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In the last five years, sharp increases in the price of natural resins, accompanied by technological advances
directed toward mechanization, have made resin tapping a strategic activity for rural development and
forest conservation. The resin industry demands more efficient tapping methods and forest management
plans as a way to increase competitiveness in a global market. Understanding the effects of environmen-
tal conditions on resin yield, especially under the current scenario of climate change, is key to improving
techniques and plans in the resin industry. This study aims to evaluate the intra- and inter-annual effects
of climate conditions and soil water availability on resin yield in tapped Pinus pinaster stands. The indi-
vidual resin yield of 26 tapped trees growing at two locations with different stand densities and soil
characteristics was measured fortnightly during the tapping season (June to October) for four years. The
study was complemented with an analysis of changes in xylem anatomy over the four years, with a
focus on axial resin canal traits, including 12 non-tapped trees as controls. Intra-annual variation in resin
yield was strongly correlated with temperature, solar radiation, potential evapotranspiration and water
deficit. Inter-annual variation in resin yield and resin canal abundance were correlated with tempera-
ture and water deficit in spring, but above a certain threshold of cumulated water deficit in summer
rainfall favored resin yield. Under adverse climate scenarios where resource optimization is desirable, a
reduced tapping season during the warmest months (June-September) would be advisable, assuming a
very small production loss. Similarly, in years with a rainy summer and/or dry spring, a slightly longer
tapping season could be suggested, as resin yield increases after these events.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

extraction through mechanical wounding to produce tar for ship
caulking was a traditional forest use in the Mediterranean basin

Resin exudation is the main defense mechanism of pine trees
againts bark boring insects and fungal pathogens (Lieutier, 2004;
Franceschi et al., 2005), and can be induced by other external fac-
tors such as abiotic stress, application of chemical stimulants, or
mechanical wounding (Croteau et al., 1987; Ruel et al., 1998; Nagy
et al., 2000; Franceschi et al., 2002; Moreira et al., 2012). Resin
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that began in Classical times. It led to major deforestation, mainly
of coastal pine woods, that would continue in subsequent histori-
cal periods (Valbuena-Carabaia et al., 2010; Mutke et al., 2013). In
the 19th century, resin tapping from living trees began as a non-
destructive extraction method and became very important in the
rural economy of Southern Europe (Hernandez, 2006). Resin was
considered to be the most versatile material in the preindustrial
world (Langenheim, 2003 ) and continues to be the raw material for
a wide range of industrial products and one of the most important
non-timber forest products (Hall et al., 2013). Maritime pine (Pinus
pinaster Ait.) has been the most common tapping tree in recent
centuries and is now the only species tapped in western Mediter-
ranean countries. In this region it is one of the main forest trees and
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comprises the most extensive conifer forests in Spain, Portugal and
southern France (Gil et al., 1990). In Spain, 20 regions of provenance
with a wide range of ecological conditions have been defined for
P. pinaster. This species presents high genetic variability in neutral
and adaptive traits (Gil et al.,2010; Morales-Molino et al.,2012)and
provenances of P. pinaster show considerable differences in terms
of resin production (Alia et al., 1995; Nanos et al., 2000).

The resin industry of southern Europe demands more efficient
tapping methods and forest management plans to increase sup-
ply and enhance competitiveness in a global market (Cunningham,
2013). Understanding the intra- and inter-annual effects of cli-
mate conditions and soil water availability on resin yield in pine
stands used for tapping is essential for improving techniques and
plans in the resin industry. This becomes particularly important
in the current scenario of climate change, where projections in the
Mediterranean region indicate more frequent extreme climate con-
ditions, which could alter water availability and impact delivery of
ecosystem services (Terrado et al., 2014). Climate projections for
the Mediterranean region predict a pronounced decrease in precip-
itation (especially in the warm season), more extended droughts,
marked warming reaching a maximum in summer, concentration
of rainfall in shorter periods of the year, and a greater occurrence
of extremely high temperature events (Giorgi and Lionello, 2008).
Negative effects of the already ongoing climate change on non-
wood forest products, such as Mediterranean pine nuts, has been
described for Central Spain in the middle basin of the Douro River
(Mutke et al., 2005). Climate change may also have unpredictable
effects on resin production, although research has shown that cli-
mate conditions can affect resin flow in two main ways: directly,
because temperature changes resin fluidity (Pardos et al., 1976;
Hodges et al., 1979; Blanche et al., 1992), and indirectly, because
climate factors, such as temperature and water stress, have a major
effect on tree anatomical structure and the physiological processes
involved in resin biosynthesis and secretion (Blanche et al., 1992;
Ruel et al., 1998; Baier et al., 2002; Tingey et al., 1980; Lombardero
et al., 2000; Génova et al., 2014). As positive relationships exist
between resin flow (as plant secondary chemistry) and pest resis-
tance (e.g. Mumm and Hilker, 2006; Kolosova and Bohlmann, 2012),
the described climate effects on resin flow could be directly appli-
cable to the tree defence capacity against bark boring insects and
fungal pathogens.

