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ARTICLE INFO ABSTRACT

Keywords: Pine resin is a non-wood forest product that has been used for multiple purposes since ancient times throughout

Pine resin the world. In recent years, resin tapping activity has increased in countries that were historically producers, but

Genetic in which it had practically disappeared since the late 1980 s, and is expected to grow in importance due to its bio-

Climatic . . . . . . .

Dend i product nature. The aim of this review is to provide an overview of the research work on the main factors
endrometric

modulating resin yield. A total of 205 papers were selected and classified according to their main topics. The
species and its intraspecific genetic variation are two of the main factors influencing both the production and the
quality of the resin obtained. The environmental factors most commonly studied and which in turn were the most
successful when related to resin production, were temperature and water availability. Diameter at breast height
was the most investigated dendrometric variable, although other variables such as total height or crown ratio
were also studied, generally obtaining positive relationships between them and resin production. The resin ducts,
which produce, secrete and transport resin through the tree, are the most influential anatomical variable and the
focus of the anatomical research. Other factors that can modulate resin production are the presence of pests,
which induce the tree’s immune response, and fire, with contradictory results on their effects. Finally, the
extraction method and the stimulant paste used influence resin production, research is focusing on new
extraction methods and more efficient and cheaper stimulant pastes with lower proportions of sulfuric acid.
Although interest in and knowledge about resin tapping has increased in recent years, research needs to further
develop and deepen the relationships between resin production and the different factors involved.

Anatomical traits
Extraction methods

1. Introduction barrier that seals the wound, thus preventing further access by insects

and pathogens to internal tissues (Phillips and Croteau, 1999).

To defend themselves against antagonistic organisms, plants produce
a wide variety of defensive substances that repel, impede or deter the
progress of the invaders (Agrios, 2005). In addition, components of these
substances can attract the natural predators of the invaders (Phillips and
Croteau, 1999). One outstanding example of these defensive substances
is resin, a viscous substance secreted by many different plant species,
composed of volatile and non-volatile secondary metabolites (mainly
mono and sesquiterpenes and resin acids) mixed heterogeneously in
different proportions depending on the particular species. Resin is
typically produced and stored in specialized cells that may form
different types of structures in which resin is stored under pressure.
When plant tissues are damaged, resin flows out expelling and/or
capturing the aggressor. In addition, when exudation begins and the
resin comes into contact with the atmosphere, the volatile compounds,
evaporate, leaving a semi-crystalline mass which forms a protective
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Many plant taxa, including species from phylogenetically distant
orders such as Asparagales, Malvales, Apiales or Coniferales, to mention
just a few, produce resins as a defensive mechanism (Langenheim,
2003).

In temperate regions, the main resin-producing plants are, however,
the gymnosperms, and particularly the Pinaceae family which includes
up to ten genera and 230 species distributed worldwide (Wu and Hu,
1997). Within the Pinaceae family, the Pinus genus stands out as the one
with the highest investment in resin production. In pine trees, resin is
produced and accumulated at high concentrations (up to 10-20% of dry
mass) in all tissues (stems, roots, branches, needles, and even cones).
Pine resin is stored in specialized structures that form an interconnected
three-dimensional hub of resin ducts (Vazquez-Gonzalez et al., 2020).
When resin canals are injured, the resin accumulated in this network of
tube-like structures flows out in amounts which, depending on the
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species, can be copious.

For thousands of years, different civilisations have harvested resin
from pine trees, and benefited from the different uses it has (Meiggs,
1982). The activity of resin extraction from trees is called resin tapping,
and consists of making wounds in the stems of living trees and collecting
the resin that flows out from the exposed resin ducts (Sharma et al.,
2018b). Formerly, the practiced wounds removed not only the bark and
the cambium but also thin strips of wood, causing important lesions and
large impacts on tree growth and timber quality (Chen et al., 2015;
Rodrigues-Corréa et al., 2013; Rodriguez-Soalleiro et al., 2008; Zeng
et al., 2021). Nowadays, wounds do not penetrate into the wood
reducing the impacts in tree growth while allowing the resin flowing
from the exposed resin canals in the xylem and phloem to be collected
(Van der Maaten et al., 2017; Martinez-Chamorro, 2016; Tomusiak and
Magnuszewski, 2009). In the early stages of civilisation resin was used
for motley purposes, such as, for example, mummification processes in
ancient Egypt or in traditional medicine (Michavila et al., 2017), but the
real boom in the use and trade of pine resin occurred in the 15th century,
with the rise of the shipbuilding industry in Europe and the use of resin
for waterproofing ships (Loewen, 2005).

With the emergence of the chemical industry in the 19th century,
resin found an important industrial niche that has been maintained up to
date (Michavila et al., 2017). The industrial uses of oleoresin and its
derivatives cover a wide range of products, some of high added value
such as pharmaceuticals, cosmetics, emulsifiers, adhesives, chewing
gums or paints (Pinillos et al., 2009; Neis et al., 2019b; Rodrigues-Correa
et al.,, 2013). With the professionalisation of the sector, an important
effort was paid to improve the tapping techniques and the efficiency of
exploitations, thus leading to a continuous increase in knowledge in the
different fields involved in resin production, such as new extraction
methods or the use of chemical stimulants to improve production
(Hodges, 1995; Parham, 1976). In traditional producing countries (e.g.
Spain, USA, France, Portugal), resin production continuously increased
until, approximately the 1980's, when the market was liberalised and
practically monopolized by emerging producers in subtropical coun-
tries, dooming the production in traditional areas to practically disap-
pear (Pinillos et al., 2009; Picardo, 2013; Solino et al., 2018). The
emergence of synthetic resins also contributed to the decline of resin
tapping exploitations (Sebastian, J.A. (ed. lit.), Uriarte-Ayo, R. (ed. lit.),
2003). However, in the 2000 s, and as a consequence of the interest for
substituting petroleum derivatives by renewable bioproducts in the in-
dustry (Aldas et al., 2020; Karademir et al., 2020) and the need to
revitalize pine forests both from an economic and environmental
perspective (Solino et al., 2018), the resin tapping sector is regaining
attention in different regions where it had almost disappeared, such as
southwest Europe. This interest stems from the need to reduce the
environmental impact of many industrial processes and their de-
pendency on fossil nonrenewable raw materials (Demko and Machava,
2022). Pine resin is, indeed, postulated as a candidate to replace pe-
troleum derivatives in the synthesis of many products, such as new
printer inks or jet fuels based in hydrogenated turpentine, thus making
them more ecofriendly and sustainable (Alonso-Esteban et al., 2022;
Bolonio et al., 2022; Donoso et al., 2021; Hayta et al., 2022). This
comeback of the sector is leading to a resurgence of the interest for
understanding the main factors involved in pine resin production, and
resin chemical properties, and practical issues related to the extraction
methods to make resin tapping exploitations more profitable (Rodri-
guez-Garcia et al., 2016; Rubini et al., 2021).

The general objective of the present work is to provide a systematical
bibliographical review of the main factors that influence resin produc-
tion and its physical and chemical properties. The specific objectives are:

1) To determine the main Pinus species, regions and temporal trends
of the accumulated scientific knowledge on pine resin production and
resin tapping; 2) To identify the most influential factors (genetic, envi-
ronmental, dendrometric and phenotypic) that modulate resin produc-
tion; and 3) To compile the different methodologies currently used for
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resin tapping and summarize their impact on resin yield and quality. The
aim of this.

review is to provide an overview of the factors involved in the ac-
tivity of resin extraction, serving both as a compilation of articles pub-
lished to date, and as a starting point for future research.

