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Effects of thinning in a water-limited holm oak forest.

Abstract

A natural holm oak forest was selectively thinned to test thinning as a tool to reduce tree
mortality, increase productivity, and reverse the recent regression of the dominant species
(Quercus ilex) induced by climate change. Thinning increased aboveground productivity
and reduced stem mortality in this Mediterranean forest during four years just after
thinning, contributing to the maintenance of forest functioning under changing climatic
conditions. Q. ilex was the only species positively affected by the thinning: stem growth
increased for all stem sizes, and mortality was significantly lower in thinned plots. On the
contrary, mortality rates of Phillyrea latifolia and Arbutus unedo were not significantly
lower. Stem growth increased for P. latifolia only in the smallest stem-size class. Our
results highlight the suitability of selective thinning for improving the forest productivity
and ensuring the conservation of Mediterranean coppices. Other benefits of selective
thinning, such as a decrease in the risk of fire dispersion and an increase in the water

supply for human populations, are also discussed.

Keywords: carbon sink; climate change; forest dieback; forest management; holm oak;

Mediterranean forest; selective thinning; tree growth; tree mortality.
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Introduction

Air temperatures have already increased globally and are projected to continue to increase
in the coming decades, and it has been predicted that the intensity and duration of extreme
weather events, such heat weaves, floods, and droughts spells will increase (IPCC, 2018;
Wang, Peng, Kneeshaw, Larocque, & Luo, 2012). Higher evapotranspiration rates
induced by warmer temperatures coupled to slight decreases in precipitation are expected
in many areas, such as the Mediterranean Basin, that are already subjected to seasonal
drought (IPCC, 2013). Robust climatic models have projected a continuous increase in
the severity of warming and drought in the Mediterranean Basin for the coming decades,
which could have severe impacts on carbon (C) sinks in forest ecosystems and alter
regional C budgets (Bates, Kundzewicz, Wu, & Palutikof, 2008; Dai, 2013; Reichstein et
al., 2013). Moreover, strong relationships between deficits in precipitation and
subsequent occurrences of hot extremes have been widely observed (Mueller &
Seneviratne, 2012), and higher frequencies of heat waves coinciding with summer
drought, higher evapotranspiration, and the subsequent low availability of water are also
expected for Mediterranean regions (Fischer & Schar, 2010). Some forested ecosystems
in semi-arid and Mediterranean areas are seasonally exposed to drought and may be
particularly vulnerable to even slight increases in water deficit, which can reduce tree
growth (Ogaya & Peiuelas, 2007; Barbeta, Ogaya, & Pefiuelas, 2013) and increase tree
mortality (Breshears et al., 2005; Allen et al., 2010; Peng , Ma , Lei, & Peng, 2011;
Williams et al., 2013).

Forest ecosystems contain large stocks of C and represent important potential C
sinks (Pan et al., 2011). Forest ecosystems may mitigate climate change by sequestering

C, so the effects of forest management practices on ecosystemic C sinks need to be
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assessed. Selective thinning is a common practice for improving forest health and
productivity (Roberts & Harrington, 2008) and accelerating forest succession (Sullivan
& Sullivan, 2016), and the trees remaining after selective thinning generally receive more
solar radiation, soil water, soil organic matter, and nutrients, which increase their
photosynthetic capacity (Peterson, Seiler, Nawak, Ginn, & Kreh, 1997; Tang, Chambers,
Guddanti , & Barmett, 1999; Tang, Qi, Xu, Misson, & Goldstein, 2005; Selig, Seiler,
Tyree, 2008; Chang et al., 2016), stem growth (Idol, Morales, Friday, & Scowcroft, 2018;
Jiménez, Navarro, Sanchez-Miranda, & Ripoll, 2019), and crown development (Sorg,
Urech, Mamadzhanov, & Rehnus, 2016; Valinger, Sjogren, Nord, & Cedergren, 2019).
Selective thinning is a common management strategy in Mediterranean forests to increase
tree growth and ecosystemic productivity, but selective thinning can also increase the
capacity of Mediterranean trees to tolerate drought conditions due to the reduction of stem
density and the consequent increase in water availability per stem (Cotillas, Sabaté,
Gracia, & Espelta, 2009; Lopez, Gracia, Sabaté, & Keenan, 2009; Chang et al., 2016).
Several Mediterranean forests are mainly coppices with high stem densities due to ancient
management practices to obtain wood and charcoal, followed by a high number of sprouts
per cut stem (Ogaya & Pefiuelas 2007).

