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Drought frequency and intensity are expected to increase in the Mediterranean basin with unforeseen
impacts on forest ecosystems. In this study, we investigated the effect of a rain exclusion experiment
on the growth dynamics of adult maritime pine trees. The rain exclusion experiment took place from
March to October 2014. Cambial activity and xylem development was weekly monitored in five treated
and five control trees during the 2014 growing season. Although growth started simultaneously in all
trees, the number of differentiating xylem cells and the rates of cell production were reduced in the rain
exclusion trees. Rain exclusion reduced the number and the lumen diameter of latewood tracheids. Cell
wall thickness was not affected by the treatment. After the summer, both groups of trees resumed cambial
activity, with rain exclusion trees resuming growth two weeks later. The second period of cambial activity
observed in autumn, produced earlywood-like tracheids after latewood formation, the so called intra-
annual density fluctuations (IADF). The position of the IADF within latewood differed between groups,
being located within and at the end of latewood in control and rain exclusion trees, respectively. These
findings demonstrate that the position of IADFs is determined by the timings of cambial reactivation in
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1. Introduction

Climate has a strong influence on trees by conditioning their
growth and limiting their distribution. Climatic models for the
Mediterranean basin predict a reduction in spring precipitation
(IPCC, 2013), which can have dramatic consequences for the
Mediterranean forest. Dendrochronological analyses taking place
in these regions have long established the dependence between
radial growth and spring precipitation. Sarris et al. (2007) iden-
tified precipitation as the key driver for tree growth in eastern
Mediterranean. In western Mediterranean, Campelo et al. (2009,
2007) found a positive correlation between May precipitation and
the tree-ring width of Pinus pinea L. and Quercus ilex L. in Portugal.
Studies in Spain and Slovenia have also demonstrated the impor-
tance of water from the previous winter and current spring in the
tree-ring width of Pinus halepensis Mill (Novak et al., 2013).

Although tree rings have a strong climatic signal, relationships
between tree-ring width and climate cannot completely explain
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the timings and dynamics of trees responses to climate. In order
to further understand the climate-growth relationships, we need
to investigate tree-ring formation at higher resolution time scales.
Studies on tree xylogenesis may help revealing the climate con-
trol of tree growth at weekly to monthly scales, thereby improving
our understanding on how climatic conditions are recorded by tree
rings (Pacheco et al., 2015). Under Mediterranean climate cambial
activity and xylem differentiation can follow a bimodal pattern,
with two distinct periods of growth, one in spring when most
of the tree-ring is formed and an additional period in autumn if
favourable climate conditions occur after the summer (Camarero
etal., 2010; Vieira et al., 2015). The cell features of the tracheids dif-
ferentiated during this second period of growth differ from those
previously formed in latewood since their cell wall thickness to
lumen diameter ratio is lower than what it is observed in latewood,
resembling earlywood (Carvalho et al., 2015; Vieira et al., 2015).
These earlywood-like cells are referred to as Intra-Annual Density
Fluctuations (IADFs; Battipaglia et al., 2016; Campelo et al., 2007;
De Micco et al., 2016).

Latewood IADFs are frequently observed in Mediterranean pines
(Campelo et al.,2015; de Luis et al., 2011b; Olano et al., 2012; Rozas
et al.,, 2011; Vieira et al., 2010; Zalloni et al., 2016), and depending
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on its position within latewood the IADF can be classified as type
L, when the earlywood-like cells are within latewood, or type L*,
when the earlywood-like cells are located between latewood and
the earlywood of the following tree-ring (Battipaglia et al., 2016;
Campelo et al., 2007). Correlation analysis between the frequency
of latewood IADFs and climate has revealed that type L is trig-
gered by precipitation events in late summer and early autumn,
whereas type L* is related to autumn precipitation (Campelo et al.,
2007; Vieira et al., 2010, 2009). This suggests that the timing of the
triggering factor is responsible for the different types of latewood
IADFs. However there are still no xylogenesis studies supporting
this hypothesis. The frequency of latewood IADFs has increased in
the last decades (Vieira et al., 2010), inciting biologists to iden-
tify the climatic drivers of their formation, and to investigate if and
how the reduction in precipitation predicted for the Mediterranean
basin will affect their frequency.

