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a b s t r a c t
Close-to-nature management of forests has been increasingly advocated. However forest managers often
face difﬁculties in maintaining mixtures of species with different shade tolerance. In uneven aged stand
management, understory light can be manipulated by modifying stand structure and composition, in
addition to stand density. Using a forest radiative transfer model, we analyzed how different cutting
strategies could modify light availability under the post-harvest canopy. To calibrate the model, we measured and mapped trees in 27 plots with structures ranging from secondary-successional oak forests to
late-successional beech forests. We measured understory light and crown openness and veriﬁed that our
forest radiative transfer model well captured the variability of understory light among the studied stands
(R2 = 87%). We then compared cutting strategies varying in type and intensity and provided indications to
promote the regeneration of mixtures of species of different shade tolerances. In particular, creating gaps
of about 500 m2 provided adequate light for small regeneration clumps. Cutting from below, speciesspeciﬁc cutting and uniform cutting were also appropriate for tree regeneration but uniform cutting
required higher harvest intensity. Cutting from above slightly increased understory light and promoted
more shade tolerant species.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Close-to-nature management of forests has been increasingly
advocated and practiced. Foresters attempt to mimic natural processes in order to produce wood and to preserve ecosystem services
and diversity (Schütz, 1999). This concept is generally practiced
using continuous-cover forestry systems, relying on natural regeneration, maintaining irregular stand structure and a mixture of tree
species (Pommerening and Murphy, 2004; Bruciamacchie and de
Turckheim, 2005; Schütz et al., 2012). The major difﬁculty with this
system is in controlling the composition and the growth of the
natural regeneration, especially of the regeneration of less shadetolerant species.
Naturally, when they are abundant in the overstory or understory, shade-tolerant species suppress the regeneration of less
shade-tolerant species in continuous-cover forestry system
⇑ Corresponding author. Tel.: +32 81622320; fax: +32 81622301.
E-mail address: gligot@ulg.ac.be (G. Ligot).
http://dx.doi.org/10.1016/j.foreco.2014.05.010
0378-1127/Ó 2014 Elsevier B.V. All rights reserved.

because canopy openings are usually limited. As a case in point,
beech (Fagus) is a common genus in the northern hemisphere
whose species are known to be very shade-tolerant and to suppress less shade-tolerant species in the absence of severe perturbation (Kunstler et al., 2005; Beaudet et al., 2007; Wagner et al.,
2010; Takahashi and Goto, 2012; Ligot et al., 2013). Beech juveniles
survive and invade the understory even under a closed canopy.
After even a slight canopy release, that lets in 10% of above canopy
light, beech juveniles thrive whereas most other species cannot
survive for long (Emborg, 1998; Stancioiu and O’Hara, 2006). In
understories with more than 20% of above canopy light, such as
after moderate canopy release, less shade-tolerant species grow
well. Nevertheless, in these conditions, beech juveniles grow faster
(Kunstler et al., 2005; Beaudet et al., 2007; Takahashi and Goto,
2012; Ligot et al., 2013) and are often taller than the companion
species.
Controlling understory light is therefore a key factor to regenerate mixed stands (Lieffers et al., 1999). The control of understory
light with partial cuttings requires properly modifying stand
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structure and composition in addition to solely managing stand
density. To date, this question of how changes in stand structure
and composition affects understory light has rarely been
addressed, especially for heterogeneous broadleaved forests. Only
a few ﬁeld experiments successfully deﬁned levels of canopy openness suitable for the regeneration of mixed species (von Lüpke,
1998; Prévost and Pothier, 2003) while simulation studies have
been limited to particular ecosystems. Cutting groups of spatially
aggregated trees or creating gaps has been reported to drastically
increase light availability for the regeneration in boreal mixedwoods (Coates et al., 2003; Beaudet et al., 2011), even-aged
western hemlock or douglas-ﬁr forests (Sprugel et al., 2009) or
uneven-aged spruce forests (Courbaud et al., 2001; Lafond et al.,
2013). Additionally, cutting understory poles and trees with
branches immediately above the regeneration, or cutting from
below in some way, has often been recommended for shelterwood
systems as these poles and trees, unless removed, compete
strongly with regeneration for nutrients, water and light resources
(Nyland, 1996). Moreover, we suppose that removing shadetolerant species increases understory light more than removing
trees randomly because shade-tolerant species usually have wider,
deeper and denser crowns than less shade-tolerant species (Coates
et al., 2003; Beaudet et al., 2011).
We therefore attempted to explore how silvicultural regeneration treatments modifying stand structure and composition affect
understory light in order to identify the best treatment to promote
the regeneration of mixed species. In particular, we aimed to:
1. compare different cutting scenarios hypothesizing that, at similar levels of harvest intensity, gap creation, cutting from below,
removing shade-tolerant species (species-speciﬁc cutting), cutting randomly and cutting from above induced respectively a
high to low responses in transmitted light (H1);
2. test whether our ﬁrst hypothesis is general or depends on initial
stand structure (H2);
3. identify the combinations of cutting scenarios that maximize
the understory area receiving 10–20% (levels favorable to
regeneration of shade-tolerant species such as beech regeneration) or 20–40% (levels favorable to regeneration of midtolerant species) and above 40% (little light limitations for most
regeneration) of above canopy light.
2. Methods
2.1. Study area
We studied light management as a regeneration treatment for
acidophile medio-European beech forests (CORINE classiﬁcation
41.111) mainly composed of European beech (Fagus sylvatica L.)
and sessile oak (Quercus petraea (Matt.) Lieb). These forests have
been managed with continuous-cover forestry systems for several
decades and it has been noticed that the proportion of less
shade-tolerant companion species has decreased (von Lüpke,
1998; Alderweireld et al., 2010). This underlines the failure of
current practices to promote the coexistence of species mixtures.
Yet, sustaining oak in beech forests, as well as maintaining mixtures of tree species in general, is important for biodiversity, forest
resiliency, soil fertility, recreational and timber production issues.
The study area was located in the Belgian Ardennes (50°150 N,
5°400 E). Dominant soils are well drained brown acidic soils (WRB
soil classiﬁcation) of variable depth that developed on hercynian
oligotrophic schist and sandstone substrates. Precipitation ranges
from 930 to 1200 mm year1 and the mean annual temperature
is about 9 °C.
We selected 27 sites with varying stand structures and
compositions and with established regeneration of oak and (or)

