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Abstract This study, conducted on Acacia species

(Acacia ehrenbergiana Hayne and Acacia tortilis subsp.

raddiana (Savi) Brenan) to determine their adaptive

capacity to tolerate drought and suitability for reforesta-

tion, revealed that leaf water potential (w) decreased in

both the species with increase in drought intensity. With

increase in the intensity of drought, vessel diameter

increased in A. ehrenbergiana, causing a significant decline

in vessel frequency mm-2 of the transverse wood surface,

while it decreased in A. tortilis, leading to a crowded vessel

population. Vessel-wall thickness, in conjunction with

inter-vessel pit membrane thickness, showed a positive

correlation with drought stress in both the species. Ray

dimensions generally decreased in A. ehrenbergiana but

increased in A. tortilis under increasing degree of drought.

The transverse fiber-wall area decreased in A. ehren-

bergiana, thus lowering the density (r = 0.996) and

enhancing the vulnerability of wood (r = -0.979) under

the drought stress, but increased in A. tortilis, causing a

high density (r = -0.979) and low vulnerability of wood

(r = 0.869), under the same set of conditions. Correlation

of wood density with vulnerability index was stronger

in A. ehrenbergiana (r = -0.993) than in A. tortilis

(r = -0.753). Diameters and thickness of inter-vessel pit

membrane were linearly correlated with increasing inten-

sity of drought in both the species, but its area fraction per

vessel segment increased due to water stress in A. ehren-

bergiana and decreased in A. tortilis. This study indicated

that, on the whole, A. tortilis has a greater capacity to

tolerate the harshness of drought than A. ehrenbergiana.

Keywords Drought tolerance � Inter-vessel pit

membrane � Saudi Arabian trees � Vessel morphology �
Xylem vulnerability

Abbreviations

FAA Formalin–acetic acid–alcohol

FC Field capacity

Kxa Hydraulic conductivity per xylem

cross-sectional area

MCP Mean cavitation pressure

MDI Moderate deficit irrigation

RLS Radial longitudinal section

RWC Relative water content

SDI Severe deficit irrigation

TLS Tangential longitudinal section

VF Vulnerability factor

VLD Vessel-lumen diameter

VWT Vessel-wall thickness

Introduction

At least one-third of the Earth’s land area is covered by

water-limited ecosystems and this is likely to increase

because of various anthropogenic activities, leading to

desertification and climate change (MEA 2005). Soil water

availability is a major limiting factor for the phenomena
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concerning tree growth, species distribution, ecosystem

functioning, and the long-term water, carbon and nutrient

balance in the arid and semi-arid lands (Reynolds et al.

2004; Otieno et al. 2006).

Water-deficit stress, a situation in which plant water

potential and turgor are reduced enough to interfere with

normal functions, may occur due to lack of available soil

moisture, a very slow absorption or a rapid loss of water, or

most often by a combination of all the three (Kramer and

Kozlowski 1979). It is determined commonly in terms of

leaf water potential, relative water content and gas

exchange (Chaves et al. 2003), and its intensity depends on

the relative rates of water absorption and water deficit.

In vascular plants, transport efficiency of xylem, which

depends largely on vessel width and frequency, vessel-wall

properties and inter-vessel pit membrane characteristics,

may be reduced not only by vessel collapse, but sometimes

even by vessel blockage due to tylosis formation and phe-

nolic deposits within the vessel (Kitin et al. 2010). Xylem

conduits have hydraulic limits for the maximum diameters,

as they have to withstand strong negative pressures due to

transpiration, which could cause cell collapse or embolism

within weak vessels (Choat et al. 2008; Kitin et al. 2010).

Narrow conduits are known to decrease transport efficiency,

but provide a greater hydraulic safety (Corcuera et al. 2004;

Mauseth and Stevenson 2004). Pits on vessels or tracheids

have a vital role in regulating water transport in trees. Pit

membranes are considered responsible for at least 50 % of

the hydraulic resistance in the xylem (Wheeler et al. 2005;

Hacke et al. 2006). While allowing the inter-vessel passage

to water, pit membranes also protect xylem against embo-

lism (Choat et al. 2008). Vessel size and inter-vessel pit

structure are thus, important in determining the mean cav-

itation pressure (MCP) as well as the hydraulic conductivity

per xylem cross-sectional area (Kxa), and have a role in

safety-efficiency conflict in water-conducting system (Lens

et al. 2011). Pit structure is more strongly linked to MCP

than pit quantity. Changes in the thickness and porosity of

pit membranes influence the total hydraulic resistance in the

plant system, thus, affecting xylem vulnerability to water-

stress-induced embolism. Membranes with smaller pores

are more effective in limiting the embolism spread.

Xylem has to withstand the mechanical stress associated

with negative pressure, under which the water moves.

