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Abstract Region of provenance is defined as an area with
uniform ecological conditions where stands with similar
phenotypic or genetic features are found. This study
assesses the effect of differing climate conditions of eight
Spanish regions of provenance of Pinus nigra Arn. subsp.
salzmannii on earlywood anatomical traits measured in
samples from basal discs from mature trees. Results
showed that variation in wood biometry between prove-
nances was high and more pronounced than intrapopulation
variation. When comparing P. nigra with other Mediter-
ranean pines, high intertracheid wall strength values are
associated with better adaptation of pines to arid condi-
tions. However, the intraspecific variations of this param-
eter in P. nigra did not follow the same pattern, due to the
influence of mechanical support requirements. Trees sub-
ject to greater aridity were characterised by short tracheids,
apparently resulting from their poorer growth, and high
frequency of rays and ray parenchyma cells, which would
allow trees to store greater amounts of starch, which is the
source of metabolites invested in minimising the limita-
tions imposed by water stress. Severe winter cold spells
were strongly associated with high axial resin canal
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frequency and large radial resin canals, creating a power-
ful, preformed defence system. Increased tracheid lumen
involved an increase in the size of bordered pits, favouring
sap flow between tracheids, in addition to an increase in the
maximum diameter of cross-field pits, favouring the flow
of water and metabolites between the axial and radial
systems. The high influence of region of provenance on
structural variation in P. nigra shows the importance of
provenance in the selection of seed origin for reforestation.

Keywords Pinus nigra - Region of provenance -
Climate - Wood anatomy - Adaptation

Introduction

Pinus nigra Arn. has a large area of extent in the mountains
of the Mediterranean Basin, from the western half of the
Iberian Peninsula to Anatolia (Turkey), including enclaves
in the north of Africa (Ruiz de la Torre 2006). Populations
of this species are now very fragmented, with three large
areas taken into consideration: the eastern group, normally
associated with the subspecies pallasiana (Lamb.) Holm-
boe; the central group, containing three subspecies (subsp.
nigra, subsp. laricio (Poiret) Maire and subsp. dalmatita
(Vis.) Franco); and the western group, with the subspecies
salzmannii (Dunal) Franco. The latter group forms the
basis of this study. The Spanish forests of P. nigra subsp.
salzmannii occupy around 35,000 ha. They occur naturally
and have the greatest resistance to summer drought of all
P. nigra subspecies (Aussenac 1980). However, individual
forests in Spain show major differences, both in terms of
tree stem quality and growth and appearance, most likely
due to the varied terrain, which has led to very distinct
ecological and microecological conditions.
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The region of provenance constitutes the basic unit for
commercialisation of forest reproductive material (fruits,
seeds, plants and plant parts) in the certification systems of
the European Union and the Organisation for Economic
Cooperation and Development (Alia et al. 2005). For a
given species or subspecies, the region of provenance is
defined as the area or group of areas subject to uniform
ecological conditions where seed sources or stands with
similar phenotypic or genetic features are found. Differ-
ences in the ecological conditions of regions of provenance
result in specific adaptations which lead to genetic, mor-
phological and phenological variations within a single
species or subspecies. These variations need to be char-
acterised in order to determine the characteristics of future
forests in terms of adaptation, composition and growth, as
well as the properties of the forest products to be obtained
from them.

In Spain, 17 regions of provenance of P. nigra subsp.
salzmannii have been defined (Fig. 1). Their area of extent
covers three mountain ranges—the Pyrenees, the Iberian
Mountain System and the Betic Cordillera—although many
relict forests and small stands can be found in areas geo-
graphically far apart. The natural forests of P. nigra in Spain
occur in distinct phytoclimates. The most frequent of these,
from least to greatest aridity, are the nemoral, nemoro-
Mediterranean and Mediterranean phytoclimates, although
at higher altitudes they can be found in an oroboreal phy-
toclimate (Catalan et al. 1991; Martin et al. 1998). Forests in
the Mediterranean phytoclimate must withstand severe
summer drought periods, whereas in a nemoral phytocli-
mate, the drought period is minimal or absent. Soils where
P. nigra grows in Spain are normally limestone and vary
only in terms of the level of soil evolution, but the species
may also be found in siliceous enclaves.

Differences in wood microstructure are thought to be the
result of natural selection (Carlquist 2001), deriving from
optimisation of mechanical strength, water conduction, and
water and photosynthate storage functions in a variety of
environments (Tyree et al. 1994). It is hypothesised that
ecological differences between regions of provenance of
P. nigra ssp. salzmannii have led to differences in wood
microstructure. In another Mediterranean pine (Pinus
halepensis Mill.), the adaptive nature of certain anatomical
parameters enabling trees to compete in environments with
long periods of summer drought has recently been dem-
onstrated (Esteban et al. 2010). Although the wood anat-
omy of P. nigra in Spanish forests has been described
previously (Castellarnau 1883; Esteban and Guindeo 1988;
Esteban et al. 2002; Peraza 1964), these studies dealt only
with certain populations and did not consider possible
variations due to region of provenance or climate factors.
The purpose of this study is to find structural features in the
stem of mature P. nigra trees which may be closely related
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to climate factors and constitute essential elements in
adaptation to stress conditions and to quantify the role of
region of provenance and individual nested within each
provenance in anatomical variation in the species.

