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Abstract

The development of silvicultural practices that seek to promote structural heterogeneity is
increasingly demanded. This work investigates the effect of thinning spatial pattern on the
response to pre-commercial thinning of dense Aleppo pine post-fire stands. On three rep-
licated experimental sites in SE Spain, we applied the following treatments: 600 trees/ha,
regular thinning pattern (600R), with residual trees evenly spaced; 600 trees/ha, aggregated
thinning pattern (600A), with residual pines arranged in clumps of 25 trees with a local
within-clump density of 2500 trees/ha; and control treatment, with no thinning applied
(>20,000 trees/ha). We assessed treatment effects on pine growth, size-growth relation-
ships, soil water content, and understory vegetation over the first three years after thinning
application. Both regular and aggregated thinning pattern similarly increased pine radial
growth. In general, dbh growth rates in response to thinning were faster for smaller trees
than for larger trees. The growth rate of pine height was higher for 600R and control than
for 600A, indicating a positive effect on height of both low and very high pine densities.
We found a near-term positive effect of aggregated pattern on water availability at the stand
level, mostly resulting from enhanced soil water content in the canopy gaps. For both thin-
ning patterns, the recovery of understory vegetation was dominated by resprouter species.
This study highlights the potential of aggregated thinning patterns to enhance the complex-
ity and heterogeneity of the pine stands without compromising pine growth, which could
be of great use to managing pine forests in Mediterranean areas.
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Introduction

Dense conifer stands and forests are subjected to severe tree competition, which results in
stress and reduced growth of individual trees (Cole and Newton 1986; Nambiar and Sands
1993), as well as in high fuel accumulation and fire risk at the landscape scale (Arno and
Brown 1991). Thinning is a widespread management practice that aims to redistribute the
growth potential of the forest stand, favoring the growth of the remaining trees and ben-
efiting the quality of the residual stand (Daniel et al. 1979; Oliver and Larson 1990). It is
often applied as a fuel reduction technique in both natural forests and plantations (Agee
and Skinner 2005). Moreover, thinning is expected to contribute to reduce the loss of spe-
cies and facilitate ecosystem recovery after disturbances (Misson et al. 2003; Hood et al.
2016; Jiménez et al. 2019).

Thinning is commonly applied following regular or dispersed spatial patterns, as evenly
spaced neighboring trees are assumed to minimize competition for resources and maxi-
mize tree growth (Ferguson et al. 2011). Furthermore, regular tree patterns resulting from
self-thinning are often described for mature coniferous forests (Kenkel 1988; Moeur 1997).
Accordingly, most previous studies on thinning effects on tree-growth and forest structure
have focused on the assessment of different intensities of dispersed-pattern thinning (e.g.,
Barret, 1982; Mékinen and Isomiki 2004; Navarro et al. 2010). However, clumped patterns
are also common in conifer forests (Lydersen et al. 2013; Youngblood et al. 2004), which
can be attributed to a variety of processes that favor tree aggregation and/or increase the
spatial heterogeneity and complexity of the forest, including disturbance-based mortality,
variation in local site characteristics, microclimate amelioration, aggregated seed deposi-
tion, and the interplay between above- and below-ground competition and plant-plant facil-
itation (Franklin and Van Pelt 2004; Getzin et al. 2006; Martens et al. 2000; North et al.
2004).

The spatial pattern of forest trees may have relevant implications for tree growth, wild-
life habitat and the overall ecological functioning of both natural forests and managed for-
est stands (Boyden et al. 2005; Churchill et al. 2013; Palik et al. 2014). The development of
alternative silvicultural practices that seek to promote structural diversity and small-scale
variability is gaining momentum in recent years (Puettmann et al. 2015). The importance
of tree spatial pattern has been pointed out by several previous studies on retention harvest
(Heithecker and Halpern 2007; Urgenson et al. 2013; Venier et al. 2015; de Montigny and
Smith 2017). Few additional studies have assessed the role of mechanical brushing and
thinning pattern in fuel-reduction (Rambo and North 2009, 2012). However, in general,
there is little information on the role of the thinning spatial pattern and the spatial pro-
cesses involved in shaping thinning effects on trees and stands in dense conifer forests.

