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ABSTRACT

Annual periodicity of cambium production of xylem and phloem cells has rarely
been compared in trees from different environments. We compared the structure
of cambium and the youngest xylem and phloem increments in four tree species,
Fagus sylvatica, Picea abies, Pinus sylvestris and Pinus halepensis, from nine
temperate and Mediterranean sites in Slovenia and Spain. In Picea abies, Pinus
sylvestris and Fagus sylvatica from temperate locations in Slovenia, xylem and
phloem growth ring boundaries could be identified. In Fagus sylvatica growing
at two elevations on Moncayo mountain, Spain, phloem increment consisted
of only early phloem. In Pinus sylvestris from the same two sites, growth ring
boundaries were not as clear as in temperate Slovenian sites. In some cases we
could identify phloem growth ring boundaries but in others it was very doubtful,
which could be explained by collapse of the outermost early phloem sieve cells.
In Pinus halepensis from all sites, we could only distinguish between collapsed
and non-collapsed phloem, while phloem rings could not be identified. Widths
of the youngest phloem and xylem annual increments could only be compared
when phloem increments could be clearly defined, as with Picea abies, Fagus
sylvatica and Pinus sylvestris from temperate sites. The visibility of the growth
ring boundary in phloem was not related to the width of annual radial growth.
The correlation between xylem and phloem ring widths was high, but moderate
between the number of dormant cambial cells and xylem ring and phloem ring
widths. Based on the structure of the youngest phloem increments, we concluded
that there is no typical annual periodicity in cambial production of phloem cells
in trees from certain Mediterranean sites. This may be due to continuous yearlong cell production and the absence of true cambium dormancy, at least on the
phloem side, under mild winter conditions.
Keywords: European beech (Fagus sylvatica), Norway spruce (Picea abies),
Scots pine (Pinus sylvestris), Aleppo pine (Pinus halepensis), cambium, Mediterranean & temperate climate, growth ring boundary.
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INTRODUCTION

Cambial activity is regulated by a complex of endogenous and environmental factors
(Savidge 1996). In well-adapted woody plants, the annual course of cambial activity
normally coincides with the climatic rhythm, which is conservative and may serve
as an indicator of the geographical origin of species (Waisel & Fahn 1965). Cambial
rhythm (i.e., seasonal periods of its activity and dormancy) in plants from temperate
and Mediterranean climatic regions differs; the cambium of trees from temperate
regions exhibits clear dormancy during the winter period (e.g. Fromm 2013; Prislan
et al. 2013a). In contrast, cambial activity in plants from Mediterranean regions does
not always have a regular dormancy period (Cherubini et al. 2003; De Luis et al.
2011a, b). Although phenological behaviour may reflect the way in which plants exploit favourable climatic conditions, cambial activity is considered to be one of the best
parameters for investigating the adaptation of plants to their environment (Liphschitz
& Lev-Yadun 1986). Comparison of the patterns of cambial rhythm of activity and the
structure of xylem and phloem increments can thus show the degree of adaptation of
tree species to their habitat. In well-adapted woody plants, the annual rhythm of cambial
activity parallels or overlaps the climatic rhythm (Waisel & Fahn 1965).
Formation of xylem and phloem tissues is initiated in the vascular cambium. The
dynamics of seasonal xylem and phloem formation are not synchronous, thus capturing
different environmental information (Gričar et al. 2015a). In addition to environmental
factors, the structure and width of phloem and xylem increments, as well as their interrelationship, depend also on plant species, plant age, plant vigour, plant vitality, etc.
The number of dormant cambial cells reflects the initial capacity of the cambium to
accomplish cell division (Gričar et al. 2009, 2014a). Cambial cell production in terms
of number of cells produced is normally greater on the xylem than on the phloem
side. However, in the case of reduced radial growth, a tree’s preference is for phloem
formation, leading to a progressively smaller ratio between xylem and phloem widths
(Bauch 1986; Larson 1994). Since phloem sieve elements function for only one to
two growing seasons, tree survival depends on the yearly formation of new phloem to
maintain and extend the translocation pathways for photosynthates and biomolecules
(Evert 2006; Taiz & Zeiger 2006). Missing or discontinuous rings in xylem have been
regularly reported, particularly in trees from extreme environments (Novak et al. 2011,
2016; Wilmking et al. 2012; De Micco et al. 2016), or in trees with reduced vitality
(Torelli et al. 1999), whereas phloem is formed every year, even if very narrow.
Wood anatomical traits have been widely used to investigate and compare tree performance in different environments (e.g., Baas & Schweingruber 1987; Lachenbruch
& McCulloh 2014; Beeckman 2016). However, not much is known about the intraannual plasticity of secondary growth of tree species from different environments,
particularly in terms of the cambial rhythm of xylem and phloem cell production. It was
demonstrated for Fagus sylvatica and Picea abies that the seasonal dynamics of phloem
formation showed lower variability than xylem formation at the same site (Prislan
et al. 2013b; Gričar et al. 2014b). Although phloem development was partly affected
by local environmental conditions, the timing of phloem formation and its structure
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only moderately varied among years (Prislan et al. 2013b; Gričar et al. 2014b). At
locations that are favourable for the growth of these two species, variation in the structure
of xylem and phloem increments was mainly observed at the site level rather than on
a temporal scale. In addition, xylem and phloem tissues formed in the first part of the
growing season seemed to be more stable in structure, which indicates predominantly
endogenous control of their formation. Less variability in structure also suggests that
early wood and phloem components are crucial for long-term tree performance (Gričar
et al. 2014b, 2015b).
The annual periodicity of the cambium in trees from different environments has
rarely been compared, especially focusing on xylem-phloem relationships. In the
current study, we analysed and compared the structure and width of cambium and
latest formed xylem and phloem annual increments in order to estimate the annual
cambial periodicity in four tree species, Fagus sylvatica, Picea abies, Pinus sylvestris
and Pinus halepensis, from temperate and Mediterranean climatic environments. The
term cambium is deﬁned here as a tissue comprising meristematic cells organized in
radial ﬁles, which give rise to secondary xylem and phloem (Larson 1994). According
to the multi-seriate concept of cambium structure, it consists of both cambial initial
cells and xylem and phloem mother cells (Plomion et al. 2001). Since the initial and
mother cells are cytologically identical (except for a small difference in length) it is
not possible to determine them on transverse sections at the cellular level (Mellerowicz
et al. 2001), the term cambial cells will be used hereafter to denote both initial and
mother cells.
MATERIAL AND METHODS

