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In the current context of global change, the increasing frequency and the length of

drought periods are testing the resistance capacities of plants of dry habitats. However,

although the adaptation of plants to drought has been widely studied, the anatomical

features of wood influencing the functional responses of plants to drought are still lacking

at the intraspecific level, especially for species with a wide geographical distribution. As a

result, we have studied the variation of wood anatomical traits related to sap conduction

(i.e., vessel surface area, vessel density, and number of vessels joined by radial file) in

two wild olive subspecies distributed in Morocco (i.e., Olea europaea subsp. europaea.

var. sylvestris and Olea europaea subsp. maroccana), in relation to various drought

conditions. This functional study, based on wood trait measurements of 351 samples

from 130 trees and 13 populations, explores potential sap conduction in relation to

environmental parameters and as a result, strategies to resist water stress. We found that

(1) branch diameter (BD) captured 78% of total wood trait variation, (2) vessel size (SVS)

expressed 32% of intraspecific variation according to cambium age, and (3) the positive

relationship between SVS and BD could be explained by climate type, vegetation cover

changes, and therefore available water resources. Taking into consideration the diameter

of the branch as themain factor of anatomical variation, established reaction norms (linear

models) at the intrapopulation scale of vessel lumen area according to aridity show for the

first time how the functioning of the cambium modulates and controls sap conduction,

according to aridity and thus available water resources. They pinpoint the risks incurred

by the wild olive tree in the perspective of a dramatic increase in aridity, in particular, the

inability of the cambium to produce large enough vessels to efficiently transport sap and

irrigate the leaves. Finally, this study opens new and interesting avenues for studying at

a Mediterranean scale, the resistance and the vulnerability of wild forms and cultivated

varieties of olive to heterogeneous and changing environmental conditions.
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INTRODUCTION

The Mediterranean climate is characterized by a seasonal
variation between hot, dry summers, and mild, rainy winters.
This type of climate induces severe and contrasted stresses
to both habitats and species. Drought stress appears to be
the most critical and limiting factor affecting plant growth,
development, and survival (Choat et al., 2018) notably for several
groups of Mediterranean plant species such as Olea europaea
L. subsp. europaea. var. sylvestris and Quercus ilex L. (Quero
et al., 2011). The incidence of drought in the Mediterranean
region, with extreme warming and drying trends than in
other climatic ecoregions, is imposed by higher temperatures
combined with changes in precipitation patterns (Cramer et al.,
2018). Furthermore, changes in vegetation cover (VC) and
land use modify the balance in surface energy, affect surface
temperature and soil water availability, and consequently lead
to increasing rates of aridification (Pielke et al., 2011). The
landscape aridification caused by an increase in temperatures,
in the frequency of drought periods, and in human pressures
is one of the most obvious consequences of global change
(Parmesan and Yohe, 2003). Therefore, the predicted increase
in frequency and severity of drought are expected to have
harmful effects on trees and forest ecosystems (Allen et al.,
2010). Importantly, the tolerance of drought stress under
conditions of increasing aridity determines the survival and
distribution of plant species (Allen et al., 2010), and the
increase in the duration and severity of annual drought
is now endangering even the most drought-tolerant species
(Choat et al., 2012).

Water stress in trees is associated with scarcity of rainfall or
elevated potential evapotranspiration under high temperatures.
The impact is particularly high on “rear-edge” populations
located at low altitudes, where drought can be extreme (Hampe
and Petit, 2005). In trees, this may have two physiological
consequences, namely, hydraulic failure and carbon starvation
(Anderegg et al., 2012). Relevantly, water transport through
the root–xylem–leaf continuum, considered as the most vital
function (Steppe et al., 2015), is mainly controlled by a
combination of stomatal regulation and xylem characteristics
(Choat et al., 2012). Under drought conditions and low water
availability, plants restrict water loss through stomatal closure,
which reduces leaf transpiration and prevents hydraulic failure
(Perez-Martin et al., 2014). Hydraulic failure results from
cavitation, which is associated with prolonged and severe
drought and leads to tree mortality (Choat et al., 2018). In
addition, efficient hydraulic conductivity in the xylem, hydraulic
architecture, and growth potential are all interrelated with
variations in hydraulic traits critically affecting plant responses to
drought (Choat et al., 2018). Resistance to cavitation constitutes
an important filter for adaptation to drought both at the
interspecific (Maherali et al., 2004) and intraspecific (Lamy
et al., 2011) levels. This, together with the ability of species
to adjust their hydraulic systems, determines developmental
success and competitiveness in contrasted environments (Fonti
et al., 2009). As a result, variation in hydraulic traits along
drought gradients or within ecosystems can be used to separate

adaptation to contrasted levels of water availability (Brodribb
et al., 2020). In the context of climate change, the use of such
“mechanistic” approaches can reliably be used to explain and
predict the broad patterns of plant adaptive strategies to drought
(Volaire, 2018).

In general, tolerance to cavitation has mainly been studied
by ecophysiological approaches. However, a number of studies
have highlighted the contribution of traits associated with
wood anatomy to the maintenance of hydraulic efficiency
and ecophysiological processes, particularly under drought
conditions (Anderegg et al., 2016). Wood density (number of
vessels/wood surface unit) seems to be a good predictor of
vulnerability and subsequent resistance to cavitation at both the
inter- and intra-specific levels (Rosner et al., 2007). An increase
in vessel density, associated with a concomitant decrease in
diameter or surface area (commonly expressed as the mean vessel
lumen area) has been shown to provide an efficient adjustment to
the hydraulic systems of olive trees for coping with water stress
(Terral et al., 2004). These adjustments relate to a major trade-off
between security/efficiency and safety of conduction (Terral et al.,
2004).

