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Thinning treatments along with the establishment of mixed forest stands have been put forward as possible
adaptation strategies to cope with climate change, although the effectiveness of combining these two measures
has scarcely been studied and may vary depending on stand conditions and the thinning regime employed. The
aim of this study was to better understand the effect of commercial thinning and of the different growth behavior

Drought .. . .. . . cqs .
Density reduction of two coexisting species on their inter- and intra-annual cumulative radial increment patterns. For this purpose,
Adaptation we studied radial increment in a Scots pine-Pyrenean oak (Pinus sylvestris L.-Quercus pyrenaica Willd.) Mediter-

ranean mixed forest in north-west Spain over two climatically contrasting years (2016-2017). The data came
from a thinning trial consisting of a randomized latin square design with a control and two commercial thinning
treatments from below; one moderate and the other heavy, removing 25% and 50 % of initial basal area,
respectively, of both species. The radial increment was analyzed based on bi-weekly readings from band den-
drometers installed on 90 oak and pine trees. A non-linear mixed model based on double-Richards curve was
fitted to explore the differences between thinning treatments and species response in the intra-annual cumulative
radial increment patterns. Inter-annual basal area increments for each species at stand level were quantified by
aggregating the tree estimates obtained from the model fitted in the first step. Tree and stand level growth were
greater in Scots pine, which also showed a greater growth response to early spring droughts than the Pyrenean
oak. Heavy thinning increased radial increment in trees of both species at the expense of decreased total stand
basal area. At species level, basal area growth in Scots pine decreased through thinning, whereas for Pyrenean
oak, the heavy thinning intensity resulted in the same basal area growth as the control. Thus, heavy thinning
induced a trade-off between total stand growth and tree-level response to climatic conditions for Scots pine but
with no loss in productivity in the case of the Pyrenean oak. Hence, heavy thinning may be an appropriate
measure to attain productive stability of the oak coppice in the studied mixed forest as well as to adapt tree
growth to future droughts associated with climate change.

2022; Hartmann et al., 2022; Martinez-Vilalta et al., 2012). Some stra-
tegies such as changes in forest structure and/or species composition
have been proposed to reduce the impacts of climate change (D’Amato

1. Introduction

Climate change is one of the greatest threats to forest vitality and

therefore the challenge for managers is to develop adaptive strategies
that minimize ecosystem vulnerability (Allen et al., 2010). Several
studies have already evidenced decreases in forest productivity and
increased tree mortality or dieback in different regions of the world,
especially in southern Europe (Calama et al., 2023; Hammond et al.,
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et al., 2013).

Competition affects the way tree growth responds to climate (Cas-
tagneri et al., 2022; Fernandez-de-Una et al., 2015; Sanchez-Salguero
et al., 2015). Thus, forest management techniques such as commercial
thinning have been proposed in order to promote climatic resilience in
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forest stands by reducing tree competition and changing stand structure
(Moreau et al., 2022; Olivar et al., 2014; Sohn et al., 2016a, 2016b).
After thinning, the remaining trees increase access to environmental
resources (i.e., soil moisture, light), thus enhancing their vigor and
decreasing stress from climatic conditions (Magruder et al., 2013). On
the other hand, density reduction may increase soil water evaporation
and worsen nutrient cycling and tree growth on dry sites (Calama et al.,
2019). Tree response to thinning treatments depends on the thinning
regime (age at first thinning, intensity, type, and frequency). Heavy
thinning is a suitable approach to improve the growth response of
remaining trees to drought in both conifers and broadleaves (Sohn et al.,
2016b). However, positive effect of the thinning treatment may decrease
over time and could even become negative when compared to unthinned
stands of Scots pine (Sohn et al., 2016a, 2013). Reduced competition
through thinning was also found to increase growth and prolong the
duration of the growing season for other species, regardless of weather
conditions (van der Maaten, 2013). The reduction of stand density in-
creases drought resistance and resilience in xeric Scots pine forests, thus,
may decrease stand vulnerability to drought (Giuggiola et al., 2013).
Similarly, thinning treatments have been shown to increase growth,
reduce long-term stress caused by competition for water, and reduce the
vulnerability of trees to drought in Mediterranean environment (del Rio
et al., 2017b; Navarro-Cerrillo et al., 2019).