Study site characteristics
The study was carried out at nine forest sites with different altitudes and latitudes;
four in Slovenia and five in Spain. Detailed descriptions of the study site characteristics, climatic data and descriptions of tree characteristics are presented in Table 1. The
sites were divided into two groups; Mediterranean ones with mild winters and, in some
cases, a low amount of annual precipitation, and temperate ones characterized by cold
winters with temperatures regularly dropping below zero. Mean annual temperature
and mean annual amount of precipitation for the sampled period at each study site are
presented in Table 1. In Slovenia, daily weather data for the sites Ljubljana (LJ) and
nearby Pans̆ka reka (PA) were obtained from the Ljubljana weather station (LjubljanaBežigrad 46° 03' N, 14° 30 ' E, 299 m a.s.l.) of the Environmental Agency of the
Republic of Slovenia. At Menina planina (ME), a Davis® weather station was installed to measure air temperature and precipitation at hourly intervals. It was placed in the
vicinity of the test trees in a small forest clearing, approximately two metres above the
ground. For the Spanish sites Guardamar, Maigmo and Jarafuel, weather data for the
studied periods were obtained from the closest grid point of the CRU 3.10 dataset of
0.5° grid resolutions (Harris et al. 2014) and for Moncayo from two Campbell Scientific
weather stations placed nearby the sampling sites, which measured air temperature and
precipitation every fifteen minutes.

Dekani

Ljubljana

DE

LJ

Jarafuel

Maigmó

JAR

MAI

Spain

Spain

Spain

Spain

Guardamar

Spain

MOH Moncayo high

MOH Moncayo high

Spain

MOL Moncayo low

GUA

Spain

MOL Moncayo low

0°40’W

1°49’W

1°49’W

1°49’W

1°49’W

14°30’E

13°48’E

14°48’E

14°48’E

14°40’E

14°40’E

Longitude

38°03’N 0°38’W

39°08’N 1°04’W

38°06’N

41°47’N

41°47’N

41°48’N

41°48’N

Slovenia 46°03’N

Slovenia 45°32’N

Menina planina Slovenia 46°16’N

ME

Slovenia 46°00’N

Pans̆ka reka

Menina planina Slovenia 46°16’N

ID

ME

Site

PA

Slovenia 46°00’N

Country

Pans̆ka reka

Latitude

PA

Altitude (m a.s.l.)
845

571

15

1560

1560

1170

1170

296

370

1200

1200

400

400

Climatic region

7.2

7.0

11.4

11.4

Mean annual temperature (°C)