Failing this can cause cavitation of water column through

air seeding, i.e., by pulling the gas through pit membrane

pores from gas-filled cells or intercellular spaces into water-

filled xylem conduits (Baas et al. 2004), or due to negative

pressures over the walls of the xylem conduit to resist

implosion (Cochard et al. 2004; Brodribb and Holbrook

2005). Embolism or gas blockage increases hydraulic

resistance, thus reducing water transport, and can result

in a reduced stomatal conductance and photosynthesis

(Brodribb and Field 2000), and in the dieback of branchlets

or the whole plant (Davis et al. 2002). Species with more

porous membranes or with larger inter-vessel pit membrane

area are more prone to vascular dysfunction under water

stress. After facing a cavitation event, a tracheary element

may exhibit ‘cavitation fatigue’, i.e., greater susceptibility

to further cavitation due to pit membrane damage or tearing

(Hacke et al. 2001b).

Water-saving species are known to have rigid cell walls,

low osmotic potential, narrow vessels and a reduced

transpiration rate to resist embolism in severe drought

conditions (Kalapos 1994). Vessel diameter and vessel

frequency are partly heritable and partly plastic traits and

show a wide inter-specific variation. In short, xylem anat-

omy largely determines the water-transport efficiency of a

species and correlates to its drought tolerance capacity

(Tyree et al. 1994; Lens et al. 2011).

Species of Acacia, widely distributed in the arid and

semi-arid regions of the world, exhibit unique drought

resistance and soil-fertilizing abilities (Oba et al. 2001;

Aref et al. 2003). Their typically low soil–water uptake in

the arid ecosystem is fundamental to their characteristic

adaptations that enable them to grow successfully under

limited soil–water availability. The present study, based on

the seedling anatomy of Acacia ehernbergiana Hayne and

Acacia tortilis subsp. raddiana (Savi) Brenan, was

undertaken: (1) to identify the anatomical changes that

appear in these species under drought condition and affect

their tolerance to water stress, and (2) to compare their

adaptive capacity to drought conditions, thus assessing

their suitability for reforestation purposes. This may help

in planning proper utilization of promising species for

afforestation and reforestation purposes at regional and

national scales.

Materials and methods

Seedlings production

In order to avoid any inter-tree variation, seeds of A. ehren-

bergiana and A. tortilis subsp. raddiana were collected from

a single tree of each species maintained at the Agricultural

Research Station, College of Food and Agricultural Sciences,

King Saud University in Riyadh region (N 42�24 E 46�44,

Alt. 600 m a.s.l.). These were sown in plastic pots

(32 cm 9 40 cm) containing a mixture of clay and sand soil

(1:2 v/v). Seedlings were grown in a glass house under con-

trolled condition (with 328C/17 �C ?1 �C average day/night

temperature, 12-h daylight, and 50 % relative humidity). To

maintain the optimum soil-moisture condition, plants were

watered once a day from April to June, and later as per the

requirement of the experimental design.

960 Trees (2013) 27:959–971

123



Water-deficit treatments

A 2 9 3 factorial experiment was designed to treat plants

with three watering regimes, i.e., 100 % of field capacity

(control), 50 % FC (moderate deficit irrigation MDI) and

25 % FC (severe deficit irrigation SDI). A bunch of 11

seedlings per species was exposed to each of these irriga-

tion patterns, i.e., 33 seedlings of each species were used in

total. To determine the impact of water stress on seedling

wood anatomy, sampling was done 3 months after seedling

transplantation. Three replicates from each treatment were

selected for the anatomical study of each species, and the

remaining seedlings were kept for other observations.

Plant water status

Relative water content (RWC) was tested every 10 days

after the onset of water stress, using three leaves (3rd, 4th

and 5th leaf) each, from three replicates per treatment. The

leaves were weighed for their fresh weight, then made fully

turgid by dipping their petioles in water in a beaker kept in

the dark overnight, and re-weighed to obtain their turgid

weight. After drying at 80 ± 1 �C for 24 h the leaves were

re-weighed for their dry weight. RWC was calculated

using the following formula of Morgan (1984): RWC =

[(Mf-M d)(Mt-M d)-1] 9 100, where Mf is the leaf fresh

weight; Mt, turgid weight and Md, dry weight. Besides,

relative leaf water potential of both the species was mea-

sured from ten leaves per replicate per treatment, using a

Potential Meter (WP4-T, Decagon Devices, Inc., USA) at

pre-dawn every tenth day.

Anatomical studies

For anatomical studies, stem pieces were collected from

the third internode for each replicate of each treatment in

early hours of the day and fixed on the spot in formalin–

acetic acid–alcohol (FAA). After a week, the fixed stem

pieces were preserved in an alcohol–glycerol solution

(50 % Ethanol ? 50 % Glycerol, V:V) for softening.

Sectioning, staining and maceration

Permanent mounts of fine (10-lm thick) transverse, tan-

gential and radial sections of stem pieces obtained on a

sliding microtome (AO 860, USA) were prepared, after

staining with combinations of haematoxylin and safranin/

Bismarck brown (Johansen 1940) or ferric chloride and

lacmoid (Cheadle et al. 1953) and dehydrating in ethanol

series. These sections were studied for vessel segment

dimensions, vessel-wall thickness, vessel density, and ray

dimensions. Recommendations of IAWA Committee

(1989) were followed for determining and describing the

quantitative features of the wood. Two hundred vessel

elements and wood rays were measured for each replicate

from each treatment, using a micrometer scale on Olympus

CX41 (Japan) microscope.

