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SUMMARY 

The primary objective of this study was to determine the relationships 

between water availability, plant growth and selected vessel character

istics for Eucalyptus grandis and two hybrids, so as to ascertain whether 

these xylem characteristics predict water use efficiency. Cuttings of Euca-

lyptus grandis, E. grandis x camaldulensis and E. grandis x nitens were 

planted in 220 litre drums from which rainfall was excluded. One half of 

the individuals received a low watering treatment; one half received a 

higher watering treatment. Soil moisture depletion through root uptake 

was monitored weekly and the removed water replaced to maintain 60 

and 80 litres in the pots of the low and high watering treatments re

spectively. Mean values for tangential vessel diameter, vessel frequency 

and vessel element length were compared for the two treatments. In 

E. grandis and the hybrid E. grandis x camaldulensis vessel diameter 

(P < 0.01 & P < 0.05 respectively) and vessel element length (P < 0.05 

for both) increased from the dry to the wet treatment as water uptake 

through transpiration increased. There is no significant correlation be

tween available water and vessel frequency. For E. grandis x nitens, on 

the other hand, only vessel frequency was significantly (P < 0.01) cor

related with water uptake. In all three species / hybrids water availability 

also had a significant influence on stem diameter (P < 0.0001) and trans

verse sectional stem area (P < 0.0001) which increased with increased 

water consumption. These results suggest that E. grandis x nitens may 

be more water use efficient than E. grandis, which is commonly grown 

for timber and thus could potentially be used as a replacement species 

that is more water conservative in this water limited region. 
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INTRODUCTION 

Eucalyptus species, predominantly the Australian Eucalyptus grandis Hill ex Maiden, 

have been planted extensively in South Africa since the beginning of this century. The 

fast growth of eucalypts and the increased demand for wood and wood products in 

South Africa has meant a steady increase in the extent of these plantations despite the 

fact that eucalypts consume large quantities of water (Henrici 1946; Bosch & Von 

Gadow 1990). Planting these trees in water catchment areas decreases water runoff to 

a wide area, thus reducing the agricultural viability in these areas. Selecting trees that 

use water more efficiently than currently exploited species / hybrids, without compro

mising production, is one possible solution to the problem of maintaining the viability 

oflarge agricultural districts in South Africa where rainfall is marginal (Henrici 1946). 

Improvement of plant water use efficiency (WUE) is not only needed to increase water 

runoff, but is also necessary for plant survival under water limiting conditions. This 

was evident during the 1991/1992 drought in which the forest industry in South Afri

ca experienced heavy losses. Such losses have raised concern for improving silvicultural 

practices by selecting water use efficient species that would not only survive but con

tinue to be productive under restricted water conditions (Olbricht et al. 1993). This 

study addresses the problem of what techniques are appropriate for breeders to use as 

selection tools by examining the possibilities for using ecoclimatically significant wood 

variables in selecting for productive Eucalyptus species with lower water demands. 

With the introduction of a genetic improvement programme in 1983, many other 

species and clones besides E. grandis have been planted in provenance trails aimed at 

improving growth rate, stem form and wood quality (Stanger 1991). As a result of 

these trails two hybrids, E. grandis x camaldulensis and E. grandis x nitens, now are 

being used in commercial forestry although not yet to the same extent as E. grandis. 

The potential importance of these three eucalypts to commercial forestry in South 

Africa was the major criterion in selection for this study on the relationships between 

vessel characteristics and water use efficiency. 

Wilkes (1988) suggested that wood property variations in eucalypts do not correlate 

reliably with changes in environment (e.g., rainfall, altitude, soil type). Much of the 

research on which Wilkes (1988) based this hypothesis was directed toward the pulp 

and lumber industry. Thus, most research has focused on fibre dimensions and wood 

density (e.g., Villiers 1968; Taylor 1973; Bamber 1985; Tischler & Heth 1985), both 

of which show relatively weak ecological trends (Baas 1986). For many genera and 

species, diameter and vessel element length decrease while vessel frequency increases 

with decreasing water availability (Carlquist 1975; Baas & Schweingruber 1987; 

Van der Walt et al. 1988; Zhang et al. 1988; Wilkins & Papassotiriou 1989; February 

1993). In the present study we examine the relationship ofxylem vessel diameter, ves

sel frequency and vessel element length with water consumption in Eucalyptus grandis 

and two hybrids. 