Materials and methods
Regions of provenance sampled

Material used for this study was collected in eight of the 17
Spanish regions of provenance of P. nigra subsp.
salzmannii (Table 1). The regions sampled fall into three
distinct phytoclimates in accordance with the phytoclimate
classification by Allué-Andrade (1990) for mainland Spain:
Mediterranean, nemoro-Mediterranean and nemoral
(Table 1). The Mediterranean climate corresponds to zones
in which drought duration in a hythergraph is 3—11 months
or, when drought lasts 1.25-3 months, the average tem-
perature in the coldest month (month with the lowest
average temperature) is higher than 7.5°C and annual
rainfall is less than 850 mm. The nemoro-Mediterranean
climate corresponds to the rest of the cases in which
drought duration is 1.25-3, and when drought lasts less
than 1.25 months, annual rainfall is less than 950 mm and
the average minimum temperature in the coldest month is
higher than 0°C. The nemoral climate corresponds to
remaining cases in which drought duration is 0-1.25
(minimal or no summer drought). The best populations in
terms of wood quality and growth are located in the
southern Iberian Mountain System (regions 7A, 7B and
7C), in a nemoral or nemoro-Mediterranean phytoclimate
(Table 1). They comprise single-species forests subject to
moderate summer drought. Four regions (8A, 8B, 8D and
8E) are located in the Betic Cordillera in nemoro-Medi-
terranean or Mediterranean phytoclimates, where P. nigra
populations withstand maximum aridity. Despite severe
summer drought, regions 8A and 8B have relatively high
annual rainfall, and as a result, they comprise pure stands
of good quality. In regions 8D and 8E, which are very arid,
trees attain moderate heights and often have twisted forms
due to the action of snow and strong winds. Sampling of
region 10 revealed a small inland forest with high conti-
nentality, in a nemoro-Mediterranean climate. Five adult
trees (aged 80-100 years) representative of the forest were
felled in each region. From each of these, a basal disc was
obtained 40 cm from ground level in order to characterise
the xylem anatomy.

Anatomical measurements

Samples were prepared for light microscopy observation by
submerging them in water with glycerine and placing them
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Fig. 1 Regions of provenance
of Pinus nigra ssp. salzmannii
in Spain (Catalan et al. 1991;
Martin et al. 1998): / Western
Aragonese Pre-Pyrenees,

2 Eastern Aragonese Pre-
Pyrenees, 3 Catalonian Pre-
Pyrenees, 4 Upper Ampurdan,
5 Lower Catalonia, 6 Upper
Maestrazgo, 7 Southern Iberian
Range (7A Serrania de Cuenca
Range-Upper Alcarria,

7B Southern Cuenca,

7C Teruel), 8 Betic Cordillera
(8A Cazorla-Alcaraz,

8B Eastern Ranges, 8C Sierra
Magina Range, 8D Sierra de
Baza Range, 8E Sierra de Maria
Range), 9 Central Range,

10 Soria, 11 Northern Meseta
sand flats

in an oven at 80-90°C to soften them. Cross, radial and
tangential sections with a thickness of 15-20 um were
prepared using a sliding microtome. The sections were
dehydrated and some were stained with safranine and
Sudan 4 to make the resin red (Jane 1970), and then, the
three sections were mounted on the microscopic slide using
synthetic resin. The anatomical descriptions follow the
recommendations of IAWA Committee (2004).

Anatomical measurements were taken on the light
microscopy slides using the WinCell image analysis pro-
gram. The parameters measured were the following: axial
tracheid length and tangential diameter (including wall),
tangential diameter of axial tracheid lumen (D), axial tra-
cheid cell wall thickness, diameter of bordered pits on the
radial wall, ray height and frequency, ray parenchyma cell
frequency, ray tracheid frequency, number and diameter of
cross-field pits, diameter and frequency of axial and radial
resin canals, and radial distance from axial resin canals to
the start of the growth ring. All axial tracheid measure-
ments were on earlywood as this is the most important
tissue for sap conduction and is more vulnerable to
implosion processes. Tracheid length was measured using
Ladell’s indirect method (Ladell 1959). Following Hacke
et al. (2001), the tangential lumen (b) and thickness (¢) of
the double wall of two adjacent tracheids were measured
and the intertracheid wall strength (t2/b2) was calculated.
Because #*/b> varies considerably depending on the value
of b, this value was calculated for b = D,, where
Dy, = Y.D’/S D" (tracheid hydraulic diameter).

@ Springer

Biometry was conducted on six preparations from each
tree, from three growth rings representative of the sapwood
of the trees, and therefore, rings corresponding to the years
2000-2003 were chosen. On each slide, 35 random mea-
surements were taken for each variable studied, and the
mean value per tree was calculated. The number of pits per
cross-field was measured on ten different rays. Ray height
and frequency were measured on all rays in one mm? in the
tangential section. The number of ray parenchyma cells
and ray tracheids was obtained by measuring the number of
parenchyma and tracheid rows per ray in radial sections.
To estimate the number of ray parenchyma cells and ray
tracheids per mm? of tangential section, the number of rays
measured was equal to the ray frequency per mm? obtained
in the tangential section. All resin canals in the slides were
measured using method A in IAWA Committee (2004).
The radial distance from the axial resin canals to the
growth ring boundary was measured from the part of the
resin canal closest to the growth ring.