Experimental designs involving manipulation of precipitation
are frequent in saplings (Balducci et al., 2015; de Luis et al., 2011a),
but rare in adult trees (Belien et al., 2012; Jyske et al., 2010; Pangle
et al., 2012). To our knowledge, manipulation experiments mon-
itoring wood formation and cambial activity on adult trees have
never been performed under Mediterranean conditions. The aim
of this study is to evaluate how adult maritime pine trees respond
to a rain exclusion experiment performed during the growing sea-
son. Cambial activity and wood formation were monitored weekly
in order to test the hypotheses that rain exclusion (i) reduces the
number of cambial and enlargement cells throughout the growing
season; (ii) decreases the lumen diameter of tracheids; and (iii) that
precipitation events after the end of the rain exclusion trigger the
formation of latewood IADFs.

2. Material and methods
2.1. Study site and experimental design

A rain manipulation experiment was carried out in Perimetro
Florestal Dunas de Cantanhede, a maritime pine plantation on sand
dunes (Pinus pinaster Ait.) located in the west coast of Portugal
(40°21’35.15”N, 8°49'10.06”W; 15m a.s.l). The soil type is pod-
zol, developed from sand and sandstone (Ferreira et al.,, 2010).
The climate is typically Mediterranean with oceanic influence,
with precipitation occurring mainly in spring and autumn, inter-
rupted by the summer which is typically hot and dry. The mean
annual temperature of the last 30 years was 15.9°C, and the total
annual precipitation was 927 mm. Long-term and daily values of
temperature and precipitation were downloaded from the Royal
Netherlands Meteorological Institute (http://www.climexp.knmi.
nl/).

In the same forest stand, two plots of five trees with approxi-
mately 50 years, an average of 15 m of height and 32 cm of diameter
at breast height were selected and divided into control and rain
exclusion trees. In each plot, trees were located within a 100 m?
area in order to ensure that each group of trees was subjected to
similar environmental conditions. The below canopy precipitation
exclusion was fulfilled by installing a continuous plastic sheet on
the forest floor covering approximately twice the area of the tree’s
canopy. Maritime pines have a deep taproot with well-developed
secondary roots (Pereira, 2002), with the main root system located
directly below the canopy. The exclusion plot was located on a slope
and surrounded by a ditch which diverted the rain water away from
the plot (Fig. 1). The plastic sheet was installed on February 28th
(DOY 59) and removed on October 1st (DOY 274) of 2014, after
removing the upper layer of organic matter (needles and moss),
which was afterwards replaced over the plastic sheet in order to

Fig. 1. Installation of the plastic sheet in the rain exclusion plot.

dissimulate it and decrease the effect of the plastic on soil temper-
ature.

A soil moisture probe PR2 from Delta-T-Devices was installed
in the control plot in January 2014 and programed to record soil
moisture values every 30 min at a depth of 100 cm. Data were stored
in a DL2e data logger also from Delta-T-Devices. Since only one soil
moisture probe was available, readings in the rain exclusion plot
were not continuous.