Mediterranean

Mediterranean

Mediterranean

Mediterranean

Mediterranean

Mediterranean

Mediterranean

Temperate

14.5

14.0

17.0

8.1

8.1

10.1

10.1

11.3

Sub-mediterranean 12.0

Temperate

Temperate

Temperate

Temperate

Mean annual precipitation (mm)
383

407

316

1100

1100

850

850

1398

1347

1682

1870

1401

1565

Species
Pinus halepensis

Pinus halepensis

Pinus halepensis

Pinus. sylvestris

Fagus sylvatica

Pinus sylvestris

Fagus sylvatica

Pinus halepensis

Pinus halepensis

Picea abies

Fagus sylvatica

Picea abies

Fagus sylvatica

Number of trees
6

6

6

6

6

6

6

2

2

6

6

6

6

Diameter at 1.3 m above ground (cm)
20–30

20–30

20–30

45

30

55

25 – 30

40 – 45

40 – 45

34 ± 2

50

36 ± 5

50

Approximate tree height (m)
6–10

5–6

4–5

12

5–6

20

15

20

20

24

16

30

23

140

140

100

80

122–212

80

57–108

80–100

80–100

102 ± 31

100

68±8

100

Age (years)

Table 1. Location and characteristics of the study sites. Climate data: mean annual temperature and mean annual amount of precipitation at
the study sites recorded in the years of sampling.

2004–2006

2004–2006

2004–2006

2011–2012

2011–2012

2011–2012

2011–2012

2010–2011

2010–2011

2009–2011

2008–2010

2009–2011

2008–2010

Years of observation
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Sample collection and preparation
At each location, samples containing inner phloem, cambium and outer xylem were
taken at 1.3 m above the ground at the end of the growing season from each tree, when
the cambium was dormant and the latest formed xylem and phloem growth rings were
fully developed. In general, 3 or 4 samples were taken from each tree at the end of
each growing season. The material was immediately fixed in formalin-ethanol-acetic
acid solution (FAA), dehydrated in a graded series of ethanol solutions (30%, 50%
and 70%) after one week and finally embedded in paraffin (Paraplast plus, ROTH,
Karlsruhe, Germany) (Gričar 2007). Permanent cross sections of 10–13 µm thickness
were prepared for light microscopy on a Leica RM 2245 rotary microtome (Leica
Microsystems, Wetzlar, Germany) using disposable Feather N35H blades (Osaka,
Japan). The sections were transferred to object glass and stained with a water mixture
of safranin (Merck, Darmstadt, Germany) (0.04%) and Astra blue (Sigma-Aldrich,
Steinheim, Germany) (0.15%) (Van der Werf et al. 2007) and embedded in Euparal
(Waldeck, Münster, Germany). A Nikon Eclipse 800 light microscope (Tokyo, Japan)
and the Nikon NIS-Elements Basis Research v.2.3 image analysis system (Tokyo,
Japan) were used for observations and evaluation of the tissue.
Anatomical analyses of cambium, phloem and xylem, and data processing
We adopted Barnett’s (1971) criteria for defining the annual growth cycle in the
phloem. It is based on three phloem-anatomical traits: 1) visibility of annual growth
rings in the phloem; 2) distribution of parenchyma cells and 3) cyclic changes in the
morphology of sieve cells, similar as in xylem. If the axial parenchyma cells were arranged in tangential rows and periodic changes in the anatomy of sieve cells occurred,
we assumed that an annual cycle of phloem growth existed (Fig. 1a). If these markers
were absent and phloem growth ring boundaries were difficult to distinguish, we assumed that a cyclic growth pattern did not occur in the phloem (Fig. 1b).
We examined the widths of dormant cambium (CC) and the adjacent youngest xylem
(XR) and phloem (PR) annual growth rings for three radial files in each histological
section. Xylem and phloem increments were measured immediately after the cessation of cambial activity and cell differentiation processes. This was important because early phloem sieve cells already start to collapse in the autumn of the current
growing season, which we tried to avoid. We calculated the ratios between the xylem
and phloem increments in order to estimate and compare the cambial cell production
on the xylem and phloem sides. Annual increments were expressed as measured widths.
The observed tissues were defined as follows. 1) Dormant cambial cells were identified
by their narrow radial dimensions and thin, unlignified primary cell walls that stained
blue. 2) Xylem cells were distinguished by thick, lignified cell walls that stained red,
whereas lumina were empty. 3) The phloem sieve cells/tubes were defined by thin,
unlignified, blue-stained cell walls of round to irregular shape. The cell walls of sieve
cells/tubes were slightly thicker than those of the cambium. The radial dimensions
of the early phloem sieve cells/tubes were greater than in the late phloem. The axial
parenchyma was distinguished from the sieve cells/tubes by the stained content in the
lumen.
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Pearson’s Product Moment Correlation Coefficient was used to evaluate the strength
of the association between xylem and phloem ring widths, between the number of
dormant cambial cells and xylem ring widths, and between the number of dormant
cambial cells and phloem ring widths.
RESULTS