beech. These studied stands characterized the diversity of forest
structures that can be found during forest succession of earlysuccessional oak forests to late-successional pure beech forests
(Fig. 1). All of the studied stands are in public forests. With the
gradual degradation of the market of small oak timber during the
20th century, they have been managed with continuous-cover
forestry systems in order to progressively convert oak coppices
or oak coppices with standards to high forests. Forest managers
have usually maintained high forest stocking of adult trees promoting beech regeneration. Nevertheless, during the last decade,
beech decay (Henin et al., 2003) has opened the canopy of some
of these forests providing opportunities for the regeneration of less
shade-tolerant species.
Every tree with a circumference greater than 40 cm was
mapped and measured. We measured the circumference at breast
height, total height (H), and height to the base of the crown for
each tree. On 13 sites, we also measured at least 4 crown radii
for every tree. Besides oak and beech, our data set contained 7%
hornbeam (Carpinus betulus L.), 4% small coniferous trees
(Pseudotsuga menziessi (Mirb.) Franco, Picea abies (L.) Karst, and
Pinus sylvestris L.), 2% birches (Betula pendula Erth, Betula pubescens
Erth), and 2% other broadleaved species (Acer pseudoplatanus L.,
Acer platanoides L., Sorbus aucuparia L, and Corylus avellana L.).
The inventoried plots had an oval shape of variable area because
they surrounded fenced areas in which advanced regeneration has
been studied for a companion study (Ligot et al., 2013). Trees were
measured if they were located at a distance of less than 20 m from
the fence. Plot area ranged from 2070 m2 to 10,540 m2 with an
average of 4340 m2.
2.2. Model development and implementation
The forest radiative model named SamsaraLight was implemented in the forest simulation platform Capsis (Dufour-Kowalski
et al., 2012). Courbaud et al. (2003) described a ﬁrst version of this
radiative model and validated it for an irregular Norway spruce
stand (Picea abies (L.) Karst). Since 2003, the model has been
improved and now enables users to model crowns with asymmetric
ellipsoids (Appendix A).
We set SamsaraLight to sample 130 diffuse and 81 direct ray
directions for each month of the growing period (from April to
October). Ray directions are sampled at regular increasing zenithal
angles with a starting value of 10° and an angle step of 15°. For
every direction, parallel rays are cast at ground level in either cell
centers or any other speciﬁed locations (virtual sensor). Samsaralight then identiﬁes the interceptions of light rays by tree crowns
and computes radiation attenuation using Beer’s law (Eq. (1)).
SamsaraLight predicts transmitted light within a rectangular
plot. Since our inventory plots were not rectangular, we developed
an algorithm that added virtual trees in order to obtain a rectangular plot (Fig. 2). For each site, virtual trees were randomly drawn
with replacement from the measured trees. Their location outside
the inventoried area was then randomly generated. This process
was repeated until the basal area of the rectangular plot equaled
the basal area of the inventoried plot. The number of virtual trees
created in each plot ranged between 0 and 68, and the area over
which they were simulated represented on average 28% of the
rectangular plot area.
2.3. Model parameterization
SamsaraLight required deﬁning the dimensions and leaf area
density of the modeled crowns. We adjusted allometric relationships using the nonlinear least squares method (R Core Team,
2013) in order to estimate missing crown radii for the six main
groups of species: beech, oak, hornbeam and birches, other
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Quercus petreae
Fagus sylvatica
Other species

Fig. 1. Stand structure and composition of the 27 studied plots expressed as tree frequency by diameter class. The charts are sorted by decreasing proportion of oak. Plot basal
area is reported next to the plot id number showing no trend between plot basal area and plot composition. The asterisks next to plot id number denote the 9 plots where
initial mean percentage of above canopy light (PACL) was below 20%.

Fig. 2. Three dimensional visualizations of the different zones within a plot (plot ID 22) with and without trees. In order to evaluate the cutting scenarios, our model was set
to predict the percentage of above canopy light at 2 m above forest ground (virtual light sensor) and at every intersection of a 7 m  7 m grid within the center part of the
plots.

broadleaved species, and coniferous species. Crown radii were best
modeled with power functions of tree diameter (dbh) similarly to
Beaudet et al. (2011). Crown leaf area density (LAD) was estimated
with photographs of isolated crowns similarly to the method used
to estimate crown openness (Canham et al., 1999; Beaudet and
Messier, 2002; Astrup and Larson, 2006). This method is rapidly
executed in comparison to previously reported methods using leaf
samples or leaf traps (Bartelink, 1997; Jonard et al., 2006) or
vertical line intersect sampling methods (Nock et al., 2008) but it

applies only to trees with relatively isolated crowns. We took
112 photographs of isolated crowns of 21 oaks, 13 beeches, 8
birches and 4 hornbeams. The photographs were processed with
PiafPhotem (Adam et al., 2006) in order to compute the gap fraction, p. Additionally, for every photographed crown, we recorded
4 crown radii, crown base height and tree height. We computed
the path length, l, as the distance between the intersections
between the modeled crown ellipsoids (Appendices A-D) and the
photograph direction. Photograph direction was computed from
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the recorded photograph elevation angle and the estimated
distance to the trunk (Appendix B). The inversion of Beer’s law
(Eq. (1)), with the common assumption of spherical distribution
of leaves (k = 0.5), was used to estimate LAD (Phattaralerphong
et al., 2006; Da Silva et al., 2012). We could have used kLAD
instead of LAD. Although this would allow us to not ﬁx k, it would
not have allowed us to compare LAD values with other published
works.