2.2. Xylem development

Sampling of the cambium and developing xylem was carried
out from March 2014 (DOY 62) to March 2015 (DOY 68) by weekly
collection of microcores on the stem using a Trephor (Rossi et al.,
2006). The microcores were collected 45cm below and above
breast height in a spiral pattern on the south-facing side of the
stem to minimize the growth variability around the stem (Lupi
et al., 2014). Microcores were collected approximately 5cm apart
between each sampling date to prevent getting resin ducts from
previous sampling points. After collection, the microcores were
placed in eppendorfs filled with alcohol (50% in water) and stored at
5 °C to avoid tissue deterioration. The microcores were then dehy-
drated through successive immersions in alcohol and D-limonene
and embedded in paraffin (Rossi et al., 2006). Transverse sections
6-10 pm thick were cut from the samples with a rotary microtome,
stained with cresyl violet acetate (0.17% in water), and immediately
observed with a microscope (400-500 x magnification) under visi-
ble and polarized light to distinguish between the different xylem
differentiation phases. Cambial and enlarging cells only present
primary cell walls thus do not shine under polarized light, being
easily distinguished from the cells depositing secondary cell wall
and mature cells. Enlarging cells are distinguished from cambial
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Fig. 2. Daily values of temperature and precipitation from January 2013 to February 2015, data downloaded from the Royal Netherlands Meteorological Institute
(http://www.climex.knmi.nl). Black line represents average temperature and the grey area surrounding it maximum and minimum temperatures; horizontal bars represent

precipitation; and the light grey area the exclusion period.

cells since they present a diameter at least twice that of a cambial
cell. Wall thickening cells shine under polarized light and show a
light violet coloration changing to dark violet at the end of matura-
tion. When lignification is complete the entire cell wall presents a
blue coloration and tracheids reach maturation (Gricar et al., 2005).
The number of cambial and developing xylem cells was counted
along three radial rows for each sampling date.

2.3. Tracheid features

In March 2015 (DOY 68), after the end of the 2014 grow-
ing season an extra microcore was collected and processed as
described above. The resulting sections were stained with 1% aque-
ous safranin and permanently fixed using Canada balsam (Eukitt).
The treerings produced in 2013 and 2014 were photographed using
a camera fixed on a microscope (Leica, model DCF295), at 20x
magnification. The 2013 tree ring was used to determine tracheid
features before the treatment in order to assure that the differ-
ences observed in 2014 were due to the rain exclusion and not the
trees. Images were processed using Image] (http://rsbweb.nih.gov/
ij/), where three radial rows were selected to measure the radial
lumen diameter and cell wall thickness of each tracheid.

The tree rings of 2013 and 2014 were also analysed to determine
whether intra-annual density fluctuations (IADFs) were formed in
latewood. The latewood tracheids forming an IADF are anatom-
ically defined by presenting a lumen diameter wider than twice
the cell wall thickness (Vieira et al., 2015), which according to the
Mork’s definition corresponds to earlywood (Denne, 1988).

2.4. Statistical analysis

The number of cambial, enlarging, cell-wall thickening and
mature cells throughout the growing season was fitted with gen-
eralized additive mixed models (GAMMs) in order to compare the
effect of rain exclusion in cambial activity and cell differentiation.
Several models were considered and the best fitting model was
selected based on the Akaike Information Criterion (Table S1; AIC;
Akaike, 1973).To account for auto-correlation in the data, tree iden-
tity was treated as a random effect. Models were performed using
the mgcv package (Wood, 2006) in the R computing environment (R
Development Core Team, 2009). The following GAMM was applied:

y=o+s(x):treat + fxx+¢€ (1)

where y is the number of cells; x is the DOY; s is a smooth func-
tion; the colon (:) between the two terms indicates an interaction
between those terms; treat is the treatment, which is a dummy
variable (0, control; 1, exclusion); « is the intercept, 8 accounts for
the variance component (random effect) for tree and ¢ is the error
term. Differences between control and rain exclusion trees were
considered significant when the point-wise confidence intervals of
the fitted curves did not overlap (Table S2).

