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Abstract. Increasing aridity attributed to climate change is the main threat to the diversity and survival of
Mediterranean forests including Tunisian pine species. The impact of this climatic condition in three pine
species was examined in order to detect their responses to drought and guide their selection. Three
Tunisian pine species: Pinus halepensis, Pinus brutia and Pinus canariensis growing in different climatic
zones: humid, sub-humid, and semi-arid were studied in two months March and July 2016. Measurements
carried out within this study are leaf gas exchange, twig water potential, and soil water content. The
results showed a decrease in stomatal conductance and twig water potential in July in all pine species
with increase in vapor pressure deficit and low soil water content. Pinus halepensis, P. canariensis and P.
brutia had stronger stomatal control in semi-arid, sub-humid and humid climate, respectively (62, 95 and
63 mmol m2s") and had higher stem water potential; for P. halepensis (-2.04 MPa) in semi-arid climate;
for P. canariensis and P. brutia (-2.21, -2.39 MPa) in sub-humid and humid climate, respectively. Pinus
halepensis, P. canariensis and P. brutia are better adapted to semi-arid, sub-humid and humid climates,
respectively. Nevertheless, P. halepensis is considered the most resistant species as that could maintain
higher photosynthesis, stomatal control and water use efficiency particularly in semi-arid climate. These
findings help to assess the interaction between species and climate on the physiological response of pine
species in mid-summer water deficit, and to select among these species the most resistant for future
reforestation programs.

Keywords: drought, leaf gas exchange, water potential, Mediterranean forest, genetic variability

Introduction

Mediterranean forest tree species are exposed to a range of pressures (Ramirez-
Valiente et al., 2010) and are mainly vulnerable to drought (Allen et al., 2010; Choat et
al., 2012). An increase in aridity is particularly expected in the Mediterranean regions
and, is the main threat to the diversity and the survival of forest trees (Pefiuelas et al.,
2017). Pine forests are one of Mediterranean forest species that may be threatened by
rising temperatures and reduced precipitations (Manzanera et al., 2016).

To resist to these hydric stress conditions (Rubio-Casal et al., 2010; Letts et al.,
2011), Pinus species may develop mechanisms of tolerance or avoidance (David et al.,
2007; Mittler, 2002). Resistance to high temperature and drought strongly differs among
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plant species (Matias et al.,, 2012) being correlated to transpiration, hydraulic
adaptations (Martinez-Vilalta et al., 2009) and water use efficiency (Warren et al.,
2001). Plants protect themselves from excessive water losses (diffusion out of the leaf)
under water-limited environments through a reduction of stomatal conductance (gs),
which in turn leads to less carbon uptake (diffusion of CO; into the leaf) and possibly
subsequent physiological stress (McDowell et al., 2008; Will et al., 2013), reduction of
transpiration (Bréda et al., 1993; Granier et al., 2008), that has been recognized as the
main environmental factor limiting plant photosynthesis on the global scale (Nemani et
al., 2003).

This situation underlines the need to study leaf gas exchange as indicators of the
ecophysiological tolerance of pine forests (Manzanera and Martinez-Chacon, 2007).
Thus, pines species maintain rather constant leaf water potential in soils with low water
status and/or under high evaporative demand (Martinez-Vilalta et al., 2004). Water use
efficiency (WUE) is a critical metric parameter that quantifies the trade-off between
photosynthetic carbon assimilation and transpiration at the leaf level (Farquhar et al.,
1982). Leaf gas exchange and water potential variables were studied on three
Mediterranean pine tree species located in three bioclimatic zones in Tunisia.

Aleppo pine (Pinus halepensis Mill.) is an important forest tree in the Mediterranean
region (Klein et al., 2011). Its continental range extends from northern Africa and
Middle East, up to southern Mediterranean Europe. It is native and the most abundant
pine species in Tunisia (You et al., 2016). The majority of Aleppo pine forests are
located in central and northwestern Tunisia, mainly in Kasserine, Kairouan, Kef,
Seliana and Zaghouan (Ayari et al., 2012).

Calabrian pine (Pinus brutia Ten.), native to the eastern Mediterranean, can be found
in many southern Mediterranean countries. It is the most pine specie that widely
distributed in Turkey (Kucuk et al., 2012). Because of their drought tolerance, they are
well adapted to dry summer conditions (Lopéz et al., 2016). In Tunisia, this species was
introduced in 1960 in Souiniet, Tebaba, et Jebel Abderrahmane (Khouja et al., 2002).

Canary pine (Pinus canariensis) is an endemic species of the Canary Islands (de
Nascimento et al., 2009). Despite its small distribution area (western islands, occupying
much of La Palma, Tenerife, El Hierro and Gran Canaria, the species grows across a
wide climate (from xeric conditions to mixed forest). In Tunisia, this species was
introduced since 1965 in Souiniet, Henchir Naam, Jebel Abderrahmane (Khouja, 2001).

The purpose of this study was: (i) to assess drought tolerance of three pine species
from the gas exchange data and water potential, (i1) to detect if climate has an effect on
the degree of tolerance of species to drought, and (iii) to select the most droughts
tolerant pine species. Therefore, our objective was to compare the physiological
responses to drought in three pine species, Calabrian pine (Pinus brutia), Canary pine
(Pinus canariensis) and Aleppo pine (Pinus halepensis), in different bioclimatic zones
of Tunisia.