Statistical analysis

Most frequent ray height (number of cells) was obtained by
fitting the distribution of the ray height frequency to a normal
distribution curve. The maximum of this distribution con-
stituted the most frequent value. The other variables were
analysed using a generalised linear model (GLM) (McCul-
lagh and Nelder 1989) approach to ANOVA with type III
sum of squares, using the following model:
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Table 2 Percentage of the explained variation and significance values obtained from the generalised linear models to determine the sources of

variation for anatomical variables measured in the earlywood

Anatomical feature Variable Source
Provenance Tree (provenance)
Axial tracheids Diameter 34.0%*%* 9.2 %%
Length 18275 13,15
Lumen diameter 11.6%*%* 9.3%*%
Wall thickness 18.2%*% 4.7*
Intertracheid wall strength 45.1%%* 14.4**
Bordered pits Diameter 30.9%** 20.7%**
Rays Frequency 25.2%% 25.9%%*
Height 4.1 2.4%%%
Ray parenchyma cell frequency 29.27%%% 20.8%
Ray tracheid frequency 7.8ns 25.8%
Cross-field pits No per cross-field 13.3%%% 19.2%**
Maximum diameter 21.9%%% 15.3%%%
Minimum diameter 19.3%%%* 5.5%%%
Axial resin canals Diameter 15.3%%%* 17.8%%%*
Frequency 35.4%* 14.7ns
Distance canal-ring 35.8%%* 22 3F%%
Radial resin canals Diameter 11.3* 24 [TH**
Frequency 25.9%*% 54.7%%*

Wood samples were obtained from basal discs taken from Pinus nigra ssp. salzmannii mature trees from eight Spanish provenances. Asterisks
indicate significant sources at P < 0.01 (¥), P < 0.001 (**) and P < 0.0001 (***); ns not significant

Y=pu+R+T(R)+e

with Y being the response variable, u the general mean,
R the effect of the region of provenance, T(R) the effect of
the tree nested within each provenance and ¢ the error term.
Regions of provenance were compared using multiple
range tests with Fisher’s least significant difference (LSD)
intervals (o = 0.05).

A principal component analysis (PCA) was conducted
on the anatomical variables studied so that possible
groupings among provenances could be observed. This
method extracts a set of uncorrelated variables as linear
combinations of the original variables, reducing the
dimensionality of data while preserving most of the vari-
ance. The new variables, termed components, are arranged
in order of decreasing variance and those with the highest
variance are termed PCs. The PCs were displayed in graph
form as scatter plots of the scores, in order to observe any
groupings in the data set.

Regression analyses were performed between the mean
values by provenance of the anatomical variables measured
and the mean values by provenance of a series of climate
factors (for the 2000-2003 year period) important for plant
life: altitude, duration of aridity (months in which the curve
of the monthly average temperature was above the curve of
monthly rainfall in an ombrothermic diagram), annual

rainfall, minimum monthly summer rainfall, number of
months of certainty of frost (months with mean minimum
<0), number of months of probable frost (months with
absolute minimums <0 and mean minimum >0), average
annual temperature, lowest average monthly temperature,
highest average monthly temperature, average minimum
temperature in the month with the lowest average, average
maximum temperature in the month with the highest
average, and absolute minimum and maximum tempera-
tures for the year interval used. A regression analysis was
also carried out between individual anatomical variables.

Results

Effects of region of provenance and climate on wood
biometry

The GLM results are shown in Table 2. The two sources of
variation (provenance and tree) were significant in the
model (P < 0.01), except in the following cases: (1) for ray
tracheid frequency, the provenance factor was not signifi-
cant (P > 0.05); and (2) for axial resin canal frequency,
the tree factor was not significant (P > 0.08). For most of
the anatomical variables (12 out of a total of 18), the
provenance factor had a greater role in explaining the total