In the Mediterranean biogeographical region, scrub is one
of the most important and widespread vegetation types.
Evergreen shrubs dominate such vegetation, usually with small
sclerophyllous leaves, as part of their drought tolerance strategy
(Lo Gullo and Salleo, 1988). Thus, some Mediterranean genera
exhibit a wide range of mechanisms to withstand drought, and
this implies that several morphophysiological and biochemical
traits are involved in the control of water loss (West et al.,
2012; Kassout et al., 2019). Olive (O. europaea L.) is the
most iconic sclerophyllous Mediterranean tree. It is represented
by two subspecies in Morocco. The first, wild olive or
oleaster, O. europaea subsp. europaea var. sylvestris, is the
ancestor of the whole cultivated varieties grouped under the
O. europaea subsp. europaea var. sativa denomination. The
second is the Moroccan olive, O. europaea subsp. maroccana,
endemic to the south-eastern part of the country (Médail
et al., 2001). Wild olive or oleaster is very widespread around
the Mediterrannean around the Mediterranean Basin where
it is a fundamental structuring element of many woody
plant communities (Gianguzzi and Bazan, 2019). In Northern
Morocco, oleaster is the keystone species of traditional agro-
ecosystems in which it is preserved and used for rootstock,
oil, shade, and fodder, and for religious reasons (Aumeeruddy-
Thomas et al., 2014). However, its geographical distribution is
highly fragmented mainly due to anthropogenic disturbances
to natural habitats but amplified by climatic changes and
aridification (Gianguzzi and Bazan, 2019). In southern areas,
oleaster may be found in sympatry with the endemic Moroccan
olive, O. europaea subsp. maroccana, and associated with other
emblematic species such as the Argan tree (Argania spinosa,
Sapotaceae) and Arar tree (Tetraclinis articulata, Cupressaceae;
Médail et al., 2001; Figure 1).

In a Mediterranean bioclimatic and biogeographical context,
drought tolerance is a key component of adaptive responses of
trees to aridification, particularly in “rear edge” populations. In
Morocco, from North to South, the wild olive tree is widely
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FIGURE 1 | Biogeographical and bioclimatic context of Olea europaea L. populations (wild olive or oleaster and Moroccan olive) from which the wood samples were

collected and analyzed (Kassout et al., 2019). (A) Aridity classes and (B) phytogeographical units of the studied area.

distributed in a range of plant communities along a latitudinal
gradient of aridity. A recent study demonstrates the existence
of functional responses to aridity, which is mainly reflected
by a “trade-off” between leaf functional traits (Kassout et al.,
2019). In some ways, this ecogeographical gradient of aridity
indicates future climate changes and upcoming pressures on tree
populations. However, anatomical variations relating to drought
in wild olive have been less studied (Lo Gullo and Salleo, 1988;
Terral, 2000; Terral et al., 2004) with published data concentrated
on cultivated olive trees (Trifilò et al., 2007; Guerfel et al., 2009;
Ennajeh et al., 2010).

This study explores the ecological plasticity of two wild olive
subspecies (Oleaster: O. europaea subsp. europaea var. sylvestris
and Moroccan wild olive: O. europaea subsp. maroccana)
in relation to variation and covariation of wood anatomical
traits associated with sap conduction. It aims to bring new
insights into the functioning of the tree, to understand how
sap conduction is optimized, and an increasing aridification
of environmental conditions can be resisted despite a decrease
in available water resources. In particular, we analyzed wood
anatomical traits along a gradient of increasing aridity to address
the following questions: (i) do wild olive populations differ in
their responses to drought and aridification? and (ii) is this
variability influenced by other factors such as tree age and local
environmental conditions?

MATERIALS AND METHODS

Sampling Procedure and Wood Material
A total of 13 populations and several trees per population
(Supplementary Figure 1) were sampled to include a wide
range of variation in ecological conditions and tree age
(Figure 1, Tables 1, 2). Plant materials (351 samples) consisted
of wood samples collected from trees (130 trees) of wild
olive or oleaster (WO) and Moroccan olive (MO). The wood

samples were collected at different heights of the trees in
the form of branch sections varying in diameter (and age)
ranging from 2.2 to 19.4mm (Supplementary Table 5). The
investigated populations cover the main ecological situations
with which wild olives are associated in Morocco (e.g., natural
conditions within forest or matorral vegetation types, streamside
populations, and within traditional agroecosystems; Tables 1,
2). Only section samples with the medulla in the center of
the branch were retained to avoid any impact of asymmetrical
biomechanical constraints on the size of wood characters.
Following the Braun-Blanquet method (1964) and using a
quadrat with an area of 200 m² for each population, the
vegetation cover was estimated distinguishing both trees and
shrub layers (Table 2). The herbaceous layer was not taken
into consideration because the surveys were conducted over 2
years (2016 and 2017) and never at the same time. Moreover,
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TABLE 1 | Geographical coordinates and mean climatic data of the sampled sites listed according to their subspecies affiliation and from north to south.