p

I
¼ expðk  l  LADÞ
I0

ð1Þ

with I and I0 the transmitted irradiance and the incident irradiance,
respectively.
We ﬁnally modeled the LAD estimates for beech and oak. We
obtained the best ﬁts with a polynomial function of dbh adjusted
with the linear least squares method (R Core Team, 2013). For
the other species we did not collect enough data to model LAD
as a function of dbh. Nevertheless, Courbaud et al. (2003) mentioned that SamsaraLight sensitivity to leaf area density was low
between 0.3 and 0.9 m2 m3. We assumed LAD to be 0.6 m2 m3
for all other species as 0.6 corresponded to the average of all measured trees. Trunks were modeled as cylinders of dbh diameter and
crown base height. Trunk do not transmit light.
SamsaraLight additionally required monthly meteorological
records of total and diffuse irradiances in MJ m2. We computed
such monthly averaged data from data recorded between 2007
and 2011 by the meteorological institute of Belgium in Humain
(50°.330 N 5°430 E). Furthermore, we set SamsaraLight to predict
percentages of above canopy light (PACL) at 2 m above the forest
ﬂoor at each intersection of a 7  7 rectangular grid (Fig. 2). We
thus obtained 49 estimates of PACL for each simulation.
2.4. Model evaluation
In mid-July 2010, we took 307 hemispherical photographs in 19
sites. The photographs were taken just before sunrise and above
the regeneration of the plots that were installed every 4 m following a square grid (Ligot et al., 2013). The number of photographs
per site depended therefore on the area of each site and ranged
between 6 and 39. We then computed the percentage of above canopy light (PACLphoto) that is transmitted through the canopy
between April 1st and October 31st 2012. For the sole purpose of
model evaluation, we additionally measured and mapped every
stem greater than 20 cm circumference in circular plots of 15 m
radius and every stem greater than 7.5 cm circumference in
circular plots of 7 m radius. These concentric plots were centered
around the points where hemispherical photographs were taken.
We compared the hemispherical photograph light estimates with
SamsaraLight predictions (PACLmodel) computed for the same period and at the same locations (i.e. not at the intersection points
of the grid used for the evaluation of the cutting scenarios).
In order to evaluate model predictions, we adjusted linear models with the ordinary least square method between PACLmodel and
PACLphoto. Next, we computed the conﬁdence intervals (a = 0.05) of
model coefﬁcients in order to appreciate the deviation of the modeled relationship with a 1:1 relationship. Similarly to Da Silva et al.
(2012), we also compared the cumulative distribution function
(CDF) of PACLphoto and PACLmodel for every site. We computed a
Kolmogorov–Smirnov test (K–S test) to quantify and test the distance between the two CDFs. The null hypothesis being that the
samples are drawn from the same population.
2.5. Cutting scenarios
For the 27 inventoried stands, we simulated 5 cutting types
that reproduced 5 silvicultural regeneration strategies commonly

practiced in forests of the Belgian Ardennes; namely: cutting from
above, cutting from below, gap creation, species-speciﬁc cutting
and uniform cutting (Table 1). Cutting from above harvests the
most valuable trees. Typically, the trees with a diameter greater
than the exploitable diameter are cut i.e. these are diameter limit
cuts. In contrast, cutting from below harvests small trees with
low economic value. Such a strategy is typically applied to promote
the growth of dominant trees, increase light for natural regeneration and mimics self-thinning. Cutting that creates gaps are especially used to increase light for a clump of saplings and promote
regeneration. Species-speciﬁc cutting has been practiced recently
because oak has become scarce. Therefore, foresters conserve oak
seed trees even if, for example, their diameter exceeds the exploitable diameter or if they are wounded. Finally, we simulated
uniform cuttings in which trees were randomly harvested. This
scenario can be considered to be the control treatment.
The 5 algorithms of the 5 cutting types started computing scoret
(Table 1) for every tree and then cut the trees by order of decreasing scoret until the harvest intensity level was reached. scoret computed for cuttings from below and from above were on average
greater for narrow and large trees, respectively. scoret included a
random component that ensured that tree selection differed
between simulations. The weight given to this random contribution was set to 0.2 so that the distribution of the diameter of cut
trees followed a realistic normal distribution. Gap creation scenarios harvested trees around a random location that must lie within
the central part of the plots (Fig. 2). Furthermore with cutting
intensities greater or equal to 0.4, the gap radius was often greater
than 20 m which corresponded to the buffer distance between the
plot boundary and the center part of the plots (Fig. 2). In such
cases, the gap shape became a truncated circle. These algorithms
are now available in Capsis for most individual tree growth models.
The 5 cutting types were applied to the 27 stands with 4 different levels of harvest intensity (10%, 20%, 40% and 60% of initial plot
basal area). Since the algorithms of every cutting type had stochastic components, we repeated the simulation 10 times. For each
simulation, 49 estimates of PACL were computed according to
the grid introduced in Section 2.3. We therefore tested 20 cutting
scenarios with 5427 simulations and 265,923 computations of
PACLmodel.
2.6. Statistical analyses of cutting scenarios
In order to compare the different scenarios, we computed the
differences between the average of the 49 estimates of transmitted
light before and after harvesting (DPACL). Then, we adjusted a linear mixed model with lme4 R package (Bates et al., 2013) in order to
quantify the relationship between DPACL and cutting intensity (Ii).

