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ABSTRACT Most Italian research concerning the conversion of coppices analyse growth response at the stand level and adopt
absolute growth as reference metric. Nonetheless, inter-individual interactions are lost when averaging tree level information at the
stand level. Moreover, absolute growth ignores the initial size of individuals under comparison, the growth of large trees will thus
always outperform that of small trees, and nothing can be inferred about tree-to-tree competition. We modelled the growth response
after conversion thinning at the tree level using relative growth rate as a function of the initial diameter of individuals, stand density
and time. Twenty years later, thinned treatments still yielded larger growth than the reference unthinned aged coppice. In the first 10-
year period, the relative growth rate in all treatments decreased with increasing tree size. In the second 10-year period, the relative
growth rate still decreased with increasing tree size in thinned treatments, whereas in the unthinned aged coppice, it increased with
increasing tree size. The model we applied shows to what extent released individuals have grown in relation to their size and, at same
time, provides information on their competitive state in relation to the overall density of stands over time.
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Introduction

The decline of coppice system

Coppicing is among the oldest forms of systema-
tic utilization of forests carried out by human beings
(Corcuera et al. 2006). However, from the second
half of the 20th century, coppicing has become less
important and has been abandoned in many places
across Europe (Miillerova et al. 2015). Despite the
ongoing shrinkage of coppice area (McGrath et al.
2015), there are still over 20 million hectares of cop-
pice forests throughout Europe, covering over 10%
of the total forest area (Unrau et al. 2018).

As a consequence of decline, very large areas of
coppices (~3,200,000 ha) in Italy are approaching or
beyond the formerly applied rotation age (Bertini et
al. 2012). Many stands, often in marginal locations
and of public ownership and/or in protected areas
(i.e. Natura 2000), have been frequently left to non-
intervention or converted into the high forest mana-
gement system (La Marca et al. 2009, Mairota and
Buckley 2018). This pattern has held not only for
Italy but also for many European regions over the
last 100 years (Nicolescu et al. 2017).

According to the Italian national forest inventory,
the coppice area recognised as under conversion is
approximately 151,000 ha (Gasparini and Tabacchi
2011), which is little more than 4% of the coppice
area (3,600,000 ha). Conversions have been mainly
applied to common beech (Fagus sylvatica L.) and
Turkey oak (Quercus cerris L.) coppices (Amorini
and Fabbio 1986).

The amount of coppice area beyond the rotation
age and actually under abandonment is unknown,
because these forests are still classified as “coppi-

ces” (Amorini et al. 1996) however, they supposedly
constitute a significant share (Fabbio 2016). The ma-
nagement of these areas is one of the main problems
that forestry research has to face in all Mediterrane-
an countries (Cafiellas et al. 2004).

The practice of conversion to high forest

A coppice with standards, i.e. the most frequent
type in Italy (~66% of the coppice area; Gasparini
and Tabacchi 2011), can be converted into high fo-
rest basically in two ways: passively by ageing (non-
intervention), or actively by thinning (Nicolescu et
al. 2017). The former is a long lasting process (Mai-
rota and Buckley 2018), randomly driven by nature,
with an almost unpredictable outcome, in terms of
both stand structure and tree species composition.
Conversely, thinning is a faster process with a fairly
predictable outcome since it is driven by silvicul-
tural choices. In Italy, a customary practice is con-
version by the so-called “repeated thinnings” me-
thod, described as follows. In a coppice stand that
exceeds the rotation age to some extent, standing
shoots are repeatedly thinned by gradually reducing
the number of shoots to one or two stems per stool
until a high forest structure is achieved. Standard
trees are generally removed, except for a few indi-
viduals released both for ecological and/or aesthetic
reasons. Once the stand reaches its maturity (60-80
years), the high forest management system can be
applied to regenerate the stand by seed. After the
first intervention, 1,500 to 2,500 trees per hectare are
released, and thinnings from below to mixed are re-
peated every 10-15 years (Amorini and Fabbio 1986).
The effectiveness of the method is to adaptively sha-
pe the horizontal as well as the vertical arrangement
of trees, so to resemble a high-forest structure.
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Not infrequently, however, it may happen that in-
terventions following the first thinning are not per-
formed, because of the unprofitability of the harve-
stings (La Marca et al. 2002).

