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ABSTRACT 

The climate of the Top End of the Northern Territory is dominated by alternating wet 

and dry seasons, imposed on a background of high year-round temperatures. Trees of 

Northern Territory savannas (the most widespread vegetation type) have developed a 

variety of responses to this strongly seasonal climate, including a range of leaf 

phenologies, from evergreen to fully deciduous. Young trees are probably more 

vulnerable than mature trees to drought, probably because their root systems are not so 

extensive. 

Responses of juveniles of two common tree species of Northern Territory savannas, 

Eucalyptus tetrodonta (evergreen) and Terminalia f erdinandiana (deciduous) to diurnal 

and seasonal changes were investigated. Saplings 1-3m high, were studied at a field site, 

and potted seedlings 0 .6 to 1.0 m high, were used in investigations under controlled 

conditions . 

For E. tetrodonta saplings, progressive leaf loss throughout the dry season (more than 

80%) was more extensive than in large trees, and represented the major constraint on 

whole tree carbon assimilation. Mean daily maximum assimilation rates on a leaf area 

basis ranged from 14.5 p.mol m·2 s·' in May to 4. 8 p.mol m·2 s·1 in October, and were 

linearly related to pre-dawn leaf water potentials. Light-saturated assimilation rates were 

higher during mornings than afternoons, when high temperatures limited assimilation, 

primarily because of non-stomatal factors. Osmotic adjustment allowed leaf turgor to 

recover overnight throughout the year. Extensive death of leaves and shoots may be 

related to xylem embolism. 

Terminalia ferdinandiana saplings were completely leafless from June to October 

inclusive, longer than large trees were leafless. Mean daily maximum assimilation rates 

varied from 12 p.mol m·2 s·' in March to 8 p.mol m·2 s·1 in May, mainly due to variations 

in stomatal conductance. Pre-dawn leaf water potentials decreased more quickly, and 

stomatal conductance was more sensitive to this decrease, in T ferdinandiana saplings 

than in E. tetrodonta saplings. 
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CHAPTER ONE: INTRODUCTION 

1.1 Physical Environment 

1.1.1 Climate 

The northern part of the Northern Territory (the 'Top End') experiences seasonal 

variation in rainfall. Seasonal latitudinal shifts of the sub-tropical high pressure belt and 

the Intra-tropical Convergence Zone dominate the meteorology of the area (Taylor and 

Tulloch 1985). During the northern hemisphere winter, a high pressure system develops 

over Siberia. Bursts of cold air flow out of this system across the equator. The air 

becomes warm, moist and unstable as it travels over large expanses of warm tropical 

oceans. This air-stream is called the north-westerly monsoon, and converges with the 

south-easterly trade winds in a broad low pressure region termed a monsoon trough. The 

monsoon trough can bring heavy rain to northern Australia over several days or even 

weeks . When over the ocean, low pressure systems within the trough may intensify to 

become tropical cyclones. These can produce high intensity rain . By contrast, during the 

southern hemisphere winter, high pressure systems located over the Australian continent 

direct a cool, dry south-easterly airstream towards northern Australia (Bureau of 

Meteorology, undated). 

Much of the Top End's rain, particularly in the dry-wet transition, comes from 

thunderstorm activity. Organised (general) convection, resulting in widespread 

thunderstorms, is a major source of rain in the dry-wet transition, whereas local 

convection, leading to isolated storms, occurs from September through to May. 

The seasonality of the climate is well-illustrated by Darwin's rainfall statistics (fable 

1.1). Ninety-three percent of Darwin's 1666 rom mean annual rainfall falls between 

November and April inclusive, while June, July and August are virtually rainless (Bureau 

of Meteorology 1997). Annual evaporation exceeds rainfall by about 600 mm, and the 

main factor li.miting plant growth is the availability of soil moisture during the dry season 

(Taylor and Tulloch 1985). Temperatures are high throughout the year, with mean daily 

maximum temperatures varying from 30.4° C in July to 33.1° C in November. (Bureau 

of Meteorology 1997). There is a little more variation in mean daily minimum 

temperatures, from 19 .3° C in July to 25.3° C in November and December. Mean 

relative humidity at 1500 his 72% in February, compared with only 38% in July. These 
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Table 1.1 Monthly Climatic Averages for Darwin Airport 

Rainfall and evaporation are mean monthly totals, and other figures are daily means. 

Values are for the period 1941 to 1996 (Bureau of Meteorology 1997). 

Month Rainfall Evaporation Temperature Relative humidity Sunshine 

(mm) (mm) (oC) (%) hours 

Max. Min. 0900 h 1500 h 

Jan 419 208 31.8 24.8 82 70 5 .8 

Feb 342 171 31.4 24.7 83 72 5.9 

Mar 312 192 31.9 24.5 83 67 6.8 

Apr 100 220 32.6 23.9 75 52 8.7 

May 20 223 32.0 22.1 67 43 9.6 

Jun 1 216 30.5 20.0 63 38 9.9 

Jul 226 30.4 19.3 63 38 10.0 

Aug 6 239 31.2 20.6 67 41 10.3 

Sep 17 249 32.4 23.1 71 48 9.8 

Oct 71 267 33 .1 25.0 70 53 9.5 

Nov 142 243 33. 1 25 .3 73 59 8.4 

Dec 235 226 32.6 25.3 77 65 7.2 

large changes in humidity, together with only small changes in temperature, result in 

considerable variation in vapour pressure deficit (VPD) throughout the year. VPD is the 

difference between saturated and actual vapour pressure, and drives evaporation. Highest 

monthly average VPD at 1500 h is in the range 2. 7 to 3.1 k.Pa, and occurs between April 

and August. Lowest monthly average VPD at 1500 h is 0.9 to 1.1 k.Pa, and occurs in 

January and February (calculated from data for Darwin Airport from the Bureau of 

Meteorology; see also Duff et al. 1997). There is also widespread cloud during the 

period from December to March, whereas typical dry season days are almost cloudless 

(fable 1.1). Thus there are considerably fewer sunshine hours during the wet than the 
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dry season (fable 1.1), despite the day being up to 1.5 hours longer in the wet season 

(calculated from Equation l ; see below). Solar irradiance varies considerably during the 

year. There was about a two-fold range in total daily irradiance at I m height at a 

savanna site (Duff et al. 1997), although this includes the complication of changes in 

canopy density. The amount of solar udiaticn, S, incident on a horizontal surface on the 

earth's surface is given by the equation (Griffiths 1985; Houghton 1985): 

where S0 is the solar parameter (previously called the solar constant) 

d is the mean distance of earth from the sun 

d is the actual distance of earth from the sun 

~ is the latitude 

o is the angle of declination of the sun 

h is the solar hour (equal to 0 at solar noon, and increases by 15° per hour away 

from solar noon) 

r is atmospheric transmission (typically 0.4 to 0. 7 in cloudless conditions; I 

assume a value of 0.6 in my calculations) 

Even at Darwin's low latitude (12° 23' S), there is a surprisingly large annual variation 

in solar radiation reaching the earth's surface - on clear days at solar noon, there is only 

67% of the radiation at the midwinter solstice as when the sun is directly overhead in 

October and February (calculated from Equation 1). There is very little variation in 

radiation while the sun is over th~ southern hemisphere, but when it is over the northern 

hemisphere, incident radiation decreases noticeably. Radiation received at ground level 

is, of course, also dependent on factors such as cloud cover , smoke haze, dust and water 

vapour content, as well as vegetation density, slope and aspect. 

Year-to-year variability of rainfall in Darwin has been analysed by Taylor and Tulloch 

(1985). They classified years in terms of amount and distribution of rainfall, and found 

that 77% of years had significant departures from the two most frequent patterns. (They 

truncated their analysis after 85 % of variation had been apportioned to individual years 

and groups of years; this figure would have been different if say 50% of variation had 

been apportioned). They concluded that much of the variation between years or groups of 

years lies in the dry and dry-wet transition periods. However, the variability in the dry 
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season arises from a very few unusual years; for example, 65 mm rain fell in July 1900, 

accounting for 48% of all rain recorded in July over 114 years. Although the coefficient 

of variation (CV, equal to standard error/mean) is largest during the dry season, such 

variation has very little impact on the physiology of plants in most years. Of more 

importance is the timing of the onset of the wet season, its duration and the absolute 

amount of rain received. Although the CV in January is only 42% , compared with 520% 

in July, a difference of l standard error from the mean in January represents 166 mm 

rain, compared with only 6 mm in July. Thus variations in wet season rainfall are much 

more important for the hydrology of the region. This is likely to be important for 

savanna trees since groundwater may supply much of their dry season's water 

requirements (Chapter 2). 

