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Abstract
The coppice is a very flexible cultural system producing several calibers adapting to the 
demands of the market. Small-caliber roundwood from sweet chestnut (Castanea sativa 
Mill.) coppices, formerly in great demand, is now less interesting for the market. Thus, the 
improvement of coppices management by applying alternative silvicultural models in order 
to obtain benefits and sustainability is essential. For this purpose, four permanent plots 
(P1–P4) were established in 1994 to monitor different coppice management systems. The 
plots were installed in a coppice which resulted from the final clear cut of a sweet chestnut 
high-forest stand in 1992, at 50  years old. Three silvicultural management models were 
tested in order to produce roundwood of small (P1), medium (P2), and large (P4) diam-
eters. A control plot was established without any type of silviculture which corresponds to 
most of the existing chestnut coppices (P3 = without intervention). Thinnings were applied 
in the plots according to the respective management model. Twenty-four years after the 
sprouting of the coppice, the silvicultural models were evaluated according to their objec-
tives in terms of growth, yield, and quality of the sawlogs. This assessment period cor-
responds to the end of the rotation period for P1, and the results are in accordance with 
expected values. In P2 and P4 the observed growth closely matches expectations for this 
growth stage of the coppice. The quality of the sawlogs is clearly superior to that of the 
plot without intervention. Comparing the mean dendrometric values, higher values were 
observed in plots where the models were applied. The results also show that when round-
wood is used for saw-timber, silvicultural management is essential.
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Introduction

The sweet chestnut (Castanea sativa Mill.) is one of the most important broadleaf Med-
iterranean species that can be found either in natural or semi-natural forests accompa-
nied by other plant and animal species, or forming traditional orchards often with cen-
tennial trees. In the areas where it is present, the coppice always appears associated with 
the man who influenced its propagation and use throughout the centuries. Traditionally, 
chestnut woodlands have fulfilled four fundamental functions: economic (fruit, wood, 
wood-based products and other non-timber forest products associated to multipurpose 
forests, such as mushroom production and beekeeping, being a real support of the 
mountain economy); ecological (ecosystems rich in biodiversity (Fuller and Moreton 
1987) and peculiar landscapes, protects against erosion, creates discontinuities in the 
landscape interposing natural barriers to the progression of wildfires); social (important 
in the mountain economy, it plays a central role in rural development, boosting the local 
economy by promoting and enhancing mountain products and setting people); cultural 
(it has a symbolic value linked to history and tradition with centennial trees contribut-
ing to the imagery and revivalism of cultural activities, boosting the tourist activity of 
mountain regions).

In Portugal, the species covers an area larger than 40,000 hectares (ha) (ICNF 2013), 
including both orchards and forest woodlands (high-forest and coppice), but young planta-
tions and small woodlands are poorly sampled. The species is mostly found in the north of 
the country. It is estimated that at least 10 percent of this area corresponds to the surface 
occupied by sweet chestnut coppices (Patrício 1996; Monteiro and Patrício 1996).

Erstwhile, the coppices of this species played a major role in the production of small-
caliber roundwood mainly for poles, basketry, casks and other utensils used in agriculture, 
namely in the cultivation of vineyards and wine production. Nowadays, extensive areas of 
healthy coppices are unmanaged or managed without technical or economic purpose, and are 
sometimes abandoned since the market does not have a preference for chestnut stems of small 
diameters. Their use for bioenergy does not seem to be an option for landowners due to high 
harvest costs and low market prices. Thus, in general, the stands of sweet chestnut coppice 
are aged and unmanaged, with the consequent degradation of the quality of the sawlogs and 
the vigor of the trees. Indeed, complete abandonment produces dysfunction at different levels 
such as bio-geochemical cycles, biological diversity, and landscape patterns (Romane and 
Houssard 1995).