2. Methods

We conducted a systematic review of scientific literature published
up to the beginning of 2023 through a systematic search in the most
common databases (ScholarGoogle, ScienceDirect, Springer, Web of
Science, ResearchGate and SemanticScholar) using keywords and con-
cepts related with the topic of resin tapping. The terms sought could be
grouped into three blocks: resin production, factors and statistical analysis.
The chosen terms related with the resin production block were: pine,
Pinus, resin yield, oleoresin, resin production, resin flow, defenses, resin
canals, resin ducts and gum. In relation to the factor’s block, the
expression and words used were: climate, genetic variation, heritability,
temperature, precipitation, irradiation, water deficit, evapotranspira-
tion, dendrometry, site index, diameter, total height, basal area, density,
age, crown diameter, competition index, slenderness, bark thickness,
soil properties, slope, orientation, altitude, tapping methods, wounding
and stimulant paste. Finally, the terms related with the statistical analysis
research were: regression model, statistical approach, modelling, fac-
tors, geostatistic, correlation values, Pearson, Spearman, stepwise,
linear, regression, non parametric and distribution functions. A total of
49 different terms and their combinations were introduced in the
distinct databases. The results were filtered in two steps, firstly by
reading the abstract and conclusions, and then by reading the full paper,
choosing those that had the strongest relationships with the main topics
of this paper. Additional papers were identified throughout the
reviewing process by referring to pertinent studies that were cited in the
reviewed literature.

The selected papers were classified depending on the year of publi-
cation, the location of the study, the species used and the main topic
(Fig. 1). The first group was the Information sequence, in which the ar-
ticles were classified according to their publication year, analyzing the
number of publications per year and the trend in recent years. In the
second group, Location, the articles were classified according to the
country where the study took place. This two first classification groups
put into context the situation and interest in the study of resin tapping
around the world. The third group, Species, allowed to list the world’s
leading pine species used for resin tapping and research and the main
chemical components of the resin they produce. The fourth group,
Topics, includes the articles exploring the behavior and influence of
different factors both at the stand level (climatic, physiographic, edaphic
and silvicultural) and the tree level (genetic, dendrometric, anatomic,
fire and pests and extraction method) that can intervene in resin
production.

3. Information sequence

The number of papers directly related to the topic of resin tapping as
the main focus was scarce, so the search had to take cross-cutting paths
to understand the processes and factors involved in resin production. A
total of 205 papers were finally selected and classified according to the
six groups defined in the Methods section (Table S1). The number of
scientific publications related to the extraction of resin from pine trees
showed a marked positive trend over time (Fig. 2), which was more
pronounced than the general increase in publications that occurred in all
scientific disciplines, such as those related to pine trees from a broad
global perspective, represented by the number of publications when
using the Web of Science as a filter on the topics "pine OR pinus OR
pines". For this comparison, the Web of Science was used as a large
collection of bibliographic databases of citations and references of sci-
entific publications. The peak of publications related with resin tapping
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Fig. 1. Concept map of the four main groups into which the articles were grouped and the subgroups into which the articles were classified within the fourth group.
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Fig. 2. Number of scientific publications related to resin tapping of pine trees from 2000 onward (barplot) and percentage of resin-related publications in the total
number of publications with the words pine, pinus or pines as the topic in the Web of Science (continuous line). This global trend is referred to the right y-axis which
was scaled to make the value 0.05% coincident with the value 5 of the publications. Note the stepper trend in the last 3 years of the publications related to resin

tapping in relation to the general rise of publications related to pine trees.

occurred at the end of the studied period with 23 publications in 2021.
The increase in the number of publications may be due to the emerging
interest for renewable bioresources capable of substituting petroleum
derivatives, such as resin, as mentioned above (Hayta et al., 2022).
Particularly, the increasing interest for resin production has prompted
many research activities aimed to determine the most productive terri-
tories and fine tune management alternatives to improve production,
especially in countries where the activity had previously ceased (Mor-
eno-Fernandez et al., 2021).

4. Location

Additionally to the date of the publications, the country in which the
studies were carried out is also important to see which geographical

areas have the most interest in the field of study. Fig. 3 shows the.
number of publications related to pine resin production according to
the country where the study was carried out. The variation in the size of
the dots denote the total resin production in those countries (Clopeau
and Orazio, 2019; Cunningham, 2022). An important mismatch can be
seen between the number of publications and the total production of
resin across countries. While scientific publications related to resin are
abundant in Spain, USA, and other countries with little resin production.
Some other resin producing countries such as Vietnam for which no
publications were found are even missing in the figure. This decom-
pensation between the number of publications and the total production
of resin can also be seen in Fig. 4, which shows the proportion of pub-
lications according to the pine species studied in each paper. Clearly,
P. pinaster is the most studied species despite contributing little to the
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Fig. 3. Total number of publications related to resin tapping in relation to the country where the studies were carried out. The size of the symbols is proportional to
the total resin production in each of these countries according to different references (Clopeau and Orazio, 2019; Cunningham, 2022).
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Fig. 4. The outer part of the figure shows the number of publications related to
resin tapping by species used, while the inner part of the graph shows the
percentage of world production of each species.

world resin production. A high number of resin-related publications
focused on P. pinaster come from the Iberian Peninsula (Spain and
Portugal), where important research efforts related to resin production
are currently in progress (Palma et al., 2012; Rodriguez-Garcia et al.,
2014; Zas et al., 2005; Martinez-Chamorro et al., 2019a). The next most
studied species was P. elliottii, an important producing species widely

present in China and Brazil (Li et al., 2012; Neis et al., 2019a; Yi et al.,
2021) which are the world’s largest producers. The rest of the species
appear in similar percentages in the publications consulted.

Spain was the country that most contributed to the scientific litera-
ture related to resin production (Fig. 3), probably due to the research
initiatives that are being carried out during the last decade to try to
reactivate this practically extinct activity in the Iberian Peninsula
(Clopeau and Orazio, 2019; Lainez et al., 2018). This research focuses,
mainly, on fine tuning new extraction methods and estimating their
yields, the development of new stimulants and the identification of the
main environmental and dendrometric variables that determine resin
production (Rodriguez-Garcia et al., 2016, 2014; Vazquez-Gonzalez
et al., 2021; Zas et al., 2020).

Publications carried out in USA were also notably high, thanks to
studies conducted in the 20th century and early 2000 s on resin yield
and resin production in response to bark beetle injury (Hodges, 1995;
Lombardero et al., 2000; McReynolds, 1971; Tisdale and Nebeker,
1992). China is the third in number of publications, with most of its
publications in the fields of genetic variation and the factors modulators
of resin production (Lai et al., 2020; Liu et al., 2022; Luan et al., 2022;
Shi et al., 2021). Brazil and Indonesia are fourth and fifth respectively,
with the Brazilian publications focusing mainly in elucidate the molec-
ular basis of the pine oleoresin production (de Lima et al., 2016; Junkes
et al., 2019a) and the study of new active compounds to increase resin
production (Candaten et al., 2021; Rodrigues et al., 2008; Santos et al.,
2016). Indonesian publications mainly focus on the relationships be-
tween dendrometric characteristics and resin production (Hadiyane
et al.,, 2015; Lukmandaru et al., 2020; Sukarno et al., 2015). It is
important to note that the countries in which the studies were carried
out coincide with the country where the authors are based, suggesting
that there is very little exchange of researchers between countries.