In Mediterranean areas, where water scarcity is the major stress factor affecting tree
growth (David et al. 2016; Lempereur et al. 2015; Olivar et al. 2014), the effects of
thinning on tree performance are expected to be mostly mediated by changes in water
availability and water-use efficiency (Bréda et al. 1995; Martin-Benito et al. 2010;
Manrique-Alba et al. 2020). It is generally assumed that thinning treatments increase
the availability of soil water (Aussenac 2000; Misson et al. 2003; Rodriguez-Calcer-
rada et al. 2008), at least for certain period after treatment application (Aussenac and
Granier 1988), yet woody canopies influence the spatial variation in soil water content
in various -and often opposite- ways via interception of precipitation, stemflow, shad-
ing, and water consumption (Breshears et al. 1997, 1998; Gémez-Plaza et al. 2001).
The spatial pattern of the post-thinning residual trees influences the degree of contrast
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between undercanopy areas and open gaps, and the associated spatial variation of
microclimatic conditions and resource availability. This spatial variation in conditions
and resources, combined with the variation in the local, short-distance densities of the
residual trees, could largely vary the intensity of the local competition and the growth
rate of the living trees. There is therefore a need for studies that investigate how the
spatial pattern of thinning treatments could modulate the effects of fuel-reduction and/
or restoration thinning on the productivity and health of the target forests.

Aleppo pine (Pinus halepensis Miller) is one of the most abundant tree species
in dry and low altitude areas of the Mediterranean Basin (Quezel 2000). Due to the
large canopy seed bank of this species, post-fire recruitment in Aleppo pine forests
often leads to massive regeneration (Daskalakou and Thanos 2004; Tapias et al. 2001),
which causes high intraspecific competition for water, nutrients, and light, and results
in reduced tree growth and seed production (De las Heras et al. 2012; Zedler 1995), as
well as in fuel accumulation (Trabaud 1976). A density control, pre-commercial thin-
ning is the most common treatment applied to address this problem, which is increas-
ingly widespread due to the increase in the frequency and extent of stand-replacing
wildfires in the Mediterranean (Pausas 2004; Pausas and Fernandez-Muiioz 2012).
Thinning of dense post-fire regenerated Aleppo forests is increasingly conceived as
a multi-objective management approach that aims to reduce the fuel load, to increase
the resilience of the pine stands, and to improve the conditions of both the pine popu-
lation and the understory vegetation (Moya et al. 2009). Several previous works have
assessed the effect of different intensities of thinning on tree performance for planta-
tions of a variety of pine species, including Aleppo pine plantations (e.g., Crecente-
Campo et al. 2009; Lindgren and Sullivan 2013; Martin-Benito et al. 2010; Olivar
et al. 2014; Primicia et al. 2013). Fewer works have investigated this issue for post-
fire Aleppo pine regeneration (e.g., De Las Heras et al. 2004; Gonzalez-Ochoa et al.
2004). In general, these previous studies showed that thinning increased individual
tree growth, ameliorated water stress, and improved water use efficiency of pine trees
(Calev et al. 2016; Fernandes et al. 2016), enhanced understory diversity, and acceler-
ated stand maturity (De Las Heras et al. 2004; Moya et al. 2009), yet the importance
of these effects depended on other factors such as site quality (Gonzalez-Ochoa et al.
2004), climatic conditions (Alfaro-Sanchez et al. 2015; Jiménez et al. 2019), initial
tree size (Olivar et al. 2014), age of the regeneration at the time of treatment applica-
tion (Verkaik and Espelta 2006), and time elapsed after thinning (Ruano et al. 2013).
To what extent the effects of thinning on Aleppo pine forests could also be sensitive to
the spatial pattern of the residual trees is unknown.

In this work, we aimed to investigate the role of the spatial pattern of the residual
trees (aggregated versus regular) in shaping the near-term response to thinning of post-
fire regenerated Aleppo pine forests in dry Mediterranean areas. We specifically inves-
tigated the effect of thinning pattern (1) on individual tree growth and size-growth
relationships, (2) on the availability and spatial variation of soil water, and (3) on the
understory vegetation dynamics over the first three years after thinning application.
As baseline null hypothesis, we expected that both aggregated and regular thinning
patterns similarly increase pine growth, soil water content and understory cover and
diversity as compared with unthinned stands. To take into account the potential vari-
ability in treatment effects due to differences in site quality, we replicated this study in
three different areas in southeastern Spain, all of which were affected by large stand-
replacing wildfires in 1994.
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Material and methods
Study sites