The process of resin exudation is mediated by anatomical and
metabolic changes in the secretory structures known as resin
canals, which occur in the outer layer of the earlywood and in
the latewood of tree rings (Boschiero and Tomazzello-Filho, 2012).
These changes include the formation of traumatic resin canals
(Wimmer and Grabner, 1997; Martin et al., 2002; Luchi et al., 2005)
and the synthesis of new resin in epithelial cells to refill constitu-
tive canals (Ruel et al., 1998; Phillips and Croteau, 1999; Krokene
and Nagy, 2012). The relations between resin yield and resin canals
traits in P. pinaster were recently studied (Rodriguez-Garcia et al.,
2014).Intapped trees, an increase in axial canal frequency and area
per mm? of cross section was found during the three years follow-
ing the start of tapping activity, suggesting that canal formation is a
systemic induced response to wounding. In high yielding trees, the
area of axial canals per mm? of cross section was directly related
to resin yield in certain locations, as were resin canal volume per
growth ring unit and radial canal frequency (Rodriguez-Garciaetal.,
2014). It is likely that a complex interaction system exists between
climate, tapping wound, resin flow and tree anatomical and phys-
iological features. Similarly, significant variations are expected to
exist, e.g. between different species, provenances, climates, resin-
flow inducing treatments, age classes and stand structures (Nanos
etal., 2001; Roberds et al., 2003; Rodrigues et al., 2008). Most stud-
ies onresin flow have been conducted under controlled conditions,
opening small wounds for a short period (Lombardero et al., 2000;

Gaylord et al., 2007; Novick et al., 2012) in saplings or young trees
(Ruel et al., 1998; Roberds et al., 2003; Knebel et al., 2008). In this
study, we aim to evaluate climate effects on the resin production
of mature trees tapped for five years, corresponding to real-scale
tapping activity. In temperate zones, tapping activity is seasonal;
e.g. in the Mediterranean area it starts any time from March-June
and finishes in October or November. Peak resin flows usually occur
in late spring and during summer months (Pio and Valente, 1998;
Kim et al., 2005; Gaylord et al., 2007).

The growth-differentiation balance hypothesis (Herms and
Mattson, 1992; Gaylord et al., 2007; Novick et al., 2012) states
that there is a tradeoff between growth-related and differentiation-
related processes (e.g. the production of defensive compounds) in
plants. To produce chemical defenses (e.g. resin) the plant needs
energy from photosynthesis, but the peak concentrations of sec-
ondary metabolites are reached in scenarios of moderate level
of available resources (e.g. water and nutrients), when growth
is limited. In situations where resource availability limits photo-
synthesis, both growth and defense are limited. According to this
theoretical framework, it is hypothesized that during suboptimal
conditions for growth, e.g. periods of moderate water stress, resin
yield is increased in P. pinaster stands. In P. taeda, peak resin flows
appeared to be associated with moderate water deficit periods
(Ruel et al., 1998; Lombardero et al., 2000). Furthermore, earlier
studies on Pinaceae xylem anatomy showed that harsh environ-
mental conditions such as high temperatures, aridity and cold
winters are associated with higher frequencies and greater sizes
of resin canals (Zamski, 1972; Rigling et al., 2003; Martin et al.,
2010; Esteban etal.,2010), whereas an increment of annual or sum-
mer rainfall is negatively correlated with these traits (Wimmer and
Grabner, 1997; O'Neill et al., 2002). Thus it is also hypothesized that
constitutive and traumatic resin canal formation and de novo resin
synthesis processes will be influenced by the climate characteris-
tics of the current and the previous year. Years with high radiation
(favoring photosynthesis processes), high summer temperatures
(delaying radial resin canal sealing), and low rainfall (inducing resin
canal formation) will be highly productive or determine high resin
production in the following year. During the tapping season, warm
springs and summers with low humidity percentages could corre-
spond to higher resin yield values.

This study examines the climate variables that affect resin yield
and the anatomical traits related to resin yield. The aims were to (i)
identify the most influential climate variables and the effect of soil
water status in intra-annual variation of resin yield in trees grow-
ing in two different locations with different stand densities; (ii)
evaluate how inter-annual variations in climate conditions and soil
water storage affect annual resin yield, and (iii) relate these varia-
tions to changes in wood anatomical structures, with a focus on P.
pinaster’s defense system. Possible tapping management implica-
tions for future climate scenarios are discussed.

2. Materials and methods
2.1. Study area and climate data

The trees studied are located in two P. pinaster forests 16 km
apart in the province of Segovia, Spain. Maritime pine occupies
more than 200,000 ha in this part of the middle basin of the Douro
River, on a flat highland 700-950 m above sea level in central Spain.
The area is covered by sandy plains, dune systems, cereal crops
and patches of pine forest (P. pinaster and P. pinea). It is known
as Tierra de Pinares (Pine Woodlands) because of the forest that
remains due to the poor fertility of the soil and reforestation of
communally owned deforested land in the 19th and 20th cen-
turies using local provenances. The two stands studied, near the
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villages of Armuiia and Melque, are geographically close and at
the same altitude (900 m). They have similar climates but their
stand densities differ and the trees were tapped in different years
(2006-2010 in Melque and 2007-2011 in Armuiia). Mean annual
rainfall in the area is 440 mm and the dry period lasts about four
summer months. Monthly mean minimum and maximum temper-
atures (from Aranda de Duero weather station, a 42-year climate
series, 80 km from the stands) range from 2.0 to 5.8°C and 18.8
to 23.1°C, respectively. The soils are Quaternary deposits of allu-
vial sedimentary materials, mainly siliceous oligotrophic, and are
poorly developed (arenosol, psamment). The soil texture is loamy
sand in Armuiia and sandy in Melque for the first 25 cm, although
unevolved sands are reached at around 1 m in depth in both loca-
tions (Rodriguez-Garcia et al., 2014).