Holm oak (Quercus ilex L.) is a widespread and dominant tree species in sub-
humid areas of the Mediterranean Basin. Many tall shrub species with lower growth rates
but a higher resistance to drought are associated with holm oak forests (Pefiuelas, Filella,
Lloret, Siscart, & Pifiol, 1998; Ogaya & Penuelas 2003). Higher mortality rates and lower
seed production and seedling survival of Q. ilex under future drier conditions could
decrease the distribution of this dominant species and favour the associated species that
are more resistant to a low availability of water (Pefiuelas, Lloret, & Montoya, 2001;

Lloret, Pefiuelas, & Ogaya, 2004; Barbeta et al., 2013; Liu, Ogaya, Barbeta, Yang, &
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Pefiuelas, 2015). All small stems are cut during selective thinning in Mediterranean
forests, so only the largest trees remain, mainly Q. ilex trees. Shrub species can thus be
completely cut, conferring a competitive advantage to Q. ilex in addition to the decrease
in stem density.

The main objectives of this study were to test selective stem thinning as a tool to
compensate forest dieback and tree mortality in a typical Mediterranean forest and to
investigate the interaction between drivers of global change and recent practices of forest
management (Doblas-Miranda et al., 2015). We also compared the responses of Q. ilex
and coexisting species (more resistant to drought conditions) to the experimental selective
thinning. We tested these responses in the various species by cutting several small sprouts
of individual trees during the selective thinning, so the largest stems of all species

remained after thinning.

Materials and Methods

Study Site

The study area was on a south-facing slope (25% slope) in the Prades Mountains,
Catalonia, northeastern Spain (41°21° N, 1°2’ E), at an altitude of 950 m a.s.l. The soil is
a Dystric Cambisol over Palaeozoic schist, ranging in depth from 35 to 100 cm. The
average annual temperature is 12.3 °C, and the average annual rainfall is 603 mm (data
from 1998-2015). Summer drought is pronounced and usually lasts for three months. The
vegetation is a very dense multi-stem forest (16616 stems ha') dominated by Q. ilex
(8633 stems ha™'), Phillyrea latifolia L. (3600 stems ha™'), and Arbutus unedo L. (2200

stems ha™!), with an abundance of other evergreen species well adapted to dry conditions
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such as Erica arborea L., Juniperus oxycedrus L., and Cistus albidus L. and occasional
individuals of deciduous species such as Sorbus torminalis (L.) Crantz and Acer
monspessulanum L. This forest has not been disturbed for 80 years, and the maximum
height of the dominant trees is approximately 6-10 m. An automated meteorological
station installed at the study site has monitored temperature, humidity, and precipitation

since late 1998.

Experimental Design and Tree-growth Data

Three 15 X 10 m plots were delimited at the same altitude along the slope. The plots were
thinned at the end of 2011, removing about 20% of the basal area (BA) (Table 1). Another
four 15 x 10 m plots from another experiment conducted at the same study site were not
thinned for use as controls (Ogaya & Pefiuelas, 2007; Barbeta et al., 2013; Liu et al.,
2015). Stem size was measured in the winters of 2012 and 2016 in both the thinned and
control plots and in late autumn 2011 in the thinned plots immediately before thinning
for calculating the percentage BA removed from the plots after thinning. Stem size was
calculated from the circumference at a height of 50 cm measured with a metric tape for
all living stems of all species with diameters >2 cm. Stem sizes were classified into three
categories: small stems (2-6 cm diameter), intermediate stems (6-10 cm diameter), and
large stems (>10 cm diameter). BA was calculated for each tree from its stem
circumference at 50 cm height, assuming a stem circumference section. The annual rate
of stem mortality (m) was calculated as (Sheil, Burslem, & Alder, 1995): m=1-(1-(N,-
N)/No)"t, where “N,” is the number of stems at the start of the studied period, “N¢” is the
number of stems at the end of the studied period, and “t” is the number of years of the

studied period.
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Aboveground biomass in the plots was estimated from the allometric relationships
between tree aboveground biomass (AB) and stem diameter at a height of 50 cm (D50).
Q. ilex and P. latifolia trees outside the plots were harvested, their circumferences at a
height of 50 cm were measured, and all aboveground biomass was weighed after drying
in an oven to a constant weight. The aboveground biomasses of Q. ilex and P. latifolia
were estimated from the calculated allometric relationships (InAB=4.9+2.3 InD50,
R*=0.98, n=12, P<0.001 for Q. ilex, and InAB=4.3+2.5 InD50, R*>=0.97, n=13, P<0.001
for P. latifolia). The aboveground biomass of A. unedo was estimated from the allometric
relationship previously calculated for the same area by Lled6é (1990) (InAB=3.8+2.6

InD50, R?>=0.99, n=10, P<0.001).