The demand for high-quality timber of broadleaf species has been increasing over time. 
High-quality chestnut timber is rare in Portugal but has a long tradition and market pref-
erence when available. Thus, the future of chestnut coppices goes through the improve-
ment of management that will lead to increase the caliber and quality of sawlogs, providing 
greater added-value for the mountain economy. The way forward is to test new silvicultural 
management models based on the extent of rotation and periodical thinning, adapted to our 
edaphoclimatic conditions, and to demonstrate to landowners that profit from the coppices 
can be improved through their reconversion for more valuable roundwood production and 
multipurpose forestry. In addition, the use of the biomass residues from forest management 
for bioenergy is a form of complementary income for the owners and reduction of biotic 
and abiotic risks. Otherwise, a differentiation of management options is needed as an alter-
native to traditional practices (or lack thereof). This line of thinking has been advocated by 
other authors (Bourgeois 1987; Amorini and Manetti 2000; Cutini 2001). This type of for-
est management, based on medium-long rotations towards wood quality is considered also 
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more environmentally sustainable. In fact, maximizing the proportion of harvested wood 
that goes into long lived products, and using only the remainder for bioenergy will increase 
GHG emissions mitigation benefits (Birdsey et al. 2018).

Considering that silvicultural management of coppices presents great flexibility, the 
choice of the production objective should result from a compromise between the best tech-
nical option to improve the stumpage value, according to the productive potential of the 
site, and the best economic option. So that we can produce coppice roundwood with sev-
eral objectives: small diameters, medium diameters, and large diameters, we need to apply 
reference silvicultural models as those proposed by Bourgeois (1992) and Bourgeois et al. 
(2004). The suitability of these models to the Portuguese conditions has been tested since 
1994 in permanent plots of sweet chestnut coppices. The main aim of this study is to evalu-
ate 24 years of application/adaptation of these silvicultural management models in the north 
of Portugal compared to a traditional coppice system and to propose new management 
options which are more sustainable. At the same time, management support tools are devel-
oped to monitor the growth and yield trends related to the applied silvicultural management 
models. These fitted equations, suitable to the juvenile phase and first stages of maturity of 
chestnut coppices, will be available and can be used by forest managers to monitor height, 
growth, and yield, either in the form of the stem total volume or up to a top diameter or mer-
chantable height, and thus predict the potential stumpage value to be obtained.

Materials and methods

Data

Data on the growth of a sweet chestnut coppice located in Serra da Padrela (41°30′37′′N; 
7°37′06′′W; 850  m.a.s.l.), Northeast of Portugal, was collected for 24  years. The mean 
annual temperature is 12.5  °C and the mean annual precipitation is 1132  mm (INMG 
1991). The soil in the stand has developed over metamorphic rocks (schist).