Climate data for the area studied were compiled from Nava
de la Asuncién weather station, which is 15 km from the Melque
stand and 18 km from the Armuiia stand and at the same altitude.
This station has a 14-year climate series (Fig. 1) but it was cho-
sen for our study instead of the Aranda de Duero station, which
has a longer series, because of proximity. Mean cumulated annual
rainfall was 469 mm and mean temperature was 11.15°C for the
2000-2013 climate series. For the yield variation analysis within
and between years, the climate variables studied were: daily radi-
ation, mean daily temperature, daily rainfall (P) and humidity, and
daily estimated potential evapotranspiration (PET) calculated by
the State Meteorology Agency of Spain (AEMET) according to the
Penman-Monteith method (FAO, 1998). Daily rainfall and poten-
tial evapotranspiration were used to calculate four soil water status
variables - actual evapotranspiration (AET), soil water content
(WCQ), water deficit (D), and cumulated water deficit (CD) - using
the Thornthwaite and Mather model (Botey et al., 2009) for the
years studied (2007-2010) as follows:

WC; = min[(WCi_; + Pi-E;), WCt]

lfPI > PETl Ei = PET,
ifP; < PET; E;=P;+ [WCi_ (1 — expl(Pi-PET)/WCl) ]

AET; = P; + |WC; — WC;_4 |
D; = PET;— AET;

X; = measureoftheithday i=1,...,n

Available water storage capacity (WCt) was estimated to be the
same for both sites: 100 mm water/m soil (Water Conservation
Factsheet, 2002) (Table 2), given the results of previous soil charac-
terizations of the studied stands (Rodriguez-Garcia et al., 2014). For
the inter-annual analysis only, calculations were made of the num-
ber of months each year with certainty of frost (Cf), i.e., the number
of months when the mean minimum temperature is below 0°C,
and the duration of aridity (a), i.e., the number of months when
the temperature curve was above the rainfall curve in the Gaussen
climogram (Fig. 1).

2.2. Resin yield measurements

The trees used in this study were part of two experimental
plots designed by the Forestry Services and Promotion Centre of
Castilla y Le6n (CESEFOR) as part of a program to improve resin
tapping in Central Spain. The plots were even aged, ca. 75 years old.
Approximately 400 trees were tapped for five years: 197 in Melque
(2006-2010) and 201 in Armufia (2007-2011). For the study, we
used the resin yield data corresponding to the four-year period
when trees were tapped in both locations (2007-2010). The tap-
ping method comprised cutting horizontal grooves every fortnight,
advancing upward from the first groove at 20 cm above the ground
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Fig. 1. Mean monthly temperature and rainfall for the period 2000-2013 (gray line
and gray bars) are shown in the first graph. The following five graphs show mean
monthly temperature and rainfall for the years 2006-2010 (black line and black and
white bars). White bars represent mean monthly values higher than the mean value
of the 2000-2013 period and black bars lower mean monthly values. The number of
months with certainty of frost (months with mean minimum <0) is represented by
horizontal black bars and the number of months with probability of frost (months
with absolute minimum temperatures <0 and mean minimum >0) is represented by
horizontal gray bars. Representative climate data for the area studied were compiled
using data from Nava de la Asuncién weather station, 15 km from the stands in
Melque and and 18 km from the stands in Armuiia, at the same altitude (900 m).

to final heights of 200-260 cm. The mean length of grooves was
approximately 12 cm and the height varied from 2-3 cm. Bark and
phloem were removed and a stimulant paste with 40% sulfuric acid
was applied (40% sulfuric acid solution and 300 g gypsum per 1000 g
solution in the final paste). Resin yield was measured fortnightly,
before the next groove was cut, by weighing the contents of the
cans in which the resin was collected from June to October.
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Fig. 2. Trend over the four years studied (2007-2010) of daily radiation values (black square, black line) and daily mean temperature values (black circle, black line), and for
the Armufia and Melque resin yield (gray lines) measured fortnightly during each tapping season and expressed as g per tree.

2.3. Anatomical measurements

For anatomical measurements, 26 tapped trees were selected
in the experimental plots (14 in Armufa and 12 in Melque). Two
wood cores, one from the northern and one from the eastern side,
were taken from each tree at breast height (ca. 1.30 m) with an
increment borer (diameter = 1 cm). The cores contained at least the
five most recent growth rings (2006-2010). Samples were taken
at a minimum distance of 10 cm from the tapping wound bound-
ary to minimize the local effect of the wound on the xylem tissues
(Lev-Yadun, 2002; Ballesteros et al., 2010). Northern and eastern
orientations were chosen because they are traditionally regarded
as the faces with the lowest (north) and highest (east) resin yield.
Cores were stored in 70% ethanol. Additionally, seven non-tapped
trees were chosen in Armuifia and five in Melque as controls. These
trees were within a 300 m radius of the tapped trees.

