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Abstract
& Context The knowledge on cambial activity in water-limited
environments, such as the Mediterranean, is still fragmentary.
Dendrochronological studies have determined that spring
precipitation plays an important part in determining tree-ring
width and the properties of tracheids. However, the complex
relation between cambial phenology and climate is still far
from understood.
& Aims We studied the influence of climate, especially water
stress, on maritime pine wood formation with the aim of
determining the influence of drought on cambial activity.
&Methods A plantation of maritime pine (Pinus pinaster) was
selected in the west coast of Portugal, to monitor cambial
activity and wood formation using anatomical observations
and band dendrometers. The trees were monitored weekly
over 2 years (2010 and 2011).
& Results Xylem differentiation started earlier when warmer
late winter temperatures were observed. Water stress triggered
an earlier stop of wood formation and also the formation of
tracheids with smaller lumen area. In both years a bimodal
pattern of stem radial increment was registered by band
dendrometers with two periods of increment: one in spring
and another in autumn. The xylem anatomy study suggests
that the autumnal increment period corresponded mostly to
stem rehydration, since the differentiation of new xylem cells
by the cambium was not observed.

& Conclusion Maritime pine cambial activity appears to be
under a double climatic control: temperature influences
cambial onset and water availability growth cessation.

Keywords Wood formation . Drought . Mediterranean .

Maritime pine . Dendrometers

1 Introduction

Environmental factors affect wood formation at different levels,
from a slight variation in lumen area to the complete absence of
a tree ring (Fritts 1976). In general, low temperature is the main
limiting factor of radial growth in trees of high latitudes and
altitudes (Rossi et al. 2007), whereas temperate species are
controlled by a combination of temperature and water
availability (Carrer and Urbinati 2006). In dryer areas such as
the Mediterranean region, however, tree growth is mainly
limited by water availability (Cherubini et al. 2003). Several
dendrochronological studies carried out in this region have
demonstrated the importance of water availability, especially
during spring, on tree growth. A positive relation between
earlywood widths and May precipitation was observed in
maritime (Pinus pinaster Ait.) and Aleppo pines (Pinus
halepensis L.), two typical Mediterranean species (Campelo
et al. 2013; Vieira et al. 2010; de Luis et al. 2009). A broader
study by Lebourgeois et al. (2012) showed that spring drought
(May–June) was the primary factor limiting conifer growth in
the Mediterranean, with narrower tree rings being observed in
years with a drier spring.

Although a strong relation between tree-ring width and
climate has been established in the Mediterranean area, all of
the abovementioned studies were performed retrospectively,
using correlations between tree-ring width series and monthly
climatic variables, without considering wood formation at the
intra-annual scale. Studies on the wood formation of Spanish
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juniper (Juniperus thurifera L.) and Aleppo pine have
described xylem production to occur in two different seasonal
periods: spring and fall (Camarero et al. 2010; de Luis et al.
2007). This growth pattern has been described as the bimodal
growth pattern and is characteristic of water-limited
environments, such as the Mediterranean (Liphschitz and
Levyadun 1986; Camarero et al. 2010). Apart from the
seasonal pattern of xylem growth, Camarero et al. (2010) also
observed that onset and duration of xylogenesis were mainly
determined by temperature and that a longer duration of
xylogenesis resulted in the formation of more tracheids.

Even though there are some studies on the cambial activity
of trees from water-limited environments (Camarero et al.
2010; de Luis et al. 2007; Linares et al. 2009), the established
knowledge is still fragmentary, especially in terms of the
climatic influence on xylogenesis. Xylem anatomical features
are the result of a compromise between conductivity
efficiency and safety (Sperry 2003; Tyree and Zimmermann
2002). Lumen diameter is thus the result of a trade-off
between increasing efficiency and decreasing safety in water
conductivity (Hacke and Sperry 2001; Tyree and
Zimmermann 2002). In the Mediterranean area Pasho et al.
(2012) observed that Aleppo pine trees presented a bigger
proportion of latewood tracheids in response to decreased
precipitation and high temperatures. In a dry inner Alpine
valley, however, an irrigation experiment revealed that
nonirrigated trees presented tracheids with a wider lumen than
control trees (Eilmann et al. 2011). The xylem anatomy
response appears to change considerably between
environments and/or species. The climate is changing, and
the frequency of extreme warm years in Europe is expected to
increase (IPCC 2007). Understanding how cambial activity
and wood structures are affected by warm and dry periods is
crucial to predict how forest productivity will respond to the
predicted climatic changes. Ecosystems such as Mediterranean
forests are excellent locations to analyze the effect of drought
on wood formation. In the present study, we monitored wood
formation in 2 years, 2010 and 2011, in order to determine the
influence of drought on tree growth. We have tested the
hypotheses that (1) timings of wood formation and (2) the
anatomy of tracheids are affected by drought.