Site names Olive

subspecies

Latitude

(◦)

Longitude

(◦)

Altitude

(m)

MAT

(◦C)c
TMA

(◦C)c
TMI

(◦C)c
MAP

(mm/year)c
AI

1. Tlat Taghramt WO 35.7889 −5.4681 293 16.9 29.5 6.3 801 0.708

2. Bni Harchim WO 35.5510 −5.6198 150 18.0 30.4 7.3 779 0.652

3. Bni Arous WO 35.3567 −5.7185 90 18.1 31.3 6.5 781 0.621

4. Dar Chaoui WO 35.5205 −5.7295 64 18.1 30.0 7.7 751 0.626

5. Dar Akouba WO 35.2305 −5.3095 322 17.7 32.3 5.6 774 0.611

6. Tnin Sidi Yemenia WO 35.3526 −5.9580 126 17.7 30.4 6.1 765 0.609

7. Mesmoudaa WO 34.7499 −5.7341 196 18.0 33.9 5.0 805 0.586

8. El Ksiba WO 32.5745 −6.0442 900 16.6 36.7 1.4 721 0.465

9. Moulay Bouazza WO 33.1021 −6.4357 745 16.6 35.3 2.2 545 0.369

10. Asnib WO 31.2076 −8.0413 953 15.6 33.2 0.2 420 0.284

11. Argana MO 30.8716 −9.0973 1010 16.4 27.3 4.5 296 0.240

12. Immouzzer MO 30.6973 −9.5891 595 16.0 25.5 5.2 307 0.268

13. Issi-Adgil MO 30.7161 −9.6649 353 16.7 25.1 6.4 286 0.253

Climatic variables were extracted from Worldclim database (Fick and Hijmans, 2017) and the CGIAR Global Aridity and PET Database (Zomer et al., 2007), and abbreviated as follows:

MAT, mean annual temperature (◦C); MAWM, mean annual temperature of the warmest month (◦C); MACM, mean annual temperature of the coldest month (◦C); MAP, mean annual

precipitation (mm); AI, aridity index (unit less, calculated as PET/MAP, PET: potential evapotranspiration in mm/year) (UNEP, 1997). aPopulations within agroecosystems, bstreamside

population, and c33 years-average values were used for climatic variables. High AI values refer to humid conditions and low values refer to arid conditions. WO, wild olive or oleaster

(Olea europaea subsp. europaea var. sylvestris); MO, Moroccan olive (Olea europaea subsp. maroccana).

TABLE 2 | Number of samples analyzed and main ecological features per site.

Site names ID Pop Samples number Bioclimate Vegetation series (types) VC% Human disturbances

Trees Shrubs GR WC GA FI

1. Tlat Taghramt TLT 28 [10]c Subhumid/humid Kermes oak matorral (Quercus coccifera) 50 50 0 2 2 1

2. Bni Harchim BNH 24(3)d [10] Subhumid/humid Matorral dominated by wild olive (O. e.

subsp. e. var. sylvestris), pistachio mastic

tree (Pistacia textitlentiscus) and

Mediterranean dwarf palm (Chamaerops

humilis)

10 50 0 2 3 0

3. Bni Arous BNA 26 [10] Dry subhumid 10 60 0 2 2 1

4. Dar Chaoui DAC 29 [10] Dry subhumid 20 90 0 2 2 1

5. Dar Akouba DAR 19 [8] Dry subhumid 15 60 1 3 2 1

6. Tni Sidi Yemenia TNY 31 [10] Dry subhumid 40 20 0 1 3 0

7. Mesmoudaa MES 31 [10] Dry subhumid 60 30 1 2 2 1

8. El Ksiba KSB 26 [11] Semiarid Matorral with wild olive (O. e. subsp. e. var.

sylvestris), barbary thuya (Tetraclinis

articulata) and pistachio mastic tree

(Pistacia lentiscus)

20 80 0 1 2 0

9. Moulay Bouazza MBO 21 [8] Semiarid Barbary thuya (Tetraclinis articulata)

woodlands

20 5 0 1 3 0

10. Asnib ASN 29 [10] Semiarid Barbary thuya (Tertraclinis articulata) and

Phoenician juniper (Juniperus phoenicea)

woodlands

20 70 0 2 3 0

11. Argana ARG 33(11)d [15] Semiarid Barbary thuya (Tetraclinis articulata), Argan 10 30 0 2 3 0

12. Immouzzer IMO 25 [9] Semiarid tree (Argania spinosa) and 20 30 0 2 3 0

13. Issi-Adgil ISS 15 [8] Semiarid Moroccan wild olive (O. e. subsp.

maroccana) woodlands

40 80 0 1 2 0

Vegetation series (types) relates to Benabid and Fennane (1994). VC%, vegetation cover for tree and shrub layers, estimated by following the Braun-Blanquet cover-abundance

scale method (1964). Human disturbance was qualitatively estimated on four scales: 0: absent, 1: low, 2: medium, and 3: intense. GR, grafting (grafting on O. europaea subsp.

europaea var. sylvestris); WC, wood cutting; GA, grazing; FI, fire frequency. The number of sampled sites is identical to Figure 1. aPopulations within the traditional agroecosystem area,
bstreamside population, cbold numbers between [ ] indicate the number of trees sampled in each population, and d the numbers between brackets indicate additional samples from

streamside location.
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restricting the sampling to woody species was useful due
to similarities in growth forms between trees and shrubs.
Anthropogenic disturbance such as fire frequency, grazing,
wood cutting, and grafting on WO trees was also recorded
(Table 2).

Preparation of Samples and Transverse
Sections for Microscopy
A sliding microtome (G.S.L.1, Microm International GmbH,
Walldorf, Germany) was used to obtain thin transverse sections
(8µm) from wood samples. Histological preparations were then
obtained by staining transverse sections with one to one mixture
of Fast Green (2%) and Safranin (1%) solutions. Sections were
subsequently dehydrated using a series of ethanol solutions (96,
70, and 40%), washed with xylene (Kassout et al., 2016), and
embedded in Canada balsam as permanent slides for future
observations, measurements, and analysis.