It is interesting to compare the wet-dry tropical climate with other climates with respect 

to implications for plant growth, since most ecophysiological studies have been made in 

other climatic regions. Many tropical areas are wet throughout the whole year, and plant 

growth is not subject to major climatic limitations. However, in the wet-dry tropics the 

availability of soil water during the dry season is likely to be a major limitation for 

growth. There are other climates, such as arid, semi-arid and Mediterranean climates, 

that share this limitation. In the reliability of its alternating wet and dry seasons, the 

climate is perhaps most resembles a Mediterranean climate. The dry season, with average 

maximum temperatures in the low 30's, is similar to summer in a Mediterranean climate, 

although there is much less day-to-day temperature variation in the tropics. However, 

temperatures during the wet season in the wet-dry tropics are near the optimum for plant 

growth, while in a Mediterranean climate they are generally sub-optimal. This means 

potential productivity in the wet-dry tropics is much higher. In arid and semi-arid 

climates, rainfall is generally unreliable. Unlike the wet-dry tropical climate, there is 

seldom a time each year in which favorable growing conditions are guaranteed. Plants 

and animals must be opportunistic, taking advantage of good conditions whenever they 

occur, whilst being capable of surviving long, difficult periods. 

1.1. 2 Soils of Nonhem Territory Savannas 

Most soils in the Top End are derived mainly from granite, sandstone, quartzite and 

limestone (Kent 1959). As such, they are inherently infertile, with a high sand and silt 

content, and low content of colloidal clays. This inherent infertility has been exacerbated 

by the heavy rains of the wet season leaching out the finer clay and colloidal particles, as 
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well as mineral nutrients . In addition, the heat and aridity of the dry season causes 

oxidation of organic matter in the topsoil (Kent 1959). 

The Koolpinyah surface comprises the gently undulating lowland plains which stretch 

from Darwin to the Arnhem Land escarpment (Russell-Smith eta/. 1995). It is primarily 

a Late Tertiary depositional surface, consisting of sediments derived from erosion of 

Mesozoic sediments and earlier cover rocks. The sediment mantle is seldom more than 

30-40 m deep, and resistant ancient rocks outcrop in various places. The Koolpinyah 

surface consists of a complex of gravels, sands, silts and clays which have been 

repeatedly weathered, eroded, redeposited and reweathered. Intense chemical weathering 

has occurred because sediments have alternately oxidised and saturated as a result of 

fluctuating water tables (Russell-Smith et a/. 1995; Cole 1986). Base and alkali earths 

have been leached from surface sediments, leaving only residual concentrations of 

partially hydrated oxides of iron and aluminium. Laterisation involves precipitation of 

such concentrations of iron to form small nodules or sheets of nodules cemented 

together, as well as other, deeper zones of accumulation (Russell-Smith et al. 1995). 

As a consequence of this leaching, and accumulation of iron and aluminium ions in 

surface horizons , soils are acidic and infertile (Russell-Smith et al. 1995). At the top of 

the topographic sequence, soils are typically uniform to gradational deep, well-drained 

red sands and sandy loams with minor areas of loam.s or gravelly, shallow deposits. With 

increasing slope, laterite outcrops are common, and soils predominantly comprise 

gradational , yellowish sandy loams, often with poor drainage. On lower slopes, deposits 

vary from deep sands in depressions, to shallow sandy mantles over clays in alluvial 

situations (Russell-Smith eta/. 1995). 

The distribution of vegetation associations within savanna woodlands is closely related to 

the extent of the laterised Tertiary planation surfaces and to the exposure of both old 

rocks and recent alluvium (Cole 1986). For example, savanna woodlands dominated by 

tall Eucalyptus tetrodonta and E. miniata trees, with tall perennial grasses such as 

Heteropogon triticius, Eriachne trisecta and the tall annual grass Sorghum intrans occur 

where the Tertiary lateritic surface is preserved and is associated with Tertiary lateritic 

red earths and Tertiary lateritic podzols over level to gently undulating terrain. Where 

the Tertiary lateritic surface has been partially or wholly eroded, and limestones give rise 

to red sandy loams, an open savanna woodland occurs, characterised by Eucalyptus 

foelscheana, E. tectificia, E. confertiflora, E. grandifolia and Erythrophleum 
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chlorostachys trees, and by Heteropogon contonus, Chrysopogon pallidus and annual 

Sorghum spp. grasses (Cole 1986). 

1.2 Vegetation 

1.2.1 Savannas 

Savannas are defined as tropical or near-tropical seasonal ecosystems with a continuous 

herbaceous layer, usual ly dominated by grasses or sedges, and a discontinuous layer of 

trees and/or shrubs (Skarpe 1992). Worldwide, savannas cover 23 million lcm2 between 

the equatorial rain-forests and the mid-latitude deserts and semi-deserts. They occupy 

large areas of Africa, South America, Southern Asia and Australia (Cole 1986). 

Savannas are characteristic of areas with a strongly seasonal summer rainfall regime and 

a dry period lasting from four to seven or eight months in the cooler season (Cole 1986). 

The distinctive categories of savanna, such as savanna woodland, savanna par1cland, and 

low tree and shrub savanna, occupy similar soils and are associated with similar 

distinctive landforms in each continent (Cole 1986). 

The floristic composition of savannas is partly a product of the past, and their present 

distribution, while closely related to current climatic and edapbic conditions, bas been 

influenced by climatic changes over geological time, by the long-term geomorphological 

evolution of the landscape and by the sbort-term effects of grazing, fire and human 

cultural practices (Cole 1986). 

The trees and shrubs of savanna woodland species mostly have medium to large, 

scleromorphic leaves. Many are able to regenerate from rootstocks or lignotubers after 

destruction of aerial parts by fire or drought. The extensive root systems of many trees 

and shrubs enable them to exploit the water and mineral resources of a large volume of 

soil (Cole 1986). Trees and shrubs may be evergreen, brevi-deciduous, semi-deciduous 

or fully deciduous (Williams et al . 1997b; see Section 1.3). 

In all savanna areas, C, grasses dominate the grass layer. The C4 photosynthetic pathway 

is advantageous under conditions of high light intensity, high temperature and high 

evaporation (Cole 1986). Characteristic savanna grasses have a tussock form that is 

produced by seasonal aerial shoots arising from perennating underground structures or 
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rhizomes. The leaves show varying degrees of scleromorphy and the apical buds are 

frequently protected by old leaf sheaths (Cole 1986). 

It has been hypothesised that, worldwide, the composition, structure and dynamics of 

savanna depend primarily upon the extent of the limitation and degree of variation of 

plant-available moisture and available nutrients (Williams et al. 1996). Humid savannas 

can be highly productive, despite their generally low nutrient status (Le Roux and 

Mordelet 1995). It is likely that water supply controls the duration of the growth period, 

while nutrients control the growth rate during that period (Skarpe 1992). Secondary 

determinants of savanna function are fire and herbivory (Williams et al. 1996). 

1.2.2 Savannas of the Top End of the Northern Territory 

The savannas of the Top End are generally open forests and woodlands (sensu Specht 

1981), and are the matrix within which other ecosystems such as rainforests and 

floodplains occur (Williams et al. 1996). In contrast with most of the world's savannas, 

Australian savannas have a low human population density, and are still relatively intact . 

Various types of savanna, ranging from Eucalyptus-dominated woodlands in the north, to 

low tree and shrub savannas in the south, cover most of the NT (Cole 1986). A recent 

study of the area between Darwin and Tennant Creek showed that tree height, cover, 

basal area, woody species richness and deciduous species richness all decline with 

decreasing rainfall and increasing clay content (Williams et al. 1996). 

In the north of the NT, savannas are generally dominated by Eucalyptus spp. in the 

upper storey, with a variety of annual and perennial C4 grasses in the understorey 

(Bowman et al. 1991). There is often a mid-storey consisting of broad-leafed, pan

tropical trees and shrubs, as well as saplings of dominant trees and distinctive plants such 

as Pandanus, Livistona and Cycas (Taylor and Dunlop 1985; Brock 1993; Williams eta/. 

1997b). Pan-tropical flora is an important component of savanna vegetation in the NT; in 

the Alligator Rivers region, 61-75% of the genera found in Eucalyptus open forests and 

woodlands are of pan-tropical origin, whereas only 4-8% are endemic (Taylor and 

Dunlop 1985). In the north of the NT as a whole, 28% of genera are pan-tropical, 42% 

originate in other tropical areas and 15% are endemic (Bowman et al. 1988a). 

Eucalyptus open forests and woodlands are amongst the most species-rich communities in 

the Top End (Taylor and Dunlop 1985). They are important sources of nectar and seeds 
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for animals (Taylor and Dunlop 1985). 