Intra-annual structure of phloem increments
In the samples taken from Pinus sylvestris, Picea abies and Fagus sylvatica trees
from temperate locations in Slovenia, we were able to recognize growth ring boundaries
of the youngest phloem increments in all cases (Fig. 1). Phloem growth rings consisted
of early phloem, late phloem and tangentially arranged axial phloem parenchyma cells
that normally delineate early and late phloem components. Early phloem sieve cells
of the conifers generally had wider radial dimensions than late phloem sieve cells.
Typical of Pinaceae is an additional wall layer in the sieve cells, which is considered
to be secondary wall (Abbe & Crafts 1939). The tangential walls of the first sieve cells
of the early phloem adjacent to the previous year’s crushed sieve cells were slightly
convex, which facilitated determination of the growth ring boundaries (Gričar & Čufar
2008).
In Fagus sylvatica, the non-collapsed phloem was composed of sieve tubes, companion cells and parenchyma cells (axial and ray parenchyma) but it did not contain
phloem fibres. The sieve tubes of early phloem in Fagus sylvatica are characterized
by about two times larger lumen than those of late phloem (Prislan et al. 2012). In
F. sylvatica growing at two different elevations in Moncayo, Spain, phloem increment
was composed of only an early phloem part (Fig. 1). The late phloem part was lacking. Since variations in the radial dimension of (early phloem) sieve tubes were less
distinct, the boundaries were relatively difficult to recognize. In Pinus sylvestris from
the same two sites, growth ring boundaries were also less distinct than at the temperate Slovenian sites. At both elevations, we were able to ascertain the boundaries in
some cases although it was very doubtful in others. This could be explained by the
collapse of the outermost early phloem sieve cells. The collapse might have started
relatively soon, before the end of the growing season, since the phloem increments
were fairly wide.
In Pinus halepensis from all sites, we were only able to distinguish between collapsed and non-collapsed secondary phloem, while phloem rings could not be recognized
(Fig. 1). Variations in the radial dimensions of sieve cells did not show any clear cyclic
pattern, resulting in alternate tangentially arranged layers of early and late phloem
components. In P. halepensis, therefore, we could not demarcate early and late phloem

→

Figure 1. Structure of phloem in four species from different sites: (a) Picea abies (Pans̆ka reka),
(b) Pinus halepensis (Jarafuel), (c) Pinus sylvestris (Ljubljana), (d) P. sylvestris (Moncayo high),
(e) Fagus sylvatica (Pans̆ka reka) and (f) F. sylvatica (Moncayo high). Cambial cells (CC),
non-collapsed phloem (NCP), collapsed phloem (CP), phloem ring (PR), early phloem (EP), late
phloem (LP). — Scale bars 100 µm. For abbreviations of sites see Table 1.