@ Springer



Eur J Forest Res (2012) 131:633-645

638

(t'¥L8-0°00) (6'L8L—€€T) (LT6v—0'LD) (€'8LL-T'ST) (SS9S€—9°LT) (LLgT—¢Ln) (1'09v-L20) (L'168-0'81)
2789 FS86  ATSIIFSL P2980I F8TL 290611 F LTI 298¢€8 F LI'T9 BO0b F €86 90796 F 8TL POSI FTL8 (unrt) Surr-reues dduvISIq
(T'S01-L'59) (STEI-8°€S) (6'8L—"6£) (0°STI-L'6%) (€°08-1°€S) (9°1€1-92S) (6'8L—€'97) (T'501-9°05)
2 SY F 68L 209 F 998 " F ¢e9 8L F 676 @Iy F P9 280l F 6¢8 eySF S8y 29 6'9 F 6'8L (uruyspeued) Kouonbaig
(L'OLT-T'86) (S'07T-6'96) (sTre—¢ech) (£7561-1'88) (9°SLI-€'TL) (8+407—-€°S01) ($'987-7°9S) (9°8L1-€°SL)
eOOC FICCl Q6 IE FSEEl  QRETIS FTCEl Qv ICC F 0°CEl Q6HPT F 6T 29TEF LI  q06SF L8ET Qe 0ST F 1'8C1 (wrl) PRWeIQ  S[PUBD UISAI [BIXY
(S'87-L01) (6°07—C'L) (£'€706) (0'92-1°L) ('$T-L'8) (LyT—¢01) (Log—+11) (9TT+'8) (wrl) 1070urEIp
opd ¢ F I'LI e LTFPEl 24°¢ F $91 3 9E F LI Q0EFTST  POYSTF LII PTEF QLI Q9T F TSI WU
(T0r—002) (1'8e—¢€1) O Sr=0°LT) ('st—sD) (F'6€-9°LT) (6TE—¢'LT) (1'9—L70) (9%€-081) (wrl) 1070urEIp
29 F 8T A8t F09¢C P99 F T0E 246 F 98T A¢y F69C eI¢FQET 2P F 6TE qA$¢ F89C WINUWIXEN
(I-n (o)) (D (D (o)) a-n (@1 (D
e00F 0T BTOFIT A90F €T eTOF O BTOFIT e00F 0T eT0F O eTO0F O proy-ssoxd 1ad oN sid proy-sso1)
(0°9€1-6'ST) (8°012-6'80) (8'9¥1-5°0€) (9°621-€'9%) (I¥r1-s2D) (6THI-TEE) (Lov1-9'L1) (6°L01-S'LD) L sod
Qe 911 F T9L A¥TI F 968 QR TII F 919 Qe '8 F OPL Q9T FLTI8 QeT0l F+9L Ae9€l F 889 eILFSHS sproyoen Ael Jo oN
(F'$S1-€°LE) (1'881-5'8%) (6TS1-TD) (£°€8-6'ST) W PSI-1°5S) (9°66-C€€) (1'€21-1'80) (668-6'97) L 1ad s[a
P2 LEI FT68  P8TIFSLIT  oqe LT F 8TL 6L F 8y P2 801 F €66 Q®S6FHI9 Qe 9Tl FS8S Qe 9 F L'8S ewkyouared Ker jo oN
(S1-0) (S1-0) 01-0) I1-0) (I11-0) (I11-0) (01-0) (€1-0) (81799 Jo Joquinu)
L S € T S S v 14 WS1ey Juenbaiy 10
(8TSr—€'LD) 'ors—61) (T0s—9°01) (869717 Y6510 (S'0€5-8°01) (S'L8¢-6'60) (€°665—€¥0)
P 8L F9I9I P I'9 F 861 e6ECFOCll e 9CF LG P9 €9 F 8hpl AQTSFEeel  PIILF6TSI 29 8% F TOPI (wl) yS1oH
(sT-81) (1¢-81) (¥$—02) (sT—=S1) (ST-00) (92-91) (82-91) (LT-81)
e '€ F9TC Q¥ F €S 20T FS6T B6TFCIC Qe ['T F €€ QETEFLIC Qe #'¢ F 0'CC Qe y'¢ F0oce  (Quuw xad skex) Kouonbarg skey
(€TE=§LT) (L'8TST) (ree—T61) ('62-0'81) 0TE-0°ST) (8'8T-L¥1) (8°56-L+0) (S's€-L91)
P 8T F 8ST A¥T FTEC PO L'EFI'ST QST FEeT 28¢F LT © 8T F 60T 261 F L6T Q8¢ Foee (wrl) soweIq sid pazopiog
(€6-€0) (8'L-00) (r's-8'D) 9Lt &0 0'6-0¢) 881 6'9-€0) +(001%) p3uans
A10FSE 10 F6¢ Ar0Fte PSTOF It eI0FLT PTOF QS e10F 8T qaT0F 8¢ [[ea ProyorIIau]
€+ (€] 0$-90 9610 Sr6T1) (€6-0¢) 6750 s+
Q10 F9¢ A10Fte ST0F O dT0F 6€ e0FTE ST0F 0¥ AI0FSE a10F9¢ () ssauyory) [lepy
(0°87-9'C0) (i ] (6'09-0+2) (€vr-9°LD) (€°Ly—€07) C17-1°€0) #'15-9°60) (9°Lr9°€7)
29 80 F IS¢ Q60 FSee PTIFI'6E QL0 Foce 460 F SPe eL0FOIE 260 F 09¢ QL0 FSPE () Tojowrerp uswny
©170) ©9¢+7) Q€61 €81 @y, L1 0s—€70) Q<1
POOFIE A0 F LT eG0F ST ey F T Qe S0 F 9T 260 F 8T PLOFEE 290 F €8T (wur) p3uey
(6TL=S9¢) (F'¥$-$20) (8'09-0°€27) ('86-9°1€) (T9$—€°L7) (€Ssr1'120) (€€9-0°61) (9'19-7°€27)
28 L F TOY QLS Fo6e YYLTF O QTLFOEY €9 F gey B GG FTEE 278 F 90S P¥LF SO () rojowrer( sprayoen [eIxy
o1 a8 as g8 V8 oL dL \73

doueuaA0id Jo uoI3oy

a[qeLieA

JIe1) [eOIWOJeuY

(suor3a1 jo uoneoo[ 10j | 3L 99s) (eSuer) o F x ooueuaaold Jo uoidar Aq poomA[Ied nuupwizyps ‘dss nisu g Jo Anoworq WIAY ¢ dqel

pringer

A's



Eur J Forest Res (2012) 131:633-645

639

Table 3 continued

Region of provenance

Variable

Anatomical trait

10

8E

8D

8B

8A

7C

7B

TA

343+ 18¢
(24.9-47.9)