Tracheid features were standardized to its relative position
within the tree ring so that the lumen diameter and cell wall thick-
ness could be compared between control and rain exclusion trees in
2013 and 2014 (Campelo et al., 2016). This method determines the
relative position of all tracheids by dividing the distance between
the beginning of the ring and the center of each tracheid by the total
ring width and then multiplies it by 100 (Campelo et al., 2016). By
standardizing the tracheidograms to the relative position of the tra-
cheids the effect of the number of tracheids was eliminated which
allowed comparing just the anatomical characteristics (Campelo
et al., 2016). The standardization was performed using the method
relPos from the package tracheideR in the R computing environment
(Campelo et al., 2016). The tracheidograms were also fitted with
GAMMs, in order to compare the effect of rain exclusion on tracheid
features. The procedure used for xylogenesis data was followed for
the tracheidogram analysis. Several models with increasing com-
plexity were considered and the best fitting model was selected
using the AIC (Table S3). The following GAMM was selected:
y=o+s(x):treat.year + B x x+ ¢ (2)
where y is the tracheid feature (LD or CWT), a is the intercept, x is
the relative position of the tracheid feature within the tree-ring, s
is a smooth function, the colon (:) between the two terms indicates
an interaction between those terms, treat_year is the interaction
between treatment and year,  accounts for the variance compo-
nent (random effect) for tree and ¢ is the error term. Differences
between control and rain exclusion trees were considered signifi-
cant when the point-wise confidence intervals of the fitted curves
did not overlap (Table S4).

Differences in tracheid features (number, lumen diameter and
cell wall thickness) were tested with generalized linear mixed mod-
els (GLMMs) with treatment and time as fixed factors and tree
identity as random factor, using the Ime function from the nime
package (Pinheiro et al., 2016). Coefficients were estimated using
restricted maximum likelihood methodology (REML), and relation-
ships were considered significant when P<0.05.
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Fig. 3. Soil moisture (V/V) in the control (solid green line) and rain exclusion (red
dots) plots measured at 100 cm depth during the 2014 growing season and daily
precipitation for the same period (data downloaded from the Royal Netherlands
Meteorological Institute, http://www.climex.knmi.nl). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of
this article.)

3. Results
3.1. Weather conditions in the study period

The mean variation in temperature registered in 2013 was
similar to the one observed in the long-term mean. In 2014, how-
ever the spring was 3 °C warmer than the long-term mean spring
temperature (14.6 °C) and the summer 2 °C colder (22 °C). Winter
temperatures were similar between study years, with both years
presenting a mean temperature of 10°C (Fig. 2). In spring mean
temperatures were of 14.0 and 15.6°C in 2013 and 2014, respec-
tively. Mean summer temperatures were similar, with means of
21.8 and 20.2°C in 2013 and 2014. However, the mean maximum
temperature in 2013 (28.7 °C) was almost 2 °Cwarmer thanin 2014
(26.9°C). In fall, the mean temperatures were of 13.5 and 14.2°Cin
2013 and 2014, respectively.

Total precipitation was 1400 mm in 2013 and 1220 mm in 2014
(Fig. 2), both years with precipitation above the long term mean
(927 mm). Regarding the precipitation regime differences were
observed in spring with a total of 447 mm observed in 2014 and
137 mm in 2013, versus the 231 mm registered for the same period
in the last 30 years. Summer was also wetterin 2014 (109 mm) than
in 2013 (42 mm). Differences in the amount of precipitation were
also observed in fall, with a total of 405 mm in 2013 and 547 mm in
2014, both years registering higher amounts of precipitation than
the long-term mean (315 mm).

The soil moisture in the control plot presented the highest value
in February (0.25 v/v) slowly decreasing afterwards (Fig. 3). The first
available value of soil moisture from the exclusion plot (DOY 55)
was slightly lower (0.1 v/v) than in the control plot (0.15 v/v). Dur-
ing the rain exclusion period, soil moisture was always lower in
the rain exclusion plot than in the control plot. After removing the
plastic sheet the soil moisture started to increase and by December
the values were similar in both plots.

3.2. Xylem development and GAMMSs

The use of GAMMs allowed comparing the number of cambial
and differentiating xylem cells between control and rain exclusion
trees while removing the random effect of tree identity (Fig. 4;
Table S2). Cambial and xylem differentiation zones exhibited a clear
variation in the number of cells throughout the year, which repre-
sented the annual pattern of cambial activity (Fig. 4). At the start of

sampling there were on average of 6.5 +2 cambial cells and 2+ 1
enlarging cells suggesting that the cambium was already active in
March (DOY 62) in all trees. The annual variation in the number of
cambial cells was similar between control and rain exclusion for
the entire study period (Fig. 4). The maximum number of cells was
observed between mid-March and May (7 4+ 1), time after which
cambium cells presented a constant number of approximately 6
cells until August, slowly decreasing afterwards. In October the
number of cambial cells increases again until mid-November. The
minimum number of cells was observed in the cambial zone in
December and January 2015 (5 & 1). In February it began to increase
again in both groups, indicating a resumption of cambial activity.