Materials and methods
Study sites

The study was carried out in three different arboretums (Fig. /) on three pine species
(Pinus halepensis, P. brutia and P. canariensis). The first, Souiniet “SNT”, is located in
northwest Tunisia (Table I). The shrub layer is composed of trees of Arbutus unedo,
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Erica scoparia, Erica arborea, Myrtus communis, Phillyrea media, Halimium
halimofolium, Cistus salvifolius and trees of Quercus suber

The second, Jebel Abderrahmane “JAB”, is located in northeast Tunisia. Vegetation
consists of Mediterranean maquis with Quercus coccifera, Erica arborea, Calycotome
intermedia, Halimium halimofolium, Pistacia lentiscus, and Phillyrea media.

The third arboretum, Henchir Naam “HNM?”, is located in northwest Tunisia and is
characterized by a semi-arid climate with moderate winters and hot dry summers. Pine
trees: P. halepensis, P. brutia and P. canariensis are found in forest mosaics along with
other tree species, including Picris echioides, Phalaris truncata, Brassica
amplexicaulis, Euscari comosum and Centaurea nicaensis.

Sotiniet

4Souiniet

Jd.ebel Abderrahmane

Figure 1. Localisation map of three experimental stations Souiniet, Jebel Abderrahmane and
Henchir Naam Tunisia forest

Table 1. Geographical and climatic characteristics of three sites in which pine species grow

Altitude Mean annual
Sites Climate Latitude (N) |Longitude (E) (m a.s.1) precipitation (mm)
(1997-2016)
Souiniet Humid 36°47°920” 8° 48’495~ 492 1749.885
Jebel Abderrahmane | Sub-humid 36°40°086” 10°40°582” 255 611.751
Henchir Naam Semi-arid 36°13°258” 9°10°374” 450 479.513

Figure 2 shows the monthly distribution of precipitation and temperature in 2016 at
the three sites Souiniet, Jbel Abderrahmane and Henchir Naam.
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Figure 2. Climatograph of study site: (a) Souiniet site (humid climate), (b) Jbel Abderrahmane
(sub-humid) and (c) Henchir Naam (semi-arid). The climatograph illustrates the monthly
distribution of precipitation (P) and temperature (T) in 2016

Sampling

Three experiments were carried out in this study: leaf gas exchange, twig water
potential, and soil water content on 11th in the month of March and July 2016 in SNT,
JAB, and HNM.

Three different trees of each pine species were considered of a high of 13.5+2.5 m
and mean diameter at breast height (DBH) of 16+ 0.3 cm. From each tree, three
branches were collected. Thus, a total nine branches of each pine species were taken for
leaf gas exchange (Santiago and Mulkey, 2003). The measurements of leaf gas
exchange and twig water potential were taken immediately after the collection of
branches.

Leaf gas exchange measurements

Leaf gas exchange were measured using a Licor 6400® (Li-Cor, Lincoln, NE, USA)
on two-year old needles leaves. At the top of each tree, three lateral branches 90 cm in
length were cut with pruning shears from three different trees of each pine species
(n =27) in the morning between 06:00 and 08:00 a.m, and immediately measured in the
field. Branches placed in a bucket containing cold water during the measurements to
maintain leaf gas exchange at a constant level. Photosynthetic rate of the leaves was
measured at the ambient CO> concentration (400 ppm) with an open infrared gas
analysis system (Li-Cor 6400-40 equipped with a red-blue LED source; Li-Cor Inc.,
Lincoln, NE, USA). Measurements for attached leaves were operated at 25 °C leaf
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temperature and at an airflow rate of 300 cm3 min™'. The vapor pressure deficit was
kept at 1.2 = 0.2 kPa. During the experiment, leaf temperature was maintained at 25 °C,
photon flux density at 1500 pmol m™s™!, ambient CO> molar ratio (Ca) at 400 ppm and
humidity of the incoming air were kept at 60%. The variables measured were: leaf
stomatal conductance (gs, in mmol H,O m™ s), net carbon assimilation (An, in pmol
CO2 m?s™), and transpiration (Tr, in mmol H20 m™ s™). The instantaneous water use
efficiency (WUE, in pmol CO2 mol™! H,0) was determined according to Equation I:

An
WUE = — (Eq.1)
Tr

Twig water potential (TWP)

Water potential was measured at mid-day between 12:00 and 14:00 on three small
twigs (5-7 cm long) from the considered trees using a Scholander pressure chamber
(SKPM 1400®, Skye Instruments Ltd., Powys, UK) (Scholander et al., 1965).

Soil water content

Soil water content (SWC) was monitored using a time domain refractometry (TDR,
Trase system I, Soil Moisture Equipment Corp., and USA) for the three sites.

Statistical analysis

Data analysis were done using Analysis of Variance ANOVA (SAS version 9.0) by
GLM procedure and the mean values of species were compared using SNK test
(Student-Newman-Keuls) tests at 95% confidence interval (P <0.05). Pearson
correlation coefficient was used to evaluate the correlations between physiological
parameters studied.

Results
Gas exchange measurements at the leaf level

Drier conditions during the summer had a strong effect on gas exchange activity.
Leaf gas exchange revealed significant differences in all variables (carbon net
assimilation, transpiration and water use efficiency) between species (p < 0.001) and
sites (p <0.001), except for stomatal conductance where there was a significant
difference between species (p < 0.05) but no difference between sites (p = 0.145). For
any given species, there were differences among sites (p < 0.001) except for stomatal
conductance in Pinus canariensis (p = 0.812). For any given site, there were differences
among species (p < 0.001). The interaction between species x sites was significantly
(p <0.001) (Table 2).