In 1994, through the framework of the research project MEDCOP—AIR 2-CT94-0905, 
financed by the European Union, four permanent research plots, with an area of about 
1000  m2 each, were randomly established in an even-aged sweet chestnut coppice with 
2 year old shoots. This coppice was formed after the clear-cutting for timber harvesting 
of a 50 year-old high-forest sweet chestnut stand SI45 = 24 m estimated using the equation 
referred in Patrício and Nunes (2017). Three silvicultural management models, based on 
Bourgeois (1992), were applied and adapted to our site conditions over time (Table 1). The 
plots were submitted to the following management models: Plot 1 (P1) = Model—small 
diameters (d < 25 cm); Plot 2 (P2) = Model—medium diameters (25 cm < d < 35 cm); Plot 
3 (P3) = Control: without intervention; Plot 4 (P4) = Model—large diameters (d ≥ 40 cm). 
The plots P1, P2, and P4 were submitted to: a first thinning in 1999 (at 7 years old); a sec-
ond thinning, that was also the last thinning for P1 and P2, in 2003 (at 11 years old); a third 
thinning applied only on P4 (large diameters) in 2008 (at 16 years old). The shoots selec-
tion was carried out according to the qualitative criteria of stems for timber and vigor. For 
the final clear cut, using this procedure, we are selecting shoots that present well-formed 
stems and making available logs with commercial dimensions easily saleable (Patrício 
et al. 2005). The trial has been evaluated over time (Patrício et al. 2005, 2009; Geraldes 
2011; Iamshchikov 2017).
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At 24  years old the plots were measured and reassessed. Total height (h), diameter 
at breast height (d) and live crown height were measured for all shoots in each plot and 
the number of dead stools and shoots were registered. The dominant height of each plot 
(hdom) was computed as the average height of the 100 thickest shoots per hectare (Ass-
mann 1970). The dominant diameter (ddom) corresponds to the mean of the diameters (d) 
of the 100 thickest shoots per hectare. Mean height (hg) was computed as the height of the 
shoot with the mean basal area (cross-sectional area) in the plot. The dg corresponds to 
the quadratic mean diameter and is defined as the diameter of the shoot of the mean basal 
area. The g is the basal area of the shoots calculated as g = π/4 (d2) and G is the basal area 
per hectare. The average stability coefficient of the shoots was computed dividing the total 
height by the diameter at breast height (h/d). The density was evaluated by the number of 
stools per hectare (Nst ha−1) and shoots per hectare (Nsh ha−1). The survival was assessed 
by the computation of the percentage of survived stools (%Survst) and the percent of sur-
vived shoots (%Survsh). The living crown ratio per plot (CR) corresponds to the mean 
percentage of live crown.

P1 has already achieved the end of rotation (inferior boundary) for the production of 
small diameter roundwood (mean diameter 14–25 cm at 25–30 years). The evaluation of 
the remaining plots is still ongoing. Only P4 will continue to be thinned based on the silvi-
cultural model for the production of logs with larger diameters (d ≥ 40 cm at 40–50 years 
old).

Construction of management tools

Total and percentage volume equations

Equations to predict the total volume of stems, without stump, as a function of d and h 
were fitted and evaluated (Table 2). We selected usual equations that were also tested by 
Patrício (2006) in chestnut’s high-forest production system.

The dataset used contained volumes measured in 350 individual stems (shoots) that 
were removed by thinning in 2003 and 2008. The volume of a cone was assumed for tips 
and the Smalian formula was used for the rest of the stem when computing the total vol-
ume. Summary statistics are presented in Table 3.

Equations were fitted by weighted linear or nonlinear regression in R software, version 
3.5.1 (R Core Team 2018) using the functions lm and nls, respectively. After testing several 
weights, a weight (w) of 1/(d h)3 was adopted to correct for heteroscedasticity. The Huber’s 

Table 2   Candidate equations to 
estimate stem total volume

Designation Equation References Observation

EVT1 v = β0 + β1d2h Spurr (1952) Linear
EVT2 v = β1d2h Spurr (1952)
EVT3 v = d2(β1 + β2h) Ogaya (1968)
EVT4 v = β1 dβ2 hβ3 Schumacher and 

Hall (1933)
Nonlinear

EVT5 v = β1(d2h)β2 Spurr (1952)
EVT6 v = d2/(β0 + β1h−1) Honer (1965)
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influence function (Huber 1964) was used to reduce the influence of data points presenting 
high fitting errors (“outliers”) (Myers 1986, p. 203):

where e
i
∕� are the studentized residuals and r is a limit factor. In our case, if absolute 

values of studentized residuals (rstud) exceeded 1 (r = 1), then weights (hereafter called 
Huber weights and denoted as Hw) were equal to 1/absolute(rstud) and equal to 1 other-
wise. Huber weights were used together with w. They were applied as Hw*w in the argu-
ment weights of function lm (or nls) call.

Percentage volume equations are useful together with a total volume equation. These 
equations estimate the percentage of total volume as the ratio (R) of the volume accumulat-
ing up to a merchantable diameter (di) or merchantable height (hi) to total volume. They 
are restricted in order that when di = 0 or hi = h, R should be equal to 1 for compatibility 
with total volume equations.