For fiber measurements, wood samples were macerated

following the method of Franklin (1945). Matchstick-sized

specimens were heated in a test tube containing equal

amounts of glacial acetic acid and hydrogen peroxide

(35 %), at 70 �C in a water-filled beaker until the speci-

mens became white. The treated specimens were washed

thoroughly with tap water and the fibers separated by

gentle shaking. Two hundred fibers were measured for each

replicate of each treatment.

To analyze the relative proportions of wood compo-

nents, the transverse and tangential longitudinal wood

sections were exposed to digital camera (Olympus DP 72)

attached to an Olympus BX 51 microscope and PC. Ten

prints for each replicate and treatment were obtained for

analyzing the area occupied by vessel lumen and fiber wall

in the transverse view and by wood rays in the tangential

view. For obtaining area measurements, Scanner Epson

Expression 1680 (Scan 300 dpi, Black & White, 130

threshold) and the software Area Scan Ver. 1.0 (by M B

Abdulfatah, � 2000) with Image resolution of 300 dpi

loaded in PC, were used.

Diameter and area of pit membrane

Inter-vessel pit membrane diameter was measured from 20

randomly selected vessel elements in the tangential and

radial views of each replicate of the control, MDI and SDI

samples. Twenty-five pit membranes per vessel element

were measured at 10 9 100 (in oil immersion) of an

Olympus BX 51 microscope attached with 29 inch LCD TV

(with pre calibrated micrometer scale as 1 cm = 1.212 lm)

to get a markedly enlarged view of horizontal and vertical

diameters and cross-sectional thickness of pit membranes.

To analyze the pit membrane area on the vessel element

walls, tangential and radial sections of each replicate of the

control and the stressed plants were exposed to digital

camera (Olympus DP 72) attached to the Olympus BX 51

microscope and PC. Ten prints for each replicate were

obtained for area analysis. Scanner Epson Expression 1680

(Scan 300 dpi, Black & White, 130 threshold) and software

Area Scan Ver. 1.0 (by MB Abdulfatah � 2000), with

Image resolution of 300 dpi loaded in PC, were used to

analyze the area occupied by the pit membrane on the

tangential and radial walls of the vessel elements.

Wood density

Wood density was analyzed by the method of Kocacinar

and Sage (2004). Stem segments (4–5 cm long) were taken
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separately from the 3rd to 6th basal internodes of the

seedlings from each replicate and preserved in FAA. These

were washed with tap water and cut longitudinally in the

middle. The pith as well as the bark and cambium were

removed from each sample. Fresh volume of wood was

then estimated by immersing the sample in a narrow,

graduated cylinder filled with water. The replaced water

was carefully removed from the cylinder with a pipette and

weighed. Displacement weight (in g) was converted to

sample volume by dividing it by the density of water at

20� C (0.998 g cm-3). Dry weight of the tissue was then

determined after drying the material at 70� C for 48 h.

Wood density (g cm-3) was calculated by dividing the dry

weight by the fresh volume of the wood block.

Vulnerability factor

Data were collected on vessel diameter and vessel fre-

quency mm-2 of the wood to determine vulnerability factor

(VF) of xylem by dividing the mean vessel diameter by the

number of vessels mm-2, as described by Carlquist (1977).

Histochemistry

Histochemical analysis of thin TS, TLS and RLS of freshly

collected stem pieces of both the species was done fol-

lowing the vanillin-hydrochloric acid method of Gardner

(1975), to identify the compound accumulated in the axial

parenchyma, ray parenchyma and vessel lumen, and on the

pits of the vessel walls.

Statistical analysis

The experimental layout was completely randomized with

two factors (species and watering regimes). The data were

analyzed by variance analysis (ANOVA) and the means

separated by LSD (generally at p \ 0.05), using the SAS

statistical package (SAS 2004).

Results

Relative water content and water potential

RWC and water potential showed a significant decrease

with increase in drought intensity in both the species

studied. In A. ehrenbergiana, RWC ranged from a maxi-

mum of 89.5 % in the control (100 % FC) to the minimum

(77.4 %) under severe deficit irrigation (25 % FC). Water

potential was -1.7 MPa and -2.4 MPa in samples from

plants grown under MDI (50 % FC) and SDI (25 % FC),

respectively, as compared with -1.0 MPa in the control

(100 % FC), thus exhibiting a decline of 70 and 140 %

under drought conditions. RWC analyzed for A. tortilis

varied from 91.2 % in the control to 72.2 % under SDI.

Leaf water potential was measured as -1.1 MPa in the

control, -1.8 MPa under MDI and -2.6 MPa under SDI.

It, thus, decreased by 63.6 and 136.3 % under the deficit-

irrigation regimes.