Growth analysis

In Italy, a significant amount of literature concer-
ning coppice conversion has been produced since the
end of the 1950s (see supplementary material: Suppl).
Some of this research has targeted the conversion of
Turkey oak coppices (Suppl). A common trait of the-
se works is that the analyses concerning growth re-
sponse have been conducted at the stand level, except
for a few analyses carried out at the individual level
on long-term monitoring plots established since the
early 1970s (Amorini and Fabbio 1986, 1989). When
the tree level data are averaged at the stand level, the
inter-individual interactions can not be observed. A
variety of studies have stressed the importance of in-
dividual variation in competitive ability for resource
acquisition with changing tree density (Evans 1972,
Causton and Venus 1981, Freckleton and Watkinson
2001). Even in even-aged stands dominated by one
species, the growth dynamics have different timing
from the tree to the stand level (Assmann 1970). In
experimental treatments that affect growth, approa-
ching growth dynamics at the tree level would allow
one to know to what extent released trees grow while
accounting for individual competitiveness in resource
acquisition (Oliver and Larson 1986).

Growth is a fundamental process that affects
physiology, community dynamics and ecosystems
(Paine et al. 2012). Consequently it has been of
great concern in plant science and production bio-
logy, including forestry (Pommerening and Muszta
2016). One of the most noticeable signs of growth is
the change in size over time (Vanclay 1994). Growth
is a continuous process and, as such, cannot be me-
asured in practice; growth quantification is usually
obtained as the difference between measurements at
two points in time (Pommerening and Muszta 2016).
The simplest and most common measure of plant
growth is the absolute growth rate (AGR), that is, the
absolute change of a given quantity over a given time
period (Rees et al. 2010). In forest studies, AGR is
commonly referred to as increment and is calculated
for tree diameter, basal area, height, volume or bio-
mass (Van Laar and Akg¢a 2007). In growth analysis,
the use of AGR at tree level has been criticised be-
cause it ignores different individual sizes (Hunt 1982,
Rees et al. 2010). It has indeed been observed that
in many natural processes, the absolute growth of a
certain quantity is proportional to the quantity itself
(Blackman 1919). Even at the stand level, the AGR
results are inadequate to assess the impact of densi-
ty dependent competition and indicate only that the
growth of large trees outperforms that of small trees
at any stage of competition (Larocque and Marshall
1993, Vospernik et al. 2010).

Differently, the relative growth rate (RGR), that
is, the increase per unit of initial quantity in a given
time period (see section Methods for details), can
be advantageous compared to AGR because it ac-
counts for growth differences that arise from diffe-
rent initial sizes (Wareing 1966). Accordingly, RGR
was at first preferred in comparing experimental
treatments that affect growth (Evans 1972, Causton
and Venus 1981). Although RGR provides a common
base of comparison for trees that differ in initial size,
age or environmental conditions, its application in
growth analysis is not common in forestry (Larocque
1998, Fabbio 1994).

Aim of the study

To improve the knowledge base on the growth re-
sponse resulting after coppice conversion, this work
attempts to answer the following questions: How
does the release density affect the overall growth re-
sponse? To what extent is growth response affected
by the initial size of released individuals? How does
density dependent competition affect growth over
time?

The novelty of our study is that growth is analysed
at the tree level and modelled in terms of relative
growth rate. We report findings after twenty years
of monitoring in permanent plots established in the
Gargano promontory (Apulia Region) of Italy.

Materials

Study area

The experimental trials were carried out in the
forest district of “Bosco di Manfredonia”, in the
promontory of Gargano (Apulia region). The area
is located at approximately 700 m above sea level,
with an average slope of 20-25% on gentle hill-slopes
facing North-Northeast. The soils are mainly brown
earths of organic origin. The climate is typically Me-
diterranean, with an average annual rainfall of 726
mm and average annual temperature of 12°C.