2 Material and methods

2.1 Study site and climatic data

The study was conducted in Perimetro Florestal Dunas de
Cantanhede (40°21′35.15″ N, 8°49′10.06″ W; 15 m a.s.l.) on
the west coast of Portugal. The study site is a plantation of
maritime pine (P. pinaster Ait.) on sand dunes. The soil type is
podzol, developed from sand and sandstone. It has a coarse
granulometry and sandy texture in all horizons, which gives it

a low water-holding capacity (Ferreira et al. 2010). The study
site is characterized by dominant and codominant trees with an
average age of 45 years and a density of c.a. 230 trees ha−1. The
trees presented a diameter at breast height (DBH) of 24.8±
4.6 cm and height of 15.4±0.7 m. Thirty-three dominant trees
were selected for the present study, 25 for the diameter
increment monitoring and eight for the anatomy study. The
same trees were monitored in the two study years. The climate
is typically Mediterranean with a strong oceanic influence.
Precipitation occurs mainly in autumn and winter and the
summer is hot and dry (Fig. 1(a)). The monthly meteorological
data (maximum and minimum temperature and total
precipitation), was downloaded from the closest grid point to
the study site in CRU (8.75 E; 40.25 N; approximately 13 km
from the study site), for the period 1950–2011.

The standardized precipitation–evapotranspiration index
(SPEI) was calculated to evaluate the joint effect of temperature
and precipitation, by calculating the monthly difference
between precipitation and potential evapotranspiration for the
1950–2011 period (Vicente-Serrano et al. 2010). The SPEI
includes a climatic water balance which allows to calculate
the water deficits and surplus at different time scales, it
combines the sensitivity of the Palmer Drought Severity
Index with changes in evapotranspiration demands, caused by
temperature fluctuations and trends (Vicente-Serrano et al.
2010). The SPEI was calculated using the SPEI package from
the R freeware program (http://cran.r-project.org). The SPEI is
a standardized index with an average of 0 and a standard
deviation of 1, and it can be compared with other SPEI values
over time and space. The 2010 and 2011 SPEIs were compared
at the scale of 1 month with the SPEI from 1950–2011 by
calculating the difference between them in order to identify
periods of drought. A period of drought was characterized by
a negative SPEI value (Vicente-Serrano et al. 2010).

2.2 Xylem formation

Wood samples were collected weekly from March to
December 2010 [day of the year (DOY) 62–349] and from
March 2011 to February 2012 (DOY 62–409), using a
Trephor (Rossi et al. 2006a). The microcores were collected
from 45 cm below and above breast height, on the south-
facing side of the tree stem. Sampling was performed in a
spiral pattern in order to prevent taking microcores on top of
each other. Before sampling, bark was removed in order to
reach the living tissues. Between two consecutive sampling
dates, microcores were collected at least 5 cm apart to prevent
getting resin ducts from adjacent sampling points. The
microcores were placed in eppendorfs filled with alcohol
(50% inwater) and stored at 5 °C to avoid tissue deterioration.
In the laboratory, the microcores were dehydrated through
successive immersions in alcohol and D -limonene and
embedded in paraffin (Rossi et al. 2006a). Transverse sections
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6–10-μm thick were cut from the samples with a rotary
microtome, stained with cresyl violet acetate (0.15 % in
water), and immediately observed with a microscope (400–
500×magnification), under visible and polarized light to
distinguish the developing xylem cells. Cambial cells are
characterized by thin cell walls and small radial diameters,
while enlarging cells have 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 maturation. When the entire cell wall presents a
blue coloration, lignification is complete and tracheids reach
maturation (Gricar et al. 2005). For each tree, the number of
cambial and developing cells was counted along three radial
rows and averaged. In the end of the study, the average
number of cambial, enlargement, cell wall thickening, and
mature cells was determined per sampling date per year.