DPACLijkl ¼ ðbl þ bjl ÞIi þ eijkl
bjl  Nð0; hb Þ
eijkl  Nð0; he Þ

ð2Þ

With i, j, k, l the indices corresponding to the cutting intensity,
plot, the simulation run and the cutting type, respectively. bl was
the ﬁxed-effect parameter which was estimated for each ‘‘l’’ cutting type. bjl was a random-effect parameter varying between plot
and cutting type. Similarly to the residual term, bjl followed a centered normal distribution. This model assumed that DPACL was
proportional to Ii and that the slope of this relationship (bl) varied
with cutting type and initial site conditions. The hypothesis H1 was
tested computing the approximate conﬁdence intervals of bl. These
conﬁdence intervals were obtained from the likelihood proﬁle of bl
(Bates et al., 2013).
In order to further analyze how initial stand structure affected
the response (H2), we ﬁtted ﬁve additional models that included
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Table 1
Description of the 5 cutting types. With (xt; yt) the tree coordinates, (xg; yg) the random gap center coordinates that must be within the central part of the plot (i.e. within (xmin,
xmax, ymin, ymax), dbht the diameter of tree t, dbhmin and dbhmax the minimum and maximum of dbh, u a random number generated between 0 and 1.
Cutting type

Description

Scorei

Uniform cutting
Species-speciﬁc cutting

scoretu
Scoret = b + u

Cutting from below

Random harvest of trees
Preferential harvest of beech and hornbeam (b = 2), then the other species (b = 1) and ﬁnally oak
(b = 0)
Preferential harvest of small trees

Cutting from above

Preferential harvest of large trees

Gap creation

Harvest of all trees around a gap center. The location of the gap center was determined at random
but must be within the central part of a plot (Fig. 2).

the effects of 5 different stand structure parameters (denoted by P
in Eq. (3)). These parameters were stand basal area (BA), quadratic
mean diameter (dg), basal area proportion of oak (Poak), standard
deviation of dbh (hdbh), Clark–Evans aggregation index (CE) and
basal area of trees with dbh smaller than 25 cm (BAS). With the
exception of BAS, they have commonly been used to describe stand
density and structure in similar studies (Sprugel et al., 2009;
Beaudet et al., 2011; Lafond et al., 2013). These indices describe
the stand density and structure before harvest. The Clark–Evans
aggregation index (Eq. (4)) gives values greater than 1 for regular
tree distributions and lower than 1 for aggregated tree distributions. The basal area of small trees (BAS) was added because poles
and small trees were sometimes abundant in the understory and
was expected to capture a high proportion of transmitted radiation. We tested the addition of the corresponding ﬁxed-effect
parameter cs with the log likelihood ratio test (Bates et al., 2013).

DPACLijkl ¼ ðbl þ cl  Pj þ bjl ÞIi þ eijkl
CE ¼

r
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:5 A=N

ð3Þ
ð4Þ

where cl is an additional ﬁxed-effects parameter varying with cutting type, the mean distance between trees and their nearest neighbor, A is the plot area and N is the number of trees within the plot.
Next, we computed the slope of this relationship (bl + cl  Pj) for the
different cutting types and for the observed ranges of the parameters. We could thus determine whether our ﬁrst hypothesis was
veriﬁed for all of the initial stand conditions.
Next, we created four classes of PACL. These classes had PACL
values ranging between 0–10%, 10–20%, 20–40%, and 40–100%.
They corresponded respectively to light levels that are unfavorable
to natural regeneration of tree species, favorable to beech sapling
growth, favorable to beech and oak sapling growth and above light
saturation point (Ligot et al., 2013).
Furthermore, we computed the average frequency of the
predictions by PACL classes and cutting intensity. In order to provide a guide to forest managers, we repeated these computations
replacing the harvest intensity by the resulting post-harvest basal
area. We restricted these analyses to the 9 plots where the mean
PACL before cutting was less than 20%, i.e. where cutting was necessary to promote the natural regeneration of less shade-tolerant
species.
3. Results
3.1. Tree inventory
According to the ﬁeld data, stand composition and stand density varied considerably between study sites (Fig. 1 and Table A1
in Appendix). The proportion of oak in the overstory ranged



t dbhmin
scoret ¼ 0:2u þ 0:8 1  dbhdbh
max dbhmin þ1


max dbht
scoret ¼ 0:2u þ 0:8 1  dbhdbh
max dbhmin þ1
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
scoret ¼  ðxt  xg Þ2 þ ðyt  yg Þ2
xg  U ½xmin ;xmax 
yg  U ½ymin ;ymax 

between 0% and 98%. High proportions of oak occurred mostly in
stands with high basal area (r = 0.389, P = 0.045) and low quadratic
mean diameter (r = 0.523, P = 0.004). Additionally, in some sites,
the distribution of tree diameters followed an inverted j-shaped
curve while in other sites it approximated a bell-shaped curve
(Fig. 1). Tree aggregation was greater in stands with complex vertical structure. Clark-Evans aggregation index was indeed negatively correlated with the standard deviation of tree diameter
(r =  0.500, P = 0.008).
3.2. Allometric relationships
The power function models of crown radius ﬁtted well the 6
groups of species with root mean square error lower than 81 cm
(Table 2). For comparable tree dbh, hornbeam and beech trees
had wider crowns than oak trees.
Estimates of crown leaf area density (LAD, in m2 m3) varied
noticeably from tree to tree and even from photography to photography of the same tree. Foliage biomass is usually assumed to
depend on sapwood area (pipe model) (Shinozaki et al., 1964)
and hence also to tree dbh. However, tree dbh explained only
48% and 30% of LAD variability for oak and beech trees, respectively
(Table 3). LAD decreased with tree dbh and more so for beech than
for oak. Additionally, LAD stopped decreasing for beech at around
50 cm dbh and then started to increase gently. Our LAD estimates
matched previously reported values of leaf area for beech and oak
(Bartelink, 1997; Jonard et al., 2006) and were in the range of
reported LAD values for broadleaved species (Stadt and Lieffers,
2000; Piboule, 2001; Gersonde et al., 2004; Sprugel et al., 2009).
3.3. Light model evaluation
There was a good linear relationship between the modeled
PACLmodel and the measured PACLphoto (R2 = 68%, Fig. 3a) although
our model tended to overestimate PACLphoto (intercept signiﬁcantly greater than 0 and the slope not signiﬁcantly different from
1). The model predicted better PACL values when averaged at the
site level (R2 = 87% with intercept not signiﬁcantly different from
0 and the slope slightly signiﬁcantly greater than 1, Fig. 3b).
According to the K–S test statistic, the distributions of PACLmodel
and PACLphoto differed signiﬁcantly (P < 0.05) from each other for 7
of the 19 plots (see K–S test statistic of Fig. 4). Nevertheless, the
differences were noteworthy for only 5 plots in which PACLmodel
clearly overestimated PACLphoto. These plots were characterized
by an abundance of small beech and hornbeam trees that covered
the regeneration layer where PACLphoto measures were taken. But
even in these cases, the variation between the distributions
PACLmodel and PACLphoto was less than 15%. Moreover, model
performance appeared independent of stand composition as
highlighted by Fig. 4 in which plots were ordered by decreasing
oak proportion.
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Table 2
Parameter estimates and their 95% conﬁdence intervals with a = 0.05 (CI) for the power function model between crown radius (CR) and tree diameter (dbh): CR = a  (dbh)b. Also
presented are the number of measured trees (n), the ranges of measured dbh, the ranges of measured CR and the root mean square error (RMSE).
Species