Measurements of Wood Anatomical Traits
The eco-anatomical approach was used to measure wood traits
using a light transmission microscope connected to an image
analysis system (Limier et al., 2018). This approach involved
measuring anatomical wood characters (or traits) followed by
statistical analyses of data. Then, the results were interpreted
from taxonomic, functional, biological, and ecological viewpoints
(Terral et al., 2004). For each wood sample, whose branch
diameter (BD, mm) was previously measured, three anatomical
characters involved in sap conduction were measured: vessel
density (DVS, number of vessels/mm²; Figure 2A), number
of vessels joined in radial files (NVS, N/group of vessels;
Figure 2B), and vessel surface area (SVS, µm²; Figure 2C). The
measurements were taken in the youngest (peripheral) part of
the wood (from 1 to about 3 years old) under a magnification
of 100×, 200×, and 400× for DVS, NVS, and SVS, respectively.

Reliability and Reproducibility of
Measurements
For an optimal evaluation of anatomical traits involved in
sap conduction and to obtain reliable mean values, numerous
measurements were taken for each anatomical trait from test
wood samples (Limier et al., 2018). On test samples, cumulative
average curves were established, comparing the cumulative
average with the number of measurements taken for each
anatomical trait. When the curve stabilizes, the corresponding
number of measurements represents a reliable estimate of
the trait mean value. To verify the absence or existence of
errors that might affect the validity of measurements of wood
anatomical traits, several tests were carried out over the course
of different days: a sample measured by two operators and
a sample measured twice by the same operator. The forward
statistical analysis was carried out after having (1) determined
the number of measurements required for a reliable assessment
of anatomical traits and (2) checked that the measurement
errors were negligible using a parametric t-test or non-parametric
Mann–Whitney U-test carried out on data acquired by the
same operator and two different operators. Repeatability and
reproducibility tests were carried out on a test sample from
the “Dar Chaoui” population. Cumulative average curves were
established to obtain a reliable estimate of the mean value per
anatomical trait to be used.

Statistical Analysis
In order to assess the variability of wood anatomical traits
according to age (assessed by BD), a principal component
analysis (PCA) was carried out using the 351 wood samples
and 4 quantitative variables, namely the 3 anatomical traits
relating to sap conduction (DVS, NVS, and SVS) and the BD.
Then, a variance decomposition procedure was used (Albert
et al., 2010) to quantify trait variance in relation to branch
age across different scales and ecological situations (i.e., sample,

FIGURE 2 | Wood anatomy of O. europaea L. subsp. europaea var. sylvestris and measured anatomical characters. (A) Vessel density (DVS, number of vessels/mm²);

(B) number of vessels joined in radial files (NVS, N/group of vessels); (C) vessel surface area (SVS, µm²). The scales are 100 and 50µm for (B,C), respectively.
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population, aridity, and VC). The “lme” function in the “nlme”
package (Pinheiro et al., 2019) was used to fit a general linear
model using the restricted maximum likelihood method (RMEL)
across the studied levels, and then the “varcomp” function in the
“ape” package (Paradis et al., 2004) was used to extract variance
expressed at each level. Once the impact of branch age on
anatomical traits is demonstrated and the anatomical traits more
significantly linked to BD is determined (Spearman’s correlation
analysis), two different statistical approaches were performed
(with results compared).

First, we carried out linear regression analyses, population
by population. Normality of data was tested using the Shapiro–
Wilk normality test and non-normal distributed data are log-
transformed. Finally, parameters of the linearmodels (y-intercept
defining the elevation of the line and slope) were compared
with each other, through integration with the aridity index
(AI, after UNEP, 1997), the growth ecological conditions (i.e.,
natural, streamside, or agroecosystem), the vegetation context,
and the VC.

The second approach consisted in a standardized major axis
(SMA) regression (Warton et al., 2012), also known as reduced

major axis slopes. For 246 samples from wild olive trees growing
in natural conditions (Table 1), the SMA regression was used
to analyze the relationships between anatomical traits and BD
by assessing the effect of aridity and VC on this potential
interrelation. Three different classes based on the AI (UNEP,
1997) were first compared (i.e., Ca1: subhumid/humid, Ca2: dry
subhumid, and Ca3: semiarid). In the second stage, the VC (only
shrubs) was integrated, allowing the testing of seven distinct
classes [Cavc1: subhumid/humid + medium VC (+33–66%),
Cavc2: subhumid/humid + high VC (+66–100%), Cavc3: dry
subhumid + high VC, Cavc4: dry subhumid + medium VC,
Cavc5: semiarid+ high VC, Cavc6: semiarid+medium VC, and
Cavc7: semiarid + low VC (0–33%)]. This approach allowed the
description of the best-fit scaling relationship between the studied
anatomical traits on log–log axes, allowing scaling relationships
among variables to be compared across different groups. The
analysis was carried out using the R software (R 3.3.3; R
Development Core Team, 2015). The smatr package version 3
was used (Warton et al., 2012) for the SMA regressions. Finally,
to explore specific anatomical strategies of wild olive trees in
a heterogeneous environment (i.e., aridity, plant community

FIGURE 3 | Principal component analysis biplot of axes 1 and 2 (78.7% of variability) of wood olive samples belonging to different categories [(A) bioclimatic

conditions and (B) growing conditions]. Correlations among anatomical traits [(C) correlation circle] and contribution of variables in the definition of PCA axes (C) are

also presented.
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types, and VC), we have investigated intrapopulation correlations
among wood anatomical traits.