Woodlands are dominated by Turkey oak (Quer-
cus cerris L.) with associated broadleaved tree spe-
cies (Ostrya carpinifolia Scop., Acer opalus Mill.,
Acer campestre L.). The grass and shrub layers are
composed of Cyclamen neapolitanum Aiton., Rosa
canina L., Prunus spinosa L., Crataegus oxyacan-
tha L., Pteridium aquilinum (L.) Khun., Brachipo-
dium pinnatum (L.) P. Beauv., Brachipodium syl-
vaticus (Huds.) P. Beauv., Fragaria vesca L., and
Cornus mas L.. The forest area may be ascribed to
the phytosociological association of Physospermum
verticillata-Quercus cerris communities (Biondi et
al. 2008).

In 1996 the coppice under experimental conver-
sion was 35 years old, which is ten years beyond
rotation age. The coppice had a two-layer vertical
structure: (7) a dominant layer composed of a few
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Table 1 - Selected sample: sample size and stratification by treatment and period. In brackets the selected sample as proportion of all

measured trees.

Treatment
Period A B C row sum
1996-2006 295 (99%) 385 (96%) 606 (55%) 1,286
2006-2016 276 (96%) 359 (98%) 448 (88%) 1,083
column sum 571 744 1,054 2,369
Table 2 - Quantile distribution of initial size (dbh) of individuals by treatment conditional to period.
Period Treatment q10 q20 q30 q40 q50 q60 q70 q80 q90
A 9 13 14 16 17 19 20 22 26
1996 B 12 13 15 16 17 18 20 22 26
C 9 11 12 13 15 16 17 19 23
A 14 16 18 19 21 22 24 26 30
2006 B 15 17 18 19 21 22 23 26 30
C 11 14 15 17 19 20 22 23 27
scattered Turkey oak standards (aged differently) Methods

and shoots (2-3 per stool); and (7%) a crowded domi-
nated layer mainly composed of tree species other
than Turkey oak, occurring as many small shoots per
stool, and a few Turkey oak individuals. Further de-
tails concerning the study area can be found in Nota-
rangelo et al. (2018).

Experimental design

The experimental design is a randomised comple-
te block, with three theses replicated two times: 600
tree-ha* (A), 800 tree-ha* (B), and as control the refe-
rence density of the aged coppice (C, unthinned). The
three theses were randomly assigned to six plots of
2,500 m? surrounded by a 10-m-wide buffer zone. At
the onset of experimentation, all living trees with dia-
meter at breast height (dbh) equal to or larger than 7
cm were numbered and identified by species in each
plot. Full callipering was conducted in 1996 (after
thinning), in 2006 and in 2016. Individual volume was
assessed by a model built from sample trees felled af-
ter the experimental thinnings (La Marca et al. 2002).

Selected sample

In this study we focus on individuals selected for
growth modelling (see “Grown modelling” section).
A comprehensive review of data collected from re-
peated inventories (1996-2006-2016) can be found in
Notarangelo et al. (2018).

The selected sample includes 2,369 measurements
from trees found alive in the 2006 and 2016 invento-
ries. Trees with the same dbh in the two consecutive
inventories have been excluded since a null growth
would be biologically inconsistent and likely due to ei-
ther bark anomalies or callipering precision, based on
1 cm dbh classes. A summary of the selected sample
is reported in Table 1, and, Table 2 shows the quantile
distribution of individuals by initial sizes (dbh).

Experimental coppice conversion

The applied experimental conversion method
forecasted a single intervention where the released
individuals would have resembled an almost perma-
nent structural and compositional arrangement. No
further thinnings should have been scheduled until
the regeneration cutting, or at most a preparation
cut. As the number of trees before conversion was
approximately 3,900 trees-ha! (La Marca et al. 2008),
the intervention would have been of heavy intensi-
ty and mainly from below since a large number of
small-sized individuals would have been removed.

To this aim, two release densities were tested:
600 trees per hectare (treatment A) and 800 trees per
hectare (treatment B). Arguments in favour of this
choice are: (i) the incremental response of Turkey
oak to thinnings of heavy intensity has been proven
to be fast and evident (Amorini et al. 2006, Cafiellas
et al. 2004, Cutini 2006); (7%) the overall site condi-
tions are good, considering the climate and soil fer-
tility (La Marca et al. 2002); (777) the planned release
densities date back to the method of “balivage in-
tensif”, successfully applied by Aubert in the French
oak coppices since the twenties of the former cen-
tury (Hubert 1983); and (iv) side effects, such as
resprouting, would not have been a problem since
grazing is locally practiced.