In the first sampling date (DOY 62), there were already cells in
enlargement in all trees. The number of enlarging cells was higher
in control trees from August to September. Both groups of trees
presented a maximum of enlarging cells in April, followed by a
decrease until August in control trees, and until September in the
rain exclusion trees. In September and October, there was a sec-
ond period of cell enlargement in control and rain exclusion trees,
respectively. The enlargement phase ended in November (DOY 300)
in the control trees and two weeks later in the rain exclusion plot
(DOY 314).

Cell wall deposition stage started one week earlier in the rain
exclusion (DOY 76) than in the control plot. The variation in the
number of cells in wall deposition was similar between groups of
trees, except for the period from mid-August to December when
control trees presented a higher number of cells than rain exclu-
sion trees (Fig. 4). Control trees presented the first maximum of
lignifying cells between May and July, with approximately 7 cells,
and a second one in October-November during which there were
up to 10 cells in lignification. Regarding the rain exclusion trees,
the first maximum was observed between April and July, with an
average of 8 cells, and a second one in November-December with
an average of 6 cells in lignification. The cell wall deposition phase
ended in both groups of trees in March 2015 (DOY 365 +61).

The first mature cells were observed in mid-April (DOY 111)
in all trees. The increment of these cells was similar between the
two groups until the end of September (DOY 265). In October con-
trol trees exhibited a higher number of mature tracheids than rain
exclusion trees. By the end of the growing season control trees had
differentiated 42 tracheids and rain exclusion Trees 35 (Fig. 4).

3.3. Intra-annual density fluctuations

Latewood IADFs were observed in both groups of trees and in
both years (Fig. 5). In 2013 there were IADFs in 3 out of 5 control
trees and in 5 out of 5 rain exclusion trees. In 2014 there were
2 trees that formed IADFs in the control group and 4 in the rain
exclusion group. Two types of IADFs could be found on latewood:
IADF type L characterized by earlywood-like cells within latewood,
and IADF type L* with earlywood-like cells between latewood and
the earlywood of the following tree ring (Fig. 5). The types of IADFs
formed differed between years and experiment. Although in 2013
IADFs type L and L+ were present in both control and rain exclusion
trees, in 2014 control trees presented only IADFs type L and rain
exclusion trees only IADFs type L*.

3.4. Tracheid features

Regarding the tracheid features between years and treatment
(Fig. 6, Table 1), lumen diameter of earlywood tracheids decreased
2 pm in both groups of trees from 2013 to 2014, presenting an
average of 36 and 32 wm in 2013 in control and rain exclusion
trees, respectively (Fig. 6). The average lumen diameter of latewood
tracheids of control trees was 13 pm in 2013, presenting a small
increase in 2014. On the contrary, the lumen diameter of exclusion
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Fig. 4. Generalized additive mixed models (GAMMs) fitted to the number of cambial (n¢), enlargement (ng), cell wall thickening (nw) and mature cells (ny). Lines are the
fitted curves and the shaded areas the 95% confidence interval. The difference between control and rain exclusion trees is considered significant whenever there is no overlap

between the curves and confidence interval area. Shadow light grey area represents the

rain exclusion period.

A———

Fig. 5. Tree-rings formed in 2013 and 2014 in control (A) and exclusion (B) trees. The arrows indicate latewood intra-annual density fluctuations (IADFs). The ring in the left
side of the image corresponds to the year 2013. In 2014 control trees produced an IADF type L and rain exclusion trees a type L*. Scale represents 100 pm.