31.3 £ 0.8 ab

(23.0-44.5)

32.6 £+ 7.2 abc
(19.2-46.1)

30.2 + 1.2 ab
(17.2-38.3)

297+ 18a
(15.4-44.1)

332+ 1.0 be
(26.8-42.1)

31.7 £ 1.1 abc

(21.1-40.2)

32.7 £ 0.9 abc

(26.8-40.2)
535+52a
(39.4-85.5)

Diameter (pm)

Radial resin canals

86.3 + 102 ¢ 647+ 34 a 822 + 114 be
(46.0-85.5)

117.6 £ 282 d
(26.3-230.2)

67.4 + 6.4 ab
(46.1-92.1)

625 +43a

(38.4-78.9)

83.9 £ 59 be

Frequency (canals/mm?)

(39.4-125.0)

(52.6-131.5)

(65.7-111.8)

Wood samples were obtained from basal discs from mature trees. For each variable, different letters indicate significant differences between provenances (P < 0.05)

* Relation between tangential lumen (b) and thickness (¢) of the double wall of two adjacent tracheids (t2/b2)

variation in the model. One noteworthy aspect was the high
percentage of variance explained by the provenance factor
on the variable intertracheid wall strength (45.12%) and by
the tree factor on radial resin canal frequency (54.66%).

The mean values of the anatomical variables by region
of provenance (Table 3) showed high variability between
provenances. In certain cases, an influence of geographical
proximity on anatomical variation between provenances
was observed. For example, in the regions in the Betic
Cordillera (8A, 8B, 8D and 8E), tracheid diameter showed
very similar values and tracheids were shorter than in the
other provenances. Provenance 7C, subject to least aridity,
showed the highest values for intertracheid wall strength
and axial resin canal diameter and the lowest values for
tracheid lumen diameter, bordered pit diameter, maximum
cross-field pit diameter and resin canal-ring distance.
Provenance 8D, subject to the driest conditions, showed the
highest values for tracheid lumen diameter, ray frequency,
number of cross-field pits, maximum diameter of cross-field
pits and radial resin canal frequency. Region 10 showed
the highest values for most frequent ray height and resin
canal-ring distance.

The PCA results showed good grouping of the eight
provenances in relation to phytoclimate, as seen in the
scatter plot of the PC1 and PC3 scores (Fig. 2a). PC3
clearly separated the regions with a Mediterranean phyto-
climate, with negative scores, from the nemoral and nem-
oro-Mediterranean phytoclimates, which had positive
scores. The nemoral region (7C) showed the most negative
scores in PCl and was separate from the other
provenances.

The projection of the anatomical variables onto the
PC1-PC3 plane is shown in Fig. 2b. Certain variables are
noteworthy for their role in separating provenances
according to phytoclimate: (1) the variables intertracheid
wall strength, axial resin canal diameter and axial resin
canal frequency characterised the nemoral phytoclimate (in
accordance with the negative PC1 gradient); (2) the vari-
ables minimum cross-field pit diameter and tracheid length
characterised the nemoral and nemoro-Mediterranean
phytoclimates (in accordance with the positive PC3
gradient); and (3) the variables ray frequency, number of
cross-field pits and frequency of ray parenchyma cells
characterised the Mediterranean phytoclimate (in accor-
dance with the negative PC3 gradient).

The regression analysis between climate and anatomical
variables showed the following significant relations
(P < 0.05): altitude was negatively related to tracheid
length (r = —0.96; Fig. 3a). Minimum monthly summer
rainfall was positively related to cell wall thickness
(r = 0.77) and negatively related to ray frequency (r =
—0.84) and ray parenchyma cell frequency (r = —0.89;
Fig. 3b). Absolute minimum temperature was negatively
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Table 4 Correlation matrix between anatomical parameters of Pinus nigra ssp. salzmannii earlywood from eight Spanish provenances

Tracheid  Tracheid Wall Intertracheid Bordered  Ray Most No of ray No of ray
length lumen thickness wall strength  pit frequency frequent ray parenchyma  tracheids per
diameter diameter height cells mm?

Tracheid 0.36 0.29 0.25 —0.12 0.49 —0.56 —0.53 —0.78 0.13
diameter

Tracheid 0.35 —0.07 —0.45 0.53 —0.12 —0.63 —0.35 —0.15
length

Tracheid —0.13 -0.77 0.02 —0.14 —-0.23 —0.05 0.08
lumen
diameter

Wall thickness 0.69 —0.53 0.35 0.41 0.20 0.62

Intertracheid —-0.41 0.31 0.50 0.21 0.27
wall strength

Bordered pit —0.59 —-0.71 -0.77 —0.48
diameter

Ray frequency 0.43 0.84 0.43

Most frequent 0.67 0.39
ray height

No of ray 0.39
parenchyma
cells

Wood samples were obtained from basal discs from mature trees. Significant correlations shown in bold (P < 0.05). Anatomical variables not

included in the table were not significantly related other variables

4
(@) (b) 1o

3
[}
o , 7B
G © 10 ° 05
8 A
g 8B wA
2 ’ ©
o 0 o 00
@ a
e}
~— -1
) 8(;6\ Y
O -2 8°E 8D -0.5 \\
o ° RPfS | ®CPf