Leaf Area Index Data
The biomass of leaves was also estimated using allometric relationships between the
biomass of leaves in each tree (BL) and its stem diameter at a height of 50 cm (D50),
from Q. ilex and P. latifolia trees outside the plots. Their circumferences at a height of 50
cm were measured, and the biomass of all leaves were weighed after drying in an oven to
a constant weight. The biomass of leaves in Q. ilex and P. latifolia were estimated from
the calculated allometric relationships (InBL=3.5+1.7 InD50, R*=0.91, n=12, P<0.001 for
Q. ilex, and InBL=1.4+2.4 InD50, R*>=0.81, n=13, P<0.001 for P. latifolia). The biomass
of leaves in A. unedo was estimated from the allometric relationship previously calculated
for the same area in [32] (InBL=1.9+2.2 InD50, R*>=0.95, n=10, P<0.001). For the other
species, their AB was estimated from Q. ilex allometric relationships for other tree species,
and from P. latifolia allometric relationships for other shrub species.

The total leaf surface was calculated assuming a mean leaf mass per area ratio of

20 mg cm for Q. ilex leaves, and 15 mg cm for P. latifolia and all other species, as it
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was observed in a previous study conducted in the same site (Ogaya & Penuelas, 2006).
LAI was calculated from total leaf biomass and total leaf surface data for each studied

species (Q. ilex, P. latifolia, and A. unedo), and a total LAI data for each plot (Table 2).

Data Analysis

The effect of thinning on BA during the study period (2012-2015) was tested by a general
linear model, with thinning, category of stem size, and species as independent factors,
and with the mean percentage increase in BA in each plot as a dependent variable. Post
hoc tests compared the effects of thinning on increases in BA for each species and stem-
size category. Analyses of variance (ANOVAs) were performed to test the effect of
thinning on stem mortality and biomass, with thinning and species as independent factors,
and with annual mortality rate or the percentage increase in aboveground biomass as
dependent variables. Data for the percentage increases in BA and aboveground biomass

)2 and arcsin (m)"? to

(p) and annual mortality rate (m) were transformed to arcsin (p
satisfy the normality assumptions of the ANOVA. All analyses were performed with the

Statistical( software package (StatSoft Inc., Palo Alto, CA, USA).

Results

Climatic Data

The climatic conditions during the study period (2012-2015) were typical of
Mediterranean areas, with dry and hot summers and moderately cold winters. The weather
was especially hot and dry in 2015 and especially humid and cool in 2013. Climatic

conditions were average in 2012 and 2014. Mean annual temperature and total annual
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precipitation ranged from 11.9 °C and 783 mm in 2013 to 13.3 °C and 355 mm in 2015,

respectively (Fig. 1).

Basal Area and Mortality
Thinning significantly increased BA for Q. ilex relative to the control plots (P<0.01). In
contrast, thinning did not significantly affect BA for A. unedo and only tended to increase
BA for the smaller stems of P. latifolia (P=0.09) (Figure 2). BA increased more for small
than intermediate and large stems for A. unedo and P. latifolia but increased less for small
than intermediate and large stems for Q. ilex. BA increased most for A. unedo in the
control plots, whereas BA increased least for Q. ilex, especially for smaller stems, but
also increased more in the thinned plots for all stem sizes. BA increased more for P.
latifolia than Q. ilex for small stems (with also a large increase induced by thinning), but
the growth of intermediate stems was similar for P. latifolia and Q. ilex, with an increase
Annual rates of stem mortality were higher for Q. ilex than P. latifolia and for P.
latifolia than A. unedo in the control plots, but thinning strongly reduced the rate for Q.
ilex and had no significant effect on the other two species. The annual mortality rate in
the thinned plots was therefore even lower for Q. ilex than the other two species (Figure
3). Thinning significantly decreased the annual rate of stem mortality for all species

together relative to the control plots.