To match the planned release densities, the fol-
lowing silvicultural criteria were applied: (4) remo-
val of all stems with dbh less than 7 cm; (%%) release
of one (sometimes two) stem of Turkey oak per sto-
ol, selected among the best shoots based on shape
and vigour; (747) release of a few old standards as ha-
bitat trees while removing the others; (iv) release of
individuals of species other than Turkey oak if they
were of good vigour. Each of these criteria respon-
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ds to specific objectives, namely: (i) and (77), delay
as long as possible the self-thinning phase (sensu
Westboy 1984) while preserving released individuals
in a condition of low inter-individual competitive
stress; and (7%7) and (4v), improve stand structural
diversity and preserve tree species richness, respec-
tively, as premise for an overall biodiversity enhan-
cement.

Growth measurement

We refer to growth as the increase in size of a
quantity over a given period of time (Vanclay 1994).
Blackman (1919), proposed a simple equation rela-
ting the production of new matter, to time, and to the
initial size:

K,= K e [eq. 1]

where K, is the final size, K, is the initial size, r
is the rate of increase, At is the time that has passed,
and e is the exponential constant. Therefore, the final
size attained depends on the initial size, the rate of
increase, and the time. Solving eq.1 for the rate of
increase (1) gives the relative growth rate (RGR):

RGR = log, (K,/K,)/ At [eq. 2]

RGR is defined as the rate of increase per unit of
initial quantity in a unit of time (Blackman 1919, Fi-
sher 1921, Wenk 1978, South 1991). Although eq. [1]
focuses on final size, eq. [2] focuses on the amount
of growth (Hoffmann and Poorter 2002). As a ratio,
RGR is a measure of the efficiency of the plant’s acti-
vity at producing new matter (Blackman 1919) and,
at the same time, provides a common base of compa-
rison for individuals that differ in initial sizes.

Growth modelling

To model the growth response at the tree level,
the individual volume increment represents a logical
and natural starting point (Assmann 1970, Wenk et
al. 1990). The individual volume increment was mo-
delled in terms of RGR and the following candidate
predictors were considered: (7) the individual dia-
meter (dbh), to rank trees by growth efficiency (Sto-
neman and Whitford 1995); (7i) the release densities
(treatment), to assess the effect of available growing
space, and (717) two 10-year periods (period), to as-
sess the effect of age-size related increase on growth
decline (Coleman et al. 1994, Hoffmann and Poorter
2002, Mencuccini et al. 2005).

All candidate predictors were significantly cor-
related with RGR when modelled as additive terms
(results not reported). Then, we increased model
complexity in a stepwise fashion, including all possi-
ble combinations of interactions among those signi-
ficantly correlated with RGR (results not reported).
Lastly, by means of the likelihood ratio test, we com-
pared the performance of several candidate models.
The selected model, a compromise between model

complexity and goodness of fit, includes three pre-
dictors and two pairwise interactions, namely:

RGR = dbh + treatment + period + dbh:treatment + dbh:period

where the colon symbol indicates a 2-way interaction
term. The dbh was first log-transformed, to linearise
the relationship, and was then centred to mitigate the
collinearity. RGR is multiplied by 100 to ease the rea-
dability of model results.

Whenever repeated measurements are made on
the same sample units, as is the case in long-term
monitoring of trees in permanent plots, observations
are no longer independent. Among others, mixed-
effect modelling is an appropriate solution to handle
data from repeated measurements (Aarts et al. 2014,
Pinheiro and Bates 2000). We assigned a random in-
tercept to individuals in order to isolate the effect of
corrrelated errors.

Data management and statistical analyses were
performed using “R” (R Core Team, 2019) and the
“nlme” package for mixed effects modelling (Pinhei-
ro et al. 2019).

Results

Model results

The estimates of coefficients along with associa-
ted statistics are reported in Table 3. The fixed com-
ponent of the model explains more than half of the
variability of the response (R? marginal: 57%), with
an overall error of 0.8% (RMSE). The intraclass cor-
relation coefficient (ICC) is 95.3%, and nearly all the
model variance is thus due to differences in the fixed
component. For details on model diagnostics, see
supplementary material (Supp2).