In total, 76 cores were extracted and prepared for light
microscopy observation. Transverse sections, 20-30 wm thick,
were cut from each core using a sliding microtome. Sections were
stained with a solution of 1% safranine and 1% alcian blue following
standard protocols (Heijari et al., 2005) and mounted after dehy-
drating through an ethanol series. Samples were photographed
with a light microscope using a Nikon digital Coolpix 4500 camera
and analyzed with WinCELL Pro (version 2004a; Regent Instru-
ments Inc., Quebec City, Canada). The following parameters were
measured in the 2007-2010 growth rings: growth ring width,
early- and latewood increments (jum), mean lumen area of early-
and latewood tracheids (pum?), frequency of axial canals (num-
ber of axial canals per mm?), area of axial canals (mm?2) per cross
section unit, and mean size of axial canals (m?). Epithelial and
parenchyma cells adjacent to the resin canals were included in the
canal measurements. Mean values per tree and year (growth ring)
were calculated for each variable.

2.4. Statistical analyses

Linear correlation and regression analyses were performed
between climate, resin yield and anatomical variables. First, an
intra-annual analysis was performed to analyze the correlation
between the fortnightly resin yield and the average values of the
climate variables for the same period. These data were obtained
throughout the tapping season (June-October) for the period stud-
ied (2007-2010). For this analysis, 11 climate variables were
selected (Table 2) as those most likely related to the resin flow
process during the season (Rodrigues and Fett-Neto, 2012 and ref-
erences therein). Second, the inter-annual relation between climate
and resin yield was analyzed, considering the mean annual resin

yield of each tapped tree (n=398) for the years studied and the
11 climate variables shown in Section 2.1. These 11 climate values
were analyzed taking into consideration the mean values of the
period that would have been most likely to affect the resin yield
processes (from January to the end of the tapping season, at the
beginning of October), as well as the mean values for the whole
previous year. The mean annual values and mean monthly values
of the climate variables were related to the mean annual resin yield
to determine the most relevant variables and the time of year when
these variables have most influence on resin yield.

Mean values of anatomical variables per year (2007-2010
growth rings) and tree (n=33) were used to study the relations
between anatomical and climate variables. Means were compared
using Fisher’s least significant difference test (LSD, o =0.05). These
values were related to the same 11 climate variables correspond-
ing to the current season affecting the wood formation processes
(January-September) and the mean value of the whole previous
year. All statistical analyses were performed with STATISTICA 7.0
(StatSoft Inc., Oklahoma, USA).

3. Results
3.1. Resin yield and anatomy traits

Resin yield per tree was higher in the less densely populated
stand (Armuia), even though mean resin yield per ha was higher
in Melque, the location with higher pine density (Table 1). At both
locations the height of dominant and co-dominant trees was the
same and therefore both stands had a similar site index (Hanson
et al., 2003; Bravo-Oviedo et al., 2007), but the diameter at breast
height (Dbh) and the live crown percentage were higher in Armufia
(p<0.05; Table 1). The locations had the same annual resin yield
trend throughout the tapping season for all the years studied: an
initially high value was followed by a rapid drop that soon recov-
ers in a bell-shaped curve, reaching peak values at the beginning
of August (Fig. 2). In Melque, however, the fortnightly resin yield
showed fewer variations than in Armuiia (Fig. 2). The most produc-
tive year was 2009 for both locations (3.71 and 2.62 kg/tree/year
for Armufia and Melque, respectively) and the least productive
year was 2008 for Melque (2.39 kg/tree/year) and 2007 for Armuifia
(2.73 kg/tree/year; 26% less than 2009) (Fig. 3).

Growth ring (GR) width decreased over the four years and was
similar in tapped and non-tapped trees, with a significant differ-
ence between the first two tapping years (2007-2008) and the two
last years (2009-2010), due to the reduction of both earlywood
and latewood (Fig. 4a). Although no significant growth decrease
due to tapping was observed, resin canal variables varied between
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Table 1

Location, dendrometry, resin yield and soil characteristics of the two experimental plots of Pinus pinaster in central Spain.

Location in Geographic Area (ha) Density Mean resin Mean resin Dbh (cm)  Height (m) Live crown Soil texture Soil texture in
Spain coordinates (tree/ha) yield (kg/tree yield (kg/ha (%) USDA first 25cm
year)? year)? depth
Melque de 41°4'(N) 4°28'(W) 13.01 206 239 +£05" 492 + 83" 41 +1.9 132 +04 467 +21" Sandy Sandy
Cercos
(Segovia)
Armuiia 41°3'(N) 4°17' (W) 26.42 108 321+05 348 + 90 47 +2.1 135+ 05 599423 Sandy Loamy sand
(Segovia)

2 Mean yield 2007-2010.

Dbh; diameter at breast height. USDA; The United States Department of Agriculture. Asterisks indicate significant differences between locations at p<0.05 " and p<0.01 ™.
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Fig. 3. Mean resin yield expressed as kg per tree and year for the period 2007-2010
in the two P. pinaster stands studied. Black bars represent Armuifia and white bars
represent Melque. Identical letters indicate homogeneous groups (LSD comparisons,
o =0.05). Black line represents mean summer rainfall in the current year.

treatments. Axial canal (AC) area per mm? remained constant in
the non-tapped trees, but in the tapped trees a significant increase
was detected in 2009 (Fig. 4b). Axial canal frequency showed the
same trend (p<0.03; data not shown). No traumatic resin canals
were found in any of the samples.
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color in bars represents the latewood width over the total growth ring width and the
black line represents the mean annual summer temperature. In figure (b), black line
represents mean annual summer rainfall. Identical letters indicate homogeneous
groups (LSD comparisons, & =0.05).