We also investigate the association between these vessel characteristics and the in

tegrated measure of production per water used (water use efficiency) because it is 

apparent that plant adaptation to water deficits is a highly coordinated whole-plant 
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process that maintains the structural and functional integrity of the symplastic and 

apoplastic water transport system (Kolb & Davis 1994). Several physiological traits 

such as differences in leaf water potential, leaf diffusion resistance, rooting patterns 

and stomatal frequency have been shown to be associated with increased drought tol

erance and water use efficiency (Blum 1974; Burton et al. 1977). Increases in water 

use efficiency (WUE) may, however, not always be associated with drought tolerance 

since drought adaptive traits may enable a plant to withstand water shortages but with 

low biomass accumulation (Hunt 1962; Bames 1983). Therefore, the drought adaptive 

traits evident in quantitative wood anatomy may not correspond with WUE. 

The objectives of this study are twofold: 1) to determine the relationship between 

vessel element size, vessel frequency and water uptake in Eucalyptus grandis and the 

two hybrids, E. grandis x camaldulensis and E. grandis x nitens; and 2) to establish 

whether these relationships correlate with water use efficiency. The main purpose is to 

identify drought tolerant and productive Eucalyptus species that will ensure forest 

production in low rainfall areas. Until recently WUE has not been considered as impor

tant in tree breeding in South Africa. In this respect, this study represents the first 

attempt to ascertain the WUE of eucalypts for possible early selection of suitable 

hybrids for planting in existing and marginal plantation areas. 

MATERIALS AND METHODS 

On 21 March 1991, ten-week-old cuttings of E. grandis and the hybrids E. grandis 

x camaldulensis and E. grandis x nitens, were planted at 15 cm below soil surface in 

220 litre drums. 3 : 2 : 1 NPK fertiliser (100 g) and 2litres of water were added to each 

drum at the time of planting. Rainfall was excluded from the drums by fitting specially 

adapted plastic sheets that only allowed for the protrusion of the plant stem and leaf 

canopy. The drums were sunk in the soil, in the field at the D. R. de Wet Forestry 

Research Centre (25° 3' 10" S, 30° 53' 30" E), with only the top 60 cm protruding to 

simulate, as closely as possible, actual growing conditions and to facilitate water ap

plication and measurement. Half of the individuals were subjected to a low watering 

treatment and the remainder to a relatively high watering treatment where soil mois

ture in the drums was maintained at 60 and 80 litres respectively on a weekly basis. 

Soil moisture depletion through root uptake was measured each week with a neutron 

probe (Troxler Depth Moisture Gauge, model 3300, Troxler Laboratories, North Caro

lina, USA) and the required amount of water added to maintain the specific watering 

treatment. For the purpose of using neutron probe count ratios as a measure of soil 

moisture in the drums, count ratios were calibrated against soil moisture content with

in the drums according to the methods of Greacen (1981). The amount of water con

sumed per plant was calculated over the 16 month growth period between planting 

date (March 1991) and harvest date (July 1992). 

The stems were cut off at ground level and oven dried for biomass (80°C for 48 

hrs). Roots were harvested by removing the pot contents (by hand) and passing them 

through a sieve of 10 mm mesh size to separate roots from soil, roots were then oven 
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dried. WUEsl (Water use efficiency, season length, gil) was calculated as the whole 

plant dry mass in grams divided by the amount of water used by the plant over the 16 

month growth period. 

Within a tree, vessel diameters tend to be greater in roots than in stems, and greater 

in the stem than in the branches. Vessel diameter usually increases from pith to bark 

(Zimmermann 1978, 1983). To control for this variation, only the main stem wood 

between ± 50 mm and ± 110 mm above the soil was analysed. This region was rough

ly one twentieth of the distance from root to crown (Table 1). Measures of xylem 

vessel size and frequency were always taken 1-2 mm in towards the pith from the 

cambium. Stem diameters, excluding the bark, were measured at the widest point using 

dial callipers. 