In Table 3, the model intercept (8,,, = 4.5%) ex-
presses the 1og-RGR in reference treatment A of the
average tree, which has B, equal to 0 (dbh 17.4 cm),
in the first 10-year period. The same tree in treat-
ment B has an log-RGR equal to 3.65% (B, - B,) and in
treatment C has an log-RGR equal to 2.74% (B, - B,).
In the second 10-year period the log-RGR decreases
by -1.19% (B,) compared with the first 10-year period
(Tab. 3). The log-RGR of the average tree (B, = 0)
is equal to 3.31% (B, +B,) in reference treatment A,
2.46% (3.65 + B,) in treatment B and 1.55% (2.74 + B,)
in treatment C. Table 4 shows the back-transformed
fitted relative growth rate for different tree size by
treatment and period.

The Figure 1 depicts the interaction between the
initial size of trees and treatment, and initial size of
trees and period. In the first 10-year period, the RGR
and initial size of trees are negatively correlated in
all treatments, that is, small trees grow faster than
large ones. As evidenced in Table 3, the slopes of
regression lines significantly decrease from A (B, =
-4.27) to B (B, + 1.86 = -2.41), and from B to C (B, +
3.31 =-0.96). In the second 10-year period, the sign of
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the correlation between RGR and initial size of trees
varies depending on treatment: it is still negative in
A (B,+B,=-2.29) and B (-2.41 + B, = -0.42), whereas
it becomes positive in C (-0.96 + p, = 1.03) such that
small trees grow slower than large ones in treatment
C (Tab. 3).

In Figure 2 the back-transformed fitted RGR cur-
ves and confidence areas for each treatment are plot-
ted against back-transformed dbh values, separately

for each period. From visual inspection, confidence
intervals around the RGR of trees with dbh up to 26
cm do not overlap, and at common size, individuals
in theses A and B thus have higher RGR than those of
thesis C, in both periods. The same does not hold for
trees with dbh above 26 cm in the right tails of the di-
stributions (Fig. 2). The dbh range between 7 and 26
cm, encompasses from 90% (1996-2006) to 80% (2006-
2016) of all individuals.

Table 3 - Estimates of coefficients and associated statistics from linear mixed model. Estimates, standard error, confidence intervals and

RMSE, expressed as percentage in log-scale.

Coefficients Estimates Std. Error 95% Conf. Int. t-value p-value
BO (Intercept) 4.50 0.06 4.37 -4.63 70.247 <0.001
B1B -0.85 0.08 -1.00 - -0.69 -10.812 <0.001
B2C -1.76 0.07 -1.90--1.62 -24.432 <0.001
B3 cLog(dbh) -4.27 0.17 -4.60 --3.95 -25.662 <0.001
B4 cLog(dbh) : B 1.86 0.22 1.43-2.30 8.347 <0.001
B5 clog(dbh) : C 3.31 0.19 2.94 -3.68 17.556 <0.001
6 period 2006-2016 -1.19 0.06 -1.30--1.08 -21.297 <0.001
B7 cLog(dbh) : period 2006-2016 1.99 0.16 1.67-2.30 12.268 <0.001
Observations 2,369

ICC 0.953

R?2 marginal 0.57

RMSE 0.8

cLog(dbh): centred logarithm of dbh; Std. Error: standad error; Conf. Int.: confidence interval; ICC: intraclass correlation coefficient; R2: coefficient of

determination; RMSE: root mean square error.

Table 4 -Back-transformed fitted relative growth rate for different tree size (dbh) by period and treatment.

Relative growth rate (%)

1996-2006 1996-2006

cLog(dbh) dbh (cm) A B (o] A B C

-0.8 8 221 17.5 14.2 16.7 13.2 10.8
-0.6 10 20.3 16.7 13.9 16.0 13.1 11.0
-0.4 12 18.6 15.9 13.7 15.3 13.0 11.2
-0.2 14 174 15.1 13.4 14.6 12.9 11.4
o~ 17 15.7 14.4 13.2 13.9 12.8 1.7
0.2 21 14.4 13.7 12.9 13.3 12.7 11.9
0.4 26 13.2 131 12.7 12.7 12.6 12.2
0.6 32 12.1 125 12.4 121 12.5 124
0.8 39 11.1 1.9 12.2 11.6 124 12.7

* Average tree.