Studies at Berry Springs, 60 km south-east of Darwin (Bowman and Minchin 1987), and 

Howard Peninsula, 25 km east of Darwin (Wilson and Bowman 1987), showed a strong 

relationship between vegetation and edaphic variation. It appears that topographic 

position, soil fertility, soil texture and drainage are indirectly related to vegetation 

through availability of water during the dry season and severity of inundation during the 

wet season (Bowman and Minchin 1987). Poor drainage during the wet season separates 

Melaleuca communities from those dominated by eucalypts. Eucalyptus tetrodonra - E. 

miniara open forests occur on soils that remain well-aerated throughout the wet season 

but suffer drought stress during the dry season, when fire typically consumes the dried 

understoreys. Shrubby and grassy open forests are apparently differentiated by the 

severity of the dry season drought. Grassy understoreys occur on shallow, elevated 

gravelly soils, and die off shortly after the end of the wet season, providing fuel for 

fires. Shrubby understoreys develop where shrubs can tap the water-table during the dry 

season (Bowman and Minchin 1987). 

In northern Australia, fire frequency is extremely high. Each year, approximately one

half to two-thirds of the Top End are burnt (Graetz et al. 1992). The lower soil fertility 

of eucalypt forest soils compared with closed forest soils may be due to the frequent fires 

that disrupt the accumulation of nutrients and are characteristic of eucalypt forests. 

(Bowman and Minchin 1987; Wilson and Bowman 1987). High moisture levels in closed 

forests largely protect them from fire. Bowman and Minchin (1987) thus argued that the 

edaphically determined vegetation controls fire regime rather than the converse. In a 

controlled experiment, protection of open forest and woodland against fire resulted in the 

development of a dense understorey (Bowman et a/. 1988b). In fire-protected woodland, 

but not forest, mid-storeys developed. There was no systematic response of individual 

species to fire, and Bowman er al. ( 1988b) argued that Eucalyptus communities have had 

a sufficiently long history of dry season burning for vegetation patterns to be primarily 

determined by edaphic factors. However, Andersen and Braithwaite (1992) believe that 

although most savanna plants are well-adapted to cope with frequent burning, they are 

unlikely to need fires of the frequency prevailing today in the Top End. 
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1.2.3 1he Study Species 

1.2.3.a Eucalyptus tetrodonta F. Muell (family Myrtaceae) 

Eucalyptus tetrodonta F. Muell, commonly known as Darwin stringybark, belongs to the 

informal sub-genus Eudesmia (Pryor and Johnson 1971). It is an erect tree, 10 to 30 m 

tall, with few low branches and an ascending open crown (Brock 1993). Its leaves are 

smooth, lanceolate-falcate and narrow, with a blade 10-26 em long and 1.5-5 em wide, 

dull green and with an elongated pointed tip. It has small cream-white flowers, and bell

shaped woody capsules 1.5-2.2 em long by 0.9-1.6 em in diameter, with four prominent 

teeth around the rim (Brock 1993). 

Eucalyptus tetrodonta is widely distributed in the north of the NT, over a range of 

latitudes and rainfall, but is restricted to light, well-drained soils (Bowman and Minchin 

1987; Williams et al. 1996). Vegetative resprouting from lignotubers and root sprouts is 

the most conspicuous form of regeneration (Lacey and Whelan 1976). Seedling 

regeneration has been described as rare, with seed supply suggested as a factor limiting 

seedling recruitment (Fensham 1990; Fensham 1992). However, a study in Kakadu 

National Park found that 60-70% of all juveniles originated from seed. The majority of 

these arose from lignotubers formed by seedlings, the above-ground parts of which often 

die during fire or drought (Berkhout and de Been 1993). Setterfield and Williams (1996) 

found that seed production in E. tetrodonta varied substantially between years, and peak 

seedfall coincided with the first wet season rains. Post-dispersal conditions were regarded 

as more likely than seed supply to limit seedling regeneration. 

Juveniles are common in E. tetrodonta-dominated forests and woodlands, but recruitment 

into the adult population is slow, even when areas are protected from fire (Fensham 

1990; Fensham and Bowman 1992; Tables 1.2 and 1.3). In many areas, there is a 

paucity of saplings over 2 m tall (Fensham and Bowman 1992; Bowman and Panton 

1993). For E. retrodonta saplings between i and 3 m tall growing in unburnt savanna at 

Kakadu National Park, average growth over three years was negative (fable 1.2). (Ibis 

was even the case when growth was averaged only for survivors). This contrasted with 

strong positive growth for saplings of the other three species in this height category, and 

for E. tetrodonta trees greater than 3 m tall (Table 1.2). Table 1.3 shows that while for 

the other three species, between 33 and 63% of trees 1-3m tall in 1991 had grown to be 

> 3 m tall , only 4% of E. tetrodonta trees had done so. In addition, 56% of E. 
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Table 1.2 Mean height increase (m) between 1991 and 1994 for four tree species, 

categorised according to initial height 

I calculated these values from raw data kindly supplied by Dr R. J . Williams, CSIRO 

Tropical Ecosystems Research Centre, Berrimah. Data was collected in savanna at 

Kakadu National Park from 3 unburnt plots that comprised a total of 0.3 ha for the trees 

> 3 m high, 0.12 ha for the eucalypts < 3 m high and 0 .06 ha for the Terminalia 

ferdinandiana trees < 3m high. 

Height increase (m) 

Initial Ht (m) Eucalyptus Eucalyptus Eucalyptus Terminalia 

miniata tetrodonta porrecta ferdinandiana 

0 0 .23 0.20 0.09 

0.01-1.00 ~. 17 ~.09 0.03 0.02 

1.01-3.00 0.81 ~.47 0 .72 0.54 

3.01-6.00 1.20 0.69 0.62 0.81 

6.01-9.00 0.69 1.10 1.50 0.25 

9.01-12.0 -{).07 0.98 0.15 

>12.0 -1.86 2.12 0.25 

tetrodonta trees 1-3 m tall in 1991 were less than 1 m tall in 1994, compared with only 

5-23% for the other species. 

1.2.3 b Terminaliaferdinandiana Excell (family Combretaceae) 

Tenninalia is a large genus within the pan-tropical Combretaceae family (Hyland and 

Whiffin 1993). Many Terminalia species are found in tropical rainforest, but some, 

including T. ferdinandiana, grow in northern Australian savannas. Terminalia 

ferdinandiana Ex cell is a small to moderate-sized spreading tree, 4-10 m tall with a 

rounded crown. It is fully deciduous, with smooth, large leaves 5-25 em long by 5-20 em 

wide, spirally arranged at the ends of branchlets (Brock 1993). Mature trees generally 

lose their leaves between July and August, and new leaves flush after the first good rains 

of the early wet season. The tree produces cream flowers on spikes 10-20 em long 

between September and November (Brock 1993). The fruits are smooth, fleshy ovoid 
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Table 1.3 Per centage or trees in each height category in 1994 for all trees that were 

between 1 and 3 m tall in 1991 

I calculated these values from raw data kindly supplied by Dr R. J. Williams, CSIRO 

Tropical Ecosystems Research Centre, Berrimah. Data was collected in savanna at 

Kakadu National Park from 3 unburnt plots that comprised a total of 0.3 ha for the trees 

> 3 m high, 0.12 ha for the eucalypts < 3 m high and 0.06 ha for the Tenninalia 

ferdinandiana trees < 3 m high. 

1994 Ht (m) Eucalyptus Eucalyptus Eucalyptus Tenninalia 

mini at a tetrodonta porrecta ferdinandiana 

0 (dead) 4.8 7.4 0 5 .3 

1.01-1.00 9.5 56 23 5.3 

1.01-3.00 52 33 31 26 

3.01-6.00 33 3.7 46 63 

> 6.0 0 0 0 0 

drupes 1.5-2.5 em long and 1-2 em wide, and are ripe between March and June. The 

fruits are edible, with a very high Vitamin C content, and there is interest in their 

commercial production (Woods 1995). 

1.3 I..af Phenology: Costs and Benefi ts of Deciduous and Evergreen Strategies 

Woody plants of northern Australian savannas can be separated into four phenological 

groups: (1) evergreen species, which retain full canopy throughout the year; (2) brevi

deciduous species, in which the amount of canopy falls significantly, but briefly, to levels 

not below 50% of full canopy in at least some years; (3) semi-deciduous species, in 

which canopy falls to below 50% of full canopy each dry season; and (4) fully-deciduous 

species, which lose all leaves during the early to mid-dry season, and are leafless for at 

least 1-2 months (Williams et a/. 1997b). Deciduous trees can therefore be regarded as 

drought -avoiders. 