RESULTS

Reliability, Repeatability, and
Reproducibility of Measurements
The number of measurements required for an optimal evaluation
proved to be at least 50 for both SVS and NVS and 25–30 for
DVS (Supplementary Figure 2). The frequency distributions

of SVS and DVS calculated using the Shapiro–Wilk test
follow a normal distribution (Supplementary Figure 3,
Supplementary Tables 1, 2). Based on these results, mean
comparisons were made using the parametric t-test. The
results showed that eco-anatomical data acquired by the same
operator during two distinct sessions or by two different
operators do not differ significantly. In the case of NVS, that
is not normally distributed, a non-parametric Mann–Whitney
U-test identified that the different data sets are comparable
(Supplementary Tables 3, 4). Thus, the measurements
of the three anatomical characters were repeatable, and

FIGURE 4 | (A) Biplot separating contrasted populations using the aridity index (AI) and slope of fitted lines from regression analysis relating vessel surface area (SVS)

and branch diameter (BD). (B) Linear regression model of variation in slope of fitted lines from regression analysis relating SVS and BD.
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the eco-anatomical analysis was reproducible using these
anatomical traits.

Variation of Wood Anatomical Traits
The PCA carried out on the quantitative data from the eco-
anatomical analysis (351 samples from 13 populations) showed
the prevalence of BD in the overall anatomical variability with
78.7% of variance explained by the first two principal axes
(Figure 3). Distribution of individuals along axis 1 (45.3%) is
mainly explained by differences in BD (Figures 3A,B), with
SVS significantly correlated with BD (R-Spearman = 0.66, p
< 0.0001) (Figure 3C). As a result, although they were also
related to BD, NVS, and DVS explained the shifting of individuals
along axis 2 of the PCA (33.4% of variance) (Figures 3A,B).
Furthermore, the variance decomposition of SVS showed that
>32% of variance was due to differences in the BD, with <3%
due to differences between populations, aridity, or vegetation
classes (Supplementary Table 6). The eco-anatomical data have
been summarized in Supplementary Table 5.

Driving Factors of Wood Anatomical Trait
Variability
Generally, populations from semiarid bioclimatic conditions
were characterized by a fitted line with a low slope, except for
“Asni” where trees grow at the edge of intermittent streams
(wadi) (Figure 4A). The simple linear regression analysis carried
out for each population based on the results evidenced by the
PCA showed significant relationships between SVS and BD
(Table 3), and notable differences in y-intercept and slope of

the fitted line among populations. As y-intercept and slope
were strongly negatively correlated (R² = 0.68, p = 0.001),
only the slope data have been presented. O. europaea subsp.
maroccana populations from A. spinosa woodlands exhibited the
lowest values of slope (Figure 4A). For the exceptional “Asni”
population, the slope appeared comparable with those defining
populations from subhumid and humid bioclimatic conditions
and characterized by a matorral-type vegetation such as “Bni
Harchin” and “Dar Chaoui” (Figure 4A). In contrast to semiarid
populations from A. spinosa and/or T. articulata woodlands,
dry subhumid and subhumid/humid populations were identified
by higher slope values. Nevertheless, the “Mesmouda” and “Tni
Sidi Yemeni,” both situated within traditional agroecosystems,
appeared to be anomalous populations as their slope values are
similar to semiarid ones (Figure 4A). As an overall trend in the
variation of fitted-line slopes in relation to bioclimatic conditions
was apparent, the relationship slope = f (aridity index, AI) was
subsequently modeled by linear regression. Populations from
natural conditions and with recorded VC were only included.
Populations from streamside and traditional agroecosystem areas
were considered as additional statistical individuals but not used
to define the model. In the model, a significant relationship
between the slope of the fitted line and AI was identified
(Figure 4B), showing that the increase in SVS, a consequence
of BD, is linked not only to bioclimatic conditions (AI) but also
related to the nature of VC.

The second approach based on the SMA showed that SVS was
positively scaled against the BD when considering all the samples
from wild olive trees (WO and MO) growing under natural

TABLE 3 | Summary of the regression analysis relating vessel surface area (SVS) and branch diameter (BD) at the intrapopulation level.

Population Growth conditions Number of

samples

Shapiro–Wilk normality test Linear regression analysis:

SVS = f(diameter)

Vessel Surface

area (SVS, µm²)

Branch diameter

(cm)

W P-value W P-value R² F P-value

1. Tlat Taghramt Normal conditions 28 0.977 0.774 0.981 0.874 0.26 9.23 0.005

2. Bni Harchim Normal conditions 24 0.940 0.199 0.970 0.708 0.49 18.98 <0.0001

3. Bni Arous Normal conditions 26 + 3a 0.948 0.209 0.502 0.502 0.57 31.99 <0.0001

4. Dar Chaoui Normal conditions 29 0.964 0.406 0.939 0.092 0.51 29.83 <0.0001

5. Dar Akouba Normal conditions 19 0.962 0.584 0.929 0.132 0.60 24.99 <0.0001

6. Tni Sidi Yemeni Traditional agroecosystem 31b 0.968 0.474 0.964 0.379 0.29 7.00 0.004

7. Mesmouda Traditional agroecosystems 31b 0.963 0.354 0.942 0.093 0.46 22.74 <0.0001

8. El Ksiba Normal conditions 26 0.965 0.504 0.969 0.605 0.50 23.94 <0.0001

9. Moulay Bouazza Normal conditions 21 0.951 0.354 0.931 0.141 0.54 22.11 <0.0001

10. Asni Streamside 29a 0.962 0.358 0.942 0.111 0.58 36.53 <0.0001

11. Argana Normal conditions 33 + 11a 0.949 0.122 0.943 0.084 0.52 33.73 <0.0001

12. Immouzzer Normal conditions 25 0.944c 0.180 0.926c 0.072 0.69 51.64 <0.0001

13. Issi-Adgil Normal conditions 15 0.884 0.055 0.934 0.316 0.52 14.05 0.002

The results of the normality tests are given for the SVS and BD.
a Individual growing in temporary stream border.
b Individuals within traditional agroecosystems.
cLog-transformed data.
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TABLE 4 | Log–log relationships between SVS and BD for the studied samples grouped according to their climatic context (A) and to their climatic and vegetation

characteristics (B).