5. Species

The pine species used for resin tapping depends on the geographic
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area and the availability of high yielding native species, or exotic species
capable of being grown in the region (Lauture, 2017). Almost 90% of the
resin produced in the world comes from just four pine species (Cun-
ningham, 2022), although many other pine species are also potentially
high resin yielders (Table 1). These four species are P. elliottii var. elliottii
(China and Brazil), P. massoniana, P. merkusii (Indonesia) and
P. yunnanensis (China) (Cunningham, 2012). In addition to these four
species, P. pinaster is widely used in the Iberian Peninsula and France
(Picardo, 2013; Palma et al., 2016), P. oocarpa in Mexico (Reyes-Ramos
et al., 2019), P. roxburghii in India (Sharma et al., 2018a), P. kesiya also
in China (Wang et al., 2015), P. nigra ssp. laricio in Corsica (Rezzi et al.,
2005), P.caribaea in Brazil and Malaysia (Jantan and Ahmad, 1999),
P. sylvestris in north Europe and Slovenia (Rissanen et al., 2021; Zaluma
et al., 2022) and P. halepensis in Greece and Tunisia (Aloui et al., 2022;
Papadopoulos, 2013). Some hybrids between some of these species are
also used for resin-tapping in different countries (Liu et al., 2022).

Resin production per individual tree is highly variable both across
species but also within species (Table 1). According to the published
data, some species (P. kesiya and P. caribaea) produce more resin than
others (P. sylvestris and P. roxburghii). Usually, in the producer countries
the tree’s yield ranges between 3 and 6 kg, although there is a huge
variation between productions. This variation is a consequence of
different factors modulating resin production that will be discussed
below. The extremely high values for some of the species (P. yunnanensis
and P. halepensis) are due to a combination of these factors, mainly due
to the extraction methods used.

The pine species and the geographic location not only influences
resin yield but also determines the resin composition (Silvestre and
Gandini, 2008). Resin is a complex mixture of turpentine (volatile
fraction, mainly composed by mono and sesquiterpenes), and rosin
(non-volatile fraction, mainly composed by diterpenes or resin acids)

Table 1

Most commonly pine species used for resin production, the region where resin is
produced, the contribution to world resin production and the range of individual
tree production according to the literature. * : Note that individual tree pro-
duction depends, among other factors, on the extraction method.

Species
Species Region % Tree Reference (s)
production  production*
(kg/tree)
P. elliottii var. China, 48.8 3-8 Neis et al.
elliottii Brazil, (2019a)
Argentina
P. massoniana China, 19.6
Vietnam
P. merkusii Indonesia 14.3 2-5 Hadiyane et al.
(2015)
P. yunnanensis China, 4.2 2-12 < Wang et al.
Vietnam (2015)
P. caribaea Brazil, <131 4-4.5 Santos et al.
Malaysia (2016)
P. pinaster Iberian idem 1-4 Palma et al.
Peninsula, (2012)
France
P. oocarpa Mexico idem 2-3 Heinze et al.
(2021)
P. roxburghii India idem <1-1.3 Dutt and
Kumar (2020);
Sharma et al.
(2013a)
P. kesiya China idem 3 Yi et al. (2018)
P. nigra ssp. Corsica, idem 1-2 Cannac et al.
Laricio Slovenia (2009);Gajsek
et al. (2018)
P. sylvestris North idem <1 Gajsek et al.
Europe, (2018)
Slovenia
P. halepensis Greece, idem <1-13.5 Spanos et al.
Tunisia (2010)

Industrial Crops & Products 202 (2023) 117105

(Neis et al., 2019a; Rubini et al., 2022). Sometimes, resin is confused
with oleoresin, which differs from oleoresin in that it is comparatively
fluid with a higher proportion of volatile and non-volatile terpenes
(Demko and Machava, 2022). From now on, both the term resin and
oleoresin will be used to refer to resin, as they are used interchangeably
to refer to resin. The proportion of both fractions is highly variable
depending on the species, the genotype and the environmental condi-
tions (Yiet al., 2021). As an example of this variations, Table 2 shows the
proportions of mono- and diterpenes in the resin of the four most pro-
ductive species and in P. pinaster, which is the most studied in the
reviewed papers.

The differences in the total proportion of monoterpenes and diter-
penes vary according to the different species, making species valid for
different purposes (Rodrigues-Correa et al., 2013). Table 2 shows how
the contents of a-pinene, the most abundant monoterpene in all cases,
vary according to the species from 27.43% in P. elliottii to 74.3% in
P. merkusii. The case of the fS-pinene is even more variable, since in
P. elliottii and P. pinaster it appears in quite high levels, while in the other
three species is much less abundant. In terms of diterpenes, the values
are similar among all the species, although they vary in each one,
especially the levels of Levopimaric+Palustric acid and neoabietic acid.

As mentioned above, the amounts of the different fractions that make
up the resin vary between species. However, there is also intraspecific
variation, which can be seen in the ranges between the different frac-
tions for the species P. elliottii (three areas in Jiangxi Province, China),
P. merkusii (East and West Java and North Sumatra) and P. pinaster
(three areas in Segovia Province, Spain + 2 seasons) in Table 2. These
ranges correspond to the variation in resin composition according to
location and, in the case of P. pinaster, according to the season in which
the samples were collected. These variations are accentuated by distance
and differences in the environmental characteristics in which the trees
were found. For example, P. elliottii samples collected by Lai et al. (2020)
during the months of July to September had lower proportions of alpha
and beta pinene than those recorded by Rodrigues et al. (2011) during
the spring in Rio Grande do Sul, Brazil. The latter work also shows how
the composition of resins can vary depending on the concentration of
metals used to prepare the chemical stimulants.

6. Factors

Based on published data, resin production of pine trees shows wide
variability both across and within pine stands. To understand this
variability, the starting point is to explore the distribution functions that
best fits to this variation, and then to explore the factors behind this
variation. There are few works that have explored the frequency dis-
tributions of within-site variability in resin production and the distri-
bution of resin production variability across the territory. Gomez-Garcia
et al. (2022) modeled the distribution functions of resin production for
45 P. pinaster stands with different treatments in Northwest Spain using
the two-parameter Weibull function and the moments-based parameter
recovery method. Similarly, Nanos et al. (2000) used the two-parameter
Weibull but also the Chaudhry and Ahmad’s probability function to
model the resin production distribution function of P. pinaster in the
Central Plateau of the Iberian Peninsula. Both works obtained the same
results, with large differences in production between and within the
plots and attributing this variation to climatic, edaphic, dendrometric
and silvicultural factors, as will be discussed in the following sections.

Another type of data-driven modelling that remains poorly studied,
as a tool for modelling resin production is geostatistics. Nanos et al.
(2001) used this technique to model resin production in the Spanish
Central Plateau, studying the spatial structure of resin production of
maritime pine populations at two different scales. Results showed that
within-stand variation was not spatially structured, however, variation
in mean plot production was spatially structured. This reinforces the fact
that the variation in resin production is due to several factors such as
those mentioned above.
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Table 2
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Variation in chemical compositions between the four species with the highest production worldwide and P. pinaster. * :the percentages of these species are not relative
to the total but according to the fraction to which they belong (monoterpenes or diterpenes).