At the leaf level, An was lower for all pine species in July compared to March,
except for P. halepensis, which registered the highest values. Moreover, P. halepensis
showed a sharp decrease (52%) in An from March to July in semi-arid climate
(p <0.001) than the other two species. For P. canariensis, there was a slight difference
in reduction of An between humid, sub-humid and semi arid climates (44.07%, 41.77%
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and 48.7%). While for P. brutia, the reduction of An was (51%, 47.56% and 46.23%) in
humid, sub-humid and semi arid climates (Table 2).

Transpiration rate, (Tr) was significantly lower in July than in March (p < 0.001) and
between sites (p =0.006). Pinus canariensis, P. halepensis and P. brutia showed a
sharp decrease from March to July (p < 0.001) in sub- humid, humid and in semi-arid
climates. It was (77.72%, 77.5% and 82.30%, respectively) (Table 2).

Water use efficiency rate, (WUE) was significantly different between months and
species (p < 0.001). Higher WUE values were measured in July in semi-arid climate.
The overall means were (17.44 and 15.52 pmol CO2 mol™! H,0), in P. halepensis, and
P. brutia, respectively except for P. canariensis the highest value was measured in sub-
humid climate (15.03 pmol CO2 mol! H,0).

There was also a difference in water use efficiency between climates for the same
species however, in P. canariensis the difference was more pronounced between humid
and semi-arid (7.71 pmol COz mol! H,O, 8.5 umol CO mol' H,O) and JAB
(15.03 umol CO2 mol™! H>0).

Table 2. Net assimilation rate (umol CO> m? s™), transpiration rate (mmol HO m? s”),
stomatal conductance (mmol m? s), and water use efficiency (umol CO> mol” H>0) in
March and July of Pinus canariensis, Pinus halepensis, P. brutia in Souiniet, Jebel
Abderrahmane and Henchir Naam. Mean + SE with distinct letters are significantly different
at 5% (SNK test)

Site/month ‘
Variable | Species SNT JAB HNM
March July March July March July
PC 5.65+£0.06° | 3.16+£0.08° | 7.23+0.01 ° | 4.21+0.045° | 5.96+0.11° | 3.06+0.22¢
An PH 6.24+0.22° | 3.43+£0.05° | 7.1£0.11° | 4.1240.07* | 8.99+£0.06* | 4.36+0.06*
PB 8.38+0.02% | 4.12+0.25% | 8.24+0.09* 4.3+£0.44* | 6.64+0.13% | 3.57+0.08°
PC 1.42+£0.03* | 0.41£0.02% | 1.23+0.12° | 0.28+0.01¢ | 1.53+0.05* | 0.36+0.03"
Tr PH 1.240.11° | 0.27+0.01¢ | 1.18+0.12° | 0.33£0.01* | 0.82+0.01° | 0.25+0.01°
PB 1.45+0.04% | 0.32+0.05° | 1.4+0.21* | 0.31+0.01° 1.3+0.21° | 0.23+0.02°
PC 450+0.04° | 106+0.00* | 440+0.03¢ 95+0.00° 510+0.02° | 116+0.072
gs PH 410+0.01° | 82+0.00° | 620+0.04° | 96.6+0.00° | 410+0.01¢ 62+0.00
PB 550+0.08* | 63+0.00° | 720+0.06* | 102+0.00* | 630+0.06* | 110+0.04*
PC 3.97£0.10°| 7.71+0.5° | 5.87+0.65* | 15.03+0.24 ¢ | 3.89+0.14° | 8.5%1.21°
WUE PH 5.240.57° | 12.70£0.81%| 6.02+0.57* | 12.48+0.49% | 11+0.212 | 17.44+0.69?
PB 5.91+£0.27% | 12.87+2.87%| 5.86+0.94* | 13.87+1.7* | 5.10+0.81° | 15.52+1.6°

An: Net assimilation rate Tr: transpiration rate gs: stomatal conductance WUE: water use efficiency, Sp:
species, PC: Pinus canariensis, PH: P. halepensis and PB: P. brutia

In July, there was a high positive correlation between An and gs: r? coefficient. The
correlation was more important in P. halepensis, P. brutia, and P. canariensis in semi-
arid climate than others climates. The coefficients were (r*> = 0.623, r* = 0.58, r*> = 0.95),
respectively (Table 3).

Stomatal control and twig water potentials

Stomatal conductance was significantly lower in July than in March (p < 0.001) for
all pine species. The highest rate of decline of stomatal conductance between the two
months was recorded for P. halepensis, P. canariensis and P. brutia in semi-arid, sub-
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humid and humid climates, respectively. The rate of loss was (84.87, 78.41 and
88.54%), respectively (Table 2).

Twig water potentials revealed a significant difference between species (p < 0.001),
sites (p < 0.001) and months (p < 0.001). For any given species, there were differences
among sites (p <0.001) and for any given site; there were differences among species
(p <0.001). The interaction between species and sites was significantly (p < 0.001).

Table 3. Correlation coefficient r* of An and gs in July of P. halepensis, P. brutia and P.
canariensis in Souiniet, Jebel Abderrahmane and Henchir Naam

Sites P. halepensis P. brutia P. canariensis
Souiniet 0.49 0.46 0.42
Jebel Abderrahmane 0.53 0.56 0.65
Henchir Naam 0.62 0.58 0.95

An: Net assimilation rate, gs: stomatal conductance

The water potential decreases significantly from March to July in all pine species in
different climates (sites). The lowest rates of decline of water potential between the two
months were 17.91%, 31.40% for P. halepensis and P. canariensis in semi-arid climate.
For P. brutia the lowest rate was 47.53% detected in humid climate (Table 4).