&

-3 Rf

-4

-6 -4 -2 0 2 4 6 -1.0 -0.5 0.0 0.5 1.0

PC 1: 32.58% variance PC1

Fig. 2 Principal component analysis (PCA) of the biometry of Pinus
nigra ssp. salzmannii earlywood from eight Spanish provenances.
Wood samples were obtained from basal discs from mature trees.
a Scatter plot of PC1-PC3 scores. Each point represents a provenance
(see Table 1 for description of provenances). b Projection of
anatomical variables onto the component plane. Abbreviations:
Td = axial tracheid diameter; Tl = axial tracheid length; Ld = axial
tracheid lumen diameter; Wt = axial tracheid wall thickness;

related to axial resin canal frequency (r = —0.88; Fig. 3c).
Five temperature-dependent factors showed significant

correlations with radial resin canal diameter: average
annual temperature (r = —0.90; Fig. 3d), lowest average
monthly temperature (r = —0.88), highest average monthly

@ Springer

Ws = intertracheid wall strength; Pd = bordered pit diameter;
Rf = ray frequency; Rh = ray height; Rfh = most frequent ray
height; RPf = ray parenchyma cell frequency; RTf = ray tracheid
frequency; CPf = cross-field pit frequency; CPdmax = maximum
cross-field pit diameter; CPdmin = minimum cross-field pit diameter;
ACd = axial resin canal diameter; ACf = axial resin canal fre-
quency; AC-R = axial resin canal-growth ring distance; RCd = ra-
dial resin canal diameter; RCf = radial resin canal frequency

temperature (r = —0.87), average minimum temperature
in the month with the lowest average (r = —0.80) and
number of months with certainty of frost (r = 0.87). Lastly,
absolute maximum temperature was negatively related to
most frequent ray height (r = —0.76).
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Relations between anatomical variables

The regression analysis between the anatomical variables
(Table 4) showed the following significant relations
(P < 0.05): Bordered pit diameter was directly related to
tracheid lumen diameter (» = 0.74; Fig. 4a) and negatively
related to intertracheid wall strength (r = —0.79). Maxi-
mum cross-field pit diameter was directly related to tra-
cheid lumen diameter (r = 0.85; Fig. 4b) and bordered pit
diameter (r = 0.90). Axial resin canal frequency was

Maximum cross-field pit diameter (um)

negatively related to tracheid lumen diameter (r = —0.72)
and bordered pit diameter (r = —0.81).

Discussion
This study characterises the earlywood anatomy of P. nigra
ssp. Salzmannii from eight Spanish regions of provenance

using samples obtained from basal discs from mature trees.
For most of the anatomical variables studied, variation due to
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provenance was greater than intrapopulation variation (due
to individual trees), which shows that the microstructure of
P. nigra ssp. salzmannii is highly influenced by region of
provenance. The influence of provenance was also seen in
the fact that regions in close geographical proximity (e.g. 7A,
7B and 7C) had very different biometries (Table 3).

Variation in intertracheid wall strength due to prove-
nance was particularly high (Table 2). It has been sug-
gested that high intertracheid wall strength values are
associated with arid environments, given the need to
withstand greater implosion loads in the conduit walls
because of the negative pressure caused in situations of
severe drought (Hacke et al. 2001; Sperry et al. 2006).
However, the highest value for intertracheid wall strength
in the present study was seen in the region subject to least
aridity (nemoral region 7C), and this parameter also
showed high variation between provenances within a single
phytoclimate or geographical area (Table 3). Therefore, the
variation observed in intertracheid wall strength is difficult
to interpret. The wall of the conduit must withstand both
implosion loads caused during water conduction in situa-
tions of water stress as well as gravity and wind loads. The
combination of both types of load will condition and define
the strength of the conduit (Sperry et al. 2006). In this
respect, the positive correlation found between cell wall
thickness and minimum monthly summer rainfall suggests
that the former is possibly more closely related to
mechanical support requirements than to water stress
resistance, as trees that are less restricted by summer
drought grow better (Table 1) and have to withstand
greater gravity and bending loads. A similar tendency was
recently observed in P. halepensis (Esteban et al. 2010).