Gričar et al. – Xylem and phloem increments

355

356

IAWA Journal 37 (2), 2016

since the axial parenchyma cells were randomly distributed within the phloem and a
gradual reduction in the radial dimension of sieve cells from early to late phloem was
not evident. In contrast, in P. sylvestris from the sub-Mediterranean site in Slovenia
(DE), a tangential band of axial parenchyma cells could be observed at the border
between early and late phloem (Fig. 1).
Phloem vs xylem increments
The widths of the youngest phloem and xylem annual increments could only be
compared when phloem increments could be clearly defined (Fig. 1). This was the case
for Picea abies, Fagus sylvatica and Pinus sylvestris from temperate sites (Table 2). In
trees with indistinguishable growth ring boundaries in the phloem, i.e., Pinus halepensis
and partly P. sylvestris from the Mediterranean sites, such a comparison was not possible. In trees with clear ring boundaries, the increments were wider in xylem than in
phloem in all cases, indicating more frequent cell divisions on the xylem side.
The visibility of the growth ring boundary in the phloem was not related to the width
of the annual radial growth. This can be clearly seen from the great variations in xylem
ring widths of the trees from both the temperate sites (0.6–2.6 mm) and the Mediterranean sites (0.5–1.7 mm). The variation in the phloem increment widths of the trees from
temperate sites was slightly lower; the widths ranged from 90 to 300 µm. In narrower
phloem increments, the growth ring was mainly composed of early phloem (Table 2).
Table 2. Average phloem and xylem ring widths and number of dormant cambial cells of
the studied trees at the selected sites.
Phloem and xylem ring widths are calculated for the years of observation. Phloem ring widths were
not possible to measure in trees with indistinguishable growth ring boundaries in the phloem. Bold
text: trees from temperate locations; regular text: trees from Mediterranean sites.

For abbreviations of sites see Table 1.
Site

Tree species

Phloem ring
width (µm)

Xylem ring
width (µm)

Ratio xylem:
phloem

No. of dormant
cambium cells

PA

Fagus sylvatica

190 ± 92

2334 ± 1182

12.3

4.7 ± 1.9

PA

Picea abies

294 ± 47

2582 ± 1365

8.8

6.7 ± 0.8

ME

Fagus sylvatica

180 ± 22

1196 ± 568

6.7

5.3 ± 0.5

ME

Picea abies

228 ± 39

1312 ± 654

5.8

6.6 ± 0.6

DE

Pinus halepensis

–

1703 ± 645

–

7.4 ± 0.9

LJ

Pinus sylvestris

194 ± 13

740 ± 450

3.8

4.9 ± 0.9

MOL

Fagus sylvatica

120 ± 31

573 ± 473

4.8

4.3 ± 0.6

–

888 ± 572

–

5.7 ± 1.3

95 ± 28

555 ± 333

5.9

4.8 ± 0.6

–

945 ± 343

–

5.9 ± 1.0

–

1361 ± 834

–

6.4 ± 1.3

–

868 ± 512

–

5.2 ± 1.2

–

489 ± 212

–

5.8 ± 0.9

MOL
MOH
MOH
GUA
JAR
MAI

Pinus sylvestris

Fagus sylvatica
Pinus sylvestris

Pinus halepensis

Pinus halepensis

Pinus halepensis
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Figure 2. Different structure and width of phloem increments (PR) in Picea abies (a, b) and
Fagus sylvatica (c, d): (a) wide PR containing up to 10 layers of late phloem cells (LP) with additional discontinuous tangential layer of axial parenchyma cells (AP); (b) narrow phloem ring
composed of mainly early phloem sieve cells (EP); tangential band of AP is lacking; (c) wide
PR composed of almost equally wide EP and LP components; (d) narrow PR with very narrow
proportion of LP. — Scale bars 100 µm.
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In Picea abies, for example, wider phloem increments contained 3–5 layers of early
phloem sieve cells, a continuous tangential band of axial parenchyma cells and up to
10 layers of late phloem cells, with an additional discontinuous tangential layer of
axial parenchyma cells, which is common for wider rings (Fig. 2a). Narrow phloem
rings were composed of mainly early phloem sieve cells and the tangential band of
axial parenchyma was lacking (Fig. 2b). Similarly in Fagus sylvatica, wide phloem
rings were composed of almost equally wide early and late phloem parts, whereas narrow phloem rings consisted almost exclusively of early phloem (Fig. 2c, d). Annual
xylem and phloem increments of F. sylvatica from the Spanish sites were markedly
narrower than those in trees from the Slovenian sites (Fig. 3).