The relative proportions of deciduous ami evergreen trees vary widely in different 

savannas around the world . For example, trees in the dry savanna woodlands of northern 

Venezuela are deciduous (Cole 1986; Sobrado 1991), while to the south, in the Llanos, 
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evergreen trees predominate (Medina and Silva 1990). In the campos cerrados of Brazil, 

the trees are generally only semi- or brevi-deciduous (Cole 1986). Deciduous and 

evergreen species coexist in savannas in northern Cameroon (Seghieri et al. 1995), while 

in east African savannas, trees tend to be deciduous (Goldstein and Sarmiento 1987). 

In eucalypt savannas near Darwin, woody species are approximately evenly divided 

between the four phenological groups listed above (Williams et al. 1997b). The 

dominant canopy species Eucalyptus tetrodonta and E. miniata are evergreen. Unusually 

for eucalypts, some other species such as E. b/eeseri, E. porrecta and E. clavigera are 

brevi- or semi-deciduous (Williams et al. l997b). Taylor and Dunlop (1985) noted that 

below the tree layer, life-forms with perennial foliage are in the minority in these 

eucalypt savannas. 

In Top End savannas, leaf fall is most pronounced in the early to mid-dry season, with 

major leaf flushing prior to the onset of the wet season, during either the late, hot dry 

season (October), or the transitional 'build-up' to the wet season (November) (Williams 

et al. 1997b). It is a feature of savannas in many parts of the world that leaf flushing, 

especially of deciduous trees, occurs prior to the initial rains of the wet season 

(Monasterio and Sarmiento 1976; Williams et al. 1991b). In the dominant evergreen 

species E. tetrodonta and E. miniata, leaf growth of mature trees occurs throughout the 

dry season, suggesting they have access to ground-water (Williams et al. 1997b; Myers 

et al. 1997). This is consistent with suggestions that evergreen trees have access to 

groundwater via deep root systems and that deciduous trees do not (Monasterio and 

Sarmiento 1976; Sarmiento et al. 1985; Sobrado 1986). 

Deciduous and evergreen woody species may complement one another in their resource 

use and partition water resources both spatially and temporally. In the wet season, water 

is abundant, evapotranspirational demand is low, and competition between evergreen and 

deciduous species for water is minimal. In the dry season, when water is scarce and 

evapotranspirational demand is high, competition is avoided because the deciduous 

species become seasonally dormant. Competition for nutrients may also be minimised, 

because deciduous species tend to have shallow root systems, whilst evergreen trees 

generally have deep and extensive root systems (Medina 1982; Sarmiento et al. 1985; 

Sobrado 1991). 

Cost:benefit analyses of deciduous and evergreen phenologies of tropical trees have been 
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carried out in Venezuela (Sobrado 1991) and the Northern Territory (Prichard 1996). 

These studies have examined the costs of construction and maintenance, as well as the 

photosynthetic benefits, of leaves of various evergreen and deciduous species. 

Construction costs were estimated from values obtained for the heat of combustion and 

tissue organic nitrogen and ash content of leaves. Maintenance costs represent energy 

requirements of processes such as protein turnover and maintenance of ion gradients, and 

were estimated from protein, ash and fat content of leaves (Prichard 1996). These studies 

found that leaves of evergreen species have a consistently lower specific area and higher 

construction costs than deciduous leaves, and thus have a longer 'payback' period, in 

keeping with their longer lifespans. Differences in maximum A on a leaf area basis were 

inconsistent between the two groups, but deciduous leaves had higher rates of A on a leaf 

weight basis (Sobrado 1991; Prichard 1996). These studies have focused on the costs and 

benefits in leaf tissue only, and have not calculated a carbon budget over the entire 

lifespan of leaves. Carbon fixed by leaves fuels all growth and maintenance processes of 

the tree, and thus whole-plant factors must also be taken into account when assessing 

success of the different strategies. For example, carbon diversion to an extensive root 

system in evergreen trees may offset greater carbon assiJ1lllation over the life of a leaf 

(Sobrado 1991). It should also be noted that in terms of costs and benefits , it is average 

leaf lifespan, rather than synchrony of leaf loss and gain in deciduous species, that is 

important. For example, leaves on a deciduous tree that is bare for one month may have 

an average lifespan of ten months. This may be very similar to the lifespan of leaves of 

an evergreen tree with a fast leaf turnover. 

Prichard (1996) and Sobrado (1991) both found that deciduous trees had a higher 

instantaneous transpiration efficiency (which they defined as net assimilation, A, divided 

by transpiration, E, on a leaf area basis during a measurement interval of approximately 

one minute) than evergreen trees. However, water use efficiency, as inferred from 

carbon isotope discrimination, was similar for an evergreen and a deciduous savanna tree 

species in central Venezuela (Medina and Francisco 1994). The deciduous tree had 

higher A, while the evergreen tree had lower stomatal conductance (g.). Differences 

between these sets of results may be a consequence of the small numbers of species 

studied, or because the carbon isotope discrimination method integrates water use 

efficiency over a longer timre scale, and would therefore also include dry season carbon 

fixation by evergreen species. 

It has been suggested that evergreen leaves have a high nitrogen use efficiency, because 
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individuals with slow leaf turnover rates would lose less nitrogen through leaf fall, and 

lose less carbon in meeting the construction costs of new leaves (Chabot and Hicks 

1982). In North America, evergreen species frequently dominate nutrient-poor habitats, 

while deciduous vegetation occurs on richer soils (Chabot and Hicks 1982). However, in 

tropical trees, Sobrado (1991) found nitrogen use efficiency was higher in deciduous 

plants , while Prichard (1996) found no significant differences between the two groups. 

This emphasises the importance of doing comparisons in a wide range of environments in 

order to test general hypotheses about the advantages of various phenological strategies. 

Deciduous species have high leaf nitrogen content, which increases their photosynthetic 

capacity (Prichard 1996). Nitrogen is availahle for uptake during the wet season in the 

upper soil profile where deciduous species concentrate their roots. The combination of 

high photosynthetic capacity and low cost leaves enhances the competitiveness of 

deciduous species over evergreen species during the wet season (Prichard 1996). 

However, evergreen species are able to photosynthesise throughout the year, which 

enables them to accumulate more carbon overall and become the largest trees in the 

community. 

1.4 Stomatal Responses to the Environment 

1.4.1 Introduction 

The most effective way a plant can control its short-term water loss and carbon gain is 

by varying stomatal aperture. Stomatal movements are rapid, reversible and inexpensive 

in terms of energy (Cowan 1982), imd have been demonstrated in response to a wide 

variety of environmental factors such as light, temperature, humidity, soil water content 

and ambient carbon dioxide concentration. Stomatal aperture may also be influenced by 

the capacity of mesophyll tissue to fix carbon (Wong et al. 1979). 

Stomatal aperture reflects the differential turgor between guard cells and neighbouring 

cells (Grantz 1990). Changes in epidermal turgor may cause passive (hydraulic) stomatal 

responses, or perception of stimuli such as light or internal C~ concentration may lead 

to metabolically-mediated ion transport, osmotic adjustment, liquid water fluxes and 

turgor-driven changes in stomatal aperture (Grantz 1990). Abscisic acid, and probably 

other compounds as well (Munns and King 1988) can induce stomatal closure. 
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Although it is fairly simple to measure stomatal responses to changes in the planfs 

environment, it is much more difficult to ascertain the underlying control mechanisms. It 

can be difficult to distinguish cause and effect; for example g. directly affects 

transpiration rate, but transpiration rate may in turn affect g.. Field measurements are 

especially difficult to interpret, since changes in light, temperature and humidity are 

usually confounded. Even under controlled conditions, when these factors are changed 

singly, it is difficult to distinguish direct from indirect effects, and to determine the 

relative importance of hydraulic and chemical controls of stomatal behaviour. 

1.4.2 Stomatal Responses to Carbon Dioxide 

Stomata respond to sub-stomatal C02 concentration, C;, rather than to C02 concentration 

at the leaf surface (Mott 1988). Stomatal conductance generally decreases as C; increases, 

with the initial decrease largest at low light intensities (Wong et al. 1979; Leuning 1995). 

At high light intensities, g. is often insensitive to low C; (Farquhar and Sharkey 1982). 

The mechanism underlying stomatal responses to C; remain unclear, but it can occur in 

the absence of mesophyll cells (Fischer 1968). However, stomatal response to C; is weak 

compared with stomatal response to light (Wong et al. 1978; Sharkey and Raschke 

1981). 