N R² P-value Slope (95% CIs) Common

slope

Intercept (95% CIs) Common

elevation

A. Bioclimate

Subhumid/humid 52 0.28 <0.001 1.186 (0.91–1.53) 0.0002 2.215 (2.14–2.28) 0.191

Dry subhumid 74 0.52 <0.001 0.760 (0.63–0.90) 2.253 (2.18–2.32)

Semiarid 120 0.46 <0.001 0.652 (0.57–0.73) 2.255 (2.19–2.32)

Pooled 246 0.44 <0.0001 0.758 (0.68–0.83) 2.241 (2.17–2.30)

B. Bioclimate and vegetation characteristics

Cavc1 28 0.19 0.01 1.205 (0.83–1.73) 0.000009 2.180 (2.09–2.26) 0.0005

Cavc2 24 0.45 <0.01 1.160 (0.83–1.61) 2.254 (2.17–2.33)

Cavc3 29 0.44 <0.01 0.85 (0.61–1.18) 2.276 (2.20–2.35)

Cavc4 45 0.60 <0.01 0.74 (0.61–0.91) 2.238 (2.16–2.30)

Cavc5 26 0.57 <0.01 0.74 (0.56–0.98) 2.276 (2.20–2.34)

Cavc6 40 0.60 <0.01 0.51 (0.42–0.61) 2.306 (2.23–2.37)

Cavc7 54 0.45 <0.01 0.70 (0.57–0.85) 2.206 (2.13–2.28)

Pooled 246 0.44 <0.0001 0.758 (0.68–0.83) 2.241 (2.17–2.30)

Slopes, intercepts, and 95% CIs are given.

The bold values are significant at p < 0.05. The abbreviations of Cavc classes are described in “Materials and methods” section.

conditions. SMA fitted groups across aridity classes revealed
differences in slopes (likelihood ratio statistic = 16.71, df = 2,
p < 0.05) but did not differ in y-intercept (Wald statistic= 3.304,
df = 2, p > 0.05; Table 4A). SVS and BD relationships across
aridity classes were positively correlated for the subhumid/humid
(Ca1), dry subhumid (Ca2), and semiarid class (Ca3) (Table 4A).
Pair-wise slope comparisons among aridity classes showed
that the subhumid/humid (Ca1) samples differ significantly
from the dry subhumid (Ca2) and semiarid (Ca3) samples
(Supplementary Table 7). With increasing aridity, the slope of
SVS–BD linear relationship decreases from subhumid/humid
conditions with a slope of 1.186 (95% CIs: 0.91–1.53) to semiarid
conditions with a slope of 0.652 (95% CIs: 0.57–0.73; Table 4A).
When testing for differences across VC classes, SMAs showed
differences in slope (likelihood ratio statistic = 28.01, df = 6,
p < 0.05) and y-intercept (Wald statistic = 23.92, df = 2, p
< 0.05; Table 4B). SVS and BD relationships appeared to be
positive and significant for all the classes [“subhumid/humid +

medium VC” (Cavc1), “subhumid/humid + high VC” (Cavc2),
“dry subhumid + high VC” (Cavc3), “dry subhumid + medium
VC” (Cavc4), “semiarid + high VC” (Cavc5), “semiarid +

medium VC” (Cavc6), and “semiarid + low VC” (Cavc7);
Table 4B].

Pair-wise slope comparisons among the seven classes
showed that the samples from semiarid and medium
VC conditions (Cavc6) differ significantly from the
samples from subhumid/humid and medium VC
(Cavc1) and subhumid/humid and high VC (Cavc2)
(Supplementary Table 8). Pair-wise y-intercept comparisons
show that the samples from semiarid andmediumVC conditions
(Cavc6) may be clearly distinguished from the samples affiliated
to the “dry subhumid and medium VC” class (Cavc4) and to
“semiarid and low VC” class (Cavc7) (Supplementary Table 8).

Intrapopulation Correlations Among Wood
Anatomical Traits
At the intrapopulation level, a negative correlation between
SVS and DVS was recorded for populations situated in
subhumid/humid and dry subhumid conditions, except for
“Bni Harchim” and “Dar Chaoui” populations. Only the
semiarid “Argana” population, where several trees grew by
streamside, displayed such correlation. A significant positive
correlation between SVS and NVS seemed to characterize a
single population (“Immouzzer”—semiarid conditions). Finally,
three populations (El Ksiba, Moulay Bouazza, and Issi-Adghil),
under semiarid bioclimatic conditions, displayed a positive
and significant correlation between DVS and NVS (Table 5,
Supplementary Figure 4).