Together with thinning, another forest management technique sug-
gested as a possible adaptation strategy to mitigate the effects of climate
change is to promote mixed forest stands, as they have been shown to
increase resilience to biotic and abiotic factors (Grossiord, 2019; Guyot
et al., 2016; Jactel et al., 2017; Pardos et al., 2021; Steckel et al., 2020)
and enhance both the level and temporal stability of productivity
(Bauhus et al., 2017a; del Rio et al., 2017b, 2022). They can also present
certain advantages compared to monospecific stands with regard to
ecological functions and services (Felton et al., 2016; Huuskonen et al.,
2021). Hence, under the current climate change scenario, a possible
adaptation strategy would be to implement thinning regimes in mixed
forest, which could also contribute towards promoting social, economic
and environmental functions as part of this adaptive forest management
(Ammer, 2016). However, scarce information currently exists with re-
gard to the effects of commercial thinning on the resilience of mixed
forest stands (Navarro-Cerrillo et al., 2016; Vernon et al., 2018).

Radial increment analysis is commonly used to quantify tree growth
as well as to evaluate the ecological consequences and changes in pro-
duction associated with climate change or management interventions
(Siegmund et al., 2016). Understanding the differences in inter-annual
tree growth of co-existing species allows us not only to assess stand
stability with regard to aboveground wood production but also to pre-
dict changes in species composition (Jucker et al., 2014). Intra-annual
radial increment analysis allows us to identify differences in growth
among trees of different species in response to specific climatic events
that may not be captured using a standard inter-annual dendroclimatic
approach (Duchesne and Houle, 2011). However, intra-annual radial
variation studies focusing on mixed forests in the Mediterranean region
are still scarce (Aldea et al., 2018; de-Dios-Garcia et al., 2018).

In this study, we evaluated differences in intra- and inter-annual
radial increment patterns of the species Pinus sylvestris L. and Quercus
pyrenaica Willd. (hereinafter Scots pine and oak, respectively) in thinned
and unthinned mixed stands under a Mediterranean climate. These
stands are the result of forest management strategies over the second
half of the twentieth century which included the re-introduction of pine
species in oak coppice stands as a method to increase soil protection and
stand productivity. The abandonment of these stands has allowed the
oak to resprout under the Scots pine canopy resulting in spontaneous
mixed pine-oak stands. Scots pine is a typical light-demanding pioneer
species with a high radial growth rate (Sanchez-Costa et al., 2015).
Deciduous oak trees, however, utilize resources more efficiently, so
predominate in the late-successional stage (Cuny et al., 2012; Rodri-
guez-Calcerrada et al., 2010). These differences in functional traits and
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growth strategies could mean reduced competition between species and
increased supply, capture or use efficiency of site resources (Condés
et al., 2023; Forrester, 2017, 2014; Grossiord, 2019). Therefore, Scots
pine-oak mixed stands can tolerate greater volume increment per
occupied area than pure stands (del Rio and Sterba, 2009; Steckel et al.,
2019). This spatial and temporal complementarity could also imply
reduced climate sensitivity (Merlin et al., 2015; Steckel et al., 2020;
Toigo et al., 2015) and more stable productivity (del Rio et al., 2022).

Although a large number of thinning experiments have been estab-
lished for Scots pine in the last century across Europe (Castro-Segtowich
etal., 2023; del Rio et al., 2017a; Linkevicius et al., 2023; Saarinen et al.,
2020), thinning experiments in mixed stands are currently scarce
(Bauhus et al., 2017c; Primicia et al.,, 2016). Heavy thinning is
commonly associated with yield loss at stand level in the case of pure
Scots pine stands (del Rio et al., 2017a). In contrast, thinning may in-
crease growth at both tree and stand levels for oak coppice stands
(Canellas et al., 2004; Corcuera et al., 2006). The effect of the thinning
may be sustained even during the most unfavorable climatic years.
Cotillas et al., (2009) also found that selective thinning (removing
20-30 % of total basal area) improved tree growth for oak mixed-
coppice stands under normal and reduced rainfall conditions. Aldea
et al., (2017), in a study of intra- and inter-annual radial increment,
found a positive effect of thinning on growth (regardless of drought
conditions) in mixed stands of maritime pine and oak. However, the
growth response to thinning in Scots pine-oak mixed forests in the
Mediterranean area has not been studied to date. Despite its ecological
and socio-economic importance and the fact that forests of this mixture
are widespread, there is no specific silviculture for mixed stands of these
species.

We used band dendrometer measurements, over two climatically
contrasting years (2016 and 2017), from a thinning trial in order to
identify differences between the species and short-term effects of com-
mercial thinning (1-2 years after treatment application) on inter- and
intra-annual cumulative radial increment patterns. The aims of the study
were: 1) to decipher the differences in species growth; and 2) to quantify
the short-term effect of commercial thinning at different spatio-temporal
scales (tree vs. species and stand levels, and intra- vs. inter-annual
levels).