Figure 1 - Fitted relative growth rate at varying initial size of trees
(dbh) by treatment per period. Gray shaded area represents 95%
confidence intervals.

7.5

period
— 1996-2006

Relative growth rate (Log scale)

0.0
-1.0-05 00 05 1.0-1.0-05 00 05 10-1.0-05 00 05 10

centred Log(dbh)

Figure 2 - Predicted relative growth rate by treatment against initial
size of trees (dbh), per period. Gray shaded area represents 95%
confidence intervals. Vertical line at dbh equal to 26 cm.
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Discussion

At the stand level, or at least for individuals with
dbh up to 26 cm, the relative growth of thinned treat-
ments were higher than that of the coppice left to
natural evolution (unthinned treatment C) for up to
20-years after the intervention. Other studies (Amo-
rini and Fabbio 1987, Amorini et al. 2006, Corcuera
et al. 2006) have reported positive effects on growth
after the conversion thinning of up to 10-15 years.
Moreover, the RGR of thinned treatments was ne-
gatively correlated to stand densities and decrea-
sed over time. The same relationship was found by
Boncina et al. (2007) for selective thinning trials in
beech (Fagus sylvatica L.) stands. For the cohort
of individuals with dbh above 26 cm (80th-90th per-
centiles), which occupy the crown layer of dominant
trees, light is probably not the primary limiting re-
source and, consequently, growth dynamics is mainly
driven by environmental factors and/or site carrying
capacity. Rentch et al. (2009) found that commercial
thinnings in broadleaved stands of light-demanding
species (Liriodendron tulipifera L.), from light to
heavy intensity, did not affect the crown class transi-
tion rates of dominant trees.

Some authors (Ford 1982, Cannel et al. 1984, Per-
ry 1985) have suggested the use of the relationship
between RGR and tree size as a measure for inter-
individual competitive stress. Larocque and Marshall
(1993) found that RGR decreased with increasing tree
size before the onset of inter-individual competition.
This is because until available resources, especially
light for Turkey oak, feed the demand of individuals,
trees with medium-sized crowns are more efficient
than trees with large crowns at producing new bio-
mass (Assmann 1970, Oliver and Larson 1986), al-
though larger trees have higher absolute growth.

At the tree level, in the first 10-year period and
in all treatments, the RGR decreases with increasing
tree size so that the small trees grow faster than the
large ones, although at different magnitudes depen-
ding on treatment. The same relationship is reported
by Mayor and Roda (1993) for holm oak (Quercus
ilex L.), by Canellas et al. (2004) for Quercus pyrena-
ica L., and by Cannell et al. (1984) for Pinus contorta
Douglas ex Loudon and Picea sitchensis (Bougard)
Carriere.

The modelled slopes for the first 10-year period
provide a measure of how the inter-individual com-
petition is lowered in thinned treatments, depending
on individual size: the steeper the slope, the higher
the gap in RGR between smaller and larger trees
in favour of the former. In the first 10-year period,
RGR decreases with increasing tree size even for the
unthinned coppice (treatment C), although at mini-
mum magnitude. For the same period, a decrease of
density by more than 42% was recorded in treatment
C (Notarangelo et al. 2018), which means that a self-

thinning phase was already ongoing at the trial onset.
Additionally, within 40 and 50 years, the coppices of
light-demanding oaks left to natural evolution, expe-
rience a heavy competition and a suppression phase
(Amorini et al. 1996, Cafiellas et al. 2004, Amorini et
al. 2006). The suppressed trees were mostly small-
sized so that little growing space was made available
and, thus, the slope in the modelling results were lo-
wer than for the thinned treatments.