Figure 3. Xylem (XR) and phloem rings (PR) in three species from different sites: (a) Picea abies
(Pans̆ka reka), (b) Pinus sylvestris (LJ), (c) Fagus sylvatica (Pans̆ka reka) and (d) F. sylvatica
(Moncayo high). Phloem ring (PR), xylem ring (XR). — Scale bars 100 µm. For abbreviations
of sites see Table 1.
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The number of dormant cambial cells was also variable among the trees. We observed a strong correlation between xylem and phloem ring widths (r = 0.78) and between
the number of dormant cambial cells and phloem ring widths (r = 0.84), moderate between the number of dormant cambial cells and xylem ring widths (r = 0.58) and weak
between the number of dormant cambial cells and the ratio of xylem and phloem ring
widths (r = 0.11).
DISCUSSION

Structure of phloem increments
The structure of bark is complex and varies considerably among different tree species in terms of its cellular and chemical composition, as well as physical properties
(e.g., Srivastava 1964). In the samples of trees from temperate and Mediterranean highaltitude locations, we were able to recognize growth ring boundaries of the youngest
phloem increments. Width of the phloem increments varied among the trees. Narrow
phloem rings were composed of mainly early phloem parts, which is in agreement
with our earlier presumption that the structure of early phloem is more stable and less
dependent on ring width than the late phloem (Gričar et al. 2009, 2015a; Prislan et al.
2012). Consequently, in the case of reduced radial growth, the proportion of the early
growth component of the phloem increment increases. The collapse of early phloem
cells has started relatively soon, before the end of the growing season. Since the phloem
increments were fairly wide; there was therefore a sufficient amount of recently formed
tissue available for basipetal translocation of the photosynthates and biomolecules.
It has previously been noted that early phloem sieve tubes in Fagus sylvatica already
slowly began to collapse at the end of the current growing season, when the xylem
growth rings were fully formed (Prislan et al. 2013b; Gričar et al. 2015b). In the collapsed phloem, sieve cells were crushed because of the cessation of their conducting
function, which was accompanied by an accumulation of callose on the sieve plates,
followed by loss of cell contents and collapse of the cells (Trockenbrodt 1990). As a
result of the age-related secondary changes in older phloem tissue, an enlargement of
parenchyma cells, formation of sclereids and distortion of rays occur; the older phloem
growth rings consequently become more and more indistinguishable with increasing
distance from the cambium (Prislan et al. 2012; Gričar et al. 2015b). In Pinus halepensis from the Mediterranean (Spain) and sub-Mediterranean (Slovenia) regions,
phloem rings could not be recognized. Variations in the radial dimensions of sieve
cells did not show any clear cyclic pattern, resulting in alternate tangentially arranged layers of axial parenchyma and early and late phloem components. We were only
able to distinguish between collapsed and non-collapsed secondary phloem. Thus,
typical annual periodicity in the development of phloem cells did not exist in those
trees.
Phloem vs xylem vs cambium
The number of dormant cambial cells was also variable among the trees. We found
the strongest correlation between the number of dormant cambial cells and phloem
ring widths and moderate between the number of dormant cambial cells and xylem ring
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widths. Although the number of cells in the dormant cambium depends on tree species,
tree age and tree vitality (e.g., Golinowski 1971; Larson 1994), it also reflects cambial
cell production capacity (Gričar et al. 2009, 2014a). This measure can only be used to
estimate and compare cell production capacity of the dormant cambium for trees from
similar environments (temperate, boreal etc.). The widths of the youngest phloem and
xylem annual increments could only be compared when phloem increments could be
clearly defined. In trees from Mediterranean areas, cambium may not be in the dormant
state in some years. Consequently, only the relationship between the number of cambial
cells and xylem increment can be assessed in these areas. The increments were wider
in xylem than in phloem in all cases, indicating more frequent cell divisions on the
xylem side. This is common for trees growing under normal conditions (Panshin & De
Zeeuw 1980; Larson 1994; Kozlowski & Pallardy 1997). Annual xylem and phloem
increments of Fagus sylvatica from the Spanish sites were markedly narrower than
those in trees from the Slovenian sites, which could be explained by the considerably
lower amount of precipitation at the Spanish sites.
Annual rhythm of the cambium
The cambium of trees from temperate areas normally exhibits clear dormancy during
the winter period and xylem growth follows a unimodal pattern. In contrast, conifers
from Mediterranean climates need to be plastic enough to cope with contrasting rainfall
patterns (Camarero et al. 2010; De Luis et al. 2011a, b, 2013). Cambial reactivation on