Considering average values per year (data from both locations),
the axial canal area (ACa) was related to the mean resin yield in
the same (n) and following (n+1) year. In Armuiia, no relations
between anatomical traits and resin yield were found, while in
Melque the area and frequency of axial canals showed significant
relations with resin yield in the same and following year (Table 3).

3.2. Climate analysis

The mean temperature pattern was similar during the four
years studied and was also similar to the mean values for the
period 2000-2013 (Fig. 1). The tapping season temperature pattern
showed differences between the study years (Fig. 2): the highest
means were found from late July to early August in 2007 and 2008,
from late August to early September in 2009, and from the begin-
ning of July in 2010. Rainfall differed, particularly in spring, showing
twice the values in 2007 and 2008 than in 2009 and 2010 (Fig. 5).
Similarly, the mean rainfall values for the period 2000-2013 (Fig. 1)
affected all the related variables (WC, D, CD and AET); the 2009
spring was the driest and had the highest daily cumulative water
deficit (643 mm) despite an atypical rainy summer (Figs. 5 and 6a
and b). The dry 2007-2008 winter prevented soil water recharge,
although this water deficit in winter and at the beginning of spring
2008 was offset by abundant late spring rainfalls (Figs. 5 and 6b).
Throughout the study, there were significant differences between
AET and PET, with serious summer droughts. PET reached a max-
imum in July (ca. 1770 mm) and followed the same trend over the
four years (Fig. 5). AET showed a similar pattern in 2007 and 2008,
with sharp peaks and maximum values in June, but in 2009 and
2010 it showed consistently lower values (Fig. 5).

Series of daily soil water storage and cumulative soil water
deficits during the tapping season provide more detailed informa-
tion (Fig. 6a and b). In 2009, water deficit in early June exceeded
200 mm, whereas in the other years it remained below 130 mm.
At the beginning of the tapping season in 2009 and 2010, water
stored in the soil was only 13-32 mm, due to low spring rainfall,
but in the previous years it was 76-83 mm. During the tapping sea-
son, the main difference between years was caused by relatively
high summer rainfall in 2009, which maintained soil water reserves
(Fig. 6b). However, this rain did not compensate for the dry spring,
and until October 2009, at the end of the tapping season, the cumu-
lative water deficit was almost 600 mm, whereas in the other three
years it was ca. 480 mm (Fig. 6a). Soil water storage in October 2008
was twice the value for 2007, 2009 and 2010 due to autumn rainfall
(Fig. 6b).

3.3. Climate-resin yield relations

3.3.1. Intra-annual analysis

Considering fortnightly values for the four tapping seasons (June
to October, 2007-2010), the highest correlations between climate
variables and resin yield were found for PET (r=0.68; p<0.001)
and daily solar radiation (r=0.64; p<0.001). Significant positive
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correlations were found for all the temperature variables, and a
negative correlation was found for mean humidity (Table 2). For
soil water status, only water deficit showed a significant positive

relation to resin yield.

Table 2

The results for each individual year showed very similar behav-

ior for resin yield in 2009 and 2010, with positive relations to
radiation, PET and cumulative water deficit (Table 2). In 2008 we
found significant relations only for Armuia, although the general

Correlation matrix between resin yield values of tapped trees chosen for the study in the experimental plots of P. pinaster Ait. in Armufia and Melque. Mean values correspond
to resin yield measured every fortnight throughout the tapping season (June-October) during the study years (2007-2010) and the mean values of several daily climate

variables for the same period.

Year 2007-2010 2007 2008 2009 2010

Climate variable Average Armuiia Melque Armuiia Melque Armuiia Melque Armuiia Melque Armuiia Melque
T mean (°C) 0.49 0.53 0.28 0.87 0.17 0.68 0.14 0.12 0.05 0.50 0.58
Solar radiation (MJ/m?) 0.64 0.63 0.51 0.41 0.28 0.58 0.38 0.81 0.72 0.88 0.76
Mean humidity (%) -0.45 -0.52 -0.21 —-0.86 -0.17 —0.65 —0.04 -0.10 —-0.03 -0.26 -0.38
Total rainfall (mm) 0.09 0.06 0.12 -0.78 -0.57 -0.10 0.13 0.70 0.65 0.49 0.38
PET (mm) 0.68 0.65 0.57 0.47 0.31 0.64 0.39 0.79 0.81 0.90 0.87
AET (mm) 0.11 0.01 0.28 —-0.67 0.17 -0.17 0.13 0.71 0.66 0.67 0.45
WD (mm) 0.47 0.56 0.20 0.93 0.07 0.72 0.19 0.25 0.26 0.18 0.39
CWD (mm) -0.32 -0.22 -0.42 0.23 -0.19 -0.10 -0.38 -0.74 -0.83 -0.71 -0.57

T: temperature; PET: potential evapotranspiration; AET:

in bold (p <0.05).

actual evapotranspiration. WD: mean water deficit. CWD: cumulated water deficit. Significant correlations shown
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trend was similar to 2007 results, which showed positive relations
to temperature and water deficit (Table 2). A comparison of the two
locations (Table 2) shows that Armufia had stronger relations than
Melque to most of the climate variables.