Table 4. Water potential (¥: MPa) of P. canariensis, P. halepensis, and P. brutia in two
months March and July in Souiniet, Jebel Abderrahmane, and Henchir Naam. Mean + SE
with distinct letters are significantly different at 5% (SNK test)

Souiniet Jebel Abderrahmane Henchir Naam
Pine species
March July March July March July
PC -1.54 £0.01* [-2.62+0.01¢| -1.68 £0.01* | -2.21 £0.01*| -2.42 £ 0.01¢ | -3.18 £0.01°¢
PH -1.7+£0.02¢ [-2.58 +0.01%| -2.56 £0.01°¢ | -3.47 + 0.02° | -1.73 + 0.02° | -2.04 + 0.00*
PB -1.62+£0.01° |-2.39 £ 0.012| -1.92 £ 0.00° | -2.99 + 0.05" | -1.57 £ 0.00? | -2.46 + 0.01°

PC: Pinus canariensis, PH: P. halepensis and PB: P. brutia

Stomatal conductance (gs) decreased significantly as VPD increased in July in three
sites (Fig. 3). In July and under semi-arid climate with (VPD = 2.4 kPa), the lowest
minimum rate in gs was recorded in Pinus halepensis (62 mmol m™s™'). While in a sub-
humid climate and with (VPD =1.68 kPa), stomatal conductance was lower in P.
canariensis (95 mmol m?s™). In a humid climate and with (VPD = 1.9 kPa), P. brutia
species recorded the lowest stomatal conductance value (63 mmol m?s™).

Soil water content

Soil water content (SWC) showed significant differences between months
(p <0.001) and sites (p =0.017). The interaction term was also significant (p = 0.02),
being higher in March than in July (Table 5). In July, the correlation between soil water
content and gs was high and positive for P. brutia, P. canariensis, and P. halepensis
12 =0.916, 12 = 0.798 and r* = 0.931, respectively in all sites.
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Soil water content was negatively correlated with WUE for all pine species under these
climates: for P. halepensis, P. brutia and P. canariensis (r = -0.84; r =-0.79; r = -0.78), in

a semi-arid, humid and sub-humid climate, respectively.

== March July

WPD (KPa)
[x

SNT ‘ JAB ‘ HHM
Figure 3. Vapor pressure deficit in kPa (VPD) in March and July 2016 in SNT (Souiniet), JAB
(Jbel Abderrahmane), and HNM (Henchir Naam)

Table 5. Soil water content (%) for P. canariensis, P. halepensis, and P. brutia in three sites
Souiniet, Jbel Abderrahmane, and Henchir Naam between March and July. Mean = SE with
distinct letters are significantly different at 5% (SNK test)

. ] Souiniet Jebel Abderrahmane Henchir Naam
Pine species
March July March July March July
PC 34.63+0.02° | 17.43+0.01° | 47.80+0.01% | 19.23+0.01?* | 35+0.01° 21.13£0.012
PH 58.43£0.01% | 21.93+0.03* | 45.90+0.02% | 17.72+0.02° | 48.57+0.01° | 19.82+0.00?
PB 48.43+0.01° | 19.46+0.01° | 44.67+0.022* | 20.80+0.05% | 43.93+0.00* | 18.60+0.03*

PC: P. canariensis; PH: P. halepensis, and PB: P. brutia

Discussion
Ecophysiological measurements and stomatal control

Drought may reduce leaf net carbon assimilation by both stomatal and metabolic
limitations (Farquhar and Sharkey, 1982). In addition, the decrease in stomatal
conductance is the main factor of photosynthesis inhibition during dehydration as
previously reported (Cornic and Fresneau, 2002; Flexas and Medrano, 2002).

In this study, a significant decrease in "gs” and “An” was found in July in P.
halepensis, P. canariensis and P. brutia under different climates compared to results of
March. Both parameters (gs and An) plummeted concomitantly as aridity increased. In
Spain, Manzanera et al. (2016) found the same results on Pinus sylvestris, Pinus pinea
and Pinus halepensis.

In our study, P. halepensis, P. canariensis and P. brutia suggest a higher stomatal
control and decreased their water potential in semi-arid, sub-humid and humid climate,
respectively to a lesser in the other climates. Also a strong reduction of stomatal
conductance under drought conditions slows transpiration allowing plants to keep high
water potentials (Table 2).

In France, Lebourgeois et al. (1998) found that pine species were tolerant to drought
and a significant decrease of stomatal conductance of Pinus nigra was not correlated
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with obvious variation in water potential. They usually exhibit drought avoidance
strategy with efficient stomatal control of transpiration loss, a decrease of stomatal
conductance (up to 30%) and no change in water potential.

In July, our results (Table 2) revealed that the net carbon assimilation of Pinus
halepensis was lower in humid climate (3.43 umol m™? s!) than sub-humid climate
(4.12 pmol m? s’'). However, Aleppo pine showed a higher assimilation rate than the
other pine species in semi-arid climate (4.36 pmol m?s'). Similarly, in Spain, Salazar-
Tortosa et al. (2018) found that net carbon assimilation in P. halepensis was
(3.4 pmol m? s!) in the same season July 2014. It can maintain CO» uptake and
photosynthesis by mean lower stomatal control.

The net carbon assimilation of P. canariensis was lower in July in semi-arid than
humid climate but it maintain the high value in sub-humid climate. While, for P. brutia
the net carbon assimilation was lower in semi arid climate but it can keep a high net
assimilation in humid and sub-humid climates (7able 2).

Ecophysiological mechanisms driving WUE enhancement

In March and July, physiological activity and phenological development of the three
pines species were critical. In March water availability in the soil was important and the
radiation was not excessive, which leads to having a maximum value of photosynthesis,
and the development of shoots and needles began. Whereas, in July water availability in
the soil was limited; the radiation was excessive and lead to having minimal
photosynthesis. The development of the shoots was complete and that of the needles
was in progress.