n

Oak
Beech
Hornbeam
Birch
Other hardwoods
Other conifers

314
475
67
40
43
45

dbh (cm)

2.4;92.3
2.4;80.5
2.4;42.0
2.4;49.7
2.5;19.8
2.4;21.0

CR (m)

a

0.5;7.7
0.3;10.4
0.8;5.1
0.6;3.8
0.7;3.4
0.6;2.5

b

RMSE (m)

Estimate

CI

Estimate

CI

0.310
0.742
0.854
0.536
0.960
0.516

0.240;0.396
0.679;0.808
0.682;1.054
0.457;0.621
0616;1.436
0.441;0.601

0.698
0.516
0.503
0.493
0.325
0.509

0.634;0.764
0.492;0.541
0.425;0.583
0.444;0.545
0.144;0.515
0.440;0.579

0.808
0.755
0.632
0.266
0.576
0.179

Table 3
Parameter estimates and their 95% conﬁdence intervals with a = 0.05 (CI) for the polynomial model between crown leaf area density (LAD) and tree diameter (dbh):
LAD = a + b  dbh + c  dbh2. Also presented are tree number (nt), photograph number (np), ranges of measured dbh (in cm), ranges of estimated LAD (in m2 m3) and the root mean
square error (RMSE). We assumed LAD to be 0.6 m2 m3 for all other species.
Species

nt

np

dbh (cm)

LAD (m2 m3)

Beech
Oak
Hornbeam
Birch

13
21
4
8

71
112
23
42

7.6–72.3
5.4–71.9
19.7–32.8
12.7–34.4

0.2–2.4
0.2–2.3
0.3–0.8
0.4–0.9

a

b

RMSE (m2 m3)

c

Estimate

CI

Estimate

CI

Estimate

CI

1.720
1.207
0.522
0.595

1.450;1.990
0.972;1.441
0.469;0.575
0.562;0.629

0.059
0.033

0.076;0.042
0.046;0.019

6.19E4
3.05E4

4.15E4;8.22E4
1.32E4;4.79E4

a

0.320
0.288
0.120
0.106

b

Fig. 3. Relationships between predicted percentages of above canopy light (PACLmodel) and the percentages of above canopy light estimated from hemispherical photographs
(PACLphoto): point-to-point comparison of all PACLmodel and PACLphoto (a) and comparison of the PACLmodel and PACLphoto averaged by site. The dotted lines show the 1:1
relationships, whereas the full lines correspond to the linear least squares regressions.

3.4. Cutting scenarios
The different cutting scenarios harvested the same quantities of
basal area but caused very different modiﬁcations to stand
structure.
Firstly, post-harvest density varied notably between cutting
scenarios. Cutting from below harvested the greatest number of
trees while cutting from above harvested the fewest number of
trees. The other cutting scenarios harvested an intermediate number of trees.
Secondly, harvests affected stand composition. Species-speciﬁc
cutting increased the proportion of oak trees. Moreover, because
the understory was mainly composed of shade-tolerant species
(beech and hornbeam), cutting from below also tended to increase
the proportion of oak trees. Cutting from above tended to harvest
more oak trees than the other scenarios.
Thirdly, stand spatial structure was little affected by harvests
except by gap creation. Gap creation increased the aggregation of
trees as indicated by a reduction in the Clark–Evan aggregation
index. Even at low harvest intensity, large gaps were created
and remaining trees were aggregated along gap periphery. For

example, removal of 10% and 20% stand basal area using gap
harvesting led to an average opening of 475 m2 and 1182 m2,
respectively.
3.5. Simulation results
The increase in understory light levels (DPACL) varied signiﬁcantly between the cutting scenarios as illustrated by Fig. 5 and
the results of the adjusted model (Table 4). In agreement with
our ﬁrst hypothesis (H1), the cutting types ordered by decreasing
DPACL response were: gap creation, cutting from below, speciesspeciﬁc cutting, uniform cutting and cutting from above. This
hypothesis was veriﬁed by ordering the slopes of the relationship
(bl) between changes in PACL and cutting density for all the
scenarios. The slope of this relationship was statistically different
among cutting treatments except between cutting from below
and species-speciﬁc cutting.
We found no evidence that the relationship between DPACL,
cutting type and cutting intensity depended on the initial stand
structure. All likelihood ratio tests indicated that adding any stand
parameter Pj in the model (Eq. (3)) did not signiﬁcantly improve it.
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Photo
Model

Fig. 4. Cumulative distribution function of modeled (dashed line) and measured (solid line) percentage of above canopy light (PACL). The number of measures and predicted
PACL values (n), the K–S test statistics (D) and the associated P-value (P) are also reported for each plot. The plots were ordered by decreasing oak proportion, as in Fig. 1.