Chemical compositions

P. elliottii var. elliottii P. massoniana

P. yunnanensis

P. merkusii * P. pinaster *

Reference(s) Lai et al. (2020) Song et al. (1995) Song
Monoterpenes (%)

a-Pinene 27.43-28.31 317
Myrcene 1.59-1.98 0.4
Dipentene 0.43-0.52 0.5
Camphene 0.28-0.31 0.5
p-Pinene 13.41-15.08 1.2
Diterpene (%)

Isopimaric acid 3.93-4.01

Abietic acid 10.51-11.31 10.9
Dehydroabietic acid 3.26-3.49 1.7
Neoabietic acid 10.62-11.65

Pimaric acid 0.22-0.24 0.1
Pimarene 0.27-0.31

Pimarinal 0.25-0.28

Communic acid 0.20-027 4.1
Sandaracopimaric acid 0.24-0.27 1.3
Palustric + Levopimaric acid 18.08-19.24 27.5
15-Hydroxydehydroabietic acid 0.33-0.41
7,13,15-Abietatrienic acid 0.26-0.41 0.7
Dehydroabietal 0.29-0.33 1.7
7-Hydroxydehydroabietic acid 0.35-0.45 0.2
6,8,11,13-Abietatetraenoic acid 0.27-0.29 0.2
8,14-Dihydropimaric acid 0.27-0.3 1.7
Monoterpenes (%) 43.42-45.32 34.3
Diterpene (%) 50.41-53.00 51.9

et al. (1995) Wiyono et al. (2006) Arrabal et al. (2002)

38.5 57.7-74.3 67.95-70.6

0.5 0.7-1 0.65-1.04

1.7 0.9-2.8 1.44-185

0.5 0.7-1 0.58-0.67

2 0.8-4.8 17.53-18.91

1.4 0.88-0.97 7.86-11.18

5.5 1.05-1.15 12.78-13.67

2.6 1 2.53-3.60
1.10-1.34 16.84-18.84

0.7 6.53-7.19

0.48-0.61

2.9

1.4 0.77-0.93 1.53-1.74

31 0.91-0.98 38.30-42.51

0.6 0.53-0.72

2.6

0.1

0.3

2.6

43.7 23.01-25.68

56.1 61.36-66.85

6.1. Intraspecific genetic variation

As is generally the case for most phenotypic traits of pine trees
(Ramirez-Valiente et al., 2022), resin yield not only varied among pine
species, but also shows large genetic variation within species (Lai et al.,
2020). Indeed, resin yield is a trait under high genetic and heritable
control (Strom et al., 2002; Vazquez-Gonzalez et al., 2021). This intra-
specific genetic variation occurs both across (Lopez-Goldar et al., 2019)
and within (Vazquez-Gonzalez et al., 2021) pine populations. Among
population variation may be the result of divergent selection processes
across heterogeneous environmental conditions within the natural range
of a given species (Torre et al., 2019), to correlated responses to natural
selection on other functional traits (Vazquez-Gonzalez et al., 2020) or to
neutral processes related to the demographic history of the species
(Lopez-Goldar et al., 2019). Little information is available on the relative
contribution of these evolutionary forces on the differentiation processes
of resin production across populations, but, as resin flow is directly
related to the phenotypic expression of plant resistance, natural selec-
tion to biotic stresses are assumed to be important (Zas et al., 2005).
Within population variation in resin flow is also high, with moderately
to high heritability estimates (Lai et al., 2020). Narrow-sense heritability
estimates of resin yield or resin flow vary from 0.11 to 0.77 depending
on the species and assessment age (Table 3). Taking advantage of this
high heritability, mass selection of high-yielder individuals and their
establishment in clonal banks for tree selection or seed orchards as
mother trees for seed production has been or is currently in progress in
USA (Mergen et al., 1955), China (Mei et al., 2021a), Brazil (Assis and
Resende, 2011) and Spain (Tadesse et al., 2001). Genetic gains of these
genetic improvement initiatives have been not reported yet. However,
large genetic gains in terms of improved resin production can be ex-
pected from the relatively high heritability estimates.

One important point that needs especial attention in tree breeding
initiatives is to discard that the genetic improvement of a given trait does
not come at the expense of a deterioration in other important functional
or economical traits due to genetic correlations among traits (Santos--
del-Blanco et al., 2015; Suarez-Vidal et al., 2021). From a physiological
level, resin is a high-carbon resource (Rissanen et al., 2021) that is

Table 3

Heritability estimates of resin flow or resin yield depending on the species and
the study. h;: individual narrow sense heritability. * : range for different esti-
mates in the same genetic test but for different origins. * *: Repeatability value
indicating the upper limit of the Hi.

Heritabilities
Species Age hi Reference (s)
P. elliottii var. elliottii 27 0.11 Lai et al. (2017)
0.68 Li et al. (2012)

26 0.19-0.32 Lai et al. (2020) *

14 0.58-0.66 Salto et al. (2014) *

15 0.54-0.66

4 0.04-0.12 Romanelli and Sebbenn (2004) *

12 0.0.02-0.33

25 0.55 Roberds and Strom (2006) * *
P. merkusii 7 0.15-0.65 Nugrahanto et al. (2022) *

29-30 0.58 Susilowati et al. (2013)

13 0.52 Sukarno et al. (2015)

12 0.52 Leksono and Hardiyanto (1996)
P. massoniana 7 0.17 Zeng et al. (2013)

9 0.2

11 0.13

13 0.18

15 0.18

20 0.17

24 0.31

26 0.22

8 0.47 Liu et al. (2013)
P. pinaster 0.5 Tadesse et al. (2001) * *

15 0.49 Vazquez-Gonzalez et al. (2021)
P. taeda 10 0.44-0.59 Roberds et al. (2003) *

6-7 0.12-0.30 Westbrook et al. (2013) *

10-20 0.64-0.71 Roberds and Strom (2006) * * *
P. caribaea 27 0.25 Santos et al. (2016)
P. oocarpa 5 0.2 Fabian-Plesnikova et al. (2022)

produced in huge amounts in all pine tissues, including needles, and
phloem and xylem in roots and stems (Wu and Hu, 1997). This massive
investment in resin implies a huge sink of photoassimilates that may no
longer be available for other vital functions such as growth or
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reproduction. Thus, negative relationships between resin production
and growth and reproduction should be expected (Vazquez-Gonzdlez
et al., 2021). However, resin is produced in resin ducts and the number
and size of resin ducts increase with tree growth, so the more the tree
grows, the more resin will produces (Hood and Sala, 2015). These ex-
planations point to opposite directions of growth-resin relationships and
may explain the lack of consensus of published data. Specifically, ge-
netic correlations between growth and resin production range from no
significant (Tadesse et al., 2001; Vazquez-Gonzalez et al., 2021) to
positive correlations (Lai et al., 2017; Liu et al., 2013; Zeng et al., 2013).
Altogether, improving resin yield without affecting growth rate and
timber quality traits seems feasible. However, the relation between
growth and resin production is far from being clear. In P. pinaster, for
example, despite the lack of additive genetic correlations, growth and
resin production appear to be positively related at the phenotypic level
(see also Dendrometry and phenotypic traits section), while they are
negatively correlated at the population level (i.e. fast growing pop-
ulations tend to produce less resin and vice versa) (Vazquez-Gonzalez
etal., 2021; Zas et al., 2020). This negative correlation at the population
level has been explained in terms of evolutionary constraints associated
to the large costs of resin production (Vazquez-Gonzalez et al., 2021). As
trait to trait correlations are known to be species-, population- and
environmentally-dependent, further research is still needed to depict the
complete picture of the relationships between growth and resin pro-
duction in pine trees.

Intraspecific genetic variation is not restricted to resin yield but also
affects other relevant traits involved in resin production, such as some
physical properties or its chemical composition. For example, according
to McReynolds (1971) heritability estimate for viscosity for the resin of
slash pine is high. The chemical composition of P. pinaster resin is also
known to vary across populations (Arrabal et al., 2005) and within
populations (Arrabal et al., 2002) with large differences in some specific
terpenes between high-yielders and control trees (Arrabal et al., 2002), a
result that was also observed in other pine species (Chen et al., 2006; Lai
et al., 2020; Neis et al., 2019a; Zhang et al., 2016). Genetic variation in
resin duct metrics is also important and has been reported in several pine
species such P. pinaster (Vazquez-Gonzalez et al., 2019), P. radiata
(Govina et al., 2021) or P. taeda (Westbrook et al., 2015).