In the summer of 1994, a series of wildfires burned 100,000 ha of Aleppo pine forests
in the Valencia region (East Spain). We conducted this study at three sites that regener-
ated massively after the 1994 wildfires, producing very dense post-fire stands of Aleppo
pine: Mariola, Bocairent, and Albaida (Fig. S1; Supplementary Information). Across
sites, pine density ranged between 20,000 and 30,000 pines ha~!, with pine trees
ranging between 1.9 and 3.8 cm in diameter at breast height (dbh), and 2.2 and 3.7 m in
height (Table 1), and exhibiting some degree of self-thinning and self-pruning. The cli-
mate in the three sites is dry-subhumid Mediterranean. Local conditions varied among
the study sites, reflecting a gradient in elevation, soil organic matter, mean annual pre-
cipitation, and mean annual temperature from Mariola, in the hardest extreme of the
gradient, to Albaida, which represents the most favorable conditions for pine growth
(Table 1). The understory vegetation included the perennial grass Brachypodium retu-
sum (Pers.) P.Beauv., which is the dominant herbaceous species in the study sites, and
shrub species such as Quercus coccifera L., Rosmarinus officinalis L., and Ulex palvi-
florus Pourr.

Experimental design

For each study site, we selected three 0.5 ha plots within a homogeneous area of dense
post-fire Aleppo pine forest. Two of the plots were randomly selected for the application
of thinning treatments; the third one was left as unthinned control plot (Control). Two thin-
ning patterns were applied: regular and aggregated, both to a final density of 600 pines
per hectare, which falls within the range of high thinning intensity for Aleppo pine forests
in drylands (e.g., Manrique-Alba et al. 2020). Regular thinning (600R) left evenly spaced
trees throughout the pine stand, while aggregated thinning (600A) left clumps of 25 trees
surrounded by clear-cut areas, with within-clump trees thinned to a local density of «~2500
pines per hectare (Fig. 1). The tree selection for thinning was mechanical (geometrical),
and thinning treatments were applied in February 2010, before the growing season. We
measured tree growth, understory vegetation, and soil moisture dynamics over a period of
3.5-years.

Data collection

We assessed tree growth response to treatments by measuring changes in diameter at breast
height (dbh), total tree height, and tree crown length from autumn 2011 (t;) to autumn
2013 (t3) on 50 randomly selected pine trees per plot. To avoid any edge affect, trees
located at less than 5 m from the plot borders were excluded from the sampling. In order
to check the absence of bias in the selection of the remaining trees as a result of the treat-
ment application, we conducted an initial characterization of tree size by measuring tree
height in a subset of 20 sampling trees per plot right after the implementation of the thin-
ning treatments. These initial measurements showed an average height of 3.0 m, with a
trend towards higher tree height in 600A plots (with an average + SE height of 3.4 +0.5 m)
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Fig. 1 Aerial image of one of the study site (Bocairent) showing the three types of stand treatments (con-
trol, regular, and aggregated pattern) four years after treatment application. Background image from Google
Earth Pro (2014)

than in 600R (2.8 +0.5 m) and control (2.7 +0.3 m) plots, yet these differences were not
significant.

We measured dbh using an electronic caliper, and measured total tree height with the
aid of a telescopic pole. Crown length was calculated as the difference between total height
and the height of the crown base (Cruz et al. 2003). To determine the crown base, we
considered the lowest insertion point along the tree stem of at least three consecutive liv-
ing branches (Crecente-Campo et al. 2009). Using a Trephor tool (Rossi et al. 2006), we
extracted microcores (15 mm in length and 2 mm in diameter) at a height of 1.30 m above
ground from 15 pines randomly chosen per plot. The extracted microcores were oven-dried
at 60 °C for 24 h and polished with sandpaper until the tree rings were clearly visible.
The microcores were then photographed using a camera (UEYE UI 1460SECHQ IDS
Obersulm, Germany) coupled to a binocular scope device (OPTECH LFZ, Oxford, United
Kingdom). Finally, we used the Image J software (Schneider et al. 2012) to analyze the
images obtained, measuring tree ring width (TRW) with an accuracy of 0.001 mm. We
analyzed TRW back to two years prior the implementation of the thinning treatments,
which also contributed to demonstrate no bias in tree selection for thinning.