Another possible interpretation of the higher intertrac-
heid wall strength values in nemoral region 7C than in the
more arid areas could be the result of parameters associated
with xylem capacitance. A recent study on Douglas-fir
(Pseudotsuga menziesii) and ponderosa pine (Pinus pon-
derosa) showed that the vulnerability of sapwood to
embolism is greater in populations of both species adapted
to more arid environments (Barnard et al. 2011). However,
capacitance was also greater in these populations, sug-
gesting that under conditions of high transpiration, xylem
capacitance can play an important role in avoiding levels of
tension that would cause excessive embolism. These fac-
tors may also be involved in the adaptation of P. nigra to
the most arid conditions, which could compensate the need
for structural modifications to increase resistance to
implosion. The fact that the trees subject to greater summer
water stress are characterised by a higher frequency of rays
and ray parenchyma cells (Figs. 2, 3b) may indicate a
greater water storage capacity in the sapwood, which could
buffer excessive tensions on the water column under situ-
ations of high transpiration.
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On comparing P. nigra with other Mediterranean pine
species (P. halepensis and P. sylvestris), the intertracheid
wall strength values of each species appear to follow a
gradient corresponding to the adaptation of the species to
drought, as the average values for Spanish populations of
P. halepensis, P. nigra and P. sylvestris are (mean = SE)
0.101 £ 0.009, 0.040 £ 0.001 and 0.037 £ 0.001,
respectively (authors, recent measurements). In terms of
microthermal and hydrophilic features, P. nigra is between
P. sylvestris, adapted to oroboreal phytoclimates, and
P. halepensis, adapted to Mediterranean phytoclimates
with severe summer drought. From this, it can be con-
cluded that high intertracheid wall strength values are
associated with adaptation of pines in the Mediterranean to
arid conditions, although the intraspecific variations in this
parameter do not follow this pattern. The pit microstructure
may also have a role in defining wall strength requirements
in arid environments, given that during a water stress
period the greatest implosion forces occur in the shared
wall between a functional and an embolised conduit, and
vulnerability to cavitation is mainly determined by pit
microstructure (Tyree and Zimmermann 2002). In fact, a
direct relation has been described between intertracheid
wall strength and cavitation resistance (Hacke et al. 2001).

The population most exposed to prolonged drought (8D,
with 3.9 months of aridity) had the largest average axial
tracheid lumen diameter, whereas the population subject to
the shortest interval of drought (7C, with 1.1 month of
aridity) had the smallest lumen diameter. The Hagen
Poiseuille law states that hydraulic conduction is propor-
tional to the fourth power of the conduit diameter (Tyree
and Zimmermann 2002). Therefore, large lumen diameters
require lower investment in tissue to reach a certain
hydraulic conductivity and have greater capacity to tolerate
higher transpiration rates (Sperry 2003). In line with these
findings, populations of P. sylvestris (Eilmann et al. 2009;
Martin et al. 2010) and Pinus ponderosa Dougl. (Maherali
and DeLucia 2000) have larger tracheid lumen diameters in
arid conditions than that in more mesic conditions.
Increased conductivity associated with larger tracheid
lumen in provenance 8D than in 7C could be interpreted as
a way to improve total water conductivity of the tree
without extra carbon costs. Disregarding the provenances
with the longest and shortest periods of drought (8D and
7C), no similar tendencies were observed on comparing the
other provenances. For example, in provenance 8E, with
similar climate features to 8D except for a shorter summer
drought period, tracheid lumen diameter was the same as or
smaller than that of other regions with a more favourable
climate (e.g. 7A, 7B and 10). There may be a drought
threshold, beyond which it becomes necessary to increase
lumen diameter to maintain conduction efficiency, which
means that differences become apparent only in the case of
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contrasting climates. Moreover, given that lumen diameter
affects intertracheid wall strength, it is not only water
factors but also structural factors that will affect lumen
diameter (Sperry et al. 2006), which makes the search for
relations between structure and function more complicated.

Another factor that can determine lumen diameter size is
freezing-induced xylem cavitation. This occurs when the sap
in the xylem freezes and bubbles are formed in the conduit
lumen, as air is soluble in liquid water but not in ice
(Zimmermann 1983). The larger the conduit diameter is, the
more air it will contain in dissolution and the larger the
diameter of the bubbles will be, which means the air bubbles
will expand more easily during thawing. In conifers, it has
been noted that freezing-induced cavitation causes consid-
erable loss of hydraulic conductivity beyond a mean tracheid
lumen diameter of 30 pm (Pittermann and Sperry 2003).
Although the area of extent P. nigra in Spain is subject to
considerable frosts (Table 1), no relation was observed
between tracheid lumen diameter and the climate variables
most associated with frost. Thus, it is unlikely that frost
causes significant loss of hydraulic conductivity in the
studied populations. However, given that propensity to
freezing-induced cavitation also increases as a result of
preceding drought events (Wilson Willson and Jackson
2006), it is possible that in the more arid areas subject to
heavy frost, tracheid lumen is partially limited by this factor.

An increase in lumen diameter does not necessarily
involve an increase in total conductivity, as water flows not
only through the lumen but also through intertracheal pits
(Sperry et al. 2006), which are estimated to be responsible
for at least 50% of total xylem resistivity (Choat et al. 2008).
The correlation found between tracheid lumen size and
bordered pit diameter concurs with the findings of Hacke
et al. (2004) on comparing 17 species of gymnosperms and
suggests that an increase in conductivity associated with
larger lumens is associated with an increase in pit conduc-
tivity, as larger pits lead to greater conductivity (Rosner et al.
2007). The negative correlation found between bordered pit
diameter and intertracheid wall strength may be a result of
this, given that when wall thickness is constant, the strength
of the conduit decreases the larger the lumen is.