For all studied pine species, the large fluctuations in WUE between March and July
appear to be mainly related to changes in environmental conditions (soil water content,
precipitation and temperature). Thus, soil water content was negatively correlated with
WUE for all pine species under semi-arid, humid and sub-humid climate. These results
revealed the degree of adaptation and resistance of three pine species particularly in
these climates under drought conditions. The significant interaction observed between
site (climate) and species clarify the behaviour of each pine species: Pinus canariensis
have better water use efficiency in sub-humid than in humid and semi-arid. Pinus brutia
have a high water use efficiency in the three sites with pronounced value in semi-arid.
However, Aleppo pine showed higher water-use efficiency in different climates,
supporting the notion that assimilation was less limited by climatic conditions (7Table ).
As far as Klein et al. (2012) found that Aleppo pine has the ability to survive and grow
in various environments indicates thus is a highly tolerant species. In contrary to
previous study realized by Sardans and Pefiuelas (2007) and Vila et al. (2008)
confirmed that Aleppo pine is expected to suffer from changes in timing and duration of
drought, particularly in spring and summer.

The effect of VPD and soil water content on stomatal response of pine species

Oren et al. (1999) emphasized that high VPD may be one of the signals that lead to
stomatal closure. In our study, stomatal conductance decreased in July for all pine
species in different climates with the increase of the VPD. Both high VPD and low
SWC explained the reductions in stomatal conductance, transpiration and
photosynthesis in all pine species under different climates (7able 2). The results were
also in agreement with those reported in USA by Sulman et al. (2016) that worked on
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Acer saccharum, Liriodendron tulipifera, Sassafras albidum, Quercus alba, Quercus
velutina, and Quercus rubra. Under drought conditions and with low SWC or high
VPD, these 5 plant species close stomata reduce transpiration and photosynthesis.

P. brutia was more resistant to drought in two climates humid and semi arid. Awada
et al. (2003) showed that P. brutia was a drought-resistant species occupying the driest
sites around the Mediterranean Basin. Furthermore, P. canariensis was resistant to
drought in the three climates in Tunisia with less tolerance to humid climate. Jiménez et
al. (2005) showed that P. canariensis was able to modulate its physiology (with a good
stomatal control), depending of the site where it grows with. However, the performance
of P. halepensis was much higher as much as this species exhibited higher stomatal
control, higher photosynthesis and water use efficiency in a dry month (July) and under
semi-arid climates. Salazar-Tortosa et al. (2018) showed that Aleppo pine would require
less water in the carbon capture process when it is planted with limited water
availability. This strategy allowed P. halepensis to be one of the more conservative
species.

Conclusion

The findings showed significant differences in leaf water potential and gas exchange
measurements among pine species. The responses are depending not only on species but
also on the climate in which they grow.

Under dry conditions, P. halepensis, P. canariensis and P. brutia are better adapted
to a semi-arid, sub-humid and humid climate, respectively. All pine species avoid
drought by reducing stomatal conductance to water through conservation of soil water
content at high VPD and thus avoiding future drought. While this strategy would result
in a net increase in WUE, it would be at the expense of photosynthesis during periods of
high VPD. The findings of these experiments may help to quantify the impact of mid-
summer water deficit on Mediterranean pines and evaluate their potential responses to
future climate regimes. Monitoring of these three species is required to reveal how
ecological restoration is progressing and where management interventions are required.

Therefore, in Tunisia, it is highly recommended to plant P. halepensis in semi-arid
climate, P. brutia was recommended to be planted in humid and semi-arid climates.
While, it is recommended to plant P. canariensis in sub-humid and semi-arid climates.
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Abstract. The yield of rubber tree is influenced by environmental factors and its own variety
characteristics. In this study, a simulation model for the stem volume of standing rubber trees was
developed. Compared to the general model, the RMSE and R? values between the simulated and
measured data were increased by 28.0% and 4.5%, respectively. Through analysis, the regression model
Y1 (take the relative stem volume increment and climatic variables as independent variables), Yy (take
the climatic variables and disaster index as independent variables), and Yy (take the relative stem volume
increment, climatic variables and disaster index as independent variables) were established for the dry
rubber yield prediction of a single plant. The result showed that, the RMSE and R? values of the yield
prediction model Y3 were 0.0354 kg and 0.9862, they increased by 76.8% and 32.6% with respect to the
model Yy and rose 66.8% and 17.4% compared to the yield prediction model Y, respectively. In
applying the prediction model Y4;3 to the yield prediction in different sub-compartments of a rubber
plantations, the mean absolute error was 35.7 kg/ha. This study’s newly established model could provide
decision support for dry rubber yield prediction of rubber plantation over large areas.

Keywords: climatic element, meteorological disaster, rubber tree, stem volume, yield prediction

Introduction

The rubber tree (Hevea brasiliensis) is currently the main source of natural rubber. This
species is native to the Amazon River Basin in South America, and is commonly found in a
climatic environments with high temperature, high humidity, and abundant and evenly
distributed rainfall, where it can avoid meteorological disasters hazards, such as typhoon,
too-low temperature, and drought (Roberts, 1988; Yu et al., 2014).