Equations from the work of Patrício (2006) were also tested, especially those with easy 
application in real practice (Table  4). The dataset used was basically the same for total 
volume equations except that an expansion was necessary to properly contain the available 
information about the pairs di, hi for each tree (total number of observations = 1369).

All of the equations were fitted in R software, version 3.5.1 (R Core Team 2018) with 
the function nls. The Huber function was used with a limit factor r = 1. Huber weights 
computed the same way as explained before were used in the argument weights of function 
nls (weights = Hw).

Generalized H–D equation

To study the height-growth trend of the chestnut coppice under management a generalized 
H–D equation was fitted. To obtain this generalized hypsometric equation common func-
tions were tested. After some preliminary analysis, the candidate equations with the best 
performance are presented in Table 5.

EHG1 is an adaptation of the Prodan equation modified by Tomé (1988). EHG2 is an adapta-
tion of the Michailoff equation modified by Tomé (1988). EHG3 is from Harrison et al. (1986), 
EHG4 and EHG5 are also adaptations of the Michailoff equation modified by Tomé (1988).

The dataset contained 2729 h–d pairs that were available from measurements of 1999, 
2003, 2008, and 2016 in all plots. The equations were fitted in R software, version 3.5.1 (R 
Core Team 2018) with the function nls.
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Table 3   Summary statistics of 
the total volume dataset

Statistic v (m3) d (cm) h (m)

Maximum 0.297 19.7 16.1
Minimum 0.002 2.4 4.7
Mean 0.043 9.3 10.4
SD 0.039 3.2 2.0
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To compare candidate models, the goodness of fit was assessed with usual statistics such 
as the adjusted coefficient of determination (R2adj), the root mean square error (RMSE) and 
quadratic total error (QTE), which is the squared bias plus variance of residuals. Akaike Infor-
mation Criterion (AIC) was also computed using the formula n ln (RSS/n) + 2k (n is the num-
ber of observations in the data, RSS is the residuals sum of squares and k is the number of 
parameters to be estimated). Predictive capacity was evaluated using the residuals obtained 
with one observation deleted (leave-one-out method), also known as Press residuals. The mean 
(MPress), the absolute mean (MAPress), the total sum of squares (Press) and the R squared 
(R2Press) were calculated. This was done for volume and generalized H–D equations.

Results and discussion

Table 6 shows the dendrometric evaluation of the plots after thinning at 11 years old. Pat-
rício et al. (2005) reported the silvicultural management applied to the plots up to 11 years 
old. Analyzing Table 6, P1 (Model—small diameters) presented a dg of about 17 cm and 
hg of 13 m as well as ddom 23 cm, and hdom 15 m, being in accordance with the expected 
values (mean diameter 14–25 cm at 25–30 years) given by the reference models (Bourgeois 
1992; Bourgeois et al. 2004). This plot is on the inferior boundary of its rotation period.

The basal area observed in P1 (G 30.4 m2 ha−1) is similar to P3 (G 30.9 m2 ha−1) how-
ever only with a dg of 14.5 cm. The sweet chestnut coppice toward higher stumpage value 
passes through straighter and more cylindrical stems as well as greater individual diame-
ters. Silvicultural intervention favors these aspects by providing stems of better quality and 
larger diameters as well as greater stand stability (lower stability coefficients h/d).

Since the last thinning we observed a 4 percent mortality in stools and 7 percent in 
shoots in P1 while in P3, the plot without intervention, intense competition led to a reduc-
tion of 27 percent in the number of stools and 68 percent in the number of shoots in rela-
tion to the existing density at 11 years old. In P3 the natural reduction in the number of 
shoots over time tends to that imposed to P1 by thinning. However, competition does not 
always favor the best shoots for sawlogs. The strong competition observed in P3 also mani-
fests itself in the elimination of stools, not only over shoots. In P2 and P4, no mortality was 
observed. It should be noted that P4 survival percentage shown in Table 6 (60%) is attrib-
uted only to thinning that occurred at age 16. Only P4 was thinned after age 11 following 
the management model prescriptions for large diameters.