We monitored soil water content on 30—-45 soil moisture probes per plot, by using
TDR “Time-Domain Reflectometry” (Topp et al. 1980). The TDR probes (stainless-
steel 12.5 cm long pins) were vertically installed in the soil and distributed in two
sets per plot. One set of 15 probes were regularly distributed along three 30-m tran-
sects evenly-spaced within the plot. In order to evenly distribute soil moisture probes
under the tree crowns and in the tree gaps, a second set of 30 probes were installed at
increasing distances (up to 3 m) from the trunk of six randomly selected sampling pine
trees. Once installed, we checked the actual canopy cover for each probe and labelled
each of them as “undercanopy” or “intercanopy” accordingly. Due to the difficulties
to move through the dense mass of pine trees in control areas, the total number of
probes installed and monitored in control plots (12 probes along plot transects plus
18 probes at increasing distances from pine trunks) was smaller than in thinned plots.
We used a TDR 100 Campbell instrument (Campbell Scientific, Inc. Logan, USA) for
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measurements and the calibration curves of Gray and Spies (1995) with a site-specific
calibration factor to calculate the integrated volumetric soil water content at 0 to 12 cm
depth. We took a total of nine measurements throughout study period, with a minimum
interval of 1 month between measurements. For each measurement, we estimated the
average soil water content per plot and microsite from all the probes installed, using
these average values for further analysis.

‘We monitored understory vegetation dynamics using the point-intercept method (Goodall
1952) on the same three 30-m evenly-spaced transects used for soil moisture monitor-
ing, recording the species intercepted every 20 cm along the transects. From the vegetation
records, we estimated species-specific cover, resprouter and seeder species cover, and total
understory cover for each plot. From the species-specific cover values, we estimated the Shan-
non diversity index (H’) for each plot (Shannon and Weaver 1949).

Data analyses

Relative growth rates (year_l) for dbh, total height, and crown length were estimated as the
difference between the natural logarithm of the respective values for 3-yr (X;) and 1-yr (X))
after thinning application relative to the time elapsed between the two measurements: (In
X; —In X;) / (- t;) (Evans 1972). To analyze treatment effect on growth rates, we used a
randomized block ANOVA, with thinning treatment as fixed factor and site (block) as ran-
dom factor, on the average values per plot. Treatment effects were judged to be significant at
P <0.05, and treatment means were compared using Tukey HSD test. To test treatment effects
on tree ring width over time, we used Repeated Measures ANOVA, with thinning treatments
as between-subject factor. To assess the variation in treatment effect as a function of tree size
(at t;), we used ANCOVA analysis on dbh growth rates, with either dbh or crown length at t,
as covariate, and further tested potential differences between pairs of treatments by comparing
the slope of the lineal relationships between growth and initial size.

To control for the between-site variation in soil water content due to local differences in
the rainfall pattern, we assessed the effects of the thinning pattern (600A vs 600R) and the
soil microsite (undercanopy vs intercanopy) on the difference in soil water content between
thinned and control plots through time. We used Repeated Measures ANOVA on the average
plot-differences between treatments, with thinning pattern, soil microsite, and site as between-
subject factors, and time as within-subject factor. Treatment effects on understory cover and
diversity (Shannon index) dynamics were analyzed using Repeated Measures ANOVA on the
average values of each variable per plot, with thinning pattern and site as between-subject
factors, and time as within-subject factor. Treatment effects on resprouter and seeder species
cover was analyzed using two-way ANOVA on the cover values at the end of the study period,
with thinning pattern and functional type (resprouter vs seeder) as fixed factors.

Data analyses were performed using R (version 3.2.3; R Development Core Team, 2015)
and IBM SPSS® Statistics version 22.0.

Results
Tree growth response to thinning

The dbh relative growth rate for the period 2011(t1)—2013(t3) showed significantly higher
values for 600R than for control, with 600A exhibiting intermediate values between 600R
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Fig.2 Relative growth rates
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and control (Fig. 2). Height growth rate was higher for 600R than for 600A, yet none of the
thinning treatments showed significant differences with the control treatment. The relative
growth rate in crown length did not significantly vary among treatments. Despite the large
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variation in average absolute values of dbh, height and crown length among the study sites,
the change in the three growth variables considered in response to the thinning pattern was
consistent across the sites (“Appendix”), with no significant effect of site factor.

Both time and the interaction between time and treatment showed a significant effect on
radial growth as measured by tree-ring width (TRW). While TRW showed no differences
among the stands prior to thinning, 600R and 600A showed a clear increase in TRW one
year after treatment application and higher values than control over the first three years
after thinning that lasted the study period (Fig. 3).