Table 4
Fixed-effect estimates, bl, of the adjusted model (Eq. (1)) with approximate
conﬁdence intervals with a = 0.05 (CI) and standard errors. Our model assumed that
any removal of 1% of stand basal area induced an increase in PACL of bl. additionally,
hb is the standard deviation of the random effect and indicated the variability of this
relationship between plots.

Cutting type

Cutting type

Gap creation
Cutting from below
Species-speciﬁc cutting
Uniform cutting
Cutting from above

0

Fig. 5. Mean increase of transmitted light levels (DPACL) by cutting scenario and by
intensity. The adjusted mixed model indicated that the differences between cutting
types are signiﬁcant (Table 4) and accentuated as cutting intensity increased. Gap
creation induced the greatest DPACL responses.

bl

hb

Estimates

CI

0.835
0.615
0.579
0.459
0.349

0.76;
0.57;
0.53;
0.43;
0.30;

0.90
0.67
0.63
0.48
0.40

1.580
2.635
3.148
3.870
0.172

Within the conditions of our sampled study sites, our ﬁrst hypothesis appeared rather general and independent of initial stand conditions. Furthermore, the between-site variability of DPACL response
(hb ranged from 0.172 to 3.870) was limited in comparison to the
within-site variability (he = 4.150). DPACL response depended
more likely on the conditions of the immediate surroundings of
the measurement point rather than on general stand structure.
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For the 9 plots where initial mean PACL was below 20% (Fig. 1),
we analyzed the percentage of understory area receiving PACL
ranging between 0–10, 10–20, 20–40 or 40–100. Contrary to
DPACL, changes in percentage of microsites above a given light
level depended noticeably on an interaction between cutting type
and harvest intensity (Fig. 6) or post-harvest basal area (Fig. 7).
As most plots received an average of more than 10 PACL before
harvest, the proportion of understory area receiving less than 10
PACL decreased with harvest intensity (Fig. 6a). The proportion of
microsites receiving 10–20 PACL also decreased rapidly with harvest intensity. Nevertheless, harvesting only 10% of stand basal
area did not signiﬁcantly reduce the proportion of these microsites
except with gap creation (Fig. 6b). A cutting intensity of 10%, with
all cutting types but gap creation, maintained basal area around
15–20 m2 ha1 (Fig. 7b).
The different cutting scenarios provided very different proportions of microsites receiving 20–40 PACL which is the range of light
conditions that promotes the less shade-tolerant oak (Figs. 6c and
7c). Gap creation maximized this proportion at 10% harvest intensity (target basal area 20–25 m2 ha1) but, at higher harvest intensities, very little area was in the 20–40 PACL range. Cutting from
below and species-speciﬁc harvesting maximized the proportion
of microsite receiving 20–40 PACL at about 20% of harvest intensity
(target basal area of 15–20 m2 ha1) but they provided more than
40% of the area in the 20–40 PACL range in all but the most intense
harvesting scenario. Uniform cutting maximized the area receiving
20–40 PACL at about 40% of harvest intensity (target basal area of
10–15 m2 ha1) whereas cutting from above provided about 40% of
the area in the 20–40 PACL range independently of harvest
intensity.
Cutting from above maintained a remarkably high proportion of
microsites with less than 20 PACL at all cutting intensities and only
created a low proportion of microsites with more than 40 PACL

100

4. Discussion
4.1. Model parameterization and evaluation
Our relative simple light model used a mechanistic approach
and provided satisfactory validation results. Compared to other
forest radiative models (Cescatti, 1997; Brunner, 1998; Courbaud
et al., 2003; Gersonde et al., 2004; Ligot et al., 2014), we utilized
a model with a low number of input parameters and it was not
necessary to calibrate by model inversion. Additionally, we performed a simulation of a large number of plots with diversiﬁed
stand structures and compositions ranging from early-successional
oak stands to late-successional beech stands. Stand density and initial light conditions were also very diverse and represented well
the conditions in which oak regeneration might be desired. We
therefore have conﬁdence in our model’s robustness for predicting
understory light in stands with varying stand structure and
composition.
Overall, our model captured relatively well the variability of
PACL independently of stand structure. The agreement between
PACLphoto and PACLmodel was satisfactory and in the range of previously reported studies (Law et al., 2001; Boivin et al., 2011). For
some plots, PACLmodel slightly overestimated PACLphoto. Such
over-estimations mostly occurred in the presence of dense understory trees (Beaudet et al., 2011) because some poles and trees had
a dbh smaller than our inventory dbh threshold and because the

100

(a)

50

(b)

50

0

0
0

100

(Fig. 6d). In contrast, the proportion of microsites with more than
40 PACL was the greatest for all cutting intensities with gap
creation. The difference in microsite with greater than 40 PACL
between gap-harvesting and the other cutting types was particularly notable at harvest intensity of 20%.
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50
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0
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Fig. 6. Frequency of microsites with percentage of above canopy light (PACL) ranging between 0–10%, 10–20%, 20–40% and 40–100%. These frequencies were computed by
harvest intensity in the 9 plots where initial mean PACL was below 20%. The proportion of microsites with PACL of 0–10 PACL (a) or 10–20 (b) was high prior to cutting (white
bar on the left). This proportion decreased the most rapidly with gap creation in contrast with cutting from above. High proportions of microsites receiving 20–40 PACL (c)
were obtained with 10% gap creation, 20% cutting from below, 20% species-speciﬁc cutting, or 40% uniform cutting.
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(c)

100

5-10
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5-10

10-15

15-20

20-25

(d)