In P2 and P4 (models for medium and large diameters respectively) the observed growth 
closely follows the expectation for this growth stage of the coppice. P4 has both the best 
average values for height and diameter and excellent indicators for stability and crown 
ratio.

Table 5   Candidate generalized H–D equations to estimate individual height

Designation Equation Age Parms.

EHG1 h = 1.3 + (hdom − 1.3) (1 + (b1 hdom) ((1/d) − (1/ddom)))−1 No 1
EHG2 h = 1.3 + (hdom − 1.3) exp((b0 + b1 hdom + b2 (Nsh/1000)) ((1/d) − (1/ddom))) No 3
EHG3 h = hdom (1 + b0 exp(b1 hdom)) (1 − exp(− b2 d/hdom)) No 3
EHG4 h = 1.3 + (hdom − 1.3) exp((b0 + b1 (Nsh/1000) + b2 t) ((1/d) − (1/ddom))) Yes 3
EHG5 h = 1.3 + (hdom − 1.3) exp((b0 + b1 hdom + b2 dg + b3 t) ((1/d) − (1/ddom))) Yes 4
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The relationship between silvicultural management and the quality of sawlogs was ana-
lyzed in the plots at 16 years old. The study carried out by Patrício et al. (2009) and Ger-
aldes (2011), compared the stem quality of shoots for saw-timber between plots based on 
qualitative criteria. The used criteria were: the stratification of the canopy from Kraft’s 
Classes (Kraft 1884) (in Assmann 1961), the stem form (cylindricity, curvature, curvature 
in the base of insertion of the shoot on the stool, insertion height of medium and thick 
branches on the stem), the first sawlog quality as a whole (2.25 m) and second log of 2.25 
long (up to 4.50 m). Ranks from 1 to 5 were used for each parameter (1 corresponding to 
the worst and 5 to the best). The results of the multivariate analysis performed, namely 
principal component analysis (PCA) and redundancy analysis (RDA), showed that the 
best stem quality for timber of the shoots was associated to P2 and P4. The control with-
out intervention was associated with a stratified canopy due to high competition between 
shoots in P3. The quality of shoot stems for saw-timber is worse in the control (P3) in com-
parison to the others. These results demonstrate that the quality of sawlogs is better and 
more valuable when the silvicultural management models are applied (ibidem). Therefore, 
the silvicultural management models tested improve the stumpage value contributing to the 
sustainability of sweet chestnut coppices.

The equation developed for the NW of Spain (Menéndez-Miguélez et al. 2015, 2016) 
was used to define the site quality since in Portugal SI equations are yet not available for 
chestnut coppice. Estimated average site quality was SI20 = 15 m. Comparing with de site 
index curves of Duplat presented in Bourgeois et  al. (2004), our SI ranges from about 
15–17 m for the same reference age.

The yield at age 24 estimated with EVT1 equation (presented in the next section) was: 
194.3 m3 ha−1 for P1, 178.8 m3 ha−1 for P2; 243.3 m3 ha−1 for P3 and 84.9 m3 ha−1 for P4. 
These values were converted into biomass using the specific gravity value 0.547 g cm−3 
(Luís and Monteiro 1998). Thus, the long-term carbon retention potential that could be 
converted into long-life products for the main stand of the managed plots was as follow: 
53.2 Mg C ha−1 for P1, 48.9 Mg C ha−1 for P2 and 23.3 Mg C ha−1 for P4 (using a 0.5 con-
version factor). All these values will increase towards the end of the rotation. The poten-
tial forest residues from thinning that could be directed to bioenergy were: 59.4 Mg ha−1, 
86.2 Mg ha−1, 98.3 Mg ha−1, corresponding to the implemented management in P1, P2 and 
P4. Areas of coppice without intervention currently have as their main aptitude ecosystem 
services and biomass production. So, the biomass potential production of these chestnut 
coppices, P3 equivalent (without intervention), was 15.5 Mg ha−1 from self-thinning and 
133.1 Mg ha−1 from the main stand, totaling 148.6 Mg ha−1.