2.3 Xylem phenology

For each tree, the phenology of xylem development in 2010
and 2011 was compared. Two phenophases were considered:
cell enlargement and cell wall thickening. The beginning of
enlargement, which corresponded to the beginning of wood

formation, was considered when more than 50 % of the
observed trees presented at least one enlarging cell. The
enlargement phase was considered to have ended when more
than 50% of the trees showed no cells in that phase. The same
criteria were used to define the beginning and end of the cell
wall deposition phase. The onset and end of enlargement and
cell wall thickening were determined for each tree. The dates
of onset and end of the phenophases were ordered
chronologically and fitted to a normal distribution. A normal
probability plot was then used to compare the ordered date
values with the percentiles of a normal distribution which
allowed determining the percentage of trees in each xylem
developing stage at any given date. All analyses were
performed using SAS 9.2 (SAS Institute Inc., Cary, North
Carolina).

2.4 Cell measurements

When xylem formation was complete in winter 2012, a
microcore was collected per tree on the south-facing side of
the stem. The microcores were then embedded in paraffin and
cut as described above. The resulting sections were stained
with 1 % aqueous safranin and permanently fixed with

a

b

c

Fig. 1 Temperature and
precipitation from the nearest
grid point (downloaded from
the Royal Netherlands
Meteorological Institute). (a)
Mean monthly temperatures
recorded in 2010 and 2011 and
mean air temperature of historical
series recorded from 1950 to
2011. (b) Sum of monthly
precipitation recorded in 2010
(black bars) and 2011 (gray bars)
and mean precipitation of
historical series recorded from
1950 to 2011 (gray line). (c)
Standardized precipitation–
evapotranspiration index [SPEI in
2010 (black circles) and 2011
(gray circles)]. The zero
represents the index calculated for
the long-term mean (1950–2011),
the negative values are drought
periods
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Canada balsam (Eukitt) to measure cell features usingWincell
(Regent Instruments Inc.). A camera fixed on an optical
microscope was used for image analysis, at 20× magnification.
On each section, three radial paths were selected to measure
lumen area and cell wall thickness, along the 2010 and 2011
tree rings. Tracheids were classified in earlywood and latewood
following the Mork's formula described in Denne (1989). The
measures were averaged by year and the years were compared
using a paired t test.

2.5 Band dendrometers

To estimate the changes in stem diameter, band dendrometers
made of astralon (model D1-L, UMS, Munich, Germany)
were installed on 25 trees at breast height. This was done in
January 2010 to allow for a period of adjustment before the
beginning of the growing season (Linares et al. 2010). Before
the installation of dendrometers, the bark was carefully
removed with a chisel to better adjust the band dendrometer
to the stem and to reduce non-xylematic sources of swelling
and shrinking as much as possible (Zweifel et al. 2006). Band
dendrometers were read weekly to the nearest 0.01 mm. To
avoid biases due to the circadian rhythms of water storage and
depletion, all measurements were done in early morning
(Linares et al. 2009). Cumulative and weekly dendrometer
data were averaged per year.

3 Results

3.1 2010 and 2011 climate

In 2010 and 2011, the mean annual temperature was 1.1 and
1.6 °C higher than the long-term mean (16 °C; 1950–2011).
The increase in temperature was observed in all months with
the exception of January and December, when they were
similar to the long-term mean (Fig. 1(a)). The main
differences between the 2 years were observed in April,
May, July, August, and October. April, May, and October
were 2.6, 2.7, and 2.9 °C warmer in 2011 than in 2010,
whereas July and August where 3 and 2.8 °C warmer in
2010. The long-term annual precipitation for the area was
965 mm. Total annual precipitation registered in 2010 and
2011 was 1,200 and 800 mm, respectively. The higher
precipitation recorded in 2010 was caused by an increase of
January, February, March, October, and December
precipitation (Fig. 1(b)). The precipitation in 2011 was similar
to the long-term mean except for the months of May, June,
September, and December, when it was lower. Both studied
years showed periods of drought as confirmed by the negative
SPEI values (Fig. 1(c)). In 2010, the drought period lasted
from April to September, with prominent negative values in
July and August, whereas in 2011, the drought period lasted

from March to October. Although the SPEI for July was less
negative (and even positive in August), spring and early
summer were much drier in 2011 than in 2010.

3.2 Xylem phenology

In both years, the cambium appeared to be already active on
the first sampling date, since it presented a higher number of
cells than those observed during winter (Fig. 2). However,
cambium phenology presented differences between both
years. In 2010, an increase in the number of cambial cells
was observed around May (DOY 150), whereas in 2011, the
number of cambial cells started to decrease in that period. The
maximum number of cambial cells was observed during
May–June in 2010 (10±2 cells), and in March–April during
2011 (9±1 cell). At the end of summer (September), the
number of cells in the cambial zone decreased in both years;
however, it was lower in 2011.