The growth in pine dbh significantly decreased with increasing initial (t1) pine size,
either using dbh (F=30.67, p<0.001) or crown length (F=13.40, p <0.001) as covariate
for pine size, yet this negative relationship was only evident for 600R and 600A treatments
(Fig. 4). The slope of the relationship between dbh growth and initial dbh for 600A was
higher than for control (t=4.48, p <0.001) and lower than for 600R (t=—-2.51y p=0.01).
The slope for the relationship between dbh growth and initial crown length was higher for
both 600R and 600A than for control (t=5.72, p <0.001; t=4.88, p <0.001, respectively),
with no differences between the two thinning patterns (t=-1.18, p=0.239).

Thinning effect on soil water content

The difference in soil water content between thinned and control areas significantly
changed with time (F=188.97, p<0.001). For all combinations of thinning pattern
and position (under and intercanopy) average differences between thinning and control
treatments shifted from initial positive values to negative values at the end of the study
period, with 600R shifting to negative values earlier than 600A (Fig. 5). The increase
in soil water content in the thinned plots as compared with the control plots was sig-
nificantly higher for 600A than for 600R (F=14.15, p=0.007), and showed marginally

10
—=— 600R
—&— 600A
8- Control
6 4

N
1
—

i
’E_‘
.
——
¥
b

Tree ring width (mm)

0 T T T T T T
-2 -1 0 1 2 3

Years before and after treatment application

Fig.3 Variation in tree-ring width as a function of thinning treatment for the period between two years
before and three years after treatment application. Values are average values (+1 standard error) from the
three experimental sites. F and p values from repeated measures ANOVA are shown
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Fig.4 Size-growth relationships in Aleppo pine as a function of thinning treatment. Relative growth data
(year"') are pine dbh-growth rates between the third (t;) and the first (t;) post-thinning year. Initial (t,) size
data are for dbh (left) and crown length (right). Lines represent independent linear regression fit to the data
for each thinning treatment
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Fig.5 Variation in the difference in the average soil water content between thinned and control plots (n=3
sites) over the study period (3 post-thinning years), as a function of thinning treatment and microsite
(undercanopy versus intercanopy)
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significant higher values for intercanopy areas than for undercanopy areas (F=4.05,
p=0.084), particularly in the case of aggregate pattern.

Fig.6 Dynamics of understory 60
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Thinning effect on vegetation understory

Overall understory vegetation cover and diversity (Fig. 6, top and central panels) did
not significantly vary among treatments for the whole study period (F=1.58, p<0.282,
and F=2.47, p<0.165, for understory cover and Shannon diversity index, respectively),
yet they showed a significant interaction effect between time and treatment (F=25.07,
p=0.001 for understory cover, and F=12.66, p=0.007 for Shannon diversity index),
reflecting the contrast between the slightly decreasing trend of understory cover and diver-
sity in the control plots and the strong increasing trend in the thinned plots. Both 600A and
600R thinning patterns exhibited similar understory cover and diversity, which reached the
values of the control plots between two and three years after thinning application. Thinning
treatment and plant functional type of understory cover showed a marginally significant
interaction effect (F=3.34, p=0.070), reflecting the differences between the control plots,
which showed similar percentage of understory resprouter and seeder species, and the
thinned plots, with understory vegetation dominated by resprouter species (Fig. 6, bottom
panel). The most abundant understory species were the tall shrub Q. coccifera (19% and
12% average cover for 600A and 600R, respectively) and the perennial grass B. retusum
(15% and 26% average cover for 600A and 600R, respectively). No recruitment of Aleppo
pine was observed.