50

50

0

0
5-10

10-15

15-20

20-25

Fig. 7. Frequency of microsites by class of percentage of above canopy light (PACL) and post-harvest basal area. The frequencies were computed from the 9 plots where initial
mean PACL was below 20% and, next, averaged by classes of post-harvest basal area. Cutting scenarios that maximized the understory area receiving 10–20 PACL (b) reduced
stand basal area to about 15–20 m2 ha1. Cutting From above only slightly affected the proportion of microsites with 20–40 PACL (c). A High proportion of microsites with 20–
40 PACL were obtained with cutting that created gaps that reduced basal area to 20–25 m2 ha1, with cutting from below that reduced basal area to 15–20 m2 ha1, or with
uniform cutting and cutting from above that reduced basal area to 10–15 m2 ha1.

precision of PACLphoto estimates was poorer in the presence of such
dense understories. Nevertheless, the bias was of limited magnitude and, in this study, we did not focus on the absolute values
of model predictions but instead analyzed how different cutting
treatments affected both PACL average and distribution. However,
these observations suggest that foresters should consider the density of understory trees before implementing different treatments
to improve understory light conditions.
4.2. Mean light response to the different cutting scenarios
The different cutting types led to different increases in mean
PACL that were ordered according to our ﬁrst hypothesis (H1) independently of initial stand structure and composition (in contradiction with H2). On average, harvesting 10% of stand basal area
increased mean PACL by about 8.4% with gap creation, 6.2% with
cutting from below, 5.8% with species-speciﬁc cutting, 4.6% with
uniform cutting and 3.5% with cutting from above (Table 4 and
Fig. 5).
Similar to the ﬁndings of numerous studies (Canham et al.,
1994; Cescatti, 1997; Brunner, 1998; Stadt and Lieffers, 2000;
Beaudet and Messier, 2002; Beaudet et al., 2011; Da Silva et al.,
2012), the main factor limiting understory light was the absence
of gaps between crowns. Consequently, at similar cutting intensities, harvests that create gaps strongly increased understory light.
Additionally, we only considered immediate post-harvest conditions while the evolution of understory light several years after
cutting may lead to increased or reduced differences between
treatments. However, the increase in understory light due to the

creation of large gaps would be expected to last longer than the
effects of the other cutting types since larger openings would take
longer to close (Sprugel et al., 2009).
Another factor that strongly limits light availability for regeneration is the presence of a sub-layer of shade-tolerant species. We
already noticed the inﬂuence of a dense understory when evaluating the performance of our light model. In addition, our simulation
conﬁrmed that understory trees might intercept a large proportion
of light and that cutting from below can increase signiﬁcantly
understory light levels and can therefore be essential to promote
the regeneration of less shade-tolerant species.
Preferentially harvesting shade-tolerant species, i.e. speciesspeciﬁc cutting, increased more transmitted light than harvesting
trees randomly. Trees of shade-tolerant species intercept more
light than trees of less shade-tolerant species since they have deeper, denser and wider crowns (Tables 2 and 3). Additionally, shadetolerant species are usually more abundant in the understory than
less shade-tolerant species. Species-speciﬁc cutting therefore tend
to harvest a high proportion of poles and small trees similarly to
the cutting from below.

4.2.1. Optimum cutting scenario
The optimum cutting scenario within the context of this study
maximized the understory area that is favorable to the natural
regeneration of less shade-tolerant species, i.e. the area receiving
20–40 PACL. Contrary to mean PACL, the area receiving 20–40 PACL
depended on the interactions between cutting type and cutting
intensity. High proportions of microsites with 20–40 PACL were
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obtained by either harvesting few trees or by harvesting more than
50% of stand basal area.
Creating gaps appears particularly promising to promote small
clumps of oak regeneration with limited reduction of stand stocking. Gap harvesting the few trees located within and around these
clumps largely increase the proportion of microsites with 20–40
PACL. In our simulations, the gaps that maximize this proportion
of microsites are about 470 m2 in size which corroborates the recommendations by von Lüpke (1998), Bruciamacchie and de
Turckheim (2005) as well as the observation of Rugani et al.
(2013) in old growth beech forests. These authors reported that
oak regeneration was possible in gaps of at least 500 m2 created
by harvesting 4–5 mature trees (Bruciamacchie and de
Turckheim, 2005). Larger gaps increase the proportion of microsites with more than 40 PACL and should likely be avoided during
the ﬁrst stages of regeneration development because such conditions are favorable to the rapid development of competitive herbaceous species (Gaudio et al., 2008; 2011).
Cutting from below and cutting preferentially shade-tolerant
species were the best techniques to promote the recruitment of
less shade-tolerant regeneration especially if saplings were uniformly spread in the understory as it happens after generalized
masting. For the studied stands, the optimum harvest intensity
was about 20% which corresponded approximately to a target basal
area of about 15–20 m2 ha1.
Randomly cutting trees requires a greater harvest intensity to
maximize the proportion of microsites with 20–40 PACL than gap
creation, cutting from below and species-speciﬁc cutting. We
obtained an optimum number of microsites with 20–40 PACL with
a harvest intensity of 40% which corresponds to a target basal area
of about 10–15 m2 ha1 and agrees with the results obtained by
Balandier et al. (2006) in even-aged oak stands.
Cutting from above generated the smallest increase in understory areas receiving less than 40% full light. It maintained a more
asymmetric right-skewed distribution of PACL (Beaudet et al.,
2011) than the other cuttings and hence a high proportion of
microsites in shady conditions even after harvesting up to 60% of
stand basal area. By preferentially eliminating large overstory oaks
and maintaining low light levels in the understory, this treatment
can be expected to quickly lead to a successional transition to dominance by shade-tolerant species.
In conclusion, promoting less shade-tolerant species can be
achieved with various regeneration treatments. Forest managers

crown radius

should consider whether the seedlings of less shade-tolerant species are aggregated or uniformly spread, whether a small reduction
in stand stocking is more appropriate, and what is the desired composition of the different tree layers after harvest. The results from
this study provide foresters with the necessary tools to evaluate
how silvicultural treatments can be manipulated to create or maintain favorable conditions for the regeneration of species of different shade tolerance.
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Appendix A. Crown shape
Crowns were modeled with asymmetric ellipsoids.