3.3.2. Inter-annual analysis

The variation of mean annual resin yield tended to be posi-
tively related to rainfall throughout the tapping season (r=0.95,
p=0.04) (Fig. 3) and negatively related to the previous summer PET
(r=-0.98, p=0.02). For temperatures, positive relations (p <0.05)
were found for March, May and June in the current year and January
of the previous year, whereas September temperatures of the pre-
vious year showed a negative relation to resin yield (Fig. 7). As a
general trend, positive r-values were found in spring between resin
yield and the variables PET and water deficit, but negative values
related to water deficit in summer. A different trend was found for
soil water content, with negative r-values in spring and positive in
the previous-year summer (Fig. 7). Duration of aridity (a) did not
show any significant relation with resin yield.

3.4. Climate-anatomy relations
The correlation analysis between climate and anatomical vari-

ables in tapped trees showed that growth ring width tended to be
negatively related to summer temperatures (r=-0.96, p=0.028;

Fig. 4a), mainly due to the reduction of earlywood width (r=—0.98;
p=0.015). The average values for both locations evidenced that
years with higher rainfall in summer were associated with greater
area and higher frequency of axial resin canals (Table 3). Lower
spring AET and cumulated water deficit in winter were associ-
ated with higher area per mm? of axial resin canals in tapped
trees (Table 3). Higher soil water content in summer in the pre-
vious year seemed to produce greater area and higher frequency
of axial resin canals, and lower water deficits in the previous year
were also related to greater area of axial canals. For mean size of
axial canals, a positive correlation (p < 0.05) was found with current
season rainfall, summer soil water content and AET (Table 3).
When considering the locations separately, Melque showed a
larger number of significant correlations (p<0.05) with climate
variables (7; Table 3) than Armuiia (1) for the current year, but
Armufia did so for the previous year (6 vs. 2 in Melque). In Melque,
lower spring AET, higher temperatures and higher cumulated water
deficits for the current year were related to greater area and higher
frequency of axial canals (Table 3). Higher summer rainfall was also
related to greater frequency of canals. In Armufia, the main relations
were found for water status in the previous year, mostly in the sum-
mer months; higher water content and lower water deficit were
associated to greater area and mean size of axial canals, respec-
tively. Frosts in the previous year were also positively related to
area and mean size of axial canals in this location (Table 3). Mean
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Table 3

Correlation matrix between axial resin canal parameters—area per mm? (ACa; mm?), frequency (ACf; number of AC per mm?) and mean size (ACs; wm?), several climate
variables for the current (n) and previous (n — 1) year, and mean annual resin yield per tree for the current (n) and next (n+ 1) year. Anatomical xylem variables were measured

in the 2007-2010 growth rings of tapped P. pinaster trees.

Year Climate variable Mean Armuiia Melque
ACa ACf ACs ACa ACf ACs ACa ACf ACs

n Tmax (°C) 0.89 0.91 -0.33 0.70 0.71 0.61 0.97 1.00 -0.71
Rainfall (mm) -0.16 -0.37 0.99 -0.07 -0.32 0.24 -0.28 —-0.36 0.78
Rainfall summer (mm) 0.97 0.96 -0.22 0.85 0.82 0.78 0.93 0.98 -0.70
WC summer (mm) -0.16 -0.37 1.00 -0.15 -0.41 0.17 -0.14 -0.27 0.82
AET (mm) -0.44 —-0.63 0.95 —-0.40 -0.63 -0.10 —-0.40 -0.53 0.94
AET spring (mm) -0.95 —-0.90 0.06 -0.79 -0.72 -0.78 -0.95 -0.97 0.56
CWD (mm) 0.90 0.87 -0.13 0.70 0.64 0.67 0.99 0.99 -0.56
CWD winter (mm) —-0.98 -0.91 —-0.08 —-0.93 -0.83 -0.95 -0.79 —-0.86 0.53

n-1 cf 0.91 0.83 0.17 0.96 0.85 1.00 0.58 0.69 -0.47
Rainfall (mm) 0.84 0.88 -043 0.63 0.67 0.51 0.96 0.98 -0.74
WC summer (mm) 0.99 0.96 -0.07 0.97 0.91 0.93 0.77 0.87 —-0.66
WD (mm) -0.95 -0.87 -0.16 -0.93 -0.81 -0.97 -0.73 —0.80 0.46
CWD autum (mm) -0.95 -0.87 -0.13 —-0.96 -0.85 -0.99 —-0.66 -0.76 0.49

n Resin Yield (g/tree) 0.23 0.07 0.17 0.04 -0.14 0.20 0.36 0.29 0.19

n+1 0.24 0.08 0.09 —-0.09 -0.22 0.05 0.49 0.36 0.16

AET, actual evapotranspiration; WC, water content; WD, water deficit and CWD, cumulated water deficit. Cf, number of months with certainty of frost (Cf; months with mean

minimum <0). Significant correlations shown in bold (p <0.05).

lumen area of tracheids did not show any significant relation with
climate variables.