DISCUSSION

Sap Conduction Performance in Wild Olive
(O. europaea L.) Depends on Age
Overall, our results showed that an increase in vessel lumen
area (SVS) was positively correlated with BD, and thus to the
age of the branch and therefore to the quantity of vascular
cambium. In trees, an increase in the size of the vessel was
globally linked to the increasing volume of plant parts to be fed
by sap, namely the axial apices and the leaves of the last two or
more rarely three growth-units (Choat et al., 2012). In this way,
the growth and tree development and consequently the cambial
function appeared to lead to an overall increase in the amount of
conducting tissue (Steppe et al., 2015; Ros et al., 2021). Moreover,
with the increased age of the branch, the vascular cambium
seemed generally to provide a wood with a lower DVS and of
lesser density, from a mechanical point of view. Nevertheless,
the overall relationship and thus the standard trade-off between
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vessel SVS and DVS was not recorded in all the populations
(Anderegg et al., 2015). Most of the populations that did not
suffer a high hydric deficit [subhumid/humid and dry subhumid
populations (except “Bni Harchim” and “Dar Chaoui”)] as well
as samples from the “Argana” population, where some trees grew
beside a stream, exhibited a negative correlation between SVS
and DVS. For these populations, mainly distributed in Northern
Morocco and characterized by a matorral-type vegetation, a
compromise between SVS and DVS has allowed the tree to
maintain a relative constant sap conductance and thus water
supply. An overall increase in the size of vessel related to the
age of the vascular cambium has already been recorded in other
species with a distinct wood structure, such as Mediterranean
evergreen oaks (holm oak, Quercus ilex, and cork oak, Quercus
suber—semiring porous wood) (Voulgaridis, 1990; Leal et al.,
2007), grapevine (Vitis vinifera—ring porous wood) (Limier et al.,
2018), and argan tree (A. spinosa—diffuse porous wood) (Ros
et al., 2021).

Aridity Affects Significantly Anatomical
Traits in Wild Olive (O. europaea L.)
At the intrapopulation level, variations in SVS in relation
to BD modeled independently using the simple regression
analysis and a SMA regression approach have shown that the
increase in the size of the vessel is modulated in relation to
aridity (AI) and other local environmental factors, such as
additional water resources provided by temporary streams and
the evapotranspirational impact of VC (Figure 5). Previously,
without considering the branch age, the authors demonstrated
that unfavorable conditions for tree growth could lead to a
decrease in the size of vessel and correlatively, an increase
in vessel density (Carlquist, 1988). The size of the vessel in
evergreen Mediterranean wood trees such as olive and oaks
has been reported as strongly influenced by seasonal or annual
precipitations (Terral and Arnold-Simard, 1996; Figueiral and
Terral, 2002; Terral et al., 2004 for the olive and, Eckstein and
Frisse, 1979; Woodcock, 1989 for oaks). The anatomical response
was even more important when trees are irrigated, as shown in
the study by Terral and Durand (2006) for cultivated olives.

Moreover, previous studies have demonstrated that the
patterns of variation in “vessel density” and “vessel surface area”
in WO and MO are driven mainly by thermoclimatic parameters
and mean rainfall, respectively, according to the same reaction
norms (Terral et al., 2004). From both ecological and functional
viewpoints, wood anatomy in O. europaea may be considered as
a dynamic compromise between (1) water transport efficiency
through forming large vessels and (2) safe sap conduction
associated both with narrower, numerous, and joined vessels to
limit the risks of cavitation and embolism and with structural
support (Terral et al., 2004).

At the intrapopulation level, variations in the slope of
the linear models and antagonistically in y-intercept were
significantly explained by aridity (Anderegg et al., 2016).
For WO and MO, the greater the intensity of aridity (low
value of AI) experienced by populations, the lower the value
of slope and the higher the value of y-intercept shown.

TABLE 5 | Pearson correlation coefficients between anatomical traits and BD at

the intrapopulation level for all the studied populations.

Sites Traits DVS SVS NVS

1 (n = 28) DVS 1

SVS –0.400 1

NVS 0.331 0.030 1

BD −0.303 0.512 0.081

2 (n = 24+3) DVS 1

SVS −0.279 1

NVS 0.247 −0.004 1

BD −0.341 0.699 −0.215

3 (n = 26) DVS 1

SVS –0.491 1

NVS 0.081 −0.198 1

BD –0.694 0.756 −0.282

4 (n = 29) DVS 1

SVS −0.139 1

NVS 0.357 −0.005 1

BD −0.240 0.724 0.121

5 (n = 19) DVS 1

SVS –0.738 1

NVS 0.000 0.056 1

BD –0.592 0.771 0.223

6a (n = 31) DVS 1

SVS –0.651 1

NVS 0.217 0.076 1

BD −0.206 0.441 0.010

7a (n = 31) DVS 1

SVS –0.600 1

NVS 0.050 0.203 1

BD –0.614 0.620 0.344

8 (n = 26) DVS 1

SVS 0.017 1

NVS 0.605 0.189 1

BD 0.007 0.707 0.440

9 (n = 21) DVS 1

SVS −0.412 1

NVS 0.631 −0.001 1

BD -0.609 0.733 −0.147

10b (n = 29) DVS 1

SVS –0.381 1

NVS 0.454 0.145 1

BD −0.221 0.758 0.481

11 (n = 33+11) DVS 1

SVS –0.444 1

NVS 0.199 0.208 1

BD −0.291 0.605 0.364

12 (n = 25) DVS 1

SVS −0.006 1

NVS 0.255 0.493 1

BD 0.146 0.821 0.806

13 (n = 15) DVS 1

SVS −0.122 1

NVS 0.683 0.297 1

BD 0.202 0.721 0.452

Bold values are significant at α = 0.05.

For site numbers and characteristics, see Tables 1, 2. The number of samples per site is

given in brackets, in which bold numbers are samples in streamside conditions.
aPopulations within traditional agroecosystems.
bStreamside population.
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FIGURE 5 | Conceptual summary of variations in slope and intercept of linear models relating SVS and BD, according to water resources [(A) in natural conditions, (B)

in streamside conditions, and (C) in non-irrigated cultivation areas].