ðx  x0 Þ2 ðy  y0 Þ2 ðz þ z0 Þ2
þ
þ
¼1
a
b
c
a ¼ ðCReast þ CRwest Þ=2
b ¼ ðCRnorth þ CRsouth Þ=2
c ¼ ðH  HCBÞ=2

With (x0, y0, z0) the coordinates of the ellipsoid center and CReast,
CRwest, CRnorth, CRsouth the crown radius measured toward the four
cardinal directions, H the tree height and HCB to the base of the tree
crown.
Appendix B. Estimated distance between tree and photographer
The distance between the photographer and the tree trunk was
not recorded in the ﬁeld and, hence, estimated by considering that
the photographer was 1.7 m tall and always aimed at the midheight of the targeted crown:

crown radius

crown ellipsoid envelop
path length

photography direction

photographer height = 1.7 m

ðA1Þ

tree height

crown base heigth

Fig. A1. Illustration of the different measurements involved in the computation of crown LAD.
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Table A1
Stand structure and composition in the studied sites. The presented parameters are density (N), basal area (BA), quadratic mean diameter (Dg), the Clark–Evans aggregation index
(CE) and the minimum (dbhmin) and maximum (dbhmax) of tree diameter. Plots are ordered by increasing oak proportion.
Plot

19
25
27
28
26
3
18
1
2
14
20
29
13
5
12
4
22
21
23
15
17
6
10
8
24
11
9

d¼

Stand

Oak

N (ha1)

BA (m2 ha1)

Dg (cm)

CE

98
127
35
51
62
114
47
87
114
125
144
127
134
218
157
207
217
120
122
191
189
108
135
215
112
115
123

14.9
21.8
7.8
7.5
14.6
18.1
7.5
11.2
16.3
21.2
19.5
20.6
15.4
20.5
22.7
24.2
15.3
19.5
16.3
24.7
26.9
20.8
21.7
19.1
11.8
14.4
12.7

44.0
46.8
53.1
43.0
54.9
45.0
45.3
40.3
42.7
46.6
41.5
45.4
38.3
34.6
42.9
38.5
30.0
45.5
41.4
40.6
42.6
49.6
45.2
33.6
36.6
40.1
36.4

0.96
1.05
1.05
1.19
1.27
1.07
0.97
1.18
0.97
1.28
1.04
1.20
1.09
1.03
1.16
0.97
1.12
0.97
1.00
1.06
1.31
1.12
1.29
1.08
1.30
1.00
1.25

Beech

BA (m2 ha1)

0.3
1.9
3.2
1.4
2.9
4.4
6.7
7.0
11.1
8.7
12.0
13.6
16.7
11.1
14.7
12.4
19.8
22.3
17.4
19.3
17.3
10.9
13.5
12.5

Dg (cm)

47.4
75.8
39.4
62.3
44.3
49.3
65.6
71.9
55.4
60.2
53.9
53.2
57.7
29.0
73.1
43.9
57.2
54.9
66.6
49.0
40.8
40.4
48.2
37.5

0:5ðH  HBCÞ þ HBC  1:7
tanðhÞ

41.7
75.8
28.0
54.4
27.1
16.2
54.4
55.7
40.4
46.2
17.8
39.5
38.2
13.7
57.6
14.6
32.2
24.5
29.0
16.6
16.6
20.1
12.7
13.2

ðA2Þ

With H tree height, HBC height to the base of the crown and h the
recorded elevation angle (Fig. A1).
Appendix C. Photograph direction
The equation of a photograph direction in a polar system in
which the origin corresponding to the camera position is

x ¼ L cosðhÞ cosðaÞ

ðA3Þ

y ¼ L cosðhÞ sinðaÞ
z ¼ L sinðhÞ
with L the distance along the direction from the camera position, h
the direction elevation angle and a its azimuthal angle (Fig. A1).
Appendix D. Path length computation
Computing the intersections between an ellipsoid and a line
requires solving a second degree equation that can be expressed as:

AL2 þ BL þ C ¼ 0

ðA4Þ

with,
2

2

dbhmin (cm)

2

A ¼ cos2 ðhÞ cos2 ðaÞ=a2 þ cos2 ðhÞ sin ðaÞ=b þ sin ðhÞ=c2
2

B ¼ 2x1 cosðhÞ cosðaÞ=a2  2y1  cosðhÞ sinðaÞ=b  2z1 sinðhÞ=c2
2

C ¼ x12 =a2 þ y12 =b þ z12 =c2  1;
with (x1, y1, z1) the coordinates of the ellipsoid center in the same
coordinate system as the photograph direction. The distance
between the intersected, i.e. the path length within the crown, is
next given by the difference between L solutions.
Table A1

dbhmax (cm)

52.5
75.8
60.2
64.3
65.3
59.2
82.8
92.3
68.1
72.9
71.3
80.9
72.3
49.7
94.9
75.8
71.6
73.9
89.8
59.5
63.0
55.1
66.9
69.7

BA (m2 ha1)

Dg (cm)

dbhmin (cm)

dbhmax (cm)

14.9
21.8
6.5
7.2
12.6
14.9
6.1
7.9
12.0
14.5
12.5
9.4
6.7
8.6
9.0
7.5
3.6
3.9
2.8
0.1
1.8
2.5
1.1
0.2

44.0
46.8
53.0
42.9
53.6
46.6
45.3
39.4
41.4
42.0
35.5
38.5
28.7
25.7
34.7
25.7
43.4
31.5
45.3
13.1
29.1
27.7
30.4
21.4

12.7
13.1
12.7
12.7
14.3
14.3
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
17.5
12.7
14.3
12.7
12.7
12.7
29.6
13.1

84.4
84.4
72.6
64.9
78.3
65.6
79.9
71.6
72.3
69.7
80.5
65.3
69.7
68.1
75.8
84.0
78.0
76.4
77.0
13.4
49.3
49.0
31.2
30.6

0.2

19.7

17.5

21.7
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