In the laboratory, a 2 cm thick disc was cut from the end of each piece of wood and 

then split into rectangular sections about 5-8 mm wide, incorporating both the pith 

and the cambium. These pieces of wood were softened by boiling, before being cut in 

transverse section (20 j..lI11 thick) using a Reichert Jung base sledge microtome. The 

thin sections were stained over two days in a mixture of alcohol, glycerol and saffran in 

red. They were then mounted in Kaisers gelatine - glycerine on glass microscope slides. 

Macerations were prepared using Franklin's method (warm hydrogen peroxide and 

glacial acetic acid) before being stained and mounted on glass microscope slides. All 

measures were in accordance with the procedure recommended by the International 

Association of Wood Anatomists (IAWA Committee 1989). Measurements of vessel 

elements were made directly from the slide using a Leitz Laborlux K incident light 

microscope at a magnification ofx40 and the image analysing programme FIPS from 

the CSIR Pretoria. One transverse section and one maceration per stem was prepared 

for analysis. Vessel frequencies are the means of five areas per transverse section and 

were determined by the image analysis programme. Vessel element lengths were meas

ured using macerations and included the tails. Tangential vessel diameters were meas

ured at the widest part of the vessel lumen as viewed in cross section, and did not 

include the cell wall. Average values for diameters and lengths are based on 30 indi

vidual vessel elements. The FIPS programme was also used to measure and calculate 

transverse sectional area of the stem. 

RESULTS 

In all three taxa water availability had a significant effect on mean total water con

sumed (P < 0.0001) which in turn had a significant influence on stem diameter (P < 

0.0001) and transverse sectional stem area (P < 0.0001; Table 1). Anatomical responses 

to water treatment differed between taxa, with vessel diameter and vessel element 

length in Eucalyptus grandis and E. grandis x camaldulensis being positively corre

lated with increases in water used (Table I). However, neither E. grandis nor E. grandis 

x camaldulensis showed significant correlations between water treatment and vessel 

frequency. In E. grandis x nitens only vessel frequency responded to water treatment 

(P < 0.01; Table 1). 
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Table 1. The differences between plant growth and xylem anatomy of Eucalyptus grandis, 

E. grandis x camaldulensis and E. grandis x nitens after cultivation under different watering 

treatments. Values are means for the number of plants indicated. NS denotes no significant 

difference between means and *, **, ***, **** indicate significant difference between means 

at P < 0.05, 0.01,0.001 and 0.0001, respectively. 

Variable Watering treatment 

dry std dev wet std dev t -test 

grandis 

No of plants 11 14 

Plant mass (g) 1107 233 2055 415 **** 
Stem diameter (mm) 21 26 2 **** 
Stem area (cm2) 3.4 0.35 5.3 0.72 **** 
Vessel diameter (1Jlll) 99 8 115 11 ** 
Vessel frequency (mm2) 12 2.5 10 2 NS 

Vessel element length (1Jlll) 696 53 743 55 * 
Water uptake (1) 349 75 723 130 **** 
WUEsl (gil) 3.20 0.33 2.86 0.33 * 
Height (m) 1.72 0.10 2.08 0.21 **** 

grandis x camaldulensis 

No of plants 5 5 

Plant mass (g) 1267 101 2072 353 ** 
Stem diameter (mm) 22 .6 27 1 **** 
Stem area (cm2) 3.5 0.1 5.7 0.5 **** 
Vessel diameter (1Jlll) 104 8 120 6 * 
Vessel frequency (mm 2) 6.9 .7 8.1 1.9 NS 

Vessel element length (1Jlll) 625 34 691 36 * 
Water uptake (1) 397 47 740 61 **** 
WUEsl (gil) 3.21 0.23 2.78 0.27 * 
Height (m) 2.14 0.07 2.62 0.18 *** 

grandis x nitens 

No of plants 8 9 

Plant mass (g) 944 203 1900 267 **** 
Stem diameter (mm) 19 2 27 3 **** 
Stem area (cm2) 2.9 0.6 5.5 1 **** 
Vessel diameter (1Jlll) 107 15 116 11 NS 

Vessel frequency (mm2) 8.4 1.2 6.7 0.5 ** 
Vessel element length (1Jlll) 608 39 618 54 NS 

Water uptake (I) 252 41 631 113 **** 
WUEsl (gil) 3.74 0.38 3.08 0.56 * 
Height (m) 1.75 0.18 2.19 0.13 **** 

There was no significant difference in WUE sl between the three eucalypts in the wet 

treatment (t-tests). In the dry treatment, however, E. grandis (P < 0.01) and E. grandis 

x camaldulensis (P < 0.05) have significantly lower WUE s1 than E. grandis x nitens. 
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DISCUSSION 

There are at least two ways in which a tree may increase transport efficiency. One is by 

producing more cross-sectional xylem. The other is by changing anatomical features 

that affect conductivity such as vessel diameter, length and frequency (Ewers 1985). 