Drought effects on wood anatomy

Acacia ehrenbergiana

Microscopic analysis of the wood of A. ehrenbergiana

seedlings revealed that vessel element length was signifi-

cantly less, up to 11.72 %, under severe deficit irrigation in

comparison with the control. However, the mean vessel

diameter was markedly increased under both MDI and SDI,

showing a significant negative correlation with leaf water

potential (Tables 1, 2). The vessels developed thicker walls

under drought stress: the total wall thickness between two

neighboring vessels was 7.68 lm under MDI and 7.74 lm

under SDI, while it was only 5.04 lm in the controls

(Table 1). A negative significant correlation (r = -8755)

was observed for the inter-treatment variation in inter-

vessel-wall thickness and water potential (Table 2). The

vessel-wall thickness to vessel-lumen diameter ratio

(VWT/VLD) was higher under drought stress (0.34 and

0.35 for MDI and SDI, respectively) in comparison with

the control (0.23). Drought also had a profound effect on

vessel density (vessel number per mm2 of wood), which

was significantly less under MDI (198.59 mm-2) and SDI

(178.20 mm-2) than in the control (247.71 mm-2). The

reduction in vessel density was nearly 20 and 28 % under

MDI and SDI, respectively (Table 1; Fig. 1a, b).

The height and width of rays, as seen in TLS, decreased

with the increasing intensity of drought. The rays were tall

and wide in the control population, whereas short and

narrow in plants grown under SDI. Fibers were signifi-

cantly shorter under both MDI and SDI in comparison with

the control (Table 1). Area fraction of wood rays (in tan-

gential view), and of the vessel lumen and fiber wall (in

transectional view), decreased with the increase in drought

intensity. The ray area was dropped by 13 and 31 % under

MDI and SDI, respectively. Similarly, area fraction of

vessel lumen was reduced by about 13 and 22 %, while that

of the transverse fibers wall by 5 and 12 % under MDI and

SDI, respectively (Fig. 2), showing a positive correlation

with water potential (Table 2). Also, it had a positive

correlation with vessel-lumen area and a negative one with

xylem vulnerability (Table 3).

Wood density was inversely proportional to the drought

intensity, being significantly low under deficit irrigation. It

fell by nearly 6 and 11 % under MDI and SDI, respec-

tively, as compared with the control (r = 0.9962). It had a
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positive correlation with fiber area and a negative one with

vulnerability factor (Table 3). Wood as a means of

hydraulic conductivity showed increased vulnerability to

embolism under severe drought. A significantly higher

vulnerability factor (r = -0.9797) was obtained for

drought treatments (Tables 1, 2).

Acacia tortilis subsp. raddiana

In the A. tortilis seedlings, vessel element length as well as

vessel diameter declined with increase in the intensity of

water deficit. The radial, tangential and mean diameters

reduced significantly under both the deficit-irrigation

regimes (Table 1; Fig. 1c, d). A positive correlation was

obtained for inter-treatment variation in vessel diameter

and water potential (Table 2). The total wall thickness

between two neighboring vessels was quite high under

MDI (8.54 lm) and SDI (8.60 lm), as compared with the

control (5.76 lm), and correlated negatively to water

potential. The vessel-wall thickness to vessel-lumen

diameter ratio was enhanced under water stress, being 0.45

and 0.46 for MDI and SDI, respectively, in comparison

with 0.26 for the control. Changes in vessel density were

prominent; the density being 142 and 165 % higher under

MDI and SDI, respectively, than in the control. It showed a

negative and highly significant correlation with water

potential (Table 2).

Ray height increased with the intensity of drought. The

rays were significantly tall and broad under MDI, whereas

tall and narrow under SDI. Fiber length was adversely

affected, being significantly shorter under MDI (579 lm)

and SDI (503 lm) than in the control (599 lm) (Table 1).

The area fraction of wood rays showed a significant

decline under SDI. On the contrary, vessel-lumen-area

fraction increased over the control by 79 and 90 % under

MDI and SDI, respectively. Transverse fiber-wall area also

increased up to 10 and 16 % under MDI and SDI,

respectively (Fig. 2) and showed a highly significant neg-

ative correlation with water potential (Table 2). Fiber area

had a positive correlation with wood density (r = 0.9418)

and a negative one with vulnerability factor (Table 3).