Discussion

Our results reveal that the spatial pattern of the post-thinning residual trees slightly mod-
ulates thinning effect on pine growth and size-growth relationships. In agreement to our
baseline hypothesis, both regular and aggregated pattern similarly increased pine radial
growth as compared with the unthinned control stands, yet the magnitude of the effect
was slightly higher for the regular pattern, particularly on the smallest trees. The positive
effect of thinning on the radial growth of Pinus halepensis is widely known (Gonzalez-
Ochoa et al. 2004; Olivar et al. 2014). Tree growth release in thinned stands results from
reduced competition and the concomitant increase in water, nutrient, and light availability,
with enhanced water availability being the primary driver of increased growth in dry areas
(Giuggiola et al. 2016; Manrique-Alba et al. 2020). For any given averaged tree density at
the stand level, the short-distance tree density is higher for trees arranged in clumps than
for trees arranged in a regular pattern. We could therefore expect lower radial growth of the
residual trees in aggregated pattern than in regular pattern due to a relatively higher local
competition within the tree clumps. However, due to a greater crown exposure, isolated
residual trees may experience higher water stress than trees within denser stands, particu-
larly in drier regions (Bladon et al. 2007), which could lead to lower growth of residual
trees in regular than in aggregated thinning pattern. We found only minor differences in
the radial growth of Aleppo pines between aggregated and regular thinning pattern, which
could indicate that any decrease in water availability due to a higher within-clump tree
density was largely offset by a lower evaporative demand within the clumps and/or by the
released growth of the tree individuals located along the perimeter of the clumps. The con-
tribution of the clump-edge trees to a positive net outcome for tree growth would depend
on the perimeter/area ratio of the clump, with aggregated thinning pattern that leaves rel-
atively small clumps being most effective in promoting overall clump-tree growth. On a
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related forestry practice, several works that assessed the effects of variable retention harvest
on the radial growth of the residual conifer trees also found no major differences between
dispersed and aggregated retention patterns (Maguire et al. 2006; Palik et al. 2014; Power
et al. 2010), which was attributed to the relatively small size of the tree patches left in
aggregated retention. The slightly lower pine growth rates found for aggregate pattern as
compared with 600R could also be related to the presence of slightly bigger residual pines
in 600A than pines in 600R and control plots at the time of treatment application, probably
due to the selection of clumps that included big trees to be left as post-thinning residual
clumps. However, the explanatory weight of this incidental factor is minor, if any, as initial
size differences between plots were not significant and did not reflect in any variation in the
pretreatment tree-ring width.

There is no consensus in the literature about the response to thinning of tree height
growth (Zhang et al. 1997). Previous works observed a positive effect of thinning on height
growth for Aleppo pine only after five post-treatment years (Ruano et al. 2013), or only for
good quality sites (Gonzalez-Ochoa et al. 2004). In our study, the residual trees with an
aggregated distribution showed the lowest height growth rate. This may have resulted from
a slightly higher short-distance competition for soil resources in aggregated pines than in
regularly-spaced pines combined with an increased growth of the top of the crown in con-
trol pines in response to the limited light availability existing in control stands. Also related
to differences in light availability, we could expect a higher degree of self-thinning at the
base of the tree crown for aggregated and control pines than for regularly-spaced pines,
contributing to differences in crown length growth. We found a trend towards lower crown
length growth in control and aggregated pines, yet the differences were not significant.

Thinning effects on pine growth are expected to fade over time, as the residual trees
increasingly use the higher availability of resources per tree (Aussenac and Granier 1988).
For Aleppo pine, Navarro et al. (2010) and Ruano et al. (2013) observed an increase in the
radial growth of the residual pines between 1 and 2 years after thinning, and a decline in
the increased growth around the 4th—5th year after treatment application. In our study, the
tree-ring width (TRW) analysis showed that increased radial growth in response to both
aggregated and regular thinning was already noticeable the same year of treatment applica-
tion, peaking one year after thinning, and slowly declining afterwards. Although thinning
effects on pine growth were still important 3 years after treatment application, our results
point to a very fast redistribution of stand growth in this species.

An initial rapid tree growth is a key factor determining competitive advantage after
disturbances (Oliver and Larson 1990). We found that dbh growth rates in response to
thinning were faster for smaller trees than for larger trees, probably reflecting the intrin-
sic decrease in the relative growth rate of plants with increasing size (Schwinning and
Weiner 1998). However, we did not observe any size effect on the growth of control
pines, which could be explained by a strong suppression of tree growth in either large
or small trees associated to a very intense competition in control stands (Schmitt et al.
1987; Schwinning 1996). Previous works reported non-consistent responses of post-
thinning growth to tree size, including higher post-thinning growth for smaller trees
(Mielikédinen 1978; Moore et al. 1994; Mikinen and Isomiki 2004), size-independent
growth or slightly higher growth for larger trees (Niemistd 1994, Braastad and Tveited
2001), and higher response to thinning for medium-size trees (Pukkala et al. 1998).
Higher post-thinning radial growth in larger trees has been associated to a “selection
effect” during thinning operations: i.e., the selection of large and vigorous leave trees
that already grew faster before thinning (Ferguson et al. 2011). Olivar et al. (2014)
observed that the positive effect of soil water content on the radial growth of Aleppo
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pine was significantly higher for dominant trees than for suppressed trees, which was
attributed to more developed root systems in larger trees. This variety of responses
could be due to differences in stand density, site quality, type of stand (plantation or
natural regeneration) and type of thinning. In our study, the negative size-dependence of
post-thinning growth resulted in a relative homogenization of pine size few years after
thinning, suggesting that it might not be cost-effective to invest in a prior selection of
best leave trees for dense stands of Aleppo pine regeneration.