1.4.3 Stomatal Responses to Light 

Stomatal conductance usually increases hyperbolically towards a maximum value as 

irradiance increases (Schulze and Hall 1982). The PPFD required for 95% of maximal 

conductance varies substantially (100 to 2000 J.tmol m·2 s·•) depending on species, leaf 

age and growth conditions (Schulze and Hall 1982). The response of stomata to light 

appears to be either a direct response to photon flux or a response to some product of 

photosynthesis in the mesophyll tissue, rather than a means of maintaining constant C;, 

since C; increases when Ca increases (Wong et al. 1979). Two separate light receptors 

are involved - one responds to red, the other to blue light. Blue light is usually more 

effective than red light in causing stomatal opening or preventing stomatal closure 

(Farquhar and Sharkey 1982). 

1.4.4 Stomatal Responses to Temperature 

The temperature at which g. is maximal varies widely between species and/ or growth 
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conditions. Generally, changes in temperature are accompanied by changes in VPD. VPD 

itself affects g., so only those experiments where VPD was maintained constant will be 

reported here. Berryman et a/. (1994) found g. in E. tetrodonta decreased when leaf 

temperature increased from 21 oc to 39°C. In Hedera helix, there was no response to 

leaf temperature in the range 15 to 28 oc at PPFD of 200 JLmOl m·2 s·1
, but at PPFD of 

350 JLmol m·2 s·1
, g, decreased as temperature increased (Aphalo and Jarvis 1991). In 

Glycine max (Ball 1988) and Macadamia integrifolia (Lloyd 1991), g. increased as leaf 

temperature increased in the range 20 to 35 °C. In contrast, Picea sitchensis had maximal 

g. at l5°C (Neilson and Jarvis 1975). Stomatal conductance of Chenopodium album 

plants grown at 23°C approximately doubled when leaf temperature increased from 25 to 

35°C, whereas there was little change in g. for plants grown at 34 oc (Santni~ek and 

Sage 1996). Berry and Bjorkman (1980) concluded that, in general, stomata of well

watered plants tend to open as temperature is increased over a wide range of 

temperatures up to 35-45°C, while in water-stressed plants, stomata close at much lower 

temperatures. 

1. 4. 5 Stomatal Responses to Humidity 

·Humidity' is a general term regarding the water vapour content of the air. Saturation 

vapour pressure in equilibrium with liquid water is an exponential function of 

temperature so a full description of prevailing humidity also requires a report of 

temperature. Plants respond to leaf-to-air vapour pressure difference, LAVPD, which 

provides the diffusional driving force for vapour flux, rather than to relative humidity 

(Aphalo and Jarvis 1991; Lloyd 1991). Meinzer et al. (1993) found a good relationship 

between g. of a South American rainforest tree and LA VPD, but only a very loose one 

between g. and VPD of the bulk air. Water vapour pressure is higher at the leaf surface 

than in the bulk air, especially when boundary layer conductance is low. However, it is 

much easier to measure vapour pressure in the bulk air, so reported values of LA VPD 

are usually estimated from this. 

Stomatal response to humidity has been observed in isolated epidermis, detached leaf 

sections, individual leaves and intact canopies (Grantz 1990), and in virtually all species 

examined (Schulze and Hall 1982). Typically, an increase in LA VPD from 1 to 2 kPa 

results in about a 50% decrease in stomatal conductance (Schulze and Hall 1982). 

However, there are large differences between species in sensitivity to LA VPD. For 

example, in Encelia jarinosa, g. decreased by 90% when LA VPD increased from 2 to 4 
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kPa (Zhang et al. 1995) whilst in Abutilon theophrasti, g. declined by only 7% when 

LA VPD increased from 1.5 to 3.5 kPa (Bunce 1986). 

There is strong evidence that stomatal responses to humidity are mediated by changes in 

transpiration rate. Mott and Parkhurst (1991) broke the nexus between humidity and 

transpiration rate by measuring g. at different ambient vapour pressures in air and in 

helox. (Water vapour diffuses 2.3 times more readily in helox than in air). They showed 

that stomata responded to evaporative potential, but not to ambient vapour pressure per 

se. Meinzer and Grantz ( 1991) found that total canopy conductance of densely planted 

sugarcane remained almost constant, although boundary layer conductance increased as 

the canopy developed, then decreased when lodging occurred. These changes were 

compensated for by changes in g., and the authors attributed the coordination of the two 

to changes in prevailing humidity at the leaf surface. Monteith ( 1995) confirmed that 

stomata respond to the rate of transpiration rather than to humidity per se after 

reanalysing 52 published sets of measurements on 16 species. 

1.4.6 Stomatal Responses to Soil Water Content 

Stomatal conductance is generally quite insensitive to decreasing soil moisture availability 

until a threshold value is reached, after whkb it decreases approximately linearly 

(Leuning 1995; Monteith 1995). The threshold depends upon species, soil type, and rate 

of transpiration (Leuning 1995). The effects of soil water status on g. are mediated, at 

least partly, by chemical messages originating from dehydrating roots (Davies and Zhang 

1991). Such messages may include ABA and Ca2+, which inhibit stomatal opening, and 

K .. and zeatin riboside, which promote it. Stomatal inhibitors other than ABA may be 

produced by roots in drying soil (Munns and King 1988). 

Evidence. for the production of stomatal inhibitors by roots in drying soil comes from 

experiments by Passioura and colleagues (Passioura and Munns 1984; Gollan et al. 1986; 

Munns and King 1988) in which p!ants were placed in a device that allowed pressure to 

be applied to the roots to counterbalance exactly the effects of soil drying on the water 

relations of the shoot. Soil drying induced reductions in g. and leaf growth rate, even 

when shoot water relations were not changed (Gollan et al. 1986). Xylem sap from such 

plants caused a reduction in transpiration of excised leaves (Munns and King 1988). 

Further evidence comes from split root experiments, in which one half of a plant's root 

system was allowed to dry, while the other was well supplied with water. Diurnal 
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variations in shoot water relations were comparable with those of plants watered on both 

halves of the root system, but half-watered plants had reduced g. (Davies et al. 1990). 

There was a close relationship between g. and xylem ABA concentration when this was 

varied by feeding ABA or by subjecting part of the root system to a water deficit (Zhang 

and Davies 1990), and a good relationship has also been demonstrated under field 

conditions (fardieu et al. 1992). However, Meinzer et al. (1991) found that in 

sugarcane, stomatal responses to variations in the ratio of leaf area to root system area 

were consistent with control of g. by delivery rates of xylem constituents per unit leaf 

area, rather than by the concentration of substances in the xylem sap. 

I . 4. 7 Integration of stomatal responses to soil and atmospheric drought 

The fact that stomata can respond to changes in both soil and leaf water status has made 

it difficult to develop widely applicable relationships between these factors and g.. There 

has been debate as to which is of the greatest practical significance (eg Kramer 1988; 

Schulze et al. 1988; Passioura 1988). Tardieu and Davies (1993) developed a model that 

integrates hydraulic and chemical signalling in the control of g.. They suggested that the 

root message would provide the plant with a means to sense the conditions of water 

extraction (soil water status and resistance to water flux) on a daily timescale, while the 

short-term response to this message would depend on the evaporative demand. Briefly, 

they proposed that the chemical message is synthesised by dehydrating roots at a rate 

proportional to the root water potential and, because it is diluted in the xylem sap, its 

concentration is related to the reciprocal of water flux. When water flux is low, for 

example because of dry or compacted soil, the concentration of the chemical message 

increases, causing stomata to close and maintaining approximately constant leaf water 

potentials. This is consistent with field observations with maize, in which similar values 

of leaf water potential are found in plants differing in other hydraulic variables such as 

g., soil water potential and soil-root resistance to water transfer (fardieu and Davies 

1993). It also .provides a means of buffering xylem ABA concentration against abrupt 

changes in evaporative demand, since the sap can take up to several hours to reach the 

stomata. On a longer time scale, a gradually increasing concentration of xylem ABA in 

drying soil, with a relatively stable signal on a daily basis, may provide reliable 

information on the functioning of the root system and suitable regulation of the 

developmental processes of plants. This model can provide the basis for stomatal control 

by the plant sensing transpiration rate. 
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Correlations have been observed between g. and leaf water potential (Schulze and Hall 

1982), but the evidence for close coupling between the two is not strong. Tight control of 

leaf water potential has been shown in several species, but cannot be due to simple 

feedback by g., since similar values of leaf water potential can be observed for 

contrasting values of g. (discussed by Tardieu and Davies 1993). Soil drying can induce 

reductions in g., even when shoot water relations are not perturbed (Gollan et al. 1986). 