Of these features, vessel diameter is probably the most important anatomical variable 

in angiosperm wood because hydraulic conductivity is proportional to the radius raised 

to the fourth power. As a result, even a small increase in vessel radius should result 

in a large increase in conductivity (Zimmermann 1978, 1983). Previous research has 

shown that in general vessel diameters and vessel element lengths decrease while ves

sel frequencies increase with increasing aridity. Based on his observations of the 

Asteraceae Carlquist (1966) may have been the first to record this relationship. These 

observations have been supported by further studies such as the following. Zhang et al. 

(1988) showed a strong positive correlation between rainfall, altitude and element size 

in Syringa oblata, Wilkins and Papassotiriou (1989) indicated a trend towards decreas

ing vessel diameter with increasing dryness for Acacia melanoxylon and February (1993) 

demonstrated a strong correlation between rainfall, vessel diameter and vessel frequen

cy in Combretum apiculatum and Protea caffra. 

The results for Eucalyptus grandis and E. grandis x camaldulensis show significant 

correlations between water consumed and vessel diameter that agree with these findings 

(Table 1). Eucalyptus grandis x nitens, on the other hand, shows only very weak cor

relations between quantitative vessel characteristics and the amount of water used 

(Table 1). Significant correlations between vessel frequency and water in this hybrid 

suggest that it adapts to increased water use through changes in vessel frequency. This 

adaptation to increased water use is not as biomass-efficient as increasing vessel diam

eter because of the r 4 relationship between vessel radius and conductivity versus the 

additional effort of increasing vessel frequency. As a result, we suggest that E. grandis 

x nitens lacks the phenotypic plasticity necessary to optimise use of available water to 

the same extent as E. grandis and E. grandis x camaldulensis. The latter two are better 

able to adapt to available water by modifying the most important anatomical variable 

relevant to conductivity (diameter). 

Both E. grandis and E. grandis x camaldulensis have plasticity in vessel morphol

ogy that allows them to optimise use of plant-available water. On average in the dry 

treatment, E. grandis and E. grandis x camaldulensis have a higher biomass accumu

lation while using between 90 and 140 litres of water more than E. grandis x nitens 

(Table 1). These data show that when considering biomass production relative to water 

used, E. grandis x nitens is more efficient than the other two eucalypts (Table 1). The 

increased WUEsl of this hybrid combined with a tendency to use less water than the 

other two eucalypts in the study is likely to make this hybrid more desirable for plant

ing in low rainfall areas. Planting E. grandis x nitens would reduce the amount of 

water extracted in the catchment areas, thereby lessening the impact of silviculture on 

other agricultural activities downstream. 
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CONCLUSIONS 

Contrary to expectations (Wilkes 1988) wood property variations in these eucalypts 

are related to specific factors of the environment such as available water. Eucalyptus 

grandis and E. grandis x camaldulensis are highly plastic in anatomical response to 

available water whereas E. grandis x nitens is very much less so (Table 1). On the 

other hand E. grandis x nitens has the highest WUEsl of the three species / hybrids. 

Understanding these differences and significant correlations in anatomy may be useful 

in developing trees with higher WUE than the currently used taxa. These trees would 

be better suited to arid environments because lower water use would reduce the impact 

of silviculture on agricultural activities downstream. 

The primary objective of this study was to examine the possibility of using quanti

tative wood anatomy to select trees that use water more efficiently without compro

mising on biomass production. We feel that by using vessel diameter and vessel fre

quency it is possible to select different hybrids or species that are suited for particular 

ecological situations. We also feel that the findings of this study highlight the need for 

southern African forestry to diversify the range of Eucalyptus species and hybrids 

planted so that water use efficient hybrids such as Eucalyptus grandis x nitens rather 

than poor water use efficient species such as Eucalyptus grandis predominate. 
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