Wood density was positively correlated to water stress

(r = -0.9798), showing a significant increase of nearly

3 and 12 % under MDI and SDI, respectively. The

higher wood density curtailed vulnerability to embolism

Table 1 Effect of deficit irrigation on some anatomical features of the wood of A. ehrenbergiana and A. tortilis subsp. raddiana seedlings

Parameters A. ehrenbergiana A. tortilis subsp. raddiana

LSD 25 % FC 50 % FC 100 % FC LSD 25 % FC 50 % FC 100 % FC

Vessel segment length (lm) 4.510 131.71b 135.05ab 138.65a 6.789 132.75b 148.78a 150.39a

Vessel radial diameter (lm) 1.020 19.95b 17.66c 21.67a 0.751 22.89a 22.29ab 21.92b

Vessel tangential diameter (lm) 0.997 16.97c 19.78b 21.82a 0.864 21.94a 22.53a 21.01b

Vessel mean diameter (lm) 1.015 18.46b 18.72b 21.74a 0.714 22.41a 22.41a 21.46b

Inter-vessel-wall thickness (lm) 0.398 8.60a 8.54a 5.76b 0.351 7.74a 7.68a 5.04b

Vessel density (mm-2) 15.781 313.41a 286.92b 118.36c 10.580 178.20c 198.59b 247.71a

Ray height (lm) 9.158 242.86a 222.58b 143.25c 7.891 160.11c 192.92b 203.37a

Ray width (lm) 2.012 31.15c 36.42a 30.21b 2.051 36.61b 39.36a 40.53a

Fiber length (lm) 19.027 502.6c 579.3b 598.8a 18.384 515.2b 519.2b 550.6a

Wood density (g cm-3) 0.025 0.6762a 0.6232b 0.6017b 0.031 0.6290c 0.6618b 0.7062a

Vulnerability factor 0.0059 0.0589c 0.0652b 0.1836a 0.0105 0.1258a 0.1131b 0.0865c

Values with different letters in the same row show significant variations at p \ 0.05

FC-Field Capacity, 100 % FC-Control, 50 % FC-Moderate Deficit Irrigation, 25 % FC-Severe Deficit Irrigation

Table 2 Correlation between leaf water potential and anatomical

parameters of the Acacia ehrenbergiana and Acacia tortilis subsp.

raddiana seedlings

Anatomical traits Acacia

ehrenbergiana

A. tortilis

subsp.

raddiana

Leaf water

potential (w)

Leaf water

potential (w)

Vessel diameter -0.8660** 0.8819**

Inter-vessel-wall thickness -0.8755** -0.8558**

Vessel density 0.9726** -0.9062**

Transverse fiber-wall area 0.9978** -0.9899**

Wood density 0.9962** -0.9798**

Vulnerability factor -0.9797** 0.8692**

Inter-vessel pit membrane mean

diameter

-0.9398** -0.8746**

Inter-vessel pit membrane

thickness

-0.9818** -0.9370**

Area fraction of pit membrane

per vessel segment

-0.8852** 0.6427*

* Significant at p \ 0.05

** Significant at p \ 0.01
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(r = -0.7530); vulnerability factor was significantly

reduced by deficit irrigation (Table 1), showing a positive

correlation with leaf water potential (Table 2).

Inter-vessel pit membrane

The effect of deficit irrigation on inter-vessel pit membrane

diameter was significant in both the species (Table 4).

The diameter increased in line with the intensity of

drought, the horizontal diameter being more sensitive than

the vertical one. Inter-treatment variation in the mean

diameter was more closely related to leaf water potential

(r = -0.9398) in A. ehrenbergiana than in A. tortilis

(Table 2). Inter-vessel pit membrane thickness also

showed an increase with growing intensity of water deficit.

It ranged between 0.606 and 1.060 lm in A. ehrenbergiana

and 0.424–0.848 lm in A. tortilis, thus the former having a

thicker pit membrane than the latter (Table 4). It showed a

negative and significant correlation with water potential in

both the species (Table 2). Inter-vessel pit membrane

thickness was strongly correlated to the total inter-vessel-

wall thickness in both the species (Table 3). Area fraction

of pit membrane per vessel segment was higher under

deficit irrigation than in the control of A. ehrenbergiana

(r = -0.8852), while it was significantly lower in A. tor-

tilis (r = 0.6427) possibly owing to the small size of vessel

elements. Pit membrane area fraction increased from 39 %

(in the control) to nearly 44 % (under SDI) in A. ehren-

bergiana, while it decreased from about 45 % (control) to

38 % (MDI) in A. tortilis (Fig. 3).

Fig. 1 Transverse view of the

stem wood of Acacia

ehrenbergiana and Acacia

tortilis subsp. raddiana

seedlings: sections a, b exhibit

density as well as distribution

pattern of vessels in

A ehrenbergiana, while sections

c, d depict the same features in

A. tortilis subsp raddiana, under

control (100 % FC) and drought

(25 % FC) conditions. Vessels

are more crowded and form

bigger clusters in the control

(a) than in the drought-affected

(b) plants of A. ehrenbergiana,

but these are scattered and less

frequent in the control (c) and

more abundant, mostly in

radially elongate clusters, often

surrounded by tannin

depositions in the drought-

affected (d) plants of A. tortilis

subsp. raddiana. Scale bar on

A = 125 lm and applies to all

the four views
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Deposition on vessel pits

In both the species studied, wood cells in the control plants

(at 100 % FC) were free from any specific depositions.