Enlargement phase started and ended earlier in 2011. In
2010, the maximum number of enlarging cells was observed
in mid-May (DOY 170), whereas in 2011, the maximum
number of enlarging cells was observed earlier, in March
(DOY 96). In September 2011, there were no longer cells in
the enlargement phase, whereas in 2010, enlarging cells were
observed until October. Cell wall thickening began earlier in
2011; however, the number of cells observed in 2011 was
always inferior to the one observed in 2010 (Fig. 2). The end
of this phase was only observed in 2011, in November (DOY
348), while in 2010, there were still tracheids in the cell wall
thickening phase at the end of the sampling season (DOY
345). The first mature tracheids were observed in June (DOY
124) in both years. However, more tracheids were produced in
2010 than in 2011 (Fig. 2). In the end of 2010, there were 40
mature xylem cells, whereas there were 25 in 2011.

According to the normal distribution the variation in the
onset of cell enlargement was higher in 2011, with trees starting
enlargement between DOY 68 and 117 (Fig. 3). In 2010, 50 %
of the studied trees had begun enlargement in DOY85, whereas
the same observation was made earlier in 2011, in DOY 75.
Enlargement also ended earlier in 2011; 50 % of the trees had
completed it in DOY 254, whereas that was observed in DOY
288 in 2010. Cells were observed in the enlargement phase
between February and October in 2010 and February and
September in 2011, with a total duration of 203 and 179 days
in 2010 and 2011, respectively. Cell wall thickening began
earlier in 2011 with half of the trees presenting tracheids in
the cell wall thickening phase in DOY 90, compared with DOY
102 in 2010 (Fig. 3). According to the normal distribution,
50 % of the trees ended cell wall thickening on DOY 355 in
2011. On average, in the year 2011, trees presented tracheids in
cell wall thickening phase for 265 days, between mid-February
and November. The end of cell wall thickening phase was not
observed in 2010.
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3.3 Xylem characteristics

Tracheids characteristics were analyzed in earlywood and
latewood and compared between both years. Earlywood cell
production and cell characteristics were similar in both years
with no significant differences in the studied variables
(number of tracheids t =0.89, p =0.42; lumen area t =-0.37,
p =0.72, and cell wall thickness t =2.24, p =0.06) (Fig. 4).
Latewood presented a higher number of tracheids in 2010
(t =3.58, p =0.012) with a larger lumen area (t =2.41,
p =0.05) but a similar cell wall thickness (t =0.05, p =0.96).
The number of earlywood cells varied between 12 and 14,
whereas latewood presented an average of 16 and 13 cells in
2010 and 2011, respectively.

3.4 Stem radius variations

In both years, stem diameter increments showed a clear
bimodal pattern, characterized by a pronounced first
period of increment in spring, followed by plateau in
summer, and a second less marked period of increment
in autumn (Fig. 5). Stem diameter increments showed a
high synchrony in the 2-year period, with the same
onset date around DOY 75. The maximum increment
was reached at the end of April (DOY 112) in 2010 and
10 days earlier in 2011 (Fig. 5(b)). After the maximum,
the increment started to decrease, reaching a variation
close to zero in August–September (DOY 180–250).
The second increment peak was observed in October–

Fig. 2 Number of cambium,
enlargement, cell wall deposition,
and mature cells of P. pinaster
during 2010 and 2011. Vertical
bars represent standard deviation
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December (DOY 250–340), starting earlier in 2010 (DOY
286) than in 2011 (DOY 306). The total cumulative increment
observed in 2010 was higher than in 2011 (Fig. 5(a)).

4 Discussion

This study investigated timings and duration of cambium
phenology and dynamics of xylem growth in maritime pine
in 2 years, 2010 and 2011. The earlier onset of cambial
activity in the year with a warmer late winter (2011) suggests
that cambial onset in the Mediterranean region is triggered by
temperature. We also observed that a pronounced summer
drought triggered an earlier stop of cambial activity and that
water stress was responsible for the formation of tracheids
with a narrower lumen area, confirming our hypothesis that

tracheids features are affected by drought. Our findings
suggest that in the Mediterranean region, xylogenesis is under
a double climatic control: temperature limits growth onset and
water availability growth stop.