2. Materials and methods
2.1. Study site

The experiment was located in Palacio de Valdellorma (Ledn,
42°45'42.4"N, 05°12'39.6”W) in north-western Spain. The thinning trial
was located at 990 m.a.s.l. under a continental Mediterranean climate,
where the average annual rainfall is 515 mm with a marked summer
drought period between July and August, when recorded precipitation
averages 42 mm (AEMET, 2018, Spanish State Meteorological Agency.
2661 weather station code, based on 1981-2010 historical records). The
annual mean temperature is 11.1 °C and the hottest month is July, with
an average temperature of 27.4 °C. The period in which frosts may occur
(temperature below 0 °C) is from December to February. Topography is
moderate with a slope of 16 % and soils are acid conglomerates based on
Miocene clay sediments (IGN, 1991).

Initially, an original oak coppice stand was harvested during the
1970's and reforestation was carried out with Scots pine planted in rows.
The oak coppice grew back via asexual reproduction in the form of
sprouts between the rows of pine, so that by the start date of the
experiment the stand resembled a 40-year old even-aged pine-oak mixed
stand, although the real cambial age of each species differed. The stand
basal area was dominated by pine, with a mean species proportion in
basal area of 70 %.

Nine rectangular plots (50 x 40 m) were established following a
complete randomized latin square design, with a buffer zone of 20 m
between plots (Figure S1). The experimental design consisted of two
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commercial thinning treatments with different intensities and an
unthinned control (C) with three replicates each. The thinning treatment
consisted of moderate (MT) and heavy thinning (HT), removing 25 %
and 50 % of the initial basal area, respectively (Table 1). Trees of both
species were removed by thinning from below, which involved logging
the suppressed and intermediate trees and those with forked stems or
low-quality timber specimens. The species proportion per plot was
approximately maintained, so that there was 60-70 % Scots pine and
30-40 % oak in the remaining basal area. The commercial thinning was
carried out during winter 2015 and the felled logs and branches were
removed from the plots. In each plot, the diameter at breast height of all
trees was measured while tree height was only measured in a subsample
covering the diameter distribution per species. Mean diameter, stand
density, dominant height and stand basal area were estimated per spe-
cies. There were no statistical differences between plots for each species
prior to commercial thinning. As expected, after thinning statistical
differences were identified in mean diameter, stand density and basal
area according to Tukey contrast (Table 1).

2.2. Stem radial variation and climatic measurements

We installed band dendrometers (DB 20, EMS Brno) after thinning
treatments on five trees per species and plot, according to a stratified
sampling approach that took diameter distribution into account. A total
of 90 dendrometer bands were installed at breast height (1.30 m) after
partial bark removal (rhytidome) to reduce stem rehydration effect. The
Scots pine trees selected averaged 13.8 cm (+3.2 cm standard deviation)
in diameter at breast height and 11.8 m (+£1.4 m sd) high, while the oaks
averaged 12.0 cm (£2.8 cm sd) in diameter and 10.1 m (+1.1 m) high.
There were no significant differences in height or diameter between
thinning treatments for each species, but oak diameter was slightly
lower than pine according to the diameter species distribution in the
stand. Band dendrometers were measured to the nearest 0.1 mm every
two weeks from April 2016 to December 2017. All measurements were
taken in the morning to reduce diurnal bias, which is caused by stem
shrinkage from transpiration. The measurements were corrected for
temperature effects and dendrometer thermal expansion following the
manufacturer’s instructions (11.2 x 10~®mmoC~!). Finally, girth
increment data were transformed to radial increments based on a hy-
pothetical cylindrical tree shape.

The weather during the sampling years (2016-2017) was charac-
terized by dry summer months (Fig. 1). However, in 2017 there was a
severe drought due to scarce precipitation in early spring (March-April)
as well as in fall, prolonging the drought period until the end of autumn
(October). Accordingly, annual precipitation was 515 mm and 368 mm
for 2016 and 2017, respectively. The average daily maximum temper-
atures for the warmest month were higher than mean historical records
(29.6 °C and 28.6 °C for 2016 and 2017 respectively vs. 27.3 °C for
1981-2010 period). Monthly temperature and precipitation records
were compiled using data from the closest AEMET automatic network
station (Leon, Sahechores, 2626Y, sited at 25 km from the study site).