China is now an important producer of natural rubber, with a yield is the fourth highest
globally. In Hainan Province, the cultivated area is about 5.3 x 10> hm?, and the rubber yield
accounts for 53% of the national production, making it the largest production base of rubber
in China (Xu et al., 2017). Rubber production is highly sensitive to various climatic factors.
The locality in Hainan is prone to typhoons and chilling damage, which are mostly absent
from rubber’s native range (Chen et al., 2012; Liu et al., 2015; Roy et al., 2017). Against the
background of global climate change, extreme weather events are more likely to occur than
ever before. This raises a pressing question: How to quantitatively evaluate the effects of
climatic element and disasters hazards on the rubber production. Predicting rubber yield is
vital for promoting regional rubber production, so new models are presumably needed.
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The theoretical yield of rubber tree is mainly determined by the species variety used
(Lacote et al., 1998), while in its non-native range, annual fluctuations in yield are jointly
affected by the market (Xu etal., 2017) and climate factors (Devakumar et al., 1998; Rao et
al., 1998; Zomer et al., 2014; Golbon et al., 2015; Nguyen and Dang, 2016), in addition to
meteorological disasters (Chen et al., 2012; Liu et al., 2015). The regular growth of rubber
tree requires more than 2000 h of annual sunshine duration, over 1500 mm of annual
precipitation, over 150 d of rainy days in a year, with an average relative humidity of more
than 80% in the planting region. Additionally, the minimum limit temperature for its growth
is 18 °C, while higher temperatures and stronger solar radiation are beneficial to this tree’s
photosynthesis. But if the temperature is < 10 °C and > 40 °C, then photosynthesis will
cease. The range of 18-28 °C is the most suitable for rubber production, while that of 18—
24 °C 1s the most suitable for rubber discharging temperatures (Yu et al., 2014; Yang, 1989;
Priyadarshan et al., 2005; Kokmila et al., 2010; Carr, 2012).

In evaluating the relationships between climatic factors and rubber yield, much prior
research has looked into various climatic factors to establish the yield prediction equation
(Yu et al., 2014; Golbon et al., 2015; Nguyen and Dang, 2016; Zhang et al., 2014, 2017;
Kim et al., 2017). For example, Yu et al. (2014) analyzed the relationship between the 5-d
average yield of a single rubber tapping tree and the following: average temperature 1 day
and 1 month before rubber tapping, day-night temperature difference, and sunshine duration
1 day and 1 month before the rubber tapping. They found that the day-night temperature
difference was an important factor influencing the rubber yield, and established their yield
prediction equation by using partial least squares regression and classification in a
regression tree model. Golbon et al. (2015) considered the average value of rainfall, lowest
temperature, highest temperature, and maximum relative humidity 30 days before the
rubber tapping as the optimum yield predictors; using them, they established a prediction
model of rubber yield by using a linear mixed model. Feng et al. (2016) reported that nine
climatic factors influencing the rubber yield were ranked as follows: sunshine > highest
temperature > average humidity > average temperature > lowest
humidity > evaporation > wind speed > lowest temperature > precipitation; based on this
they established a monthly rubber yield prediction model for Xishuangbanna, China. In
other work, Nguyen and Dang (2016) analyzed the relationship between the yield and the
average temperature, average highest temperature, and average lowest temperature, in the
rubber tree varieties GT1 and PB235 in Vietnam for three consecutive years (during
2007~2009). Those rubber yields showed significant negative correlation with all three
climatic factors. Earlier Liu et al. (2002) reported that a significant correlation between the
diameter at breast height and dry rubber yield of two strains, RRIM600 and PR107. Some
have researched the correlations among the laticifer differentiation capability of the rubber
tree, the combined efficiency of rubber, and the rubber yield; this was then applied to early
rubber yield predictions (Chen, 2014; Yu, 2007).

Until now, research on rubber yield prediction has mainly taken a single climatic factor
or a physic-ecological index as the main predictor variable, thereby overlooking the effect
of meteorological disasters and varietal characteristics on the predicted yield. In this study,
the relative stem volume of rubber tree and a disaster index were introduced as the key
predictors, and a new forecasting model for the dry rubber yield of rubber tree was
developed, tested, and established. This work thus provides a theoretical basis for the
accurate yield estimation in the rubber production over large areas of its cultivation in
China.
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Materials and methods
Study site

Hainan has a tropical oceanic monsoon climate. In this jurisdiction, the annual average
temperature of various regions is 23.1~27.0 °C, with annual precipitation that is
940.8~2388.2 mm. The annual average sunshine duration is 1827.6~2810.6 h. During years
of 20142017, rubber plantations differing in their stand ages were selected, as Figure 1
shows, in Dongchang Farm of Dapo Town, Haikou City (Location: N19°36', E110°37";
Rubber cultivation: 1333.3 ha), Xinzhong Farm of Wanning City (Location: N18°51',
E110°11"; Rubber cultivation: 5593.3 ha) and Xiqing Farm of Danzhou City (Location:
N19°32', E109°28'; Rubber cultivation: 4573.3 ha). The sampling of the forest stand is the
pure rubber plantation that has been tapped manually and the cultivated soil is red soil. The
variety studied is RRIM600. The spatial position of the plantation sub-compartments is
shown in Figure 1.

“  Sanmpling position
- Rubber plantation

Figure 1. Distribution of sampling points in the study area. (Plot 1 is Dongchang Farm in Haikou
City, Plot 2 is Xiging Farm in Danzhou City, and Plot 3 is Xinzhong Farm in Wanning City. A, B, C,
D, E, and F are the sub-compartments of a rubber plantation with different stand ages at the
Xinzhong Farm)

Data sources
Forest characteristics collection

During 2014-2015, on December 20-31 every year, the sampling was carried out in
differently aged stands in plotl and 2. In the sampling rubber plantation of the farm, the tree
height, diameter at breast height (at 1.3 m above the ground) and the thickness of the bark
were measured, the crown area was calculated using elliptic area formula (the vertical
projection width of the canopy from east to west and north to south was used as diameter).
100 trees were measured at each sampling point every year, a total of 400 samples were
obtained until the end of 2015. The data sets applied for training.