Aboveground Biomass and Leaf Area Index

Aboveground biomass increased more in the thinned than in the control plots (P=0.02)
(Figure 4). The relative aboveground biomass increased more for A. unedo than the other
two species in the control plots. The increase in relative aboveground biomass in the

thinned plots did not differ significantly between A. unedo and P. latifolia. The difference
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in relative aboveground biomass increase between A. unedo and Q. ilex was lower than
in the control plots, because thinning increased the biomass for Q. ilex (P<0.01) and P.
latifolia (P<0.05) but not A. unedo (Figure 4). In terms of absolute values of aboveground
biomass increase, thinning treatment doubled the biomass increase of Q. ilex, while it was
not observed any aboveground biomass increase (in absolute values) in the two other
studied species induced by thinning (Figure 4). Because of that, in thinned plots the
aboveground biomass increment was higher in Q. ilex than in the other two species, while
this difference was not observed in control plots.

The percentage of LAI increment was higher in thinned plots than in control plots
(P<0.05). The thinning treatment increased LAI in Q. ilex (P<0.01) and P. latifolia
(P<0.05), but not in A. unedo (Figure 5). On the other hand, the percentage of LAI
increment in Q. ilex was smaller than in P. latifolia and A. unedo in both control and

thinned plots.

Discussion

Several studies have reported an increase in stem growth (Roberts & Harrington, 2008)
and tree C sequestration (Keyser, 2010) induced by selective thinning, in accordance with
our results of higher radial growth and biomass in selectively thinned plots, but the
response to thinning was species-specific. The ability of tall shrub species such as P.
latifolia to cope with water stress conferred a competitive advantage over Q. ilex at the
same study site (Ogaya & Pefiuelas, 2007; Barbeta et al., 2013; Liu et al., 2015). Stem
growth and biomass increase strongly decreased, and stem mortality strongly increased,

for Q. ilex but not P. latifolia subjected to an experimental drought (Ogaya & Pefiuelas,

10
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2007; Barbeta et al., 2013; Liu et al., 2015). The decrease in water availability induced
by climate change (IPCC, 2013) is progressively substituting Q. ilex with tall shrub
species more resistant to drought, such as P. latifolia (Liu, Ogaya, Barbeta, Yang, &
Pefiuelas, 2018). Selective thinning increased Q. ilex stem growth for all stem sizes but
only increased the growth of smaller P. latifolia stems and did not have a significant effect
on A. unedo. Selective thinning strongly decreased stem mortality for Q. ilex but not the
other two species. Selective thinning was thus a good strategy of forest management for
increasing Q. ilex tree growth but also for delaying the progressive replacement of this
dominant species by more drought-resistant shrub species. Similar results were observed
in other sites around the world, where selective thinning increased stem growth and
enlarged the growing season (Idol, Morales, Friday, & Scowcroft, 2018; Jiménez,
Navarro, Sanchez-Miranda, & Ripoll, 2019).

Water availability is very important in this water-limited environment, and the
selective thinning increased the amount of resources available to the remaining stems and
decreased the transpiration surface (LAI) of the forest, as observed in other thinning
managements conducted in other forests (Valinger, Sjogren, Nord, & Cedergren, 2019).
Furthermore, in another water-limited forest, it has been observed that thinning-induced
stem growth and crown area increases are strongly correlated (Sorg, Urech,
Mamadzhanov, & Rehnus, 2016). Despite of the higher LAI increase in thinned plots, at
the end of this experiment LAI values were still smaller in thinned plots than in control
plots, so the duration of the improvement of stem water availability induced by the
selective thinning is long. Higher net photosynthetic rates and stem growth in response to
thinning in semi-arid habitats may be mediated by higher water availability and stomatal
conductance (Moreno-Gutiérrez et al., 2011). These responses were observed in