The observed correlations may be explained by a corrunon cause: for example, reduced 

humidity may cause both partial stomatal closure and decreases in leaf water potential. It 

is certain that g, affects leaf water potential by controlling the rate of water loss from the 

shoot, but there is little evidence that the converse applies under normal conditions. 

Although stomatal aperture is controlled by the differential turgor between guard cells 

and neighbouring cells, there appears to be no direct relationship between g. and bulk 

leaf turgor. Gollan et a/. (1986) found g. of wheat and sunflower leaves fell with fal ling 

soil water content whether leaves were kept fully turgid or not. In addition, leaf turgor of 

unwatered maize plants was initially reduced but then remained fa irly constant over an 

18-day drying cycle, whereas stomata were almost completely closed at the end of this 

period (Sharp and Davies 1985). Similarly, chill-sensitive Phaseolus vulgaris plants 

exposed to 5 oc for 24 hours exhibited zero leaf turgor and pronounced leaf wilting, but 

stomata remained open (Eamus and Wilson 1984). 

1.4.8 Mesophy/1 capacity for C02 .fixation may affect gs 

Wong eta/ . (1979) reported that stomatal aperture is also determined by the capacity of 

the mesophyll tissue to fix carbon. They altered the capacity of leaves to fix carbon by 

various means including slow imposition of water stress, changing irradiance and 

nitrogen nutrition levels and applying the inhibitor of photosynthetic electron transport, 

DCMU. In all cases, both A and g. declined such that C; was maintained at about 220 

JLIDOl mol·1 for the eight ~ species and 100 JLIDOl mol·1 for the four C4 species. This 

could not be explained by a simple feedback mechanism to maintain constant C; since C; 

changed when Ca was altered. They suggested that stomata respond to a metabolite of 

photosynthesis in the leaf mesophyll tissue. 

In addition to biochemical constraints on C02 fixation, the rate of diffusion from the 

stomatal cavity to the sites of carboxylation within the chloroplast may limit carbon 

assimilation rates, especially in leaves of some woody perennials (Lloyd et al. 1992). 
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1.5 Carbon Assimilation 

1.5.1 Relationship Between Assimilation and Stomatal Conductance 

Rates of A vary with g., because g. affects the rate of diffusion of C02 to sites of 

carboxylation, and hence Ci. At low g,, there is an almost linear increase in A as g. 

increases, but at high g., A is almost independent of g. (eg Wong et al. 1978; Wong et 

al. 1979). A reduction in C; is a necessary but not a sufficient condition to demonstrate a 

primary stomatal limitation to A (Farquhar and Sharkey 1982). The relationship between 

A and C; is described in Section 1.5.2. However, A can also be directly affected by 

factors such as light, temperature, LAVPD and soil moisture status , through changes in 

mesophyll or biochemical resistance (including changes in activities of photosynthetic 

enzymes). Changes in mesophyll resistance can be detected through alteration in the 

relationship between A and Ci. (Caution is needed, however, because patchy stomatal 

closure can lead to overestimates in apparent, but not actual, C;, and wrongly imply that 

mesophyll resistance has increased (see Section 1.5.2 a)). Influences on g. have been 

described in Section 1.4, so this section on assimilation concentrates on changes to 

mesophyll resistance (i.e. non-stomatal factors). Most factors that affect mesophyll 

resistance also affect g,, and therefore exert both a direct and an indirect effect on A . 

1. 5. 2 Effects of Carbon Dioxide Cnnr.entrarinn 

The relationship between A and Ci is well-documented ( eg von Caemmerer and Farquhar 

1981; Farquhar and Sharkey 1982). The initial effect of increasing Ci above zero is 

activation of the enzyme Rubisco. As Ci increases further , from about 30 to 200-250 

JLmOl moi·1
, A increases almost linearly. In this range of Cj, Rubisco is saturated with 

respect to the substrate ribulose biphosphate (RuPz). However, as Ci rises further, and 

the rate of RuP2 carboxylation increases, the capacity to regenerate RuP2 becomes 

limiting. This capacity depends on the capacity for electron transport, which in tum 

depends on absorbed irradiance. In this region, the rates of electron transport, 

regeneration of ATP, NADPH, and RuP2 become virtually independent of Ci. However, 

A still increases slightly as RuP2 is increasingly diverted from oxygenation to 

carboxylation (Farquhar and Sharkey 1982). At very high Cj, A may actually decrease, 

probably because of acidification of the leaf cells (Chaves 1991). 

Carboxylation efficiency increases as the partial pressure of oxygen decreases (von 
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Caemmerer and Farquhar 1981), reflecting the dual affinity of Rubisco for oxygen and 

C02• At 20% oxygen concentration, carboxylation efficiency increased as temperature 

rose from 20 to 32°C, but at 1.9% oxygen concentration, carboxylation efficiency was 

independent of temperature, consistent with the kinetics of Rubisco (von Caemmerer and 

Farquhar 1981). Carboxylation efficiency also increases with nitrogen nutrition of the 

plant (von Caemmerer and Farquhar 1981). 

1.5.2 a Heterogeneous C; within the leaf (patchy stomatal closure) 

It can be shown mathematically that, for a given average Ci> assimilation is maximal 

when C; is homogeneous within the leaf (Lloyd et al. 1992). However, patchy stomatal 

closure (Mott et al. 1993), and resistance to intercellular diffusion of C02, especially in 

hypostomatous leaves (Parkhurst and Mott 1990), can lead to heterogeneity of C; within 

the leaf. Patchy stomatal closure bas been shown to occur under conditions of water 

stress and in response to exogenous ABA application, and results in over-estimation of C; 

whenever A and g. are non-linearly related {Chaves 1991; Terashima 1992). Patchy 

stomatal closure could explain various reported 'non-stomatal' effects on photosynthesis 

at low humidities, such as a decline in photosynthesis at constant C; for leaves of well

watered plants (Mott et al. 1993). However, patchy stomatal closure does not affect the 

biochemistry of photosynthesis other than by influencing the concentration of C02 at sites 

of carboxylation. 

1.5.3 Effects of Light 

At constant Ca, the response of A to increasing PPFD can be approximated by a non

rectangular hyperbola (Leuning 1995). In the approximate PPFD range of 50-200 ~-'mol 

m·2 s·' the relationship is close to linear, and the slope provides an estimate of apparent 

quantum yield {Cole 1994). For C3 plants, average apparent quantum yields are about 

0.052 moles C02 per mole incident quanta (Ebleringer and Pearcy 1983). The 

relationship between A and PPFD is often similar to that between g. and PPFD, resulting 

in a linear relationship between g. and A, and therefore constant C; as PPFD is varied 

and Ca maintained constant (Wong et al. 1979; Leuning 1995). Increasing irradiance can 

provide more energy for A, to the point where the light capturing and dark carbon 

fixation systems within the leaf become saturated. Stepwise increases in PPFD levels 

produce a family of A-C; curves with both increasing initial slopes and increasing 

maximum values (Wong et al. 1978; Leuning 1995; Nygren 1995). In Eucalyptus 

paucijlora, the response of both A and g. to increasing PPFD at constant C; was 
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hyperbolic (Wong et al. 1978). 

Response of A to light depends on species, and growth conditions of plants. For 

example, A in the understorey rainforest tree Euphorbia forbesii was light-saturated at 

approximately 250 p.mol m·2 s·' (Pearcy et a/. 1985), while in the tropical legume 

Erythrina poeppigiana, A was not light-saturated until PPFD exceeded 2000 p.mol m·2 s·1 

(Nygren 1995). Plants grown at high PPFD usually have higher maximum rates of 

assimilation per leaf area than those grown at low PPFD (eg Sims and Pearcy 1994; 

Zhang et al. 1995). Shade plants of Encelia farinosa had lower carboxylase activity, 

lower electron transport rates and lower daytime respiration rates than plants grown in 

sun (Zhang et a/. 1995). The ratio of carboxylation capacity to electron transport 

capacity was lower in shade plants (see Givnish 1988 for review). 

1.5.3 a Induction 

A plant's capacity to use light for A is strongly influenced by the photosynthetic 

induction state (Kirschbaum and Pearcy 1988; Pearcy 1990). In intact leaves, induction 

requires light for half an hour or more. It involves both increases in g. and changes in 

chloroplast biochemistry, especially light-modulation of Rubisco activity (Pearcy et al. 

1985; Kirschbaum and Pearcy 1988; Seemann et al. 1988; Pearcy 1990). 

In dynamic light environments, such as in dense forest, the efficiency with which plants 

utilise light depends on the induction state of their leaves, which in turn depends on the 

frequency and duration of sunflecks (Pearcy 1990). 