the xylem side beneﬁts from both autumn rainfall and sporadic late-summer rainfall
events, resulting in the formation of intra-annual density ﬂuctuations, which characterize the tree-rings of most conifers from Mediterranean environments (Campelo et al.
2007, 2015; Novak et al. 2013a, b, 2016; De Micco et al. 2016). In addition, although
cambial cell production of xylem cells stops for a short time in winter, the differentiation process of xylem cells may continue at a very slow rate during this period (Barnett
1971). Barnett (1971) concluded that variation in cambial seasonality and cell differentiation is a species and site specific phenomenon. Thus, for Pinus halepensis, a
bimodal annual xylem growth pattern is typical, characterized by spring and autumn
cambial reactivation (De Luis et al. 2007; Camarero et al. 2010), unlike the unimodal
pattern, with one spring peak of cambial activity, in Pinus sylvestris, which performs as
a temperate conifer even when growing under Mediterranean conditions. In P. sylvestris, photoperiod and temperature changes appear to trigger the seasonal dynamics of
xylem growth (Camarero et al. 2010). The structure of phloem and xylem increments
of Fagus sylvatica from Slovenian and Spanish sites reflect the annual periodicity of
cambial cell production and unimodal pattern of their development. However, the
growing season is presumably considerably shorter and/or the rate of cell production
reduced at the latter site, as concluded from the markedly narrower annual increments.
Nevertheless, the differences in the timing of cambial activity and cell differentiation on the xylem and phloem sides are also subject to hormonal regulation (Aloni
2013).
Based on the structure of the youngest phloem increments, we concluded that typical annual periodicity in the development of phloem cells does not exist in trees from
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Mediterranean sites; with the exception of Mediterranean sites on Moncayo mountain.
This might be explained by continuous cell production throughout the year and thus the
absence of true dormancy of the cambium, at least on the phloem side, in trees from
environments with mild winter conditions, as already proposed by Barnett (1971). He
further inferred that genetic factors, which also greatly control dormancy and are selected for a tree’s native environment, would prevail over environmental factors (e.g.,
day-length or temperature) in mild winter climatic conditions that are favourable for
cambial activity. However, in the case of harsh climatic conditions compared to those
of the tree’s native environment, climatic factors may override the genetic ones (Barnett
1971). In evergreen species, the cambial rhythm is preserved even when plants grow
under climatic conditions that differ from those of their natural habitat. In deciduous
trees, in contrast, a rapid adaptation to new environmental conditions has been often
observed, e.g., on transfer of species from the northern to the southern hemisphere
(Waisel & Fahn 1965).
There are many morphological and physiological strategies of woody species to
survive in different environments (Lachenbruch & McCulloh 2014). Xylem tissues,
which perform hydraulic and mechanical functions in a tree, are known to respond
adaptively to biotic and abiotic factors. Wood-morphological traits inﬂuence the
hydraulic or mechanical properties, which, in combination with environmental factors,
inﬂuence the performance of the plant. At the tissue and cell levels, wood anatomical traits have largely been studied in this respect (e.g., Baas 1983; Baas & Schweingruber 1987), whereas the potential of phloem anatomical traits still needs to be exploited. In the phloem, not only the morphology of conducting cells is important; the
amount and function of storage tissues (i.e., parenchyma cells) has important implications for whole-plant transport processes and resource partitioning as well (Spicer
2014).
CONCLUSIONS

Cambial rhythm, as evaluated by the amount of xylem and phloem cells produced in
trees from Mediterranean regions, is not synchronous, as is typical of temperate trees,
but is considerably less uniform. The radial growth of certain tree species from mild
climates does not exhibit a distinct annual cycle, suggesting that variation in cambial
seasonality and cell differentiation is a species and site specific phenomenon, as already
suggested by Barnett (1971). Not much is known about the intra-annual dynamics
of phloem growth of Mediterranean trees, because studying phloem is a challenging
task due to age related changes in older tissue and to wound reactions after sampling.
Consequently, phloem formation patterns in trees lacking annual phloem rings remain
poorly understood and their relation to ecophysiological processes in Mediterranean
environments is still unclear. Although only a limited number of species and locations
could be included in our study, it hopefully illustrates the complexity of cambium
rhythm on xylem and phloem sides. This study might stimulate similar studies aimed at
providing additional information on intra-annual radial growth patterns and dormancy
in plants from contrasting environments.
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