More recently, an important research effort is in course to depict the
molecular basis of resin production (both quantitatively and qualita-
tively), with notable progress in the identification of the genes involved
in resinosis (Y. Li et al., 2022; Z. Li et al., 2022; Yi et al., 2022) as well as
in the physical and chemical properties of the resin (Bai, 2022; de Lima
et al., 2016; Junkes et al., 2019a; Liu et al., 2020). This progress has
allowed to describe molecular markers and fine tune genomics tools to
identify and select high resin yielders. Selection through molecular
studies at the transcriptomic level is possible and may facilitate and
accelerate the otherwise complex and slow breeding cycles. The selec-
tion of genes involved in resin quality is aimed at obtaining a resin
whose chemical composition is better suited to the needs of the industry
rather than to improve the final quantity obtained (Ding et al., 2023). In
addition to molecular studies, Shi et al. (2021) also used proteomic
analysis to reveal the regulatory pathways and protein targets associated
with resin biosynthesis.

Taking all these results together, genetic selection and breeding for
improved resin yield emerges as one of the key tools to improve the
profitability of resin tapping exploitations. In forestry, these techniques
have been successfully practised for decades to improve productivity
and timber quality achieving significant genetic gains (Jansson et al.,
2017). Given that intraspecific genetic variation in resin-related traits is
generally very large and that heritability of resin yield is higher than
that of growth traits, even larger genetic gains should be expected for
resin yield genetic improvement. However, up to date there are only
partial studies on the genetics of resin yield and very few and incon-
clusive breeding initiatives that have deployed improved material to be
use in reforestation. Nonetheless, advances in molecular biology tools
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and progress on the identification of the genes involved in resin pro-
duction and their expression (Liu et al., 2015; Mei et al., 2021b; Shi
et al., 2021; Westbrook et al., 2015, 2013) will facilitate the imple-
mentation of effective breeding programs for rapid improving resin
production of future plantations (Liu et al., 2019, 2020).

6.2. Climatic, physiographic and edaphic

Other factors that may affect the resin production of the pine trees
are those related with the environment and, particularly with the
climate, physiography and edaphic conditions of the site where the trees
are established (Blanche et al., 1992). In other words, resin yield and
resin components are known to be highly plastic traits to environmental
variations (Sampedro et al., 2010). According to the literature, many
different climatic parameters have been shown to modulate resin pro-
duction (Table 4). Among them, the climatic variables that most affect
resin flow and have the highest correlation values with resin production,
are temperature and those related to soil water storage (Blanche et al.,
1992; Lombardero et al., 2000; Lorio and Hodges, 1968; Zas et al.,
2020). In most of the studies showed in Table 4, temperature affects
positively resin yield while the effect of soil water storage departs from
being linear, with resin yield increasing under moderate water deficit
but decaying when water stress becomes more severe (Rodriguez-Garcia
et al., 2015).

In addition to these two main variables, the effects of other factors
such as precipitation, potential evapotranspiration, relative humidity,
accumulated water deficit and daily solar radiation were also shown to
modulate resin yield in some extent (Table 4). The effect of precipitation
varied across studies from negative (Neis et al., 2018) to positive cor-
relations (Gajsek et al., 2018). Similarly in the case of relative humidity,
the results of the relationship with resin yield were contradictory, with
positive (Rodriguez-Garcia et al., 2016) and negative (Sharma et al.,
2018a) results, while PET tend to affect positively resin production
(Rodriguez-Garcia et al., 2015; Sharma et al., 2018a). Relationships
between resin flow and the cumulative water deficit and the daily solar
radiation were either negative (Gajsek et al., 2018; Rodriguez-Garcia
et al., 2015) or positive (Rodriguez-Garcia et al., 2015; Sharma et al.,
2018a; Zas et al., 2020b) results, although only the positive ones were
statistically significant. Besides the variables showed in Table 4,
Rodriguez-Garcia et al. (2015) had positive relations with the mean
water deficit (0.47) and the actual evapotranspiration (0.11). Due to the
modulation of precipitation and temperature, resin production has a
very strong seasonal component, especially in temperate and mediter-
ranean climates. In these areas, resin tapping is typically carried out in
the warmer months of the year, when temperatures are higher and water
deficit is moderate (Hood and Sala, 2015; Kim et al., 2005; Kolb et al.,
2019; Rodrigues-Correa and Fett-Neto, 2009; Tisdale and Nebeker,
1992; Touza et al., 2021; Yi et al., 2021). In non-Mediterranean and
non-temperate areas, according to Rodrigues-Honda et al. (2023), water
availability seems to be one of the most important factor affecting pine
resin yield, as the lower the rainfall, the lower the resin yield.

Although comparatively much less studied, another group of factors
that can intervene in resin yield are the physiographic factors such as
altitude and slope. For altitude the results are contradictory, with pos-
itive (Lukmandaru et al., 2021) and negative (Sukarno et al., 2015)
correlations between resin yield and this factor. Steeper slopes have
been also shown to favored higher resin yields (Egloff et al., 2019; Luan
et al., 2022).

Soil quality and nutrient availability are also expected to affect resin
production as resin is highly costly to produce (Hood and Sala, 2015)
and requires large amounts of resources that may ultimately depend on
the availability of soil water and nutrient. The presence of clay together
with intermittent flooding seems to influence the availability of water in
the ground to the tree, thus stimulating resin production (Rodrigue-
s-Honda et al., 2023). However, there seems to be no consensus within
the literature about the relationship between soil resources and resin
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Table 4
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Correlations and simple linear regression r* between resin production and climatic variables. Statistically significant correlations (p < 0.05) are highlighted in bold. n:
sample size; T: mean temperature; MaxT: maximum average temperature; MinT: minimun average temperature; P: average precipitation; PET: potential evapo-
transpiration; RH: relative humidity; AWD: acummulative water deficit; DSR: daily solar radiation.

Correlations (r)

Species (n) Country T MaxT MinT PET RH AWD DSR Reference (s)

P. nigra (58) Slovenia -0.59 -0.51 -0.66 -0.36 Gajsek et al. (2018)

P. sylvestris Slovenia -0.2 -0.21 -0.28 -0.09 Gajsek et al. (2018)
39)

P. ponderosa USA 0.83 Gaylord et al. (2007)
(60)

P. merkusii Indonesia Lukmandaru et al. (2021)

P. elliottii var. elliottii Brazil 0.95/0.78 -041/- Neis et al. (2018)

(398)

P. pinaster Spain 0.49 0.68 -0.32 0.64 Rodriguez-Garcia et al. (2015)
(561)

P. pinaster Spain 0.93 0.67 Rodriguez-Garcia et al. (2016)
(577)

P. pinaster(21) Spain 0.62 0.57 Zas et al. (2020b)

P. roxburghii India 0.63 0.07 0.46 -0.52 0.19 Sharma et al. (2018a)

Simple Linear Regression (%)

P. taeda (30) USA 0.66 Ruel et al. (1998)

P. elliottii Brazil 0.76 Neis et al. (2018)
(1620)

P. ponderosa USA 0.88 Gaylord et al. (2007)
(60)

production. Some authors claim that better soils increase resin produc-
tion (Garcia-Forner et al., 2021; Knebel et al., 2008; Novick et al., 2012;
Wei et al., 2014) but others found the opposite (Kyto et al., 1998;
Lombardero et al., 2000; Rodrigues-Honda et al., 2023; Ruel et al., 1998;
Warren et al., 1999). Most authors reporting that impoverished soils
increase pine resin explain their findings in terms of growth defence
balance (Loomis, 1932; Lorio, 1986) and carbon-nutrient balance
(Bryant et al., 1983) hypotheses, which state that resources tend to be
shifted from growth to secondary metabolite production when resource
availability decreases. However, trees located in rich soils with abun-
dant nutrients or high water availability may have, in absolute terms,
more resources to invest in defence (Knebel et al., 2008; Lombardero
et al., 2000; Lorio and Sommers, 1986).