Table 1

Results of linear mixed-models (estimate + SE) of the analyzed anatomical parameters; n number of cells; nEw number of earlywood cells; nLw number of latewood cells;
Lumen Ew radial diameter of the earlywood lumen; Lumen Lw radial diameter of the latewood lumen; CWT Ew cell wall thickness of earlywood tracheids; CWT Lw cell wall
thickness of latewood tracheids. Significant values are in bold. (* P<0.05; ** P<0.01; *** P<0.001).

n nEw nLw Lumen Ew Lumen Lw CWT Ew CWT Lw
Intercept 36.27+10.10** 18.40 +5.58* 17.87+5.16*" 36.37 £2.31*** 12.7 £ 1.34*** 5.28 £0.26"*" 7.29£0.57***
Year (2014) 6.67 +4.86 3.13+2.68 3.53+3.76 -1.80+£2.48 0.95+1.46 —0.18+0.21 -0.54+0.49
Treatment (exclusion) 27.13+14.29 10.47+7.88 16.67+7.30 -428+3.27 0.28+1.89 0.06+0.37 0.144+0.81
Year x Treatment 24.00+6.87*" -7.20+3.78 -16.80 +5.32* 0.70+3.51 -4.76 +2.06" 0.10+0.29 0.51+0.70
Random effect!
Tree 21.24 11.73 9.89 3.36 1.9 0.49 0.02

1 Standard deviation.

trees decreased from 12 wm to 9 wm from 2013 to 2014. Cell wall
presented an average thickness of 5 wm in earlywood and 7 pm in
latewood tracheids, in both years and treatments.

When comparing the tracheid features in the GLMMs analysis
only the interaction between treatment and year presented sig-
nificant differences (Table 1). Thus, the total number of tracheids,

the number of latewood tracheids and its lumen area decreased in
response to the rain exclusion experiment (Fig. 6).

The standardization of tracheidograms allowed the compari-
son of lumen diameter and cell wall thickness along the tree rings
of control and rain exclusion trees (Fig. 7; Table S4). This anal-
ysis showed that there were no significant differences in the LD



308 J. Vieira et al. / Agricultural and Forest Meteorology 237 (2017) 303-310

Earlywood Latewood

40
40

30
|

Tl

Al A

20
|
20

10
10

40
20

30

l(..r\l) | — w0

~ - - o
E o 4 L~
=
|_
< o .
(@]

< )

2013 2014 2013 2014
o control o exclusion

Fig. 6. Number of earlywood and latewood tracheids (n), lumen diameter (LD) and
cell wall thickness (CWT) observed in the control (open circle) and exclusion trees
(grey) in the 2013 and 2014. Bars represent standard error.

—— control

o — inn -

8 - exclusion - &

o _| - o

<

™
o _] ~— -~
@ o

N -

o | ©

«

o | L.
—_ = S
£ F < 2
1 ~
= o —— ——T ——T ——

3 o s
ol 0
o _| - o
<

<
o _ -~ -~
] o

N -

o | ©

«

- w

o |

=

- <

=] — T — T T

0 20 40 60 80 100 0 20 40 60 80 100
Relative position within ring (%)

Fig. 7. Generalized additive mixed models (GAMMs) fitted to the lumen diameter
and cell wall thickness tracheidograms standardized to the relative position of the
tracheids within the tree ring. Lumen diameter (LD) and cell wall thickness (CWT)
in the control (green line) and exclusion trees (red line). Solid line represents the
average and the shaded areas the 95% confidence interval. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

and CWT between control and rain exclusion trees in 2013. In the
experimental year there were differences between control and rain
exclusion trees in the last 40% of the tree-ring. The increase in LD
observed in the last 30% of the tree ring in both years and groups
of trees represented a latewood IADF. However, in 2014 the sec-
ond LD increment was observed at 85% of the tree-ring in control
trees and at 95% in exclusion trees, corresponding to IADF type L
and L* respectively. Regarding cell wall thickness, there were no
differences between control and rain exclusion trees in both years.