According to stand density management diagram (SDMD) (Menéndez-Miguélez et al. 
2016), the estimated relative space indexes (RSI) for our plots are: P1 = 18%; P2 = 24%; 
P3 = 14% and P4 = 32%. Thus, management options for medium and large diameters pre-
suppose to maintain RSI between 24 and 32%. These values are in accordance with forestry 
practiced in France (RSI 20–32%) for the same purposes for the best site qualities. Plot P1 
and mainly P3 (without intervention) are out of this range of values and more closely to the 
densities observed in NW Spain. The P3 at age 24 produces mean diameter and volume 
similar to that of the NW Spain yield table (Menéndez-Miguélez et al. 2016) prediction for 
high density in a medium site index. These yield tables do not apply to the remaining plots 
due to the differences in density that imply different forestry managements.

Stand density is closely related to the forestry management applied and consequently 
to the dg obtained. Management models for large roundwood calibers are not intended 
to maximize total volume production or biomass but individual growth to achieve larger 
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diameters. Under this assumption, the productivity obtained so far follows the ones 
reported by Bourgeois for France and Italy for medium-good sites.

The assessment of the plots is ongoing. The applied silvicultural models converged, in 
P1, to three final shoots per stool in the last thinning; in P2, to two shoots per stool in the 
last thinning and in P4, to one shoot per stool at the most. In P4, the final density will only 
be reached from the next thinning that should occur when height will be around 18 m. The 
remaining plots will not be subject to further thinning. The reference silvicultural manage-
ment models proposed by Bourgeois (1992) and Bourgeois et al. (2004), which have been 
tested for Portuguese site conditions, should be adapted according to the effective number 
of shoots per hectare, before and after thinning, indicated in Table 1, when applied to Por-
tuguese sweet chestnut coppices or similar.

Volume equations

Linear models (EVT1–EVT3) presented a slightly better performance than nonlinear mod-
els (EVT4–EVT6). The final decision was between EVT2 and EVT1, both using the same 
explanatory variable, except that EVT2 does not contain an intercept (Table 7). We used 
the only known published total volume equation for Portuguese chestnut coppices (Fortuna 
1969) to analyze mean bias and average error by diameter class (5 cm) in the fitting data-
set and comparing with the candidate equations. The Fortuna (1969) equation showed, in 
general, an overall overestimation tendency in opposition to the candidate equations. We 
then calculated the volumes of the four plots for the 2016 measurement using the Fortuna 
(1969) equation and the candidate equations. Based on this procedure we finally decided to 
propose the EVT1 model to calculate the stem total volume (v = 0.0005318 + 0.00003773 
d2h).

Equations of percentage volume as a function of di presented a slightly inferior perfor-
mance than equations of percentage volume as a function of hi (Table 7), however, the first 
equation allows differentiation by categories of roundwood. From the first group, the Mat-
ney and Sullivan (1980) equation (EVPD2) is proposed. The final parameterization of the 
equation is: R = 1 − (1 − exp(− 0.655771 tan(0.854261 h 0.155312 (di/d)))) 2.598471.