4. Discussion

Resin productionis a pivotal component of the defense system of
conifers after various biotic or abiotic stimuli, providing a complex
short- and long-term defense response (Lewinsohn et al., 1991;
Moreira, 2010). In this study, the role of climate in regulating tree
response (i.e., resin secretion) to the tapping wound was evaluated
in two commercially tapped mature stands of maritime pine. The
values of several climate factors acting during the tapping season
and the previous year were found to be related to resin yield. Some
of these relations were also associated with changes in the size and
frequency of the secretory structures, which modulate the defense
response of the plant (Franceschi et al., 2005; Krokene and Nagy,
2012).

4.1. Intra-annual analysis

Observation of the intra-annual results makes it possible to dis-
cuss the short-term effects of climate. During the tapping season,
a high initial value for resin yield was observed as a consequence
of the first tapping wound. This was less pronounced in the first
year in Armuila, probably because the trees had not been tapped
before (Rodriguez-Garcia et al., 2014). During the first 15 days after
wounding, the resin canal network preformed in the tree the pre-
vious year (constitutive and traumatic axial and radial resin canals)
connected to the wounded zone starts to empty its contents under
the effects of pressure and temperature (Schopmeyer et al., 1954;
Lewinsohn et al., 1991) and the de novo resin synthesis process is
activated 3-4 days after wounding (Ruel et al., 1998; Lombardero
et al., 2000), although in P. taeda some studies have not been able
to detect an induced resin flow with mechanical wounding alone
(i.e., Klepzig et al., 2005). Resin flow decreases with the sealing of
the small radial canals. A significant decrease in resin yield from
the first to the second groove was observed every year in Melque
and in the last two years in Armuia (Fig. 2). This decrease was not
consistent with temperature variation, which increased 6.6°C in
2008 from the first to the second groove (Fig. 2). It was probably
due to partial depletion of the constitutive resin stored in previous
years and to higher investment in growth and reproduction than

in defense processes, according to the growth-differentiation bal-
ance theroy (Lorio and Sommers, 1986; Herms and Mattson, 1992).
Similarly, the increase in resin flow observed at the third and fourth
groove could be explained by (i) outflow from new constitutive and
traumatic resin canals (Ruel et al., 1998; Lieutier, 2004; Moreira,
2010; Krokene and Nagy, 2012); (ii) the influence of climate vari-
ables such as radiation, which allow the resin synthesis process
to occur (Pefiuelas and Llusia, 1999); and (iii) higher temperatures
that allow longer flow times (Pardos et al., 1976) (Fig. 2). After the
peak values reached in mid-summer, resin yield values started to
decrease, probably due to the depletion of the resin canal network
connected to the wounded zone.

Negative relations between plant physiological activity and
summer droughts have been found in Mediterranean areas
(Pefiuelas and Llusia, 1999; de Luis et al., 2011; Vieira et al., 2014).
When water deficit passes a certain threshold, xylem formation
and the resin synthesis process may be limited. Recent studies
showed that spring drought (May-]June) is the primary factor limit-
ing conifer growth in the Mediterranean (Lebourgeois et al., 2012;
Vieira et al., 2014). Lower resin yield was observed in our results
when cumulated water deficit reached 350-400 mm in August
(Figs. 6a and 7). P. pinaster responds to water stress by isohydric
behavior, closing its stomata to avoid hydraulic failure; this results
in decreased carbohydrate availability (Ripullone et al., 2007; de
Luisetal.,2007; Michelotetal.,2012). We observed negative effects
of water deficit on resin yield in August (Fig. 7). These results indi-
cate that water availability during summer could exert positive
effects on resin flow. The last groove showed the lowest seasonal
resin yield value in 2007 and 2010, but in 2008 at Melque and in
2009 at both locations, it showed higher values than the previous
groove (Fig. 2). August rainfall was three times higher in 2008 and
2009 thanin 2007 and 2010 (Fig. 1), suggesting that the higher resin
yields in 2008 and 2009 (at the end of September) could be related
to higher radiation (in 2009) and water content values that allow
plants to invest in photosynthates, coinciding with a second period
of growth described in autumn in Mediterranean zones (Camarero
et al., 2010; Vieira et al., 2014).

4.2. Inter-annual analysis

Regarding the long-term climate effects, a positive effect of
summer rainfall on the area and frequency of resin canals in the
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following year was observed (Table 3), as well as a positive relation
between July water content and resin yield in the following year
(Fig. 7). Recent studies in Mediterranean locations (Génova et al.,
2014)showed similar results, with positive relations between sum-
mer rainfall and radial growth in tapped trees the following year.
This variable is strongly related to axial canal frequency in Pinus
(Rigling et al., 2003; Rodriguez-Garcia et al., 2014) and also to resin
yield (Rodrigues et al., 2008; Rodriguez-Garcia et al., 2014).

Despite the positive effects of summer water availability on
resinyield in the current and the following year, our results showed
a positive relation between spring water deficit and resin yield
(Table 2 and Fig. 7). These results could relate to the growth-
differentiation balance hypothesis during suboptimal conditions
for growth, e.g. periods of moderate water stress; the lower avail-
ability of resources would slow down the plant physiological
activity and the plant would encourage differentiation processes
(e.g. biosynthesis of defensive compounds) at expense of growth
processes (Ruel et al., 1998; Lombardero et al., 2000). In line of
this hypothesis, Turtola et al. (2003) observed that severe droughts
increased the concentration of several monoterpenes and resin
acids in Scots pine.