In summary, the number of studies and the results obtained clearly
indicate that certain climatic variables are responsible for, and therefore
explain, at least part of the environmental variation in resin production.
Edaphic or physiographic variables were, however, studied to a lesser
extent and the obtained results are mostly inconclusive.

Table 5

6.3. Dendrometry traits

As seen before, resin yield is a plastic trait highly influenced by cli-
matic, physiographic and edaphic factors. Besides this plasticity to
macroenvironmental differences, large variation in resin production is
commonly reported within single pine stands, under relatively homo-
geneous environmental conditions (Vazquez-Gonzalez et al., 2021). This
variation is likely due to plasticity to microenvironmental variation,
developmental plasticity and to genotypic variation within sites, and it
can be modeled in terms of the variation in phenotypic traits of indi-
vidual trees within stands. Several phenotypic tree characteristics
(related to growth, size or morphology of the whole tree or of particular
organs such stems or leaves), have been shown to be correlated with the
resin yield of individual trees (Li et al., 2022). In particular, different
dendrometric measurements typically used in forest management to
control tree growth have been shown to be strong determinants of resin
production (Hadiyane et al, 2015; Rodrigues et al, 2008;
Rodrigues-Honda et al., 2023; Rodriguez-Garcia et al., 2014). The main
dendrometric traits related to resin yield are diameter at breast height
(dbh) and total height (ht), but some works also reported significant
relationships between resin production and other traits such as crown

Correlations between resin production and dasometric variables at the individual tree level. Statistically significant correlations (p < 0.05) are highlighted in bold. n:
sample size; dbh: diameter at breast height; ht: total height; CR: crown ratio; CI: competition index; BA: basal area; V: volume; Bark: bark thickness.

Correlations (r)

Species (n) Country Case study dbh ht CR ClI BA v Bark Reference (s)
P. taeda (45) USA Early summer 0.07 0.14 -0.03 -0.15 Lombardero et al. (2000)
P. taeda (45) USA Late summer 0.65 0.11 0.48 -0.61 Lombardero et al. (2000)
P. pinaster (26) Spain 0.46 Rodriguez-Garcia et al. (2014)
P. pinaster (44) Portugal 0.57 Garcia-Forner et al. (2021)
P. pinaster (504) Spain June 0.14 0.18* Zas et al. (2020b)
July 0.13 0.10
September 0.18 0.17
P. pinaster (1584-1636) Spain Carbonero 0.16 0.12 Véazquez-Gonzalez et al. (2021)
(893-896) Spain Savinao -0.06 -0.10 Vazquez-Gonzalez et al. (2021)
P. caribaea (96) Brazil 0.41 0.23 0.36 Santos et al. (2016)
P. oocarpa (251) Mexico 0.14 0.16 -0.78 (n = 15) Egloff (2019)
P. nigra (58) Slovenia 0.46 Gajsek et al. (2018)
P. sylvestris (39) Slovenia 0.09 Gajsek et al. (2018)
P. roxburghii India 0.48 0.48 0.41 Sood et al. (2019)
P. merkusii (10) Indonesia 0.16 -0.03 Abdillah et al. (2020)
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ratio (CR), competition index (CI) or basal area increment (BAI)(Table 5
and Table 6).

The most studied relationship is between resin yield and the diam-
eter at breast height, for which most of the results are significantly
positive (Table 5). Other factors such as total height, crown ratio,
competition index, basal area, basal area increment, volume, bark and
phloem thickness, radial growth, needle length and thickness, mean leaf
angle and LAI have been also studied but the number of available studies
is much lower. The effect of total height and crown ratio was mostly
positive and significant (Rodriguez-Garcia et al., 2014; Sood et al.,
2019). The positive relationships between diameter, height and crown
ratio with resin production denotes a size effect where bigger trees tend
to produce more resin. This may be explained in terms of an increasing
capacity to produce and accumulate more resin in larger trees due to a
greater net of resin canals. Competition index and basal area were al-
ways negatively related with resin flow (Table 5). This is not surprising
given the large amounts of resources needed for resin production (Egloff
et al., 2019; Lombardero et al., 2000; McDowell et al., 2007).

Besides to the information presented in the Table 5 and Table 6,
Lombardero et al. (2000) also explored the correlations between the
inducible resin flow after mechanical wounding and different dendro-
metric variables in P. taeda. While inducible resin flow in early summer
was not related to any tree trait, inducible resin flow in late summer
(when conditions for tree growth were less favourable) was positively
related to radial growth (r=0.62-0.63) and phloem thickness
(r = 0.40). The relationships between resin production and several other
morphologic traits not included in Table 5 have been explored in a few
studies. For example, Sood et al. (2019) estimated in Indian P. roxburghii
trees the correlations between resin yield and number of branches
(r = 0.14), needle length (r = 0.33), needle thickness (r = 0.27), leaf
area index (LAID) (r = 0.31) and mean leaf angle (r = 0.35). The positive
relationships with needle size and LAI have been explained in terms of
increased resin flow with greater tree vigor, rather than a direct effect of
the canopy characteristics on resin production. However, McDowell
et al. (2007) exploring the relation between the resin yield and LAI in
P. ponderosa found no significant relationships. Some authors have also
explored whether the relationships between dasometric traits and resin
flow may depart from being linear, but the results gave no support for
this idea (Sood et al., 2019).

In addition to univariate approaches described up to here, other
studies have tried to predict resin upon multiple linear regression
models that use climatic and dasometric variables together in different
combinations. These studies are summarized in Table 7. The climatic
variables used in these models are temperature, precipitation (Wang
et al.,, 2006) while those related to dendrometry were, mainly, tree
diameter. Wang et al. (2006), modelling resin production in P. kesiya
species, obtained a high predictive value (r> = 0.91) with temperature,
precipitation and dbh appearing the equation with positive coefficients,
meaning that they positively affect resin production. In another study
with P. oocarpa, Reyes-Ramos et al. (2019) modeled.

resin production using climate unit, the number of tapping faces
open in the tree, and the unbranched stem height. The coefficient of

Table 6
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Table 7
Values of r? of other regression models between resin production and dasometric
variables.

Multiple Regressions (r%)

Species Country  Variable 2 Reference (s)

P. kesiya China Temperature, precipitation, 0.91 Wangetal
dbh (2006)

P. oocarpa Mexico Climatic unit, number of 0.68  Reyes-Ramos

tapping faces open in the et al. (2019)

tree, unbranched stem height

P. pinaster Spain Age, Slenderness 0.45  Zasetal. (2020)
P. caribaea Brazil dbh, total height, C 0.75 Brito et al.
(1982)

determination was, in this case, r? = 0.68. Zas et al. (2020) predicted
resin flow in.

P. pinaster using tree age and tree slenderness as the independent
variables, and explained the obtained.

model in terms of the positive relationship between tree age and
abundance of resin canals and the effect of tree competition on tree
slenderness. Finally, Brito et al. (1982) utilised the diameter, the total
height and the average of the lengths of the exudation lines of the north
and south faces for predict resin yield in P. caribaea.

