Contrasted light-use strategies among genotypes of the Eucalyptus genus

A large diversity of trait combinations can be pointed out among the
16 highly productive genotypes in our experiment. For example, some
genotypes with contrasting profiles:

- G10 with high LAI and branch biomass, high LUE and GE, low
mortality and heterogeneity indices, strong growth at the end of the
rotation in 5th and 6th years due to increase in LUE;

- G16 with low LAI and branch biomass, high leaf inclination angles,
strong initial growth, low heterogeneity indices, high LUE and GE at
the beginning of the rotation but a clear slowing down of LUE after
4 years, which result in a stem growth decline at the end of the
rotation;

- G12 with low LAI and branch biomass, but high LUE and GE at the
beginning but also at the end of the rotation, which displayed high
biomass at 6 years

- G2 with high intra-stand heterogeneity of growth, high mortality,
high branch biomass but average LAI, and lower LUE than average,
which resulted in low standing biomass at 6 years

Such trait combinations show contrasting strategies for resource
acquisition and growth. Our results highlight the major importance of
the two last years of the rotation to maximize the amount of stemwood
harvested at age 6 years. Indeed, the ranking of the genotypes changed
substantially between the 4th and 5th year after planting (Fig. 5). It
underlines differences in resource acquisition dynamics and allocation
among genotypes of the Eucalyptus genus. This was confirmed by a
mixed model which showed that the final average stem biomass for
each genotype was more closely explained by the average LUE of the
4th, 5th and 6th years (R2 of 0.45, 0.64 and 0.61 respectively, all sig-
nificant at p < 0.01) than by the LUE of the previous years (correlation
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unsignificant). The genotypes with the highest final biomass, such as
G10 and G12, were the ones with the highest final LUE.

An hypothesis to explain these differences is that after 3 years old,
several factors start affecting stemwood growth with different intensity
among genotypes: water resource becomes a strong limiting factor since
all the annual rainfall (about 1500mm) is used by the trees (Christina
et al., 2017), hydraulic limitations may happen due to tree height (Ryan
et al., 2006), and tree height could enhance susceptibility to wind da-
mage. Other characteristics such as initial growth rates, stand homo-
geneity and APAR, were not as important as LUE during the last years to
explain stemwood biomass at harvest for our 16 genotypes. However,
the diversity of growth patterns at the end of the rotation in our study is
probably influenced by the heterogeneity of the genotypes selected by
forest companies from the South to the North of Brazil. It underlines the
fact that clonal selection is more reliable at harvesting age, which is
mostly the case in Brazil, but a more juvenile selection (around age
3 years) may still be valuable in forest companies to rank less diverse
genotypes adapted to specific climate and soil conditions.

An interesting trend, not analysed in details in the present study, is
that genotypes having invested more in leaves were generally more
adapted to wet regions, such as G14 (E. saligna coming from a region
having mean daily temperature of 18.4 °C, with 13.2–24.2 °C range, and
rainfall of ~1600mm, Table 1), while genotypes having lower LAI were
more conservative for water use, such as G16 (E.grandis × E. ca-
maldulensis selected in a region having mean temperature of 24.7 °C,
with 22.4–26.1 °C range and rainfall of ~1000mm). They also have
contrasting investments in fine roots, which could results in different
abilities to access during dry periods to large amounts of water stored in
the deep soil layers. In our experiment, Pinheiro et al. (2016) have
shown at age 2 years that the fine root biomass was different between
genotypes. The genotype with the highest fine root biomass, fine root
length, and the maximum depth reached by fine roots was the genotype
with the lowest leaf area index. However, this investment in fine roots
at two years of age do not seem related to the final stemwood pro-
duction at age 6 years, but the four genotypes studied in Pinheiro et al.
(2016) were among the genotypes with the lowest biomass at harvest in
our study (G1, G8, G14, G16). Modelling the differences of carbon cy-
cling between genotypes using process-based models would be useful to
gain insight into the processes driving the changes in LUE over the last
years of the rotation.

5. Conclusion

As expected, the range of productivities was large in our study for
Eucalyptus genotypes originating from breeding programs located
across a large climate gradient and grown in a single location.
Productivity was analysed here together with other characteristics of
the stands, such as their leaf area index, level of stand heterogeneity,
and other functional traits. The genotypes showed large differences in
dynamics of LAI, APAR and in efficiency for using the absorbed APAR
to grow wood. Differences of LAI and APAR among genotypes were not
linked to genotype productivity. Spatial variability of growth was di-
rectly related to APAR for almost all genotypes the first two years after
planting. Over the entire rotation, only 5 out of 16 genotypes showed
significant correlation between total absorbed PAR and stemwood
production. The efficiency for converting radiation into stemwood is
the major factor explaining i) differences of productivity among geno-
types, and ii) explaining differences of productivity of a given genotype
along a gradient of soil characteristic. LAI and LUE dynamics along the
rotation were clone-dependent. The LUE at the end of the rotation was
the major factor differentiating the highly productive from the less
productive genotypes at age 6 years in monoclonal Eucalyptus planta-
tions. The biological mechanisms, and associated functional traits, that
drive spatial and temporal changes of LUE in commercial Eucalyptus
plantations deserve closer attention.
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