Inter-annual analysis showed that resin yields in 2009 and 2010
were more closely related to radiation, whereas in 2007 and 2008
they were related to variables associated with water (Table 2).
Higher soil water content at the beginning of the tapping season
in 2007 and 2008 (Fig. 6b) could have favored storage of more
photosynthetic products by less drought-stressed trees (Lorio and
Sommers, 1986; Lewinsohn et al., 1993; Lombardero et al., 2000),
showing lower dependence on light variables.

As we observed in the intra-annual results, climate effects coin-
cided with the induced effects of tapping. For the inter-annual
results, this is seen in the increase observed in resin flow and
in the area and frequency of axial canals for the tapped trees in
2008 and 2009, compared with 2007, the first tapping year in
Armufia and the second in Melque (Figs. 3 and 4b). The resin yield
from the first groove in Melque in 2007 (second tapping year)
was three times higher than the Armuifia resin yield value (first
tapped in 2007). These induced effects of the tapping wound could
be explained by systemic induced resistance mechanisms (Ruel
et al., 1998; Krokene and Nagy, 2012), resulting in increased resin
flow (Lombardero et al., 2000; Bonello and Blodgett, 2003; Bonello
et al., 2006; Moreira et al., 2009) and formation of new resin canals
(Moreira et al., 2008; Rodriguez-Garcia et al., 2014) in the years
following tapping.

Comparison of the two pine stands shows that fluctuations in
resin yield were in general more closely related to changes in cli-
mate variables in Armufia than in Melque (Table 2), where the trend
was more homogeneous in all seasons (Figs. 2 and 3). Under a situ-
ation of more limited resource availability, such as the higher plant
competition and lower soil water retention in Melque, the plastic
response to favorable environmental variables could be hampered
(Valladares et al., 2007). This lower plasticity in resin yield could
be due to a genetic adaptation that establishes a lower capacity to
synthesize and store secondary defense metabolites, resulting in
lower resin flow fluctuations (Paine and Stephen, 1987; Mattson
and Haack, 1987; Moreira et al., 2008; Esteban et al., 2010). The
higher resin yield per tree found in Armuia, the stand with lower
tree density, would support earlier work in lodgepole pine (Waring
and Pitman, 1985), in which both tree vigor and resistance to bark
beetle attacks increased when canopy density was reduced, sug-
gesting that tree vigor could reflect the ability of trees to produce
defensive compounds following attack. Neverthelees, other stud-
ies (Lorio and Sommers, 1986; McDowell et al., 2007; Knebel et al.,
2008) demonstrated that resin flow could be increased even as
growth decreased if reductions in photosynthesis were less than
reductions in growth.

4.3. Climate-anatomy relations

The association found between resin yield and axial canal area
(Table 3) suggests the important role that canal size playsin the pro-
cess of resin exudation. Thus, the analysis of the relations between
anatomical and climate variables may help explain some of the
observed climate-resin yield relations. Earlier studies reported that
high temperatures, aridity and cold winters were related to higher
frequency and greater size of resin canals (Zamski, 1972; Rigling
et al., 2003; Martin et al., 2010; Esteban et al., 2010). Ethylene
appears to play a key role in linking exogenous factors that induce
ethylene production and resin canal formation. The two principal
factors inducing ethylene production are extreme temperatures
and drought (Abeles et al., 1992; Esteban et al., 2012). This could
explain the correlation observed between the frequency and area
per mm? of axial canals and the climate variables related to extreme
temperatures and drought: cumulated water deficit, maximum
temperatures and number of certain frost months in the previous
year (Table 3).

As with the resin yield, for the rainfall variable we found that
axial canal area and axial canal frequency were positively related
to summer rainfall, although other authors reported a negative
relation between these parameters (Wimmer and Grabner, 1997;
Rigling et al., 2003). These studies were conducted in Atlantic
climates, whereas in our Mediterranean study location, summer
droughts are a major stress factor that limits xylem formation pro-
cesses (Vieira et al., 2014).

5. Conclusion

Decades of tapping activity have adjusted the tapping season
to the most climatically favorable months. However, some conclu-
sions and suggestions for management can be deduced from our
results: (i) The significant relationships found between resin yield
and the climatic variables temperature, radiation and PET point out
the expected higher resin flows in the warmest months; (ii) since
prolonged summer drought in the Mediterranean climate limits
plant metabolism, extreme summer droughts in the Mediterranean
area would probably have negative effects on both resin yield and
tree defense against bark boring insects, even if the resin flow could
be increased by high radiation and temperatures; (iii) in years with
a rainy summer and/or dry spring, a slightly longer tapping season
could be suggested, as resin yield increases after these events; and
(iv) under adverse climate scenarios where resource optimization
is desirable, a reduced tapping season during the warmest months
(June-September) would be advisable, assuming a very small pro-
duction loss.

Global warming and the increasing demand for natural resin
make it necessary to have information available about the effects of
climate on resin yield and forest health for the management of resin
tapping forests. The features of the Mediterranean climate, com-
bined with the effects of climate change such as extreme droughts
and atypical heavy rainfall in summer, are limiting factors for other
land uses, but they could be an opportunity for a multiple-purpose
forestry activity like resin tapping as a way to offset potential sce-
narios of financial loss. Forest policies should include this kind
of forest use in management plans and ecological restoration in
regions within the distribution area of P. pinaster where tapping
can be a good choice for rural development and the conservation
of ecosystem services.
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