We used this equation together with the proposed total volume equation to compute, 
using data from the most recent plot assessment in 2016, the available volumes considering 
the three major merchantable top diameters (di = 15 cm, 20 cm, and 25 cm). The calcula-
tions were done by top diameter classes in each individual plot (silvicultural management 
model) and the volumes obtained were then expressed as a percentage of total plot vol-
ume. The comparison of results in the four plots is presented in Fig. 1. It is clear that the 
merchantable top diameter volume in P3 (the control without silvicultural intervention) is 
strongly based in trees from the smallest top diameter classes (di ≤ 15 cm). In P1 (small 
diameters) the top diameter classes with most representation is di 15 cm. The major top 
diameter classes are mainly present in P2 (medium diameters) and P4 (large diameters). 
However, P4 produces the largest top diameters as expected to obtain roundwood more 
valuable than the other silvicultural management models. The results are in line with our 
objectives demonstrating that effective silvicultural management is worth comparing to the 
traditional one since it promotes the increase of the caliber and quality of sawlogs provid-
ing a superior added-value for the mountain economy.

From the second group (merchantable height hi) the proposed equation is EVPH1 from 
Cao et al. (1980) whose final parameterization is: R = 1 + (− 0.66436 (h − hi)2.74570/h2.59844).
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Table 7   Indicators of the performance of total volume equations, percentage volume equations as a function 
of di and hi, and performance of generalized H–D equations

Model AIC MPress MAPress Press R2Press R2Adj RMSE QTE

Indicators of the performance of total volume equations
EVT1 − 3007 0.00132 0.00552 0.0639 0.879 0.980 0.0000041 0.000183
EVT2 − 3020 0.00073 0.00563 0.0620 0.883 0.985 0.0000044 0.000177
EVT3 − 2991 0.00154 0.00557 0.0672 0.873 0.986 0.0000042 0.000191
EVT4 − 2983 0.00168 0.00552 0.0687 0.870 0.979 0.0000043 0.000195
EVT5 − 2985 0.00172 0.00549 0.0686 0.871 0.979 0.0000042 0.000195
EVT6 − 2987 0.00115 0.00561 0.0682 0.871 0.978 0.0000043 0.000194
Indicators of the performance of percentage volume equations as a function of di
EVPD1 − 7657 0.00045 0.04557 5.085 0.908 0.938 0.04823 0.003704
EVPD2 − 7925 − 0.00004 0.04071 4.177 0.925 0.951 0.04322 0.003042
EVPD3 − 7305 − 0.00081 0.05206 6.576 0.882 0.918 0.05504 0.004797
EVPD4 − 7919 − 0.00019 0.04086 4.196 0.924 0.951 0.04336 0.003055
EVPD5 − 7584 − 0.00084 0.04701 5.363 0.903 0.934 0.04972 0.003906
Indicators of the performance of percentage volume equations as a function of hi
EVPH1 − 8793 0.00011 0.02964 2.218 0.960 0.974 0.03139 0.001616
EVPH2 − 8789 0.00011 0.02968 2.223 0.960 0.974 0.03142 0.001618
EVPH3 − 8577 0.00001 0.03269 2.597 0.953 0.969 0.03440 0.001897
EVPH4 − 8516 − 0.00272 0.03333 2.715 0.951 0.967 0.03509 0.001981
EVPH5 − 8642 − 0.00172 0.03177 2.476 0.955 0.970 0.03351 0.001804
Indicators of the performance of generalized H–D equations
EHG1 792 0.03932 0.89376 3646 0.882 0.882 1.156 1.335
EHG2 638 0.02282 0.86518 3447 0.889 0.889 1.123 1.260
EHG3 742 0.00156 0.88035 3581 0.884 0.885 1.145 1.309
EHG4 657 0.03390 0.87051 3472 0.888 0.888 1.127 1.269
EHG5 659 0.02133 0.87109 3475 0.888 0.888 1.127 1.269

Fig. 1   Available estimated 
volume at age 24 for top diameter 
(di) 15 cm, 20 cm and 25 cm
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H–D Equations