Tracheid lumen diameter was also correlated with
maximum cross-field pit diameter. Cross-field pits are very
important in conifers, as they are the point of contact for
the axial water transport system and the biochemically
active ray parenchyma cells. This facilitates water transport
from the axial tracheids to the rays and allows the meta-
bolic products synthesised in the parenchyma cells to be
deposited in the axial tracheid system. For example, in
Pinus radiata (Hillis 1968) and Pinus canariensis C. Smith
(Esteban et al. 2005), resin impregnation of axial tracheids
is carried out from the ray parenchyma cells through the
cross-field pits. The results suggest that the larger the

tracheid is, the larger its communication system with the
ray system has to be in order to maintain the same flow of
water or metabolites between the radial and axial systems.

Tracheid length affects aspects associated with hydrau-
lics. Longer tracheids allow the water flow to cross fewer
end-wall crossings per unit of length, which means that
total hydraulic resistance is lower (Sperry et al. 2006). The
longest tracheids were found in the most favourable
regions, where increased tracheid length is a hydraulic
advantage, as the taller the tree grows, the greater the
distance water has to travel from the ground to the leaves.
Therefore, it seems conceivable that the best provenances
in terms of growth would have the longest tracheids, as
seen in P. sylvestris (Hannrup et al. 2000). It is difficult to
separate the effect of altitude on tracheid length (Fig. 3a)
from the effect of climate, as the driest regions are also
located at the highest altitudes. However, the same ten-
dency of shorter tracheids at higher altitudes has been
observed in other pine species, such as Pinus ponderosa
Laws. (Echols 1973), Pinus taiwanensis Hayata and Pinus
patula Schlecht et Cham (Zobel and van Buijtenen 1989).
Although other studies noted a positive influence of air
temperature on tracheid length (e.g. Watt et al. 2008 and
references therein), this relation was not observed in the
present study. It may be that the range of temperatures
between the regions of provenance studied is not broad
enough for this difference to be noted.

One noteworthy aspect is seen in the correlations found
between average radial resin canal diameter and five climate
parameters related to temperature, which show that in colder
environments P. nigra forms larger radial resin canals.
Similarly, axial resin canal frequency was highly negatively
correlated with absolute minimum temperature. The func-
tions of resin canals are not clear, although it is widely
accepted that their main function is to deter herbivores
(Franceschi et al. 2005) and protect trees from certain fungal
infections (Woodward 1992), particularly in the case of
traumatic resin canals formed as a result of mechanical or
fungal wounds. Nonetheless, whether normal resin canals
(non-traumatic) also provide this type of protection is not so
clear. The continuity existing between the lumen of radial
and axial resin canals results in a three-dimensional pro-
tective structure which facilitates resin flow to the outer
regions of the bark (Nagy et al. 2000). Moreover, in loblolly
pine, a correlation has been found between resin flow and
axial resin canal frequency (Blanche et al. 1992). This
suggests that in P. nigra the combination of large radial resin
canals and high axial resin canal frequency constitutes a
preformed defence system that is structurally more powerful
than small radial resin canals and low axial resin canal fre-
quency. It is possible that the stress caused to the plant by
severe winter cold spells is a factor of predisposition to
disease, in the same way that high temperatures and summer
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droughts affect P. sylvestris by stimulating resin canal for-
mation (Rigling et al. 2003). Resin canal formation is
associated with growth hormones (Wimmer and Grabner
1997). Ethylene in particular appears to play a key role in
linking exogenous factors and resin canal formation. The
two principal factors inducing ethylene production are
extreme temperatures and drought (Abeles et al. 1992),
which could explain the relations observed.

The PCA results indicate that the Mediterranean phyto-
climate is associated with high ray frequency and high ray
parenchyma cell frequency, suggesting that the more intense
summer drought is, the more ray parenchyma cells are
produced by the tree. This is supported by the high negative
correlations found between minimum monthly summer
rainfall and ray frequency and ray parenchyma cell fre-
quency (Fig. 3b). A high amount of ray parenchyma cells
implies a high number of metabolically active cells capable
of synthesising a large amount of products and accumulating
reserve metabolites. High levels of carbohydrates, mainly
starch, have been related to the drought tolerance of Picea
rubens Sarg. (Amundson et al. 1993) and Quercus ilex L.
(Bussotti et al. 2002). During prolonged drought, stomatal
conductance, photosynthesis and cell water content
decrease. Energy reserves are then invested in minimising
the limitations imposed by stress through accumulation
of organic osmolytes, whose principal source is starch
(Amundson et al. 1993). Therefore, it seems conceivable
that populations most adapted to drought would have greater
abundance of ray parenchyma cells in the stem capable of
accumulating starch. It is possible that the abundance of rays
and ray parenchyma is determined by the minimum energy
cost of maintaining the plant during the water stress period.
Moreover, the effect of provenance on ray tracheid abun-
dance was not significant (Table 2), showing quite uniform
average values between all provenances (Table 3). This
suggests that in P. nigra axial tracheid abundance is a factor
which allows little environmental variation.

The present study shows how varying microclimate con-
ditions in the regions of provenance of P. nigra have brought
about significant structural differences in its wood. This
demonstrates the importance of provenance when selecting
seed origin for reforestation in Mediterranean areas, as
observed in the case of reforestation of Pinus pinaster Ait.
after forest fires (Gil et al. 2009). Inadequate seed selection
can lead to very poorly adapted plantations or trees of very low
quality, even more so considering that global warming would
accentuate summer drought in Mediterranean environments.
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