4. Discussion

This study presents the results of cambial activity and wood
formation in mature maritime pine trees subjected to rain exclu-
sion. Cambial activity had already started at the beginning of
the sampling season in all study trees, however rain exclusion
trees presented less differentiating xylem cells during most of the
growing season, resulting in a narrower tree ring. The anatomical
characteristics of tracheids, namely the lumen diameter and cell
wall thickness, were also compared between treatments during
the study year and the year before. The latewood tracheids of trees
exposed to rain exclusion presented a narrower lumen than con-
trol trees, whereas the cell wall thickness did not show differences
between rain exclusion and control trees.

4.1. Cambial activity and wood formation

Wood formation is defined by the timings of cambial activity
and rates of cell division, with longer periods of cambial activity
and higher rates of cell division resulting in wider tree rings (Lupi
etal., 2010; Rossi et al., 2012). Our findings showed that the onset of
cambial divisions and xylem differentiation had already started at
the beginning of the sampling season. Although enlargement ended
later in the rain exclusion trees, a higher number of differentiating
tracheids was observed during most of the growing season in con-
trol trees, indicating a higher rate of cell production in those trees.
Water availability affects turgor pressure which plays a crucial
role in the processes of cell division and enlargement (Kutschera
and Niklas, 2013; Steppe et al.,, 2015). Cell expansion depends on
turgor pressure since a threshold turgor needs to be achieved in
order for the necessary structural changes in the cell wall to occur,
allowing the cell to enlarge. Rain exclusion trees presented less
enlarging cells than control tress probably because of the lower tur-
gor pressure available for the cambial cells to undergo enlargement.
These results are in agreement with a previous study made in this
site where it was observed that differences in the increment rates
between similar trees were due to the rate of cell division rather
than the timings of xylogenesis (Vieira et al., 2014). Likewise, Cuny
et al. (2014) demonstrated that approximately 75% of the growth
variation could be explained by the rate of cell production.

4.2. Tracheid anatomy

The rain exclusion produced differences not only in the dynam-
ics of xylem formation but also in the number and anatomy of
the tracheids. Rain exclusion trees presented less tracheids and
narrower lumen diameter on latewood when compared to the pre-
vious year, while the control group showed a slight increase. During
enlargement, the pressure applied by the vacuole water on the pri-
mary wall determines the final size of the cell (Kutschera and Niklas,
2013). If less water is available, the tracheids formed will present a
smaller lumen area. Lumen area has a strong impact on the physi-
ology of trees, since small changes in it can significantly increase or
reduce the conductivity area according to the Hagen-Poisseuille’s
law (Hacke et al., 2001; Pittermann et al., 2006). The number of
tracheids has also an impact in conductivity. The reduction in the
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number of tracheids in the rain-exclusion trees could be due to the
direct effect of turgor pressure on the cell division rate or to the
effect of water stress on stomata closure. Maritime pine is consid-
ered an isohydric species that prevents xylem cavitation by stomata
closure (Loustau et al., 1996). By closing the stomata, the carbon
available for secondary growth decreases, resulting in a lower tra-
cheid production (Oribe et al., 2003).

Decreasing the number and size of tracheids is a common
response to periods of water shortage. Belien et al. (2012) and
Jyske et al. (2010) observed a reduction in the lumen area of tra-
cheids of Picea mariana (Mill.) Britton, Stearns & Toggenburg and
Picea abies (L.) Krast., respectively, when subjected to experimen-
tal drought treatments. In contrast, Eilmann et al. (2011) found that
drought conditions induced an increase in the lumen area of Pinus
sylvestris L. tracheids, however a shorter growing season was also
observed which could help counterbalancing the risk of cavitation.
The divergent response to drought represents a different strategy
and adaptation of the species. On one hand, trees avoid cavitation
by decreasing the conductive area, which in turn decreases tran-
spiration rates and carbon uptake. But on the other hand, trees
can increase their conductive system, making it more efficient but
also more prone to cavitation. Both strategies carry risks for trees
and if there is a recurrent or prolonged drought it can ultimately
result in tree death either by carbon starvation or hydraulic fail-
ure (Choat et al., 2012; Martinez-Vilalta et al., 2012; McDowell and
Allen, 2015).