EHG2, an adaptation of the Michailoff equation modified by Tomé (1988) showed the best 
performance among the generalized H–D equations tested (Table 7). The Q–Q plot of stu-
dentized residuals from the fit using nls function did not reveal a substantial departure from 
normality. Also, no meaningful departure from homoscedasticity was observed from the 
plot of studentized residuals against fitted values. Nevertheless, the final parameterization 
of the model was obtained using the gnls function from R package nlme which allowed to 
model autocorrelation of the residuals due to repeated measurements at the individual level 
(we used a continuous autoregressive model of order 1 (corCAR1)). We also corrected for 
a slight deviation from the assumption of the constant variance of residuals using the var-
Power variance function structure option with a power of hdom in the weights argument 
of function gnls. Plots of residuals from the generalized nonlinear least squares fit are pre-
sented in Fig. 2. The final proposed equation (EHG2) is:

The study trend of the height growth inside the plots based on the equation EHG2 is 
shown in Fig. 3. The growth trend shows different patterns related to the silvicultural man-
agement practiced in each plot.

The set of proposed equations were constructed with the data that has been successively 
collected in the described study plots. Future measurements are expected that will allow 
calibration/improvement of the models as the range of available data will hopefully con-
tinue to increase.

h = 1.3 + (hdom − 1.3) exp ((−2.4357374 − 0.2155601hdom + 0.2913532(Nsh∕1000))((1∕d) − (1∕ddom))).

Fig. 2   Q–Q plot of standardized residuals (a); standardized residuals Vs fitted values (b); normalized resid-
uals Vs its lag 1 values (c)
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Conclusions

This study has proved that there are advantages for landowners in applying these manage-
ment models concerning stem quality for saw-timber and sustainability of sweet chestnut 
coppices.

The quality of the sawlogs is clearly superior to that of the plot without intervention 
although the dominant trees may have similar growth rates. In the control plot, there is a 
natural reduction in the number of shoots almost equivalent to that imposed by thinning in 
P1. Comparing the mean dendrometric values, higher values were observed in plots with 
the model’s application. It is verified that treatment without intervention naturally tends 
toward the results of the model for small diameters. The results also show that when the 
roundwood is used for saw-timber, silvicultural intervention is essential. For this purpose, 
the coppice should be conducted maintaining a relative spacing index in the range 24–32%. 
Maximizing the quality of roundwood increases the harvest proportion of wood that can 
be incorporated in long-lived products, a practice that is environmental more sustainable, 
using only the management residues for bioenergy. This type of forestry management will 
increase GHG emissions mitigation benefits.

The potential forest residues from thinning that could be directed to bioenergy at age 24 
ranges from 59.4 to 98.3 Mg ha−1, dependent on the type of management.

Fig. 3   Estimation trends of H growth based on selected generalized hypsometric equation superimposed on 
the H–D data in each plot
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When coppice is unmanaged and quality does not satisfy uses that lead to carbon storage 
for longer periods of time, biomass production is a possibility. At age 24, in a SI20 = 15 m 
the biomass potential produced reaches 148.6 Mg ha−1.

Although the assessment of study plots is still in progress some results are already evi-
dent. The P1, model for small diameters (on the inferior boundary of its rotation period) 
presents a dg of about 17 cm and hg of 13 m and is in accordance with the expected values 
in reference models (mean diameter 14–25 cm at 25–30 years). It is possible to produce 
average diameter sawlogs similar to the reference models in our edaphoclimatic conditions.

The plots submitted to forest management (application of the silvicultural models) 
undoubtedly give a better result than the control plot without intervention. We can improve 
the potential of chestnut coppices for sawlogs through silvicultural management, improving 
the benefits for landowners and contributing to the sustainability of the mountain economy.

Finally, we make available generalized h–d and volume equations to monitor and pre-
dict the growth and yield trends related to the applied silvicultural management models of 
sweet chestnut coppices in similar conditions. These equations can be used by forest man-
agers to monitor height, growth and yield in the juvenile phase and first stages of maturity 
on their chestnut coppices to predict the potential stumpage value to be obtained.
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