Nevertheless, within comparable bioclimatic and vegetation
formation conditions, the slope varied according to (1) the
additional water resources provided by an intermittent stream
(e.g., “Asni” population) and (2) VC. In the latter case, the
observed lower slope may be explained by the degradation of
tree and shrub layers (e.g., under the dry subhumid conditions
of “Mesmouda” and “Tnin Sidi Yemeni” and within traditional
agroecosystems). Both scenarios have been associated with a
strong increase in potential evapotranspiration and a severe
loss of water resources at a local scale (Terral et al., 2004;
Fonti et al., 2009). From a functional viewpoint, a trend of
changes in sap conduction strategy and a trade-off between xylem
efficiency and safety, modulated by the cambium functioning,
is evident (Maherali et al., 2004). Olive trees growing under
favorable conditions regarding water resources (dry subhumid,
subhumid/humid, and semiarid streamside conditions) differ in

their wood anatomy from trees growing under drought stress
(semiarid and dry subhumid within traditional agroecosystem;
Figure 5).

Changes in Local Conditions Induce
Changes in Anatomical Traits
Compared with the individuals growing in optimal conditions,
wild olive trees under lower water resources seem to produce
a wood with higher hydraulic conductivity early in branch
development. The linear trend of increase in hydraulic
conductivity against branch growth appears to be only moderate
as a result of the higher risk of drought-induced embolism
(Figure 5). These theoretical models are used to identify the risks
incurred by the wild olive tree in the event of an increasing
frequency in periods of drought, in particular the inability of the
cambium to produce large enough vessels to transport sufficient
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sap to initiate growth and to sustain the high demands of the
developing young axes (Choat et al., 2018). Consequently, the
inability to produce larger vessels during the development of the
growth unit is potentially lethal to the branch of the tree and in
consequence to the persistence of the population.

O. europaea subspecies (WO and MO in our study area) are
both drought tolerant and able to tolerate a large water deficit
and high solar radiation, temperatures, and evapotranspiration
rates. These characteristics result from a range of morphological,
anatomical, and physiological mechanisms. The small size and
the relative high density of the stomata contribute to the effective
control of stomatal transpiration (Connor, 2005). Moreover, a
range of leaf traits of Moroccan populations of wild olive (WO)
(e.g., dry matter content, surface area, and stomata density)
were found by Kassout et al. (2019) to be strongly related to
ecological parameters associated with aridity. Such traits may be
considered as the key elements for understanding physiological
tolerance and adaptation to drought of Mediterranean plant
species (Kassout et al., 2019).

CONCLUSION AND PERSPECTIVES

The complexity of underlying factors behind the responses of
hydraulic traits makes it difficult to highlight direct relationships
between drought and variation in the anatomical traits of wood.
This is particularly true under natural conditions where multiple
interactions between ecological parameters operate both within
individual trees and between populations. Nonetheless, the
established reaction norms illustrating the anatomical plasticity
of wild olive within our study illustrate how the functioning of
the cambium modulates and controls sap conduction, according
to available water resources. Variations in sap conduction strategy
and conductivity trends shed light on the plasticity of wood
anatomy of O. europaea subsp. europaea var. sylvestris and O.
europaea subsp. maroccana. This plasticity identifies adaptive,
qualitative, and quantitative changes in the capacity of the
tree for sap conduction in a heterogeneous and geographically
changing environment.

The wild olive subspecies studied here may be used to
model responses in Mediterranean vegetation to climate change,
particularly the ongoing aridification. Clearly, olive populations
located at the Southern limit of their distribution area, impacted
by drought stress and human disturbances and whose trend
of increase in vessel tend toward the horizontal, are highly
threatened. Their individuals will be unable to provide a sufficient
volume of the sap necessary for growth and development. Such
novel results are potentially key to understanding how the tree
utilizes water resources. They can provide new insights into
mechanisms allowing resistance and survival in trees under
conditions of limited water availability.
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µm²) in relation to the branch diameter (mm) and diagram of standardized
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population 13, for population details see Table 1).

Supplementary Figure 4 | Correlation network between vessel density (DVS),

vessel surface area (SVS), and number of vessel joined in radial files (NVS).

Supplementary Table 1 | Normality tests (Shapiro-Wilk) of the eco-anatomical

features measured during two sessions carried out by two different operators.

Supplementary Table 2 | Normality tests (Shapiro-Wilk) of the eco-anatomical

features measured during two sessions carried out by the same operators.

Supplementary Table 3 | Results of mean comparison tests (t-test for data sets

following a normal distribution, Mann-Whitney in the contrary case) of two

sessions carried out by two different operators.
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Supplementary Table 4 | Results of mean comparison tests (t-test for data sets

following a normal distribution, Mann-Whitney in the contrary case) of two

sessions carried out by the same operators.

Supplementary Table 5 | Eco-anatomical data and diameter (mean values) of

wood samples for each population alphabetically listed.

Supplementary Table 6 | Variance decomposition of vessel surface area (SVS)

across the studied levels.

Supplementary Table 7 | Pair-wise comparisons provided of differences in

Standardized Major Axis regression slopes for the regression between vessel

surface area (SVS) and branch diameter (BD) of the studied samples grouped

according to their climatic context.

Supplementary Table 8 | Pair-wise comparisons provided of differences in

Standardized Major Axis regression slopes and elevation for the regression

between vessel surface area (SVS) and branch diameter for the studied samples

grouped into seven groups according to their climatic and vegetation

characteristics.
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