Table 1
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2.3. Data analysis

2.3.1. Intra-annual analysis at tree level

Cumulative radial increment patterns for both species showed a clear
bimodal pattern, which is typical of Mediterranean environments
(Albuixech et al., 2012; Aldea et al., 2017; Pacheco et al., 2018): stem
growth in the spring season, contraction during the summer due to
depletion of stored water (concurrent with increasing water deficit) and
stem rehydration (with growth for certain species) after autumn rainfall.
Because of the expected bimodal pattern, we employed a non-linear
mixed model based on the sum of two Richards curves (double-
Richards) to analyze the cumulative intra-annual radial increment. The
first Richards curve would represent the growth pattern for the spring
and the second one for the autumn. The advantage of Richards curve
compared to the commonly used Logistic or Gompertz function is that a
fourth parameter included in the former, allows a better and more
flexible fit to the original data, avoiding convergence problems. In fact,
the Logistic or Gompertz function could be considered a specific case of
the Richards curve (Oswald, 2015).

Model selection was done in four steps: 1) based on extra sum of
squares F-Tests and penalized root-mean-square error, different Richard
curves candidates were ranked and the most parsimonious curve
selected (Oswald et al., 2012). Thus, the appropriate parameterization
of the double-Richards curve was chosen according to the complexity of
the observed trajectories in the data (Oswald, 2015); 2) Random effects
were also included in the Richards curve selected in the previous step to
consider the spatial and temporal dependence of measurements.
Different random structures, affecting also to different parameters, were
evaluated by maximizing the restricted log-likelihood (Zuur et al., 2009)
and comparing and selecting the lowest value of the Akaike information
criterion (AIC); 3) Then, in order to assess their impact on the Richards
curve parameters, we added species, thinning treatment, year, and
diameter variables as fixed effects. We compared all possible fixed
model structures including the combination of variables affecting
several parameters and the interaction among them; 4) The previous
models were ranked and the final model was selected according to which
was the most parsimonious (lowest AIC)”.

Finally, serial autocorrelation was assessed using partial autocorre-
lation function and their respective plots, and several serial correlation
structures were evaluated (autoregressive, moving average, and a mixed
autoregressive-moving average model) to model residual autocorrela-
tion. A variance function for modeling heteroscedasticity was also used,
testing among several structures (exponential, power, and constant plus
power of the absolute value of the variance covariate) (Pinheiro and
Bates, 2000). Model fitting was performed using the ‘FlexParamCurve’
(Oswald, 2015) and ‘nlme’ (Pinheiro et al., 2015) packages in R (R
Development Core Team, 2020).

2.3.2. Inter-annual analysis of each species at stand level

The stand basal area growth for each species was estimated using the
tree diameter distribution measured for each plot and applying the
model fitted in the intra-annual analysis at tree level. Basal area growth

Main stand characteristics before and after commercial thinning for each species. Data shown are mean and standard deviation values by treatment. Different letters
denote significant differences after thinning at the 0.05 significance level. Ho: dominant height; dbh: mean tree diameter at breast height; BA: stand basal area; C:
unthinned; MT: moderate thinning (25% BA removed); HT: heavy thinning (50% BA removed).

Before thinning

After thinning

Species Treatment H, (m) Density (mha™hH dbh (cm) BA (m*ha™) Density (mha™hH dbh (cm) BA (m2~ha’1)

Pinus sylvestris C 125+ 1.2 1,415 + 130 12.2 + 4.3 19.6 + 2.3 1,415 + 130c 12.2 + 4.3a 19.6 + 2.3b
MT 10.7 £ 1.9 1,575 + 90 12.0 + 4.5 19.5 + 3.9 710 + 240b 16.0 & 3.3b 13.7 + 5.5b
HT 11.7 + 1.7 1,580 + 130 11.8 + 4.2 209 + 3.3 390 + 197a 15.1 + 3.5b 9.0 £+ 4.6a

Quercus pyrenaica C 109 + 1.1 2,960 + 710 59+ 3.2 12.6 + 1.6 2,960 + 710b 5.9 + 3.2a 12.6 + 1.6b
MT 10.7 +£ 0.7 2,855 + 366 6.6 + 3.5 12.1 +1.4 1,195 + 286a 9.2 + 4.6b 8.8 +1.7a
HT 11.3+1.8 2,005 + 760 6.6 + 4.1 8.7 +£5.0 430 + 427a 9.3 +£6.3b 4.0 +£2.9a
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YEAR 2016

Sahechores (Le6n) (920 m)
2016 105C  515mm

A r 300

50 100
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YEAR 2017

Sahechores (Le6n) (920 m)
2017 11C 368 mm

1 r 300

50 100

Fig. 1. Walter & Lieth climate diagram for sampled years. Numbers on the left side of y-axis are average daily maximum temperatures of warmest month and average

daily minimum temperatures of coldest month from top to bottom respectively. .