During 2016-2017, on December 20-31 every year, the same sampling was carried out in
differently aged stands in plot3. 100 trees were measured at this sampling point every year,
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a total of 200 samples were obtained until the end of 2017. The data sets applied for
validation.

Data for tree volume calculation

Differential planimetry is often used to calculate timber volume. In this method, the
trunk is divided into several segments, and the volume of each segment is calculated
respectively, and finally calculate the volume of the trunk. The precision of this method
mainly depends on the number of segments. In this study, the trunk characteristics of rubber
trees were comprehensively analyzed, and the number of trunk segments is determined to
be 10. The trunk height of the sampled rubber tree was measured, and then the trunk was
divided into 10 segments on average according to the height, and the diameter of each
segment was measured.

The historical sequence data of tree diameter

In each plot, 20 rubber trees aged > 40 years with undamaged tree form were selected for
destructive sampling (point 1:45 years old, point 2: 47 years old, point 3: 46 years old).
After being felled, a disk of the tree trunk at 1.3 m was removed and marked in the cardinal
directions. The disk was polished until the annual ring boundary was clearly visible. Along
the north-south direction of the disk, a section of 1 cm x 30 pum was cut by a slicer, and then
made into a microsection of annual rings. Under a microscopic projector (XTL-2400), each
annual ring width of the section from the pith to the bark was measured to the nearest 0.01
mm. The magnification used was 40x (Rahman et al., 2017). The annual tree wheel width
of 20 rubber trees measured at each sampling point was averaged as the annual tree
diameter (without bark). The annual tree diameter was multiplied by bark coefficient (bark
coefficient = skin diameter/skin diameter) as the historical sequence of tree diameter (with
bark).

Meteorological data

From the Hainan Meteorology Administration, the data of daily mean temperature,
precipitation, wind speed and sunshine hours was obtained for the years 1960-2017. From
the “tropical cyclone yearbook”, the data of maximum wind speed (m/s) and maximum
instantaneous wind speed (m/s) in each process was obtained for the years 1960-2017.

Rubber production data

The data on rubber yields came from production records of farms (Dongchang, Xiqing,
Xinzhong) during the same period (1960-2017), including the total production of dry rubber
and plant cutting, and further calculate the dry rubber yield of single plant (total production
of dry rubber/plant cutting).

Meteorological index
K is the heat-index, P is the precipitation-index, Ry is the sunshine-index, and Dy is the

disaster-index, with their calculations made as follows (Egs. 1-6):

K, = 0.724 X7 (T, — 18) + 0.276 X7, (T, — 10) (Eq.1)
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T; is the daily average temperature during April-November, 7> is the daily average
temperature from December in the last year to March in the next year (°C), and # is the
number of days of regular rubber tree growth. The critical temperature for this regular
growth is 18 °C and 10 °C.

P,=(P—1500)/n (Eq.2)

P is the annual precipitation (mm), with 1500 mm being the minimum annual
precipitation required by the rubber tree; n is the number of rainy days.

R, = (R, — 2000)/2000 (Eq.3)

The term R; is the annual sunshine duration (h), with the rubber tree requiring 2000 h of
annual sunshine duration for regular growth.

D, = 0.7241,, + 0.276I, (Eq.4)

Itc is the typhoon disaster index. Vi, Va2, Ry, and R, are the standardized values of
maximum wind speed (m/s), maximum instantaneous wind speed (m/s), total
precipitation (mm), and daily maximum precipitation (mm), respectively; I. is the
chilling damage index, and X;-Xs are the standardized values of yearly lowest extreme
temperature (°C), maximum temperature drop in degrees (°C), sustained days of chilling
damage, radiant accumulated coldness, advective accumulated coldness, and the
sustained days of cold weather process with the longest advection. The coefficients in
the formula are calculated by the analytic hierarchy process.

I, =0340=X" V2 +0280=X% V2, +0136=X" R, +0244+= X" R, (Eq.5)

i=1"ml i=1"m2

I, = 0.064X, + 0.143X, + 0.282X, + 0.100X, + 0.207X; + 0.204X; (Eq.6)

Calculation of stem volume of felled rubber trees

The stem volume (V) of a sampled rubber tree was calculated using the average basal
area quadrature method (Eq. 7; Zeng, 2011).

V=2(R 1B, D)6 (Eq.7)

In this formula, V is the stem volume of fallen tree (m?); Do, D., and D; are the cross-
sectional diameters of the segment at the bottom, top and in the middle of the trunk (m),
respectively; @ is the segment length; and the number of segments is 10.

Model construction
Model construction for the crown area and the height of tree

Referring to previous studies, it can be seen that the relation between tree height and
the diameter at breast conforms to Richard equation, and the crown area and the
diameter at breast conform to Weibull equation (Zeng et al., 1999; Bi et al., 2012). The
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tree height model RH (Egq. 8) and crown area model RA (Eq.9) was established
respectively.

H,=A*(1+ (4 —1)=exp(—4A3* (D —A)N"(1/(1—4))  (Eq.8)
A, =y *(1—exp (—02 = (D —13))'Va (Eq.9)

where A1, A2, A3, A4, As, Y1, V2, V3, V4 are the model parameter, Hr is tree height (m), Ar is
crown area (m?), and D is diameter at breast height (cm), respectively.