Given the general positive relationships between the dendrometric
measuremnts and resin production summarized here, simple and clas-
sical dendrometric traits may be valid tools or at least help for estimating
resin production of individual trees of forest stands.

6.4. Anatomical traits

From an anatomical perspective, the phenotypic elements that
intervene most in resin yield were the resin ducts (Lin et al., 2002; Neis
et al., 2019a; Rigling et al., 2003). These tube-like structures that are
distributed in axial and radial directions, in different tissues (cortex and
xylem) and organs (stems, roots, needles, cones) (Krekling et al., 2000;
Wu and Hu, 1997), accumulate under pressure the resin synthesized in
the epithelial cells that conform the canals (Krokene and Nagy, 2012).
Higher inner volume of the resin canal network is thus assumed to be
directly related with the potential to produce resin. In addition, the
differentiation of resin canals may be induced in response to damage of
the cambium by frosty, mechanical, chemical, or pathogenic origin
(Cabrita, 2021). The so called traumatic resin ducts (Eyles et al., 2010;
Krokene and Nagy, 2012) enhance the defensive status of pine trees
preventing the progression of the damage. As resin tapping implies large
traumatisms in the trunks, new traumatic resin ducts are assumed to be
differentiated in response to tapping with these new canals likely
contributing to increase resin yield, at least in the following tapping
campaigns (Touza et al., 2021). Different characteristics of the resin duct
network have been associated with resin flow or resin yield (Esteban
etal., 2012; Lai et al., 2017). The results of this association are shown in
Table 8.

The results shown in Table 8 show mostly positive significant

Values of r° of the simple linear regression models between resin production and dasometric variables. Values of statistically significant correlations (p < 0.05) are in
bold. n: sample size; dbh: diameter at breast height; ht: total height; BA: basal area; BAI: basal area increment; Bark: bark thickness.

Simple Linear Regressions (%)

Species (n) Country dbh ht BA BAI Bark Reference (s)

P. pinaster (26) Spain 0.38 Rodriguez-Garcia et al. (2014)

P. pinaster (100) Spain 0.24/0.23 Garcia-Meijome et al. (2019)

P. pinaster (150) Spain 0.46 0.36 0.84 Martinez-Chamorro et al. (2016)
P. ponderosa USA McDowell et al. (2007)

P. halepensis (195) Greece 0.31 Spanos et al. (2010)

P. nigra (58) Slovenia 0.21 Gajsek et al. (2018)

P. sylvestris (39) Slovenia 0.01 Gajsek et al. (2018)

P. roxburghii India 0.22 0.48 0.16 Sood et al. (2019)
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Correlations and simple linear regressions between resin production and resin ducts (RD) and traumatic ducts (TD) characteristics. Significant correlations are

highlighted in bold. r: value of correlations.

Correlations (r)

Species Country Case study Variable r Reference (s)
P. taeda USA Early summer RD density (RD/cm?) 0.03 Lombardero et al. (2000)
Early summer Number RD (RD/year) 0.25
Late summer RD density (RD/cmz) -0.41
Late summer Number RD (RD/year) 0.31
P. pinaster Portugal PCO Average RD size (mm?) 0.51 Garcia-Forner et al. (2021)
PCO RD production (RD) 0.58
PCO RD area (mm?) 0.70
PCO RD density (RD/mm?) -0.21
PCO Relative RD area (%) 0.19
VPA Average RD size (mmz) 0.03
VPA RD production (RD) 0.62
VPA RD area (mm?) 0.56
VPA RD density (RD/mm?) 0.31
VPA Relative RD area (%) 0.31
Spain RD volume (mum®/mm®) 0.51 Rodriguez-Garcia et al. (2014)
P. elliottii var. elliottii Brazil RD diameter (mum) 0.64 Neis et al. (2019a)
Axial RD frequency (RD/mm RD volume (mm®) 2)0.53
0.49
RD area (mm?) 0.39
Simple Linear Regression (r%)
P. pinaster Spain RD frequency (RD/mm?) 0.23 Rodriguez-Garcia et al. (2014)
P. oocarpa Mexico Progenies TD area (mm?) 0.53 Fabian-Plesnikova et al. (2022)
Mother trees TD diameter (mm) 0.50
Progenies TD area (mm2) 0.69
Mother trees TD diameter (mm) 0.63

correlations, although in some few study cases the relations are not
significant or even significantly negative. The highest positive correla-
tion values have been obtained for the size measurements (ducts area or
mean duct diameter), but resin duct density was also positively related
with resin production in some cases (Neis et al., 2019a; Rodri-
guez-Garcia et al., 2014). Taking all together, although there is evi-
dences supporting the general idea that the greater the number and size
of resin ducts, the more resin, the relationships were, in general, less
strong than expected. Other physical factors related to the resin ducts
that can also affect the resin flow are the viscosity (Hodges et al., 1981)
and the pressure (Rissanen et al., 2016) at which the resin is subjected
when it circulates through the resin duct network. Resin viscosity has
been shown to be variable depending on the season (McReynolds, 1971)
and the resin chemical components (Cabrita, 2021). Resin pressure is a
factor that varies daily and seasonality because it is directly related to
temperature and water turgor in tissues surrounding the resin ducts
(Rissanen et al., 2021, 2019, 2016).

6.5. Fires and pests

Resin ducts, which support the production of resin and, thus,
together with the bark, tree first defences against external factors
(Franceschi et al., 2005; Valor et al., 2021), are highly responsive to
externalities, including fire (Hood et al., 2015; Lombardero et al., 2006;
Vazquez-Gonzalez et al., 2020), pests (Kolb et al., 2019; Lombardero
et al., 2006; Santoro et al., 2001) and pathogens (Luchi et al., 2005;
Nagy et al., 2006). These topics have been widely studied within the
plant defence field, but not that much in relation to resin production and
resin tapping. For example, important research efforts have been paid to
understand the role of resin canals and their inducibility upon damage
or fire in the resistance to bark beetle attacks in the USA (Lombardero
et al., 2006; Santoro et al., 2001; Wallin et al., 2003). According to some
authors, low-intensity fires have been shown to increase resin flow by
inducing the differentiation of resin ducts (Cannac et al., 2009; Hood
et al., 2015; Prasetya et al., 2017; Roberds and Strom, 2006;
Vazquez-Gonzalez et al., 2020) and reducing resin viscosity (Davis et al.,
2011), but others have shown that the effects of fire are not reflected in
resin yield (Perrakis and Agee, 2006; Rodriguez-Garcia et al., 2018).
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Resin production also increases after mechanical wounding (Hood and
Sala, 2015; Knebel et al., 2008; Li et al., 2022; Ruel et al., 1998),
pathogen infection (Knebel et al., 2008; Luchi et al., 2005; Phillips and
Croteau, 1999), or pest attack (Franceschi et al., 2005; Kane and Kolb,
2010; Phillips and Croteau, 1999), with this increase being part of the
immunological induced response to these attacks.