However, under MDI and SDI conditions, a chemical

substance accumulated in ray parenchyma, in axial paren-

chyma surrounding vessels or vessel groups, in the vessel

lumen and on the pits of the vessel walls. The substance

deposited was identified as tannin. The pattern of accu-

mulation was similar in both the species, as evident from

transitional stages of deposition. Synthesis/accumulation of

tannin started in living parenchyma cells (ray parenchyma

and the axial parenchyma surrounding vessels or vessel

groups) in the xylem (Fig. 4a, d). It then deposited on the

lateral walls, especially on the pits of the vessels (Figs. 4a, c,

5a, b), blocking completely the pit aperture, pit cavity and pit

membrane (Fig. 4b, d). Groups of vessels, as seen in cross

sections, showed these depositions on pits of the peripheral

walls of vessels (Fig. 4c, d). Tannin deposition progressed

through inter-vessel pits to the inner surface of the wall of the

adjacent vessel, and from outer vessels to inner ones through

the inter-vessel pit membranes, or from parenchyma to

vessels through the intervening pit membranes. Finally,

tannins were found deposited on walls of the inner vessels

(Figs. 4a, b, 5a–f). In some cases, vessel lumens were par-

tially or completely blocked by these depositions (Figs. 4d,

5f), irrespective of vessel width. Such depositions on vessels

were seen mostly in the middle to outer part of the wood in

transverse section. Few vessels in A. tortilis were found

collapsed under SDI treatment (Fig. 5e). Tannin deposition

resulting in blockage of vessel pits, hardly seen in the control

samples, increased with the intensity of drought stress in both

the species.

Discussion

Water deficit affects every aspect of plant growth and

modifies plant resistance to drought (Auge et al. 2003).

Plants adopt different strategies for survival and growth

under the conditions of limited water supply or high

evaporative demands (Jones 2004; Tambussi et al. 2007).

Variations in the annual wood production in arid-zone

plants are attributable by about 90 % to differences in soil–

water availability (Zahner 1968). Water stress reduces

RWC and leaf water potential (Merchant et al. 2007) as

well as the extension and radial growths in woody plants

(Corcuera et al. 2004). A study of Acacia species revealed

that A. tortilis resisted water stress and maintained its pace

of branch development, leaf production and total leaf area,

possibly by allocating more carbon to roots. Its ability to

reallocate more carbon to roots, thus enhancing the root

growth, was a dehydration-avoiding strategy that might

matter in its survival during drought (Otieno et al. 2001,

2005). Preconditioning enhanced the ability of seedlings to

survive water stress. Moreover, seedlings of A. tortilis and

A. xanthophloea developed drought-resisting characteris-

tics better under prolonged moderate drought than under

severe short-spanned stress (Otieno et al. 2005).

Early wood vessels having large diameters contribute

maximally to water flow up the stem, but are susceptible to

embolization due to frost or drought (Tyree and Cochard

1996; Al-Khalifah et al. 2006). Increased vessel widths

A

B

Fig. 2 Effect of the moderate and severe deficit irrigations (50 and

25 % FC, respectively) on the relative proportion of wood rays,

vessels and fibers, as measured in % per mm-2 of the transverse

surface area of wood of the a Acacia ehrenbergiana and b A. tortilis

subsp. raddiana seedlings, in comparison with the control (100 %

FC)

Table 3 Correlation of inter-treatment variation with selected ana-

tomical parameters of A. ehrenbergiana and A. tortilis subsp. raddi-

ana seedlings

Parameters A. ehrenbergiana A. tortilis subsp. raddiana

VA/FA 0.984** 0.953**

WD/FA 0.988** 0.941**

VF/FA -0.964** -0.930**

VF/WD -0.993** -0.753**

IVPMT/IVWT 0.951** 0.982**

FA Transverse fiber-wall area, VA vessel area, WD wood density, VF

vulnerability factor, IVWT inter-vessel-wall thickness, IVPMT inter-

vessel pit membrane thickness

** Significant at p \ 0.01
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covering larger transectional area of wood, as observed in

A. ehrenbergiana, was reported in Eucalyptus globulus

under low water-stress condition (Leal et al. 2003). Water

transport may be impeded not only by xylem collapse, but

also by decreased lignin deposition on vessel walls and

increased phenolic accumulation and tylosis development

in vessel lumen, as observed in the low-lignin transgenic

poplar genotypes (Kitin et al. 2010). Cavitation resistance

is also influenced by calcium; removal of calcium from cell

wall increased xylem vulnerability to cavitation in both

conifers and angiosperms, though it showed no effect on

hydraulic conductance (Herbette and Cochard 2010).

The reduced vessel area proportion under stressful

condition is due partly to a shift towards small diameter

vessels (Thomas et al. 2004) or sparsely distributed ves-

sels (Mahmooduzzafar et al. 2010). Narrow vessels are

supposed to be positively correlated to xeromorphism

(Carlquist 1977), and woods with lesser vessel-lumen area

are stronger and have a higher density (Wagner et al.