Thinning effects on pine growth can be largely explained by the treatment effects on
water availability, probably the main factor controlling radial growth in Aleppo pine
(Olivar et al. 2014). Thus, over the first two years after treatment application, water
availability increased in thinned plots as compared with controls, particularly for aggre-
gated pattern and intercanopy microsites. These differences disappeared with time and
eventually reversed, presumably as result of a higher capacity of the released trees for
water use as compared with control pines (del Campo et al. 2014; Jiménez et al. 2019).
In contrast to our baseline hypothesis, soil water content was higher for the aggregated
pattern, particularly in the intercanopy areas, which contributed to increase overall
heterogeneity of 600A stands. The higher increase in intercanopy soil water content
found for 600A than for 600R suggests a positive effect of increased net precipitation in
between-clump gaps due to reduced interception, most notably during the first months
after treatment application, before any substantial growth of understory vegetation in
the gaps. However, higher water availability in the aggregate-pattern gaps probably ben-
efited only the pines located in the perimeter of the tree clumps, as it did not trans-
late into a general higher pine growth for 600A than for 600R. We found lower soil
water content under the pine canopies than between the canopies, which could be due to
both rainfall interception by the pine crown and increased water uptake under the tree
crowns. However, the fact that between-treatment differences were smaller under the
canopies than between canopies suggests that short-term thinning impacts in rainfall
interception were more important to water availability than impacts in pine water use.
Such an important role of rainfall interception may result from the dominant rainfall
pattern in Mediterranean drylands, with around 90% of the rainfall events yielding less
than 10 mm of rainfall (Mayor et al. 2011), most of which can be intercepted by the
tree crowns and further evaporated (Llorens et al. 1997). Nevertheless, thinning impacts
mediated by changes in rainfall partitioning are expected to fade with time, as under-
story cover and water uptake by trees increase (del Campo et al. 2018).

The recovery of the understory vegetation was similar for aggregated and regular thin-
ning patterns, and it was dominated by resprouter species. Since both seeder and resprouter
species were present in a similar amount in the dense post-fire pine stands, the dominance
of resprouter species in the thinned stands could be attributed on the one hand to the abil-
ity of resprouter species to quickly recover above-ground biomass after major disturbances
from their belowground resources (Pausas and Vallejo 1999) and, on the other hand, to
the inhibitory effect on seed germination of the layer of thinning debris left on the ground
after treatment application (Baeza and Vallejo 2008). Although the duration of our study
does not allow to conclude about the long-term dynamics of the thinned stands, our find-
ings suggest that the stands that underwent aggregate thinning may develop into a mosaic
of small pine patches and maquia, and the regular-thinning stands into a low-density pine
forest with a mixed herbaceous-woody understory. However, for dense Aleppo pine stands
lacking a significant amount of resprouter species, the long-term impact of thinning on
the biotic and spatial structure of the stand could be different, with pioneer seeder species
largely colonizing the intercanopy areas until the canopy of the pine forest closed.
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Conclusions and management implications

Our study illustrates that thinning of dense post-fire Aleppo pine regeneration can largely
improve the performance of individual pine trees doubling pine radial growth over the
first three years after treatment application, without major differences between aggregated
and regular thinning pattern. Despite the higher local density of the within-clump pines
in aggregated-pattern stands, the average radial growth of clump trees is not significantly
reduced as compared with the average growth of evenly spaced pines, probably due to a
higher availability of resources, and associated enhanced growth, for the peripheral trees
in the clumps. Our findings also demonstrate a positive near-term effect of the aggregate
thinning pattern on water availability at the stand level, mostly resulting from enhanced
soil water content in the canopy gaps. The modification of rainfall partitioning seems to be
the main mechanisms leading to increased soil water availability and heterogeneity in the
aggregated than in the regular thinning pattern.