temperate forests only in unusually dry years (Herbs, Mund, Tamrakar, & Knohl, 2015).
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This increase in net photosynthetic rate has been associated with an increase in tree
growth but also with an increase in the capacity to mitigate climate change due to an
increase in forest atmospheric CO> uptake. Increased warming and drought, however, will
likely alter the capacity of Mediterranean forests to absorb CO., so forest management
may be a key factor determining the response of forest C balances to the changing climate
(Vayreda, Martinez-Vilalta, Gracia, & Retana, 2012). Mediterranean plants usually close
their stomata under severe drought conditions to avoid water loss from transpiration, but
stomatal closure also strongly decreases net photosynthetic rates (Mooney, Harrison, &
Morrow, 1975; Tenhunen et al., 1980; Llusia & Pefiuelas, 2000). Moreover, the emission
of volatile organic compounds (VOCs), which are greenhouse gases and contribute to
climate change, did not decrease under drought (Llusia & Pefiuelas, 2000; Pefiuelas et al.,
2013), so Mediterranean vegetation can lose the capacity to mitigate climate change under
severe drought conditions and can even exacerbate climate change when the effect of both
plant respiration and VOC emission exceed atmospheric CO> uptake by photosynthesis
(Doblas-Miranda et al., 2015; Penuelas et al., 2013).

Mediterranean ecosystems are currently water limited. Small mitigating
interventions could help to preserve their functioning under the impacts posed by
increased water stress (Gracia, Vanclay, Daly, Sabaté, & Gyengé, 2011) and the
functioning of other interconnected ecosystems (Gasith & Resh, 1999). High stem density
could also decrease the water supply for human populations, because vegetation
consumes at lot of rainwater (Birot, Gracia, & Palahi, 2011). High stem density could
favour the spread of forest fires due to the abundance of dead stems and branches as a
consequence of the strong competition for water and resources (Ogaya & Peinuelas, 2007).

In conclusion, our study highlights the appropriateness of selective thinning for

improving the growth and conservation of Mediterranean forests, better coping with the

12



300 environmental constraints posed by climate change, and increasing the functioning of
301  these ecosystems to mitigate climate change. Selective thinning can also ameliorate
302  several environmental problems typical in Mediterranean areas, such as decreasing the
303  risk and spread of forest fires and increasing the water supply for human populations.
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572  Table 1. Basal area (BA) of the dominant species in each thinned plot immediately before

573  and after thinning.

574
Plot Species BA before thinning BA after thinning BA removed (%)
(m? ha™) (m? ha™)
1 Q. ilex 43.57 38.41 11.84
P. latifolia 2.64 1.10 58.39
A. unedo 10.06 5.80 42.37
All species 56.27 45.31 19.48
2 Q. ilex 29.31 24.59 16.09
P. latifolia 2.57 1.77 31.04
A. unedo 9.75 6.43 34.02
All species 41.83 33.00 21.11
3 Q. ilex 42.14 33.86 19.64
P. latifolia 4.94 1.45 70.53
A. unedo 5.15 3.59 30.36
All species 53.71 39.53 26.39
575
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583  Table 2. Leaf area index (LAI) of the dominant species in each thinned plot immediately

584  before and after thinning.

585
Plot Species LAI before thinning LAI after thinning LAI removed (%)
(m? of leaves per m?> (m?of leaves per m>
of plot surface) of plot surface)
1 Q. ilex 4.52 3.86 14.54
P. latifolia 0.16 0.07 59.49
A. unedo 0.77 0.44 43.25
All species 545 4.36 19.95
2 Q. ilex 3.13 2.52 19.49
P. latifolia 0.18 0.13 28.74
A. unedo 0.75 0.48 36.55
All species 4.07 3.14 22.98
3 Q. ilex 4.69 3.54 24.54
P. latifolia 0.44 0.10 77.54
A. unedo 0.39 0.30 29.22
All species 5.64 3.97 29.61
586
587
588
589
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591
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Figure captions

Figure 1. Mean annual temperature and annual precipitation at the study site during the

study period.

Figure 2. Average percentage basal-area increase (BAI) in the thinned and control plots
(3 and 4 plots, respectively) for each species and stem-size category, during the overall

studied period. Error bars correspond to the standard error of the mean.

Figure 3. Average annual rates of stem mortality in the thinned and control plots (3 and 4

plots, respectively) for each species. Error bars correspond to the standard error of the

mean. *, P<0.05; **, P<0.01.

Figure 4. Average increases in aboveground biomass (in percentage and absolute values)
in the thinned and control plots (3 and 4 plots, respectively) for each species, during the
overall studied period. Error bars correspond to the standard error of the mean. *, P<0.05;

**, P<0.01.

Figure 5. Average percentage of leaf area index (LAI) increment in the thinned and

control plots (3 and 4 plots, respectively) for each species during the overall studied

period. Error bars correspond to the standard error of the mean. *, P<0.05; **, P<0.01.
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