Stem volume of a single standing tree

A general model(V1) based on tree height and DBH is used to calculate the stem
volume of standing tree (Eq. 10) (Gonzalez-Benecke et al., 2012, 2013, 2014; Zhou et
al., 1995):

LnV1l = a; + a,Ln(D*H) (Eq.10)

where V is the living wood growing stock (m®), D is DBH (the diameter at breast
height) (cm), H is the tree height (m), and a; and > are the model parameters for
estimation.

Since the crown area is an important factor influencing the stem volume of standing
tree, by incorporating it into model V1, the stem volume model of a standing tree could
potentially be improved. Thus, a prediction model V2 that includes three tree
characteristics-namely diameter at breast height, tree height, and crown area—was
established, which had the following form (Eq. 11):

Ln(V2) = ay + a, Ln(D*H) + ay-Ln(CA) (Eq.11)

where a;, a2, and o3 are the model parameters, respectively, for the characteristics: D,
diameter at breast height (cm); H, tree height (m); and CA, crown area (m?).

Model construction for dry rubber yield prediction

Under a scenario of reasonable growth management, the theoretical rubber yield is
mainly affected by its own strain, while the actual yield is also jointly influenced by
environmental factors including the climatic variables and disasters hazards (Zhang et
al., 2017; Gouvea et al., 2013; Slipi et al., 2006). During the plantation of rubber trees in
Hainan, the first 10 years are usually the non-economic production period, whereas the
update and elimination are carried out when the stand age is over 35 years. Therefore, a
subsection regression prediction equation was established to forecast the rubber yield of
single plant in the economic production period. In this research, the yield model Y
including the relative stem volume increment and climatic variables, Yy including the
climatic variables and disasters hazards, and Y3 including the relative stem volume
increment, and both climatic and disaster factors, were established and compared and
analyzed (Egs. 12-14):
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0 n = 10
Yy =1 Byt By (B5=2) + BT + Bk, + BP + R, 10<n<3s | (Bq.12)
0 ) 35<n
0 n = 10
Yooo = B1 + BT +B3K, + P + R, +B.D; 10<n =35 (Eq.13)
0 35=<n
0 n = 10
Vips =1 Byt By (B5=2) 4+ BT + BK, + PP + BeRy + B,D;  10<n<35 | (EQ14)
0 _ 35<n

where f1, B2, B3, P4, Ps, Ps, and f7 are the model parameters, respectively. n is tree age.

Model testing

Using a separate validation dataset, the prediction precision ability of tree height,
crown area, stem volume, and yield model were tested. Differences among the
simulations in their precision were compared and analyzed by comparing precision
differences of the yield models differing in their predictors between the conventional
stem volume model and our newly proposed model. The simulation precision of all
model variants was assessed by calculating the mean absolute error (MAE), the root-
mean-square error (RMSE), and the determination coefficient (R?) between the
observed and simulated (predicted) values (Yu et al., 2014; Zhang et al., 2014).

[
|1

RMSE = H|Ezf=1[:dabsarvs - d‘pradicrjz (quS)

MAE = %E?=1|dobsarva - d‘pradicr| (Eq16)
In Equations 15-16: dobserve and dpredic: represent the empirically measured value and
predicted value from the model simulations, respectively.

In this study, the statistical analysis of the data was done by programming in
MATLAB2016, and the model fitting was done via equation parameter fitting in the
software Origin v9.0.

Results
Model fitting
Model fitting for tree height and crown area

Using the sampled data of rubber tree from 2014-2015 (Table 1), the relationship of
diameter at breast height (D) against tree height and crown was analyzed. Fitted curves
were drawn as shown in Figure 2. Evidently these were non-linear correlations. There is
an exponential relationship between the tree height as a function of diameter at breast
height, as well as the crown and tree height (Bi et al., 2012; Zeng et al., 1999).
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By the model fitting the data in Table I, the fitting equations of tree height and
crown with the diameter at breast height and tree height as variables were established,
respectively, with the fitting results of the equation parameters given in Table 2. All
parameters in the equations passed the significance threshold of p < 0.001. Based on the
fitting results of the tree height and crown area models, we obtained corresponding R?,
RMSE values that were 0.99, 0.84 m and 0.98, 0.77 m?, respectively (as shown in
Fig. 3).

Table 1. Summary of individual-tree and stand-level characteristics for rubber trees

Model fitting data (2014-2015) Validation data (2016-2017)

Variable Mean SD Min Max Mean SD Min Max
A (year) 32.3 9.73 14 51 33 10.82 10 51
D (cm) 20.97 6.99 10.50 37.28 22.3 5.9 11.74 33.08

H (m) 14.1 7.06 32 25.3 16.2 6.67 35 24.7
CW (m) 4.5 1.23 2.2 6.1 4.9 1.09 2.2 5.8
CA (m?) 14.7 7.55 3.8 23.2 15.8 6.12 3.7 20.9
V (m?) 0.35 0.35 0.01 1.32 0.38 0.30 0.02 1.02

A —tree age; D — diameter at the height of 1.3 m; H — tree height; CW — crown width; CA — crown area;
V — stem volume of rubber trees
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Figure 2. Fitting non-linear relationships between the diameter at breast height (D) against
tree height (H) and crown area (CA)

Model fitting for stem volume of single standing tree

The correlations between the stem volume of single standing tree and its diameter at
breast height, tree height, and crown area, were all clearly positive. A general
model(V1) based on tree height and DBH is used to calculate the stem volume of
standing tree (Eq. 10) (Gonzalez-Benecke et al., 2012, 2013, 2014; Zhou et al., 1995).
In this research, the existing model has been improved, in that another remarkable factor
in the stem