Source: AEMET, (2018)

by species was estimated using empirical best linear unbiased predictors
(EBLUPs) according to the random effects variances (tree and plot) along
with different explanatory variables (i.e., species, thinning treatment,
year and diameter) predicted in the previous step for all the remaining
trees after thinning. The basal area value per tree, assuming a cylindrical
tree shape, was aggregated for each plot to estimate the stand basal area
increment and then upscaled to the hectare. The effects of the thinning
treatment per species and year were then tested using “Tukey” contrasts
based on global rankings, with confidence intervals and adjusted p-
values. The R packages ‘sae’ (Molina and Marhuenda, 2015) and
‘nparcomp’ (Konietschke et al., 2015), were used to calculate the EBL-
UPs and Tukey test, respectively.

3. Results
3.1. Tree radial increment model with best structure

The best model structure was found to be a five-parameter model (all
parameters from the spring and the asymptote of the autumn Richards
curve) and three constant parameters (inflection point, rate and shape
parameter from the autumn Richards curve). These invariable parame-
ters adopted the mean value across all trees in the dataset, thus reducing
complexity and computation, given that these parameters did not vary
across group levels (trees from plots). Plot and tree (nested in plot)
random effects were added to the model, affecting only the intercept of
spring asymptote (Ajj), which turned out to be the best random struc-
ture, according to the model:

Yij = A Tt RA; T &
[1 T mije(fk,,(z—l,v,)) ]"’zf [1 i leje(—RkU(r—Ri,,)) Fonj

(€8]

Ay = ao + ;2017 + (o + @32017) *pine+asdbh + asMT + agHT + u; + v;
I = By + B, *pine

kij = vy + v, *pine

my; =17

RA; = po+,2017

Rij = 349
Rk; = 0.043
Rmy; = 0.521

where y; is the cumulative radial increment for tree i in plot j; @i, f,7;
and 7; are the asymptote, inflection point, rate and shape parameters of
fixed effect variables for the spring Richards curve and p; is the
asymptote parameter for the autumn one (for clarification of parame-
ters, see Figure 52); 2017 is a year dummy variable with value O for year
2016 and 1 for 2017; pine is also a dummy variable with value 0 for oak
and 1 for pine species; dbh is tree diameter at breast height (mm)
recorded before the commercial thinning; MT is a dummy variable with
value 1 for moderate thinning and 0 otherwise; HT is a dummy variable
with value 1 for heavy thinning and 0 otherwise; u;~N(O0, ¢;) is the plot
random effect; v;~N(0, 6;) is the tree random effect and ¢; ~ N(0, 6,) is
the error term. Rij;, Rk; and Rm;; are the inflection point, rate and shape
constant parameters from the autumn Richards curve which took the
mean value from the double-Richards curve fitted for each tree (as
mentioned previously).

Intra-annual cumulative radial increment patterns differed between
species, thinning treatments and among years according to the observed
values (Fig. 2) and the fitted double-Richards model (Table 2). Scots
pine presented a higher increment rate (y,), but earlier inflection point
(p,) than oak, regardless of the year. The inflection point was reached on
14 May and 16 June for Scots pine and oak species, respectively. Scots
pine presented a higher spring asymptotic value than oak for unthinned
stands (a3 and Fig. 3), although during 2016, the asymptote difference
between species was only caused by size differences (a2 and ay4). Year
(climate) effect influenced both spring and autumn asymptotes. The
spring asymptote decreased in 2017 for oak trees (@;) due to the spring
drought but increased for Scots pine (a3) (Fig. 3). The autumn asymptote
increased in 2016 but with no statistical significance (p,). Both species
were affected by autumn drought in 2017, so the autumn asymptotic
value decreased significantly (p; ). Exclusively heavy thinning increased
the spring asymptotic value significantly for both species (as) (Table 2).
However, moderate thinning could also increase tree radial increment
for oak compared to unthinned stands (Fig. 2), although this was not
revealed in the fitted model.
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Fig. 2. Unthinned and commercial thinning treatment differences based on observed values of cumulative radial increment (CRI) patterns of each year. Circles and
solid line, triangles and dashed line, and square and dot-dashed line show mean pattern for trees in unthinned, moderate and heavy thinning stands, respectively.
Shaded areas denote standard error: red for unthinned, orange for moderate and blue for heavy thinning remaining trees. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Model fitted for intra-annual cumulative radial increment pattern (Eq. 1). Sig-
nificant parameters are in bold., f;,7; and 7; are the asymptote, inflection point,
rate and shape parameter regression of fixed effect variables for the spring and p;
are the asymptote parameters for the autumn Richards curve; ¢; is standard
deviation for plot random effect; o;; is standard deviation for tree random effect;
o. is standard deviation for error term; 6 is the residual serial correlation
parameter for moving average model MA(1); § is function parameter used to
model residual variance as a power of the absolute value of the variance co-

variate (gy,):.Var(e) = aez(\gijk\’s)z.