4.1 Cambial onset

A clear relation between temperature and cambial activity has
been established in different environments (Rossi et al. 2008;
Deslauriers et al. 2008; Begum et al. 2008). Several studies
have showed an earlier onset of cambial activity in response to
warmer climatic conditions (Korner 1998; Rossi et al. 2008;
Deslauriers andMorin 2005) or stem localized heating (Gricar
et al. 2006; Oribe et al. 2001; Begum et al. 2007). The earlier
onset of cambial activity (enlargement) observed in 2011
could be a response to the warmer late winter, suggesting that

Fig. 3 Distribution of the onset
of cell enlargement (open circle),
end of enlargement (open
triangle), start of cell wall
thickening (closed square) and
cessation of wall thickening
(closed diamond) for 8 trees of P.
pinaster in 2010 and 2011
expressed in days of year (DOY)

Fig. 4 Early- and latewood
number of cells, cell area
(micrometers) and cell wall
thickness (square micrometers) in
2010 (black circles) and 2011
(gray circles). Vertical bars
represent the standard deviation
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in the Mediterranean, cambium is also responsive to
temperature. Dendrochronological studies in the Iberian
Peninsula have shown a positive correlation betweenmaritime
pine tree-ring width and late winter temperature (Bogino and
Bravo 2008; Campelo et al. 2013; Rozas et al. 2009). An
earlier onset of cambial activity can correspond to a longer
period of xylogenesis and thus wider tree rings (Lupi et al.
2010). However, we recognize that factors other than or in
addition to temperature can also trigger the break of winter
dormancy in trees, such as photoperiod (Rossi et al. 2006b;
Nizinski and Saugier 1988).

4.2 Impact of drought on xylem development

Although cell differentiation started later, the tree ring formed
in 2010 was wider than that of 2011. Thus, an earlier onset of
cambial activity did not result in a larger tree ring or a longer
duration of xylogenesis as reported by Lupi et al. (2010) in the
boreal forest of Quebec. In fact, maritime pine wood
formation appears to be more dependent on the rate of cell
production than on the duration of xylogenesis (Vieira et al. in
press). The maximum number of enlarging cells was observed
between April–May in 2010 and in March in 2011.

Dendrochronological studies on maritime pine have shown
that radial growth is closely related to April and May
precipitation (Vieira et al. 2009; Campelo et al. 2013; Rozas
et al. 2009; Bogino and Bravo 2008). During 2011, April and
May precipitation were below average, especially May. In
addition to lower spring precipitation, temperatures in April
and May were 4.4 °C above the long-term mean. Thus, the
spring period in 2011 was much drier when compared to
2010, as clearly shown by the more negative SPEI values.
The warmer late winter and drier spring observed in 2011
displaced maximum cell production in time, from April–May
toMarch, demonstrating that wood formation can adjust to the
prevailing climate conditions. Oberhuber and Gruber (2010)
reported the influence of water availability in tracheid
production; they observed that enlargement stopped 2–
3 weeks earlier in a xeric than in a mesic site in an inner
Alpine valley. A similar negative effect of summer drought on
tracheid production was also observed in the Mediterranean
region, where tracheid formation in Aleppo pines decreased
when precipitation was below a functional threshold (Pasho
et al. 2012). Timings of xylogenesis appear to be controlled by
climatic conditions, with no relation being observed between
onset and end of xylogenesis.

a

b

Fig. 5 Cumulative (a) and
weekly increments (b) in the stem
diameter measured with band
dendrometers in 2010 (black line)
and 2011 (gray line). Vertical
bars represent the standard
deviation
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Water stress causes severe limitations to plant growth and
metabolism, which leads to growth reduction and even tree
mortality (Allen et al. 2010; Choat et al. 2012). During periods
of drought, turgor-driven cell expansion, cell wall synthesis,
and protein synthesis are substantially affected (Hsiao et al.
1976; Chaves et al. 2002). Trees respond to water stress by
adopting one of two behaviors: isohydric or anisohydric
(McDowell et al. 2008). Maritime pine adopts an isohydric
behavior, which means that it will close its stomata in order to
avoid hydraulic failure (Ripullone et al. 2007). By closing the
stomata, carbon uptake and photosynthesis are affected, which
translates into a decrease of carbohydrate availability,
generally followed by a growth reduction (Michelot et al.
2012; Oribe et al. 2003) and ultimately carbon starvation-
induced mortality (McDowell 2011; Adams et al. 2013). In
an experimental study, using an isohydric species (Pinus
edulis Engelm.), Adams et al. (2009) showed that warmer
conditions (≈4 °C) triggered a faster consumption of carbon
reserves, increasing the risk of mortality due to carbon
starvation. In 2010, xylem differentiation was still ongoing
in mid-December with tracheids in the cell wall thickening
phase still present. Average winter temperatures at the study
site were around 10 °C, which probably allowed tracheid
differentiation to continue during winter. De Luis et al.
(2007) made similar observations on Aleppo pines growing
in Spain, suggesting that cell wall deposition is not limited by
winter temperatures in the Mediterranean region.