1.5.3.b Photoinhibition 

When plants are exposed to high light intensities for long periods, photoinhibition can 

occur, especially if water or temperature stresses are also present. Intense light may 

result in a build-up of the products of photosynthetic electron transport, and lead to an 

inhibition of electron transport, and excessive excitation of the reaction centres of 

photosynthesis (Baker 1993). Thy1akoids can down-regulate photosynthesis by non

radiative energy dissipation when the rate of excitation of the reaction centres exceeds the 

rate of electron transport (Demmig and Bjorkman 1987). This process is readily 

reversible, in contrast with photodarnage to the photosystem D reaction centre. 

Pbotoinhibition can be detected using chlorophyll fluorescence, a technique that is now 

readily applied to field conditions (Ball et al. 1994). 
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1.5.4 Effects ofTemperaJure 

Most species exhibit a fairly broad temperature optimum for assimilation, with a gradual 

decline as leaf temperature varies from this. Mild heat stress can inhibit A by causing 

reversible changes in the thyla.koids and by deactivation of some Calvin cycle enzymes, 

especially Rubisco. Irreversible damage occurs when leaf temperature rises above a 

critical level, normally around 45-48°C (Chaves 1991). Below the optimum temperature, 

quantum yield and maximum rate of A decline (Pereira 1994). 

In four Eucalyptus species grown at 16°C, the temperature optimum for A ranged from 

l8°C to 30°C, but there was little difference in A over a 5 to l5 °C range about this 

optimum. Metabolic factors were primarily responsible for limiting A below the 

temperature optimum, while at supra-optimal temperatures, only stomatal limitations 

were important (Ferrar et a/. 1989). For larch seedlings grown at goc, the optimum 

temperature range for A was 10-20°C, compared with 20-30°C for those grown at 24 oc 
(Tranquillini et a/. 1986). In oil palm, A was constant over the range 30 to 38°C, 

although g. increased, suggesting some mesophyll limitation at high temperatures 

(Dufrene and Saugier 1989). In Macadamia integrifolia, for a given LA VPD, A was 

maximal at 25 to 30°C. However, for a given value of Ci, A decreased with temperature 

between 20 and 30°C (Lloyd 1991). In Chenopodium album, apparent quantum yield was 

similar for temperatures between 25 and 35 °C, but the C02 compensation point increased 

with temperature, reflecting an increase in photorespiration. For a given value of Ci 

greater than 400 JLmol mol·1
, assimilation was higher at 35°C than at 25°C, reflecting 

stimulation of RuP2 regeneration (Santnitek and Sage 1996). Similarly, RuP2 

regeneration capacity increased in Phaseolus vulgaris as temperature increased from 20 

to 28°C (von Caemmerer and Farquhar 1981). Stimulation of RuP2 regeneration capacity 

in seedlings grown in an atmosphere enriched in C02 can also explain why, in 

Eucalyptus tetrodonta, optimum temperature was about 30°C for seedlings grown at 

ambient C02 concentration, but approximately 35°C for seedlings grown at C02 

concentration of 700 JLmOl mol·1 (Eamus eta/. 1995a). 

Some species exhibit marked acclimation of their photosynthetic apparatus to growth 

temperature. For example, increasing the daytime temperature from 16° to 32°C 

increased the temperature optimum of Nerium oleander by 1 rc (Ferrar et al. 1989). 

Photosynthetic responses and acclimation to high temperatures in eucalypts varied with 

species. At temperatures below 30°C, A was higher in plants grown at 16° than at 32°C. 
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Generally, for plants grown at l6°C, A decreased when temperature increased above 

about 20°C, while for plants grown at 32°C, optimum temperature for A was 25 ° to 

33 °C. There was no shift in the temperature optimum of 30°C for the Northern 

Territory savanna species E. miniata at constant Ca when plants were grown at 16°C 

rather than 32°C, but there was a 7°C shift at constant Ci of 275 JLmOl mol-L (Ferrar et 

al. 1989). The photosynthetic temperature optimum and threshold temperature which 

promotes stomatal closure increased substantially between late spring and mid-summer in 

Yucca glauca (Roessler and Monson 1985). However, there was no shift in A-Ci curves 

when Chenopodium album plants were grown at 23 oc compared with 34 oc (Santril~ek 
and Sage 1996). 

High temperatures may also predispose leaves to photoinhibition (Chaves 1991). For 

example, temperatures above 3rC caused increased susceptibility to photoinhibition in 

six Eucalyptus species (Ogren and Evans 1992). 

The differences in temperature response between species and growth and measurement 

conditions reflect different sensitivities to temperature of the different components of the 

photosynthesic and respiratory pathways. Acclimation of A to high temperatures may 

involve greater thermal stability of the photosynthetic apparatus, an increase in the 

temperature at which irreversible heat inactivation begins, or decreased respiration rates 

(Ferrar et al. 1989). Because respiration has a higher temperature optimum than A, plant 

growth is more sensitive than A to high temperatures (Pereira 1994). 

1.5.5 Effects of LAVPD 

There have been many controlled laboratory studies that show depression of A-Ci curves 

with increasing LA VPD or with increasing transpiration rates induced by increases in 

LA VPD. This depression has been reported, for example, in Eucalyptus microcarpa, 

Xanthium strumarium, Gossypium hirsutum, Agathis robusta, Larrea divaricata, the wilty 

mutant of Lycopersicon escuientum, Scrophularia desenorum (Sharkey 1984), 

Chenopodium album (Bunce 1986), field-grown tomato (Bunce 1988), two Pseudotoga 

species (Aussenac et al. 1989), Macadamia integrifolia (Lloyd 1991), four Abies species 

(Guehl et al. 1989), Glycine max, Vicia faba, Phaseolus vulgaris (Matt and Parkhurst 

1991), Helianthus annuus (Lauer and Boyer 1992) and Eucalyptus tetrodonta (Eamus et 

al. 1995a). Although in some of these studies, one cannot rule out the possibility that 

this depression is only apparent, and due to patchy stomatal closure, Bunce (1988) 
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showed a reduction in A without stomatal closure in response to increasing LA VPD in 

field-grown tomato. Sharkey (1984) and Lauer and Boyer (1992) measured Ci directly on 

one leaf surface, using a closed loop system. Although measured C; would only have 

been the average value for that leaf surface, there was no C02 flux from that leaf surface 

when the system was equilibrated, and therefore one would expect that Ci was almost 

uniform. In addition, GuehJ et al. (1991) estimated the time-integrated ratio of C,/Ca 

from stable carbon isotope ratios. They found that decreased g. could not fully account 

for the decrease in A induced by high LA VPD. There is thus strong evidence that high 

LA VPD and high transpiration rates can reduce the mesophyll capacity for A. 

1.5.6 Effects of Soil Water Content 

There are many reports of a decrease in A during drought, even without a decrease in Ci 

(fumer et al. 1985; Aussenac et al. 1989; Luo 1991; Chaves 1991; Lauer and Boyer 

1992). With mild water stress, Ci may decrease, but as drought progresses , Ci generally 

increases (Luo 1991). In a study of 19 species, those adapted to the wettest environments 

suffered the largest mesophyll limitation to A during drought, whilst xeric species 

maintained relatively high A despite decreased g. (Kubiske and Abrams 1993). These 

findings suggest that stomata may be the primary limitation on A during mild water stress 

or in drought-adapted species, but that metabolic factors become more important during 

severe stress. 

The initial effect of water stress is to reduce the capacity for RuP2 regeneration, while 

the carboxylation efficiency may be unaffected (Farquhar and Sharkey 1982). However, 

other work shows a decrease in both the initial slope of the C02 response curve and the 

maximal rate of A (Chaves 1991). Decreases in the activation and total activity of 

Rubisco, and also in its concentration, have been observed in slowly stressed plants of 

different species (Chaves 1991). Generally mesopbyll photosynthesis is affected only 

when relative water content of leaves falls to 50-70%, and irreversible damage in the 

chloroplast does not occur until relative water content decreases below about 30% 

(Chaves 1991). 

Kirschbaum (1988) found a two-stage recovery of A from water stress in Eucalyptus 

paucijlora. He concluded that water stress has two independent and parallel effects on the 

mesophyll capacity for A. One effect was considered to be readily reversible, and its 

reversal involved concurrent increases in g. and an upward shift in the A-Ci curve. The 
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second effect probably involves damage to the photosynthetic machinery, and required 

protein synthesis for its reversal. 

1. 5. 7 Optimisation of Carbon Gain in Relation to Water Loss 

In almost all environments, water is, at least sometimes, a 1imiting resource. Natural 

selection could therefore be expected to favour plants that optimise carbon gain in 

relation to water availability. Cowan (1977) and Cowan and Farquhar (1977) explored 

these concepts in developing the theory of optimal variation. 