Parameter Coefficient p-value
a0(A2016) —0.839 <0.001
a;(Az017) —0.159 <0.001
a2 (Az016pine) 0.081 0.424
@3(A2017pine) 0.432 <0.001
a4 (Agpn) 0.101 <0.001
as(Apr) 0.124 0.303
a(Anr) 0.374 0.002
B 167.274 <0.001
B1Ipine) -32.592 <0.001
70(k) 0.032 <0.001
71 &pine) 0.012 <0.001
To(m) 0.307 0.032
Po(RA2016) 0.070 0.065
p1(RA2017) —0.337 0.002
6j(Apiod) 2.16:10*

6ij(Atree) 0.409

o, (error) 0.195

é 0.304

0 0.683

3.2. Stand basal area increment for each species

The stand level analysis revealed that commercial thinning treat-
ments resulted in the lowest basal area increment for Scots pine,
regardless of the year (Fig. 4). For oak, heavy thinning led to the highest
basal area increment, but with no statistical differences compared to
unthinned stands. In addition, stand basal area increment for Scots pine

tended to be higher than for oak, but with no differences in the case of
heavy thinning (p = 0.101). Consequently, total stand basal area
increment (i.e., the sum of basal area of both species) decreased due to
thinning but with no differences between the two thinning intensities
applied. Stand basal increment was stable over time, i.e., no significant
(p > 0.05) differences were found between years for each treatment and
species.

4. Discussion
4.1. Species growth differences

No difference was observed in the asymptote parameter between
species during 2016 (which can be considered a year with mean spring
weather conditions), but tree size (mean diameter being greater for
pine) and thinning treatment drove radial increment (Table 2). The
absence of differences between species under normal weather conditions
could be a consequence of both species being well adapted to the usual
site conditions. However, the climatic conditions in 2017, with low
precipitation in March and April (Fig. 1), resulted in a reduction in the
spring asymptote for oak trees, but an increase in the case of Scots pine
(Table 2 and Fig. 3). Scots pine trees were able to take advantage of soil
water reserves during spring droughts due differences in leaf budburst
and foliation: oak is still leafless in early spring and relies on the reserves
from the previous year (Bauhus et al., 2017b; Fernandez-De-Una et al.,
2017). Consequently, differences in timing with regard to water use may
mean that, when photosynthesis begins in the oak, scarce water is
available due to the fact that it has largely been consumed by Scots pine.
As a result, oak may be more susceptible to soil water deficit in spring,
while Scots pine may be more sensitive to summer drought (Fernandez-
De-Una et al., 2017; Merlin et al., 2015; Steckel et al., 2020). Further-
more, both species were observed to be susceptible to dry conditions
during early summer in mixed forests of Central Europe (Vospernik
et al., 2023).

Drought tolerance could also underlie differences in inflection point
of the species (Table 2). The tighter stomatal control and higher intrinsic
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Fig. 3. Species differences in intra-annual cumulative radial increment (CRI) patterns calculated from the model predictions for the unthinned stands and both years.
The thick solid lines represent double-Richards fitted models for Scots pine (red) and oak trees (green) for the species’ mean diameter. The dotted lines show values
for a hypothetical tree with + 1 standard deviation from the species mean diameter. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. Differences among unthinned plots and the two commercial thinning treatments in basal area increment at stand level for each species and year. Total stand
denotes the sum of basal area increment for both species. ‘C’ indicates unthinned, ‘MT’ moderate thinning and ‘HT" heavy thinning treatments. Error bars show
standard error and letters indicate significant differences (p < 0.05) between treatments for each year and species.

water use efficiency of Scots pine compared to oak may restrict growth
earlier (Fernandez-De-Una et al., 2017). An early inflection point for
Scots pine trees could mean the need to develop riskier life strategies to
capture resources (Cuny et al., 2012), although it may also be an
advantage for coping with drought stress by firstly consuming the scarce
supplies of soil water (Fernandez-De-Una et al., 2017).

Differences between species were also found for spring radial
increment rate, with higher rates for Scots pine than oak (Table 2).
Pioneer or early successional species, such as Scots pine compared to
oak, have light-demanding traits which enable them to rapidly increase

radial growth (Sanchez-Costa et al., 2015). However, oak trees could
utilize resources more efficiently and this may result in even higher
radial increment rates (Cuny et al., 2012). Conversely, we observed a
lower increment rate in the case of oak trees, which could be caused by
differences in reproductive methods (seed vs. coppice). Clonal structure
influences stem growth in oak coppices, so a larger individual stool
(clonal clump) is less vigorous (Salomon et al., 2013), which also
hampers oak coppice management (Salomon et al., 2017). In addition,
over-aging could also affect growth rates and cause a severe reduction in
latewood production, this being a predisposing factor in decline
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episodes of oak coppice stands (Corcuera et al., 2006). Thus, radial
increment is generally higher for pine than coppice oak trees in Medi-
terranean mixed forest (Aldea et al., 2018, 2017).