1998). Accordingly, the water-deficient A. tortilis with

short, narrow, crowded and thick-walled vessel elements,

high proportion of transverse fiber-wall area and high

wood density, is less vulnerable to drought stress than

A. ehrenbergiana.

Plant resistance to drought is often correlated with

xylem vulnerability to cavitation; species maintaining

functional xylem conduits even under extreme drought

conditions have a greater chance of survival (Maherali

et al. 2004). Further, resistance to xylem cavitation is

strongly correlated to inter-vessel-wall thickness (Cochard

et al. 2008); a greater wall thickness under MDI and SDI

conditions than in the controls of Acacia species in our

study suggests that both species can survive under extreme

water stress by avoiding wall implosion. Vessel-wall

reinforcement is required to prevent wall implosion and

cavitation, when xylem pressure is highly negative (Hacke

et al. 2001a). Vessel-wall thickenings (sculpturing) may

have a link with drought adaptation, as they strengthen the

vessel wall in more arid-adapted taxa, which experience

greater negative xylem pressures. These thickenings may

also reduce the contact angle between water and vessel

wall to nearly zero, causing increased wall wettability,

which could decrease embolism chances and enhance

refilling (Kohonen and Helland 2009). Variations in the

transverse-area fraction of fiber wall and vessel lumen (e.g.

a decrease in A. ehrenbergiana and an increase in A. tor-

tilis) under increasing intensity of drought are likely to be

phenotypic traits, whereas the relationship between trans-

verse fiber-wall area and vessel-lumen area in A. ehren-

bergiana (r = 0.9849) and A. tortilis (r = 0.9532) seems

to be a genotypic trait. A highly significant negative

correlation was observed between the inter-treatment

variations for wood density and vulnerability factor in

both A. ehrenbergiana (r = -0.9934) and A. tortilis

(r = -0.7530). The A. ehrenbergiana wood weakened

with increased water stress (0.6618 g cm-3 at MDI and

0.6290 g cm-3 at SDI), but was still strong enough to resist

drought. On the other hand, the A. tortilis wood became

stronger with the increasing wood density, under both MDI

(0.6232 g cm-3) and SDI (0.6762 g cm-3) conditions.

Cavitation resistance shows positive correlation with

xylem density, vessel-wall thickness to lumen diameter

Table 4 Effect of deficit irrigation regimes on size and thickness of inter-vessel pit membranes in seedlings of Acacia ehrenbergiana and

A. tortilis subsp. raddiana

Parameters A. ehrenbergiana A. tortilis subsp. raddiana

100 % FC 50 % FC 25 % FC LSD 100 % FC 50 % FC 25 % FC LSD

Inter-vessel pit membrane horizontal diameter (lm) 3.19c 3.99b 4.26a 0.195 4.08b 3.69c 4.66a 0.207

Inter-vessel pit membrane vertical diameter (lm) 2.83b 3.36 3.39a 0.161 3.33b 3.42b 3.58a 0.152

Inter-vessel pit membrane mean diameter (lm) 3.01b 3.67a 3.82a 0.181 3.70b 3.69b 4.11a 0.175

Inter-vessel pit membrane thickness (lm) 0.606c 0.909b 1.060a 0.0416 0.424c 0.757b 0.848a 0.0328

Values with different letters in the same row show significant variations at p \ 0.05

Fig. 3 Effect of the moderate and severe deficit irrigations (50 and

25 % FC respectively) on the area fraction of inter-vessel pit

membrane per vessel segment in the Acacia ehrenbergiana and

A. tortilis subsp. radiiana wood, in comparison with the control

(100 % FC)
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ratio and the transverse fiber-wall area, whereas negative

correlation with fiber-lumen area (Hacke et al. 2001a;

Crous et al. 2012). Since drought acclimation of woody

plants involves thickening of vessels and other xylem cells

(Pratt et al. 2007), which contributes to wood density

also, the latter becomes linked to drought acclimation

(Al-Khalifah et al. 2006; Christensen-Dalsgaard and Ennos

2012). In other words, plants subjected to drought may be

expected to develop stems having stiffer and stronger

xylem tissue with a higher density (Christensen-Dalsgaard

and Ennos 2012). In a study of Acacia species, Searle and

Owen (2005) found some association between basic den-

sity and percentage heartwood at the species level, but

none at the provenance and within-species level. Although

wood density decreased in A. ehrenbergiana and increased

in A. tortilis, vessel-wall thickness to vessel-lumen

ratio increased in both the species, with growing drought

stress.

The wood- and vessel-strength parameters strongly scale

with mean cavitation pressure (MCP). Greater cavitation

resistance is associated with features that may minimize

mechanical stresses on aspirated pit membrane. The more

cavitation-resistant Acer species possessed shorter vessels

as well as more frequent and longer radial vessel multiples

(Lens et al. 2011). In addition, fibers have a role in but-

tressing vessel walls against implosion under extreme

negative pressure. The positive correlation between cavi-

tation resistance and fiber-wall area seems to suggest a

mechanical role of fibers against cavitation (Jacobsen et al.