Cell wall thickness presented little variation between treat-
ments and years confirming previous studies where it was observed
that the adjustments in xylem anatomy occurred mainly by chang-
ing the lumen diameter in response to environmental conditions
(Carvalho et al., 2015; Cuny et al., 2014). For example, in a study
comparing tracheidograms of four consecutive years in maritime
pine Carvalho et al. (2015) showed that the anatomical variation
between rings was observed in the lumen diameter and not in cell-
wall thickness. Similarly, Cuny et al. (2014) found that the amount
of material deposited in the cell wall remained constant along the
tree ring.

4.3. Intra-annual density fluctuation

A resumption of cambial activity and cell differentiation was
observed in rain exclusion and control trees in fall, however
there was a delay between control and rain exclusion trees which
resulted in the formation of different types of latewood IADFs
(Battipaglia et al., 2016; Campelo et al., 2007; Vieira et al., 2015).
Latewood IADFs are triggered by a combination of a dry summer
followed by a wet early autumn (Campelo et al., 2013; Carvalho
et al., 2015) and their formation or not is highly dependent on the
timing of the precipitation events after the summer drought (Vieira
et al., 2015). Additionally, dendrochronological studies found that
the position of the latewood IADFs were also dependent on the tim-
ing when the triggering factor occurred during the growing season
(Campelo et al., 2007; Vieira et al., 2009). Although present in both
groups of trees, the latewood IADF formed in rain exclusion and
control trees was different, with control trees presenting a type L
and rain exclusion trees a type L*. Control trees presented a second
period of xylem differentiation in September and rain exclusion
trees one month later. Based on our results, we can conclude that
the relative position of the IADF inside the latewood is determined
by the timing of the second period of enlargement. The formation of
two types of IADFs in latewood in 2014 is thus a direct consequence
of the rain exclusion treatment. The second period of xylem differ-
entiation also illustrates the capacity of maritime pine to resume
wood formation after a prolonged period of rain exclusion, reinforc-

ing the highly plastic trait of this species and the close adaptation
to the variability of the Mediterranean climate.

4.4. Tracheidograms

The results of the standardized tracheidograms are in agreement
with the anatomical observations of IADF formation, showing that
control and rain exclusion trees formed different types of IADFs.
By standardizing the tracheidograms to the relative position of
the tracheids within the ring it is possible to compare the intra-
ring variation of tracheid features among different rings (Campelo
et al., 2016). The tracheidograms revealed differences in the cell
wall thickness in the experimental year, revealing that control trees
presented thinner cell walls in latewood. This was observed in the
portion of the ring where the IADF was formed. As pointed out by
Cuny et al. (2014), the amount of material deposited in the cell walls
is nearly constant within the ring and it is the area of the tracheid
that adjusts. Thus, the same amount of cell wall material deposited
on wider tracheids should result in thinner cell walls.

5. Conclusions

The rain exclusion experiment reduced the number of tracheids
and induced the production of latewood tracheids with narrower
lumen diameter, demonstrating the importance of water during
the process of cell differentiation. Xylogenesis had already started
when the sampling began on both tree groups, however a higher
number of differentiating tracheids were observed in control trees
throughout the growing season. Rain exclusion decreased the rate
of cell production and also the differentiation rate since the number
of cambial cells was always higher in these trees. The second period
of xylem differentiation was delayed in the rain exclusion trees,
resulting in the formation of an IADF type L*, whereas in control
trees an L type was formed. It is the first time that the ontogenesis
of L and L* IADFs is observed and that it can be related to the dif-
ferent timings of cell enlargement observed in the second period
of xylem differentiation. Our results demonstrated the resistance
of maritime pine to a prolonged period of rain exclusion and the
ability of trees to resume cambial activity and differentiation in
response to precipitation.
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