Finally, the influence of the year factor on the autumn asymptote
(Table 2 and Fig. 2) suggests a probable diameter swelling/shrinkage in
absence of growth. Camarero et al., (2010) and Fernandez-De-Una et al.,
(2017) reported that cambium reactivation, typical in Mediterranean
species (Pacheco et al., 2018; Vieira et al., 2015), was commonly absent
for the two species studied here. Consequently, the contraction effect
during autumn 2017 was similar for both species (Table 2). The stem
contraction is unusual in autumn since Mediterranean tree species
generally undergo stem rehydration after summer shrinkage caused by
water deficit (Albuixech et al., 2012; Sanchez-Costa et al., 2015), but
September and October were extremely dry in 2017.

Overall, the differences observed between species could be caused by
species-specific physiological traits resulting in temporal and spatial
growth diversification, which may relax resource competition by com-
plementary exploitation of light and water (Williams et al., 2017).
Hence, pine and oak mixtures could involve niche complementarity and
efficient use of resources over time by facilitation or competition
reduction (Condés et al., 2023; Forrester, 2014). For example, the roots
of the two species studied could occupy different depths in the soil:
while the pine roots can penetrate deeper layers, Q.pyrenaica is char-
acterized by a complex clonal shallow root system with most coarse
roots growing horizontally within a soil layer of one-meter depth, and
rare vertical roots growing below (Salomon et al., 2016). Consequently,
del Rio and Sterba (2009) found that Scots pine-oak mixed stands
involved greater volume increment per occupied area than pure stands,
as was found for Scots pine mixed with sessile oak in Central Europe
(Pretzsch et al., 2020; Steckel et al., 2019).

4.2. Thinning effect at different scales

Our results showed that commercial thinning caused a clear trade-off
between tree and stand growth in the short-term (1-2 years after thin-
ning). The implementation of a given forest management practice im-
plies the existence of trade-offs among forest functions, i.e., one specific
objective may be optimized while at the same time the achievement of
other objectives may be hampered or untargeted ecosystem components
negatively affected (Vila-Cabrera et al., 2018). Heavy thinning affected
both species at tree level, increasing the spring asymptotic value
(Table 2 and Fig. 3), with no evidence of a prolonged growing period
(van der Maaten, 2013), although this finding could change at a higher
temporal resolution of the measurements recorded by the continuous
electronic (automatic) dendrometers. Although some studies have re-
ported a lack of response to thinning in larger trees (Varmola et al.,
2004), we observed that the effect of thinning was not dependent on tree
size, probably because of the stage of the even-aged pine-oak mixed
stand. We also found that heavy thinning had a positive effect at tree
level regardless of year or weather conditions (Table 2). Previous
research has shown that thinning reduces competition among trees,
increases resource availability and consequently, promotes growth of
the remaining trees of both species studied here (Canellas et al., 2004;
del Rio et al., 2017a, 2008). However, the positive effect of heavy
thinning compared to moderate intensity seemed to be more evident for
both species during 2017 (Fig. 2). This is probably because the growth
response of trees to competition reduction may be delayed (Pukkala
et al., 2002) due to the large imbalance between the underground and
aerial parts of the trees in the first year after thinning (Vincent et al.,
2009). Thinning might encourage asymmetric competition among
remaining trees and possibly promote a growth impasse by causing an
abrupt change in the microenvironments of the stand (Bose et al., 2018).
Therefore, thinning may also cause short-term unfavorable physiolog-
ical reactions as trees adapt to new circumstances, despite the advan-
tages of less competition (French et al., 2023). In addition, the spring
drought conditions during 2017 could have affected the growth
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response to thinning intensities, which is supported by several studies
which point to increased availability of growing space through thinning
resulting in improved drought resistance and resilience of trees reflected
in height, diameter, and volume growth (D’Amato et al., 2013; Hilmers
et al.,, 2022; Sohn et al.,, 2016b). Accordingly, Sohn et al., (2016a,
2016b) found that heavy thinning in Scots pine improves growth re-
covery following drought events and, similarly, Cotillas et al., (2009)
showed that, in the case of oak, selective thinning improved tree growth
in stands under conditions of reduced rainfall. Heavy thinning resulted
in the greatest annual radial increment of trees in the case of pine, even
during a drought event in a Mediterranean pine-oak mixed forest (Aldea
et al., 2017).