2005). Thus, the significant negative correlations between

Fig. 4 Stem wood in

transverse sections of Acacia

ehrenbergiana seedlings: tannin

accumulation is visible in axial

parenchyma (arrow) adjacent to

vessels and through pit pairs on

the wall of vessels at the lower

side (a), heavy accumulations

covering the vessel walls as

indicated by arrows (b),

depositions appearing mainly on

walls forming the outer

boundary (arrow) of a cluster of

vessels (c), the lumen of some

vasicentric axial parenchyma

cells and a vessel (arrows) is

almost filled with tannin

depositions (d). Scale bar on

A = 50 lm and applies to all

views
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transverse fiber-wall area and xylem-vulnerability factor

in A. ehrenbergiana (r = -0.9644) and A. tortilis (r =

-0.9303) are indicative of a positive role of fibers in

drought resistance. In A. tortilis, transverse fiber-wall area

increased under increasing water stress. In A. ehrenbergi-

ana, despite a decline under deficit-irrigation regimes, the

fiber-wall area maintained a sizeable fraction (over 50 %)

under stressful condition.

Lens et al. (2011) brought out significance of the vessel

length and inter-vessel pit structure in relation to MCP and

hydraulic conductivity per xylem cross-sectional area

(Kxa). The role of vessel length and inter-vessel pit struc-

ture in determining the MCP and Kxa was, thus, decisive in

the safety-efficiency struggle in Acer. The characteristics of

inter-vessel pit membrane in hardwood species may vary

with environment (Jansen et al. 2009). We recorded a

Fig. 5 Stem wood of Acacia tortilis subsp. raddiana seedlings,

showing the progressive deposition of tannin in vessels as seen in

transverse sections (a–f): arrows indicate deposition on pit mem-

branes (a), later covering the whole pit pairs and the inner part of the

wall (b). Tannin accumulation may be uneven (c) or uniform (d) on

the wall of vessels. Heavy accumulations inside the lumen of the

vessel segment may damage the water conduit by lumen blockage or

wall rupture (e–f). Scale bar on A = 50 lm and applies to all views
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significant effect of drought on diameter and thickness of

inter-vessel pit membranes. Under the same irrigation

deficit, A. ehrenbergiana had a thicker pit membrane than

A. tortilis. Thicker pit membranes are less porous and more

drought resistant (Jansen et al. 2009). Pit membrane area

per vessel normally shows a strong negative correlation

with cavitation. It also has a link with small surface of

narrow and short vessels (Wheeler et al. 2005; Hacke et al.

2006). In our study, A. ehrenbergiana showed increased

area fraction of pit membrane under MDI and SDI, but

A. tortilis avoided this adaptation. Moreover, despite hav-

ing a somewhat increased average of vessel-lumen width,

A. ehrenbergiana has a relatively low vessel-lumen-area

fraction in comparison to A. tortilis, a positive adaptation

for survival under stress.

In addition to the presence of vestured pits, which is a

common feature of vessels in acacias (Nair and Mohan

Ram 2008; Jansen et al. 2009; Damunupola et al. 2011),

the blockage of peripheral pits (pit aperture, pit chamber

and pit membrane including pit pores) of a group of ves-

sels, as observed in the present investigation, could be an

additional protective device against drought. These depo-

sitions possibly protect the inner vessels, irrespective of the

vessel element dimensions and pit characteristics, from air

seeding, cavitation and embolism. Participation of the axial

and ray parenchyma in tannin deposition on pits confirms

the possible role of living xylem cells in the embolism-

check/repair process (Sperry et al. 2006).

Vulnerability index of wood, calculated to determine the

impact of ecological domain on water-carrying ability of

wood, demonstrated a greater tendency of both the species

studied towards xeromorphism under drought condition.

Vulnerability of water-transport system in angiosperms is

linearly related to pit aperture and/or pit membrane pore

diameter (Choat et al. 2003; Sperry and Hacke 2004). It may

also have a positive correlation with stress level and/or plant

age (Mahmooduzzafar et al. 2010). Narrow and numerous

vessels, having intervascular-pit resistance, ensure a suc-

cessful plant performance in xeric conditions or under severe

drought (Carlquist 1984; Tyree and Zimmermann 2002).

The successful growth and survival of Acacia seedlings

under severe drought conditions endorse all these views.

Conclusions

Since, an increase in vessel frequency, inter-vessel-wall

thickness, vessel-wall thickness to vessel-lumen diameter

ratio (VWT/VLD), pit membrane diameter and thickness,

ray dimensions and wood density, and a reduction in vessel

diameter, pit membrane area fraction per vessel element,

and vulnerability factor of wood are indicative of a smooth

water transport and successful plant growth and survival. It

may be surmised that A. ehrenbergiana can grow and

survive better than A. tortilis subsp. raddiana in normal

tropical atmosphere, but A. tortilis has a greater ability to

adapt to increased water stress and can, therefore, perform

better than A. ehrenbergiana under harsh drought condi-

tions. Tannin deposition on vessel pits is an additional

adaptive feature against drought in both the species; the

significance of this feature in relation to air seeding, cav-

itation and embolism needs to be confirmed.
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