6.6. Extraction method

A number of factors related to the tapping procedure itself can
largely vary the amount of raw material a resin harvester can collect.
These factors include the extraction method, the frequency of the
grooves and the use of stimulant pastes. Generally, extraction methods
consist of making incisions by removing strips of bark and phloem from
living pine trees, cutting and causing the formation of new resin canals,
thus triggering resin production. According to Cunningham (2009),
there are currently four methods of extraction that are widespread in the
world, two with the application of chemical stimulants and two without.
The methods using chemical stimulation are the “bark streak” or
“American” method, widely used in Brazil and Argentina (Candaten
etal., 2021; Fiiller et al., 2016; Rodrigues et al., 2008) and variants used
mainly in the Mediterranean area (Spain, Portugal and France) (Serrano
et al., 2013; Torrijos et al., 2013), and the “Mazek” or “Rill” method
(Sharma et al., 2018b), extended in India and Indonesia. In the
“American” method, a horizontal groove of 2-3 cm wide and a length of
about one third of the tree perimeter is made every 14 days (Rodri-
guez-Garcia et al., 2014). In the “Mazek” method, a V-shaped upward
groove of 2-3 mm wide is made every 3-7 days (Cunningham, 2012).
The methods that do not use chemical stimulation are the “Chinese”
method (Wei et al., 2014), used in China, and the “Hughes” or “French”
method, developed in the 197 century in France and currently only used
in Indonesia and Mexico (Hartiningtias et al., 2020; Reyes-Ramos et al.,
2019). The “Chinese” method consists of making a V-shaped downward
groove every day by cutting approximately half the circumference of the
tree, in the “Hughes” method an 8-10 c¢cm groove is cut every 10-15 days
(Cunningham, 2009; Williams et al., 2017).

Other methods less commonly used than the above are the “Bore-
hole” (Hodges, 1995; Sharma et al., 2013a; Sukarno et al., 2015) and
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"EuroGem” (Picardo, 2013; Rubini et al., 2022) methods, extraction
systems that collect the resin in a closed container. In the first method, a
hole 15 cm deep and 2.5 cm in diameter is drilled into the trees (Sharma
et al., 2018b), in the second method a circular disc of bark and phloem
8 cm in diameter is extracted from the trunk of the trees (Picardo, 2013).
In order to improve the ergonomy of the tapping work, innovation at-
tempts to mechanize the debarking and drilling processes and to collect
and transport the resin production through the forest are also in progress
(Gurau et al., 2021; Rodriguez-Garcia et al., 2016; Serrano et al., 2013;
Yovi et al., 2021).

Within each of these methods, resin production can largely vary
depending on the size (length and width) and the direction of the in-
cisions (Gomez-Garcia et al., 2017; Jimeno and Crespo, 2013; Rodri-
guez-Soalleiro et al., 2008; Rodriguez-Garcia et al., 2016; Sharma et al.,
2013Db). The timing of the interventions is other important variable with
major impacts on resin yield. Groove frequency largely varies according
to the stimulant paste used and the labour costs in the region (Touza
et al., 2021). According to the literature the time between successive
grooves in open-container methods, can range from two to fourteen days
(Heinze et al., 2021; Pinillos et al., 2009; Martinez-Chamorro et al.,
2019b; Yi et al., 2021). It is also important to note the disadvantage of
the “Rill” and Chinese methods, as the wound needs to be renewed every
few days. In addition, some of available methods are more damaging to
the tree than others. This is the case of the “Hugues” and borehole
methods, in which strips of wood are removed, making resin extraction
incompatible with subsequent timber harvesting.

In remote times, no stimulants were used during the resin tapping
process. However, the incorporation of stimulant pastes produced a
drastic increase in the production of resin and the profitability of the
exploitations. These chemical stimulants applied after the mechanical
wounding induce a slow necrosis of living cells, which favours the resin
production of the remaining living cells (Wolter et al., 1980), increasing
the amount of resin generated and preventing wound healing, thus
prolonging the exudation process. Stimulant sprays were first used in
Germany, USSR and USA to increase resin production in the 1930's, but
it wasn’t until 1964 when R.W. Clements developed a stimulant in the
form of a viscous and sticky paste, that the use of stimulant pastes was
generalized thus reducing the hazards derived from the use of sprays
(Parham, 1976).

The main pastes used today are based on different proportions of
sulfuric acid, potassium, salicylic acid, Ethephon, Ethrel, benzoic acid,
neftalene acetic acid, paraquat, copper and 2-Chloroethyl phosphonic
Acid (CEPA) (Fiiller et al., 2016; Neis et al., 2018; Rodrigues-Correa
et al., 2013; Rodrigues-Corréa and Fett-Neto, 2013, 2012; Silverman
et al., 2005; Garcia-Meijome et al., 2019; Garcia-Méijome et al., 2020;
Martinez et al., 2013). Among the above compounds, salicylic acid, is a
phytohormone involved in signaling the induced response to biotic
damage, and Ethephon, Ethrel and CEPA are synthetic precursors of
ethylene, which is also a phytohormone involved in the signaling of
defensive responses to mechanical and biotic stimuli (Rodrigues-Correa
and Fett-Neto, 2012). Several studies have compared the different yields
of the above-mentioned stimulant compounds (Junkes et al., 2019b;
Neis et al., 2018; Liu et al.,, 2022; Rodrigues et al., 2011, 2008;
Rodrigues-Correa and Fett-Neto, 2013, 2009). Current trends in the
formulation of stimulant pastes are more in line with ecofriendly trends,
trying to reduce the proportion of sulfuric acid. This is why it is
increasingly common to use pastes with a higher proportion of other
components, such as citric acid or methyl jasmonate, the last being
another phytohormone involved in the signaling of induced response to
biotic damage (Lopez-Villamor et al., 2021; Michavila et al., 2021;
Vazquez-Gonzalez et al., 2022).

7. Conclusion

After this bibliographical review, it can be stated that the subject of
resin extraction has experienced a growing trend in publications in the
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last years, with the three main producing countries (China, Brazil and
Indonesia), plus USA and Spain, contributing the most to the scientific
production. This increasing interest for resin production is likely linked
to the current need to find natural resources capable of substituting
petroleum derivatives, and how to optimise their production. Up to date,
the different studies carried out have produced results that are not very
homogeneous in terms of the variables that intervene in resin production
and how they do so. What is clearly deduced from the revised literature
is that resin production is extremely variable both genetically and
plastically. At the genetic level, variation in resin production and resin
composition occurs both across and within species, and across and
within populations with resin yield showing moderate to high herita-
bility estimates. The significance of attaining enhanced management
over tree productivity and resin composition is growing, driven by the
diverse applications it offers. Consequently, initiatives such as
transcriptomic-level molecular studies are gaining prominence, as they
enable the identification of genes associated with these traits. At the
environmental level, resin production varies in response to multiple
abiotic and biotic factors.

The environmental variables modulating resin production on which
most of the research effort has focused is temperature with positive
correlations in the majority of the studies consulted, and water avail-
ability, as key factors involved in resin production. The influence of
temperature and water availability on resin production explains the
seasonal nature of resin tapping activities.

Variation in resin production also occurred within environmentally
homogeneous stands. Several phenotypic traits at the individual tree
level have been shown to explain this variation. Diameter at breast
height is the trait that most frequently correlated (positive) with resin
production, although other dasometric traits related to tree size such as
tree height and crown radius are also typically positively related. From a
mechanistic point of view resin ducts characteristics are the main factors
determining resin productivity. Research related to extraction methods
and different stimulants has increased in recent years, looking for new
extraction methods and pastes with lower sulfuric acid content.

Despite the increasing interest for pine resin production and the
relatively abundant scientific literature that has been produced up to
date, conclusions on the sources of variation of resin production are far
from being definitive. More research effort is still needed at least on 1)
exploring in greater depth the correlations between the different vari-
ables involved in resin production, 2) new resin tapping methods and
pastes should be further investigated, in order to automatize resin
extraction and obtain a higher resin quality, 3) new statistical modelling
approaches, as machine learning or deep learning, should be tested to
see if it is possible to obtain more robust and statistically significant
models to predict resin production potential of individual trees and pine
stands and 4) implementing all this knowledge in accessible tools for
forest managers who are interested in this type of use.
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