In the second 10-year period, RGR still decrea-
ses with increasing tree size in the density release
of 600 trees-hal, even though at lower magnitude
compared with the first 10-year period. This means
that, notwithstanding an increased inter-individual
competition, after twenty years the level of competi-
tive stress is not yet so heavy and small trees still ou-
tperform large trees in terms of RGR. The same can-
not be said for the density release of 800 trees-ha’l,
even though the sign of the model slope is negative,
since the regression line exhibits a nearly flat trend
with increasing tree size. According to Larocque and
Marshall (1993), an almost constant RGR with in-
creasing size should indicate the onset of significant
inter-individual competitive stress (i.e. the phase of
crown interlock). Indeed, less growing space is avai-
lable at a density release of 800 trees-ha'! compared
with a density release of 600 trees-ha!, and the th-
reshold for the onset of significant inter-individual
competitive stress will thus be reached more quic-
kly, other parameters being equal. Conversely, the
unthinned coppice (treatment C) has increasing RGR
with increasing size, in the second 10-year period. Ac-
cording to Larocque and Marshall (1993) this means
that inter-individual competition is so severe that the
size hierarchy favors the larger trees. Asymmetric
competition occurs where light, which is an asym-
metric resource, is the primary limiting factor (Ford
and Diggle 1981, Weiner 1990). The slope sign in the
regression model provides evidence of asymmetric
competition, and the slope magnitude provides a
measure of the strength of inter-individual competi-
tive stress. It is likely that a new self-thinning phase
is ongoing that will end up suppressing the smaller
individuals.

The modelled relationship of RGR with tree size,
seems to support the hypothesis of Larocque and
Marshall (1993) even for aged Turkey oak coppice
under conversion into high forest.

Competition influences both the growth of indivi-
duals and how this growth is allocated (Perry 1985).
When the resource availability (e.g. light, water, nu-
trients) drops below the combined demands of indi-
viduals, competition ensures that the resources are
shared unequally between individuals in relation to
their size (DeMalach et al. 2016, Soares et al. 2016).
However, determining when inter-individual compe-
tition begins to negatively affect stand growth is dif-
ficult since many factors would need to be weighted.
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Tree size is recognized as one of the most important
predictors of growth (Zhang et al. 2017), and tree
growth is the basic unit to model the liberating effect
of (self-) thinning on released individuals (Franklin
at al. 2009). Our modelling approach showed to what
extent released individuals grew in relation to size
hierarchy and, at same time, provided information
concerning their competitive status conditional to
overall stand density, over time.

Conclusions

Despite the large countrywide production of li-
terature concerning coppice conversions, a lack of
knowledge about optimal age, intensity, type, and
timing of interventions still exists (Amorini and Fab-
bio 1987, Mariotti et al. 2017). The proposed model-
ling approach could be effectively applied either in
coppices to be converted or to be left to natural evo-
lution, the growth dynamics of which are still partly
unknown (Fabbio 2016). For coppices to be conver-
ted, it could be applied to disclose the variability of
individual growth responses at varying density relea-
ses and types of thinnings. In addition, the pattern of
RGR as a function of tree size can be used to detect
the optimal timing for further interventions.

For abandoned coppices, it could be helpful to in-
crease knowledge (Amorini and Fabbio 1987, 1991,
Amorini et al. 1996, 2006, 2010, Fabbio and Amorini
2006) of the growth hypotheses for coppice stands
beyond the customary rotation ages (Bernetti 1981,
Clauser 1981).

Growth dynamics of forests have usually been
analysed in terms of absolute growth (increment per
unit of time); nonetheless, RGR should be also con-
sidered for at least three reasons: (7) the absolute
growth depends on initial sizes of individuals under
comparison (Rees et al. 2010); (i?) large trees will
always outperform small trees in absolute growth
(Vospernik et al. 2010); and (i?7) absolute growth
only indicates that the growth of large trees is higher
at any stage of competition and its relationship with
tree size thus cannot be used to draw inferences re-
garding the effect of tree-to-tree competition (Laroc-
que and Marshall 1993, Mayor and Roda 1993, Caiiel-
las et al. 2004).

Finally, the proposed experimental method of
conversion represents a sound option for aged cop-
pices of light-demanding species (e.g. oaks) under
the uncertainty of repeated thinnings feasibility. It
must be considered that conversion to high forest
with customary protocols (e.g. repeated thinnings)
requires rather intensive management, and single in-
terventions may not always be economically sustai-
nable for the owner (Motta et al. 2015). Moreover, we
would also emphasize that the release densities we
applied are quite unusual, both in the provisions of

local laws (Apulia Region 2010) and in the scientific
literature (La Marca et al. 2002).
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