4.3 Tracheid characteristics

The transition from early- to latewood reflects the availability
of water for cambial activity (Domec and Gartner 2002).
Although there was a higher number of latewood tracheids
in 2010, latewood formation started earlier in 2011. Tracheid
size is controlled by climatic conditions during the cell
enlargement phase (Gricar et al. 2009; Olano et al. 2012).
Low water content decreases cell turgor thus affecting cell
enlargement resulting in smaller, denser, and mechanically
stronger tracheids (Abe et al. 2003; Sperry et al. 2006). An
increase of latewood width in Aleppo pines growing in Spain
was observed by Pasho et al. (2012) in response to a
pronounced decline in winter and spring precipitation.
Besides the differences in the number of latewood tracheids,
their anatomical characteristics also differed, with the 2011
latewood tracheids presenting smaller lumen areas. The
formation of tracheids with smaller lumen area and thicker
cell walls diminishes the hydraulic conductivity but increases
the xylem resistance to drought-induced cavitation (Dalla-
Salda et al. 2009; Hacke and Sperry 2001). Numerous studies
have linked higher wood density in conifers with drought
stress (Domec and Gartner 2002; Pittermann et al. 2006;
Jyske et al. 2010). Belien et al. (2012) did a water exclusion
experiment in the field and observed that the number of

tracheids was unaffected by the treatment, but the lumen area
of tracheids was reduced in trees subjected to rain exclusion.
In the present study, a decrease was also observed in the lumen
area of latewood tracheids in response to water stress,
confirming that tracheid diameter is closely related to
water availability, especially during drought periods (von
Wilpert 1991).

4.4 Diameter increment variations

Our study revealed a close relationship between the rapid
increment in stem diameter and the beginning of the
enlargement phase in both years. Similar observations were
made by Oberhuber and Gruber (2010) studying Pinus
sylvestris stem radial variations in an Alpine valley. The
diameter increment pattern of maritime pine showed two
increments peaks, one in spring and another in autumn. This
is in agreement with the growth pattern characteristic of the
Mediterranean region, the bimodal increment pattern
(Liphschitz and Levyadun 1986; Camarero et al. 2010). In
spring, the onset of stem diameter increment occurred
simultaneously in both years, although the maximum
increment was observed two weeks earlier in 2011,
corresponding to the differences observed in the enlargement
phase. The second period of increment was observed in
autumn. In both years, the xylem anatomy analysis revealed
that after the summer drought, the cambium remained
dormant, without cell division. The absence of a cellular
division means that the second increment period was most
likely due to rehydration of the stem. Increment in diameter
consists of several components including the daily swelling
and shrinking of the outermost tissues of the stem due to water
absorption and thermal variations, and wood formation
(Zweifel et al. 2006). Although the average stem diameter
increment did not reveal a period of stem contraction during
the summer, the analysis of the individual trees revealed a
contraction period during summer. A study on the same site
using automatic dendrometers showed a strong period of
contraction during summer, followed by a rehydration period
in autumn, confirming that the second increment period was
mainly due to rehydration of the stem (Vieira et al. 2013).

5 Conclusion

In the Mediterranean area, maritime pine wood formation
appeared to be under a double climatic control: onset of
cambial activity was regulated by temperature, while growth
cessation was triggered by low water availability. Although
growth differentiation started earlier in 2011, it also ended
earlier, demonstrating that timings and duration of xylogenesis
were independent. Our results also demonstrated the influence
of water availability on xylogenesis and tracheids features.

78 J. Vieira et al.



Low water availability in April and May restricted cell
production, which resulted in a smaller tree ring. Additionally,
a longer drought period also had repercussions on tracheid
anatomy with cells presenting a smaller lumen area. Band
dendrometers recorded a bimodal pattern of stem radial
increment; however, the anatomical analysis demonstrated that
the second period of increment was mostly due to stem
rehydration.
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