The absence of differences between unthinned and moderate thin-
ning at tree level could be due to the initial spatial heterogeneity, i.e.,
local-tree competition affecting target trees with band dendrometers
could be similar under both treatments. The short period of time that
elapsed after the commercial thinning may also explain the absence of
differences between treatments. A thinning effect analysis based on
intra- and inter-specific tree competition indexes and a longer time
period may clarify the results obtained in this study and could provide
the focus for future research. However, although not revealed by the
fitted model, moderate thinning could also lead to an increase in tree
radial increment for oak compared to unthinned stands (Fig. 2). Similar
findings were reported by Corcuera et al., (2006), who observed that
thinned oak trees formed wider tree-rings, more latewood and multi-
seriate tree-rings than overaged trees. On the other hand, historical oak-
coppice management could cause high carbon expenditure in root
respiration and aboveground development in centennial clones may be
constrained, so thinning might not improve or even address physiolog-
ical root-to-shoot imbalance (Salomon et al., 2017).

Our results showed that total stand basal area growth declines with
commercial thinning, thus implying a loss of productivity in thinned
stands in comparison to unthinned stands in the short-term period.
However, there was no significant difference between the two thinning
intensities, in contrast to the typical decreasing pattern associated with
major reductions in stand density (del Rio et al., 2017b; Pretzsch, 2020).
At species level, the lower basal area increment for Scots pine in thinned
stands supports findings for this species in monospecific stands (del Rio
et al., 2008), although the magnitude of the loss in growth depends on
the region, site and stand age (del Rio et al., 2017a). With regard to oak,
our results show that basal area increment can remain stable or even
increase with heavy thinning, but that moderate thinning would lead to
a reduction in growth. Canellas et al., (2004) reported increased tree
growth after heavy thinning in monospecific oak coppice stands,
although they found no differences at stand level (total basal area and
biomass). The species-specific responses to thinning explain the pattern
at stand level, as the greater basal area increment in oak following heavy
thinning means that the difference between the control and heavy
thinning treatment is reduced (Fig. 4). This suggests that the loss in
productivity due to thinning may be mitigated by promoting species
mixtures as opposed to monospecific stands (Thurm and Pretzsch,
2021).

In this regard, Pretzsch, (2003) reported that following stand density
reduction treatments increment losses in mixed stands of Norway
spruce-beech were lower than in pure stands. Primicia et al., (2016)
observed that stand volume annual increments were even higher in
thinned than in unthinned plots in a Scots pine-beech mixed stand where
only pine trees were removed. However, at dry sites, such as that in this
study, the canopy opening associated with heavy thinning may have a
negative effect on stand growth by water evaporation. It is important to
note that our results point to stand production decreasing with thinning
intensity in the short term (Ashton and Kelty, 2018), this loss in stand
growth in turn implying a reduction in carbon sequestration, resulting in
decreased mitigation potential. However, tree mortality is expected to
increase in the longer term due to climate change (Senf et al., 2020),
especially in unmanaged forests since it is drought-density dependent
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(Bradford et al., 2022). Hence, thinned stands may present higher car-
bon biomass stocks if harvested timber and the life span of wood
products are included in the equation (Ruiz-Peinado et al., 2017).
Furthermore, there is a marked trade-off between tree level and stand
level growth in the short term, although the positive outcomes could
offset the negative ones, depending on the target of forest management
(Vila-Cabrera et al., 2018). The greatest and most obvious positive effect
of heavy thinning is that oak growth is enhanced, regardless of scale.

These structural changes could lead to a new management strategy
aimed at converting overaged coppice stands into high forests (origi-
nating from seed) and achieving stand growth stability from the mixture
(del Rio et al., 2017b). Other ecosystem functions and services may also
be favored by this approach, such as fire risk reduction, biodiversity
conservation or improved conditions for oak fruiting and sexual regen-
eration. In addition, the size of the remaining Scots pine trees at the final
harvest would increase, as the quality of the wood and therefore the
value of the timber.

5. Conclusions

In this study, we have shown that although commercial thinning
implies a marked trade-off between tree and stand production in the
mixture at short term, oak trees responded favorably to the treatments at
both scales. Furthermore, the remaining Scots pine trees would, on the
one hand, benefit from reduced competition for water, in turn increasing
drought resistance, and on the other, their growth would be enhanced,
thus increasing the value of the timber. In short, reducing stand growth
via heavy thinning in order to favor the dominated oak coppice trees
may be a reasonable management proposal to ensure the stability and
persistence of this type of mixture, which could play an important role in
the preservation of ecosystem services under the current scenario of
climate change.
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