The spatial pattern of thinning (e.g., regular versus aggregated) could help to achieve
different management and restoration goals (Jacobs et al. 2015). When the main objective
of the thinning treatment is to enhance pine growth and health, our findings suggest that
both regular and aggregated thinning patterns would similarly fulfill that goal. However,
restoring Aleppo pine forest resilience and overall functioning could be better achieved
by treatments that seek to promote structural and functional complexity within the stands,
mimicking natural and healthy forests (Boyden et al. 2005; Churchill et al. 2013), while
maintaining similar levels of residual tree growth and productivity. Similarly, it has been
suggested that near-natural arrangements of planted trees could increase the resilience of
forest stands as compared with regularly spaced stands (Zhang et al. 2019). Furthermore,
an aggregated pattern of pine thinning creates a mosaic of tree patches and gaps where
understory vegetation can thrive, particularly if resprouter species are present in the area,
contributing to increase the structural complexity and heterogeneity of the ecosystem, thus
providing niches for biodiversity and promoting higher functional diversity of plants. The
contrasting spatial structure created by each thinning pattern may also lead to important
differences regarding thinning effects on fire risk. Taking into account that pine density and
radial growth were not different between regular and aggregated thinning patterns, both
patterns are expected to similarly contribute to reduce fire risk through a decrease in the
stand basal area as compared with unthinned stands (Mitsopoulos and Dimitrakopoulos
2014). However, the treeless gaps created by the aggregated pattern contribute to increase
the horizontal discontinuity in canopy fuels, which may further reduce the risk of a crown
fire in the area (Ruiz-Mirazo and Gonzélez-Rebollar 2013). Depending on the dominant
understory species, these gaps may be mostly covered by resprouter species, which posi-
tively contributes to the overall resilience of the stand against fire, or mostly colonized by
fire-prone, fast-growing seeder species, which may increase the flammability and combus-
tibility of the plant community (Saura-Mas et al. 2010) and counterbalance the reduction
in fire risk promoted by the tree-canopy gaps. In the latter case, mulching with fine-wood
thinned debris on the treeless gaps could largely reduce the establishment of fire-prone
seeder species (Baeza and Vallejo 2008).

The final density and spatial pattern of the residual trees must be adjusted to the site and
stand conditions. Based on our results, for dense, young post-fire regeneration of Aleppo
pine in Mediterranean drylands, we recommend aggregated pattern that leaves relative
small round tree clumps of residual trees. Clump size and internal pine density should be
adjusted so the number of trees located in the perimeter of the clump is of similar order
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than the number of clump-interior trees. For example, tree-clumps of 0.010-0.015 ha, each
of them including 30-50 trees separated by ~2 m from each other, could well counter-
balance the performance of peripheral and interior trees in the clumps. For sites or areas
within the stand with a high likelihood of wind damage, the size of the clumps could be
larger. Commonly, selection thinning of Aleppo pine stands targets the smallest trees, aim-
ing to retain large and healthy individuals on the site. However, because of the decreasing
growth rates with increasing initial tree size found in our study, the operational selection
of the biggest, most vigorous trees may not be cost-effective. This study provides the first
assessment of the role played by the spatial pattern of pre-commercial thinning in shaping
pine tree growth and soil water availability in post-fire regeneration stands of pine species,
and highlights the potential of aggregated thinning pattern to meet the multifaceted goals
of current management and restoration approaches through the enhancement of the struc-
tural complexity of the forest and the heterogeneity of resource availability.

Appendix

See Table 2.

Table2 Tree dbh, total height and crown length for each study site and thinning treatment, 1 year (t,) and
3 years (t3) after treatment application

Site Treatment N Dbh (cm) Total height (cm) Crown length(cm)
151 5] & G 4 G
Mariola 600A 50 28+02 44+02  258+9 288+9 73+3 86+22
600R 42 26+02 44+03 221+11 263+13 65+3 7817
Control 40 19+0.1 23+0.1 245+10 277+10 103+5 127+31
Bocairent  600A 54 54+03 7.7+03 391+15 442+15 97+5 116+5
600R 41 37+03 6.6+04 258+21 310+23 73+3 85+4
Control 50 27+02 33+02 270+10 32111 103+4 131+6
Albaida 600A 47 62+03 8.6+02 470+13 526+14  144+5 160+5
600R 59 63+03 8.6+03 424+18 491+20 105+8 132+9
Control 45 37403 45401 415+19 488+23 171+11 223+14

Values are plot averages (+ SE) of individual pine tree measurements. N =number of pine trees per plot

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s11056-021-09892-9.
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