It can be shown mathematically that optimisation requires a plant to maintain aE/aA, or 

the unit marginal cost, uniform in all its leaves, and constant in time (Cowan 1982; 

Cowan and Farquhar 1977). The magnitude of the optimum unit marginal cost, termed 

A, can be interpreted as a physiological parameter that depends on the amount of water 

available to a plant. One prediction from this theory is that ~ should be higher in the 

morning, when LA VPD is low, than in the afternoon, when LA VPD, and hence water 

loss, is higher for the same carbon gain. 

The question of how plants may optimise iJEIBA in their foliage must be considered. It is 

obviously unlikely that they could sense this ratio directly. In addition, the condition that 

iJE/iJA is constant for all leaves and at all times during the day is necessary but not 

sufficient; iJE/iJA must be equal to A, the magnitude of which is not known but is related 

to water supply (Cowan 1982). A varies in both space and time. For individual plants, 

even of the same species, the environment varies - for example, soil depth and water 

holding characteristics, depth to the water-table, exposure to sun and wind and 

competition from surrounding vegetation. Obviously, A declines during rainless intervals. 

In the long term, the plant also has some control over A, by being able to modify the rate 

of soil water depletion. It seems unlikely that a plant can detect its individual A. Almost 

certainly, therefore, plant behaviour will be at best an approximation of optimisation. If 

plants do tend to optimise iJE/iJA, they may only do so under conditions normally 

encountered by them in the field. They may not be able to optimise iJE/iJA in the 

abnormal conditions of shadehouse or laboratory. 

It is possible to test for behaviour consistent with optimisation by varying relative 

humidity and inducing small changes in g.. Resulting changes in the ratios of iJE/iJ~ and 

iJA/og. and hence iJE/iJA can then be measured. Studies using Nicotiana glauca and 

26 



Cory/us avel/ana (Farquhar et al. 1980a), Vigna unguiculata (Hall and Schulze 1980), 

Pseudotsuga menziesii (Meinzer 1982) and Lepechinia calycinia (Field et al. 1982) have 

yielded results consistent with the optimisation theory. However, in Macadamia 

integrifolia ()Ef()A increased as LA VPD increased (Lloyd 1991). In addition aEJ()A was 

constant with increasing LA VPD in only two of four species of Abies tested by Guehl et 

al. (1991). Only the study by Field eta/. (1982) was conducted in the field. 

Optimisation requires that under certain conditions, an increase in LA VPD is 

accompanied by a decrease in transpiration (Cowan 1982; Cowan and Farquhar 1977). 

This feedforward response has been demonstrated on a number of occasions (eg Wong et 

al. 1978). 

Further tests of the theory under different conditions are desirable. For example, 

optimisation requires that aE!aA be the same for all leaves on a plant, and testing 

whether this is indeed the case for both shaded and sunlit leaves would be a suitable test. 

It would also be interesting to measure ()EfoA during a sequence of single-factor step 

changes in humidity, irradiance and temperarure (see Cowan 1982) in the range 

commonly encountered by plants in the field. If the magnitude of iJE/iJA is similar when 

different factors are changed, this would support the optimisation theory. 

1.6 Tissue Water Relations 

Tissue water relations characteristics can also contribute to drought tolerance. The ability 

to maintain turgor as cell water content and leaf water potential (-i.[r J decrease has been 

cited as an important adaptation to water stress (Jones and Turner 1978; Morgan 1984). 

High turgor maintenance capacity is associated with low osmotic potentials and a large 

difference between osmotic potentials at full turgor (1rHXl) and the turgor loss point (7r0) 

(Jones and Turner 1978). Solute accumulation in response to water (or other) stress is 

termed osmotic adjustment, and is evidenced by a decrease in 1r100 (Morgan 1984). 

Osmotic adjustment (often erroneously called 'osmoregulation') involves an increase in 

osmotic pressure of cell sap resulting from more solute molecules per cell rather than 

from a lower cell volume (Munns 1988). Osmotic adjustment has been demonstrated in a 

wide range of species (Morgan 1984). With reference to woody species, there was a 

drought-induced decrease in 71"100 of 0.20, 0.26 and 0.51 MPa in seedlings of Eucalyptus 

behriana, E. microcarpa and E. polyanthemos (Myers and Neales 1986). In response to 

seasonal drought, there was a reversible decrease in 71"0 of 2 MPa in the drought-tolerant 
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shrub Hakea polyanthema, but little change in 1r0 in the drought-sensitive seedlings of H. 

smilacifolia or H. ruscifolia (Richards and Lamont 1996). However, other studies have 

shown no osmotic adjustment occurred in response to drought in mature leaves of 

evergreen savanna trees (Goldstein and Sarmiento 1987), five woody species growing on 

xeric shallow soil in Japan (Mishio 1992), Douglas fir seedlings (Joly and Zaerr 1987) or 

Pinus strobus seedlings (Boucher et al. 1995). There was no osmotic adjustment in 

droughted representatives of the woody desert shrub Artemisia tridentata (Evans et al. 

1992), but osmotic potentials decreased by 3 MPa because leaf water volumes decreased 

by more than 75%. 

The capacity to maintain turgor is also intluenced by the bulk modulus of elasticity (E), 

which is defined (Tyree and Jarvis 1982) as : 

where R is relative symplastic water volume. Thus a small value of E indicates elastic 

tissue. The relationship between turgor maintenance capacity and E is complex. Large E 

results in large changes in water potential for only small changes in water content, 

producing a proportionately large increase in water flow from soil to leaves, and hence 

plants will maintain high levels of turgor so long as water is available and water transport 

within the plant is non-limiting (Colombo 1987). However, large E will lead to more 

rapid turgor loss when water supply is limiting. In comparison, when E is small, 

comparatively large volumes of water will be lost with only a small decline in turgor 

(Colombo and Teng 1992), and plants will maintain turgor longer as 'l'L declines. € was 

lower in Cflllitris columellaris than in two less drought-tolerant Eucalypt species 

(Clayton-Greene 1983), and Dubautia species from dry habitats had lower E than 

Dubautia species from mesic to wet habitats (Robichaux and Canfield 1985). Drought 

cycles reversibly decreased E in Douglas fir seedlings (Joly and Zaerr 1987). t: was lower 

in leaves of unirrigated than irrigated wheat (Rascio et al. 1988) and sugarcane 

(Saliendra and Meinzer 1991). In all these examples, the smaller values of~.: during water 

stress allows leaves to maintain turgor to lower values of 'l'L. However, in other plants, 

including several sunflower genotypes (Chimenti and Hall 1994) and aubergine (Eamus 

and Narayan 1990) there was either no change, or an increase in E, in response to water 

stress. 

The value of osmotic adjustment in enabling higher growth rates of plants under water 
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stress has been questioned, although it is probably important for surviving severe water 

stress (Munns 1988). For droughted plants the increased solutes must be mainly organic, 

and presumably they can be used either for growth or for osmotic adjustment. Evans er 

al. (1992) suggest that maintenance of turgor pressures through passive decreases in 

osmotic potentials and elastic cell walls may be energetically less costly than osmotic 

adjustment, which requires the synthesis, transport and maintenance of additional solutes. 

Furthermore, although positive turgor is necessary for growth, there is evidence that 

turgor pressure does not determine the growth rate of leaves or roots (Munns 1988). In 

both wheat and lupins, osmotic adjustment was linearly correlated with the reduction in 

leaf elongation rate (Kuang et al. 1990). These authors suggested that the factor(s) that 

induce a reduction in growth also induce osmotic adjustment in the leaves. 

Estimates of many tissue water relations parameters, including 1r100, 1r0 , relative water 

content at the turgor loss point (RWC0), the ratio of turgid weight to dry weight 

(TW fDW) and €, may be derived from a pressure-volume (PV) curve. This is 

constructed from a series of paired measurements of ~L and relative water content 

(RWC) as a fully hydrated leaf loses water. The leaf may be simply placed on a bench 

and allowed to lose water (free transpiration method), or be placed in a pressure chamber 

and subjected to increasing pressure, while expressed water is collected and weighed (sap 

expression method). Plotting 1 /~L versus RWC gives a PV curve that has an initial 

curvilinear relationship, followed by a linear relationship with decreasing RWC after 

turgor is lost (see Fig. 3.1). A straight line is fitted to the linear part of the curve and 

extrapolated to the Y axis to determine the inverse of 1r100. The point where the 

curvilinear section of the curve departs from the straight line is the turgor loss point, and 

indicates l/1r0 and RWC0 • The intercept on the X axis is bound water that cannot be 

removed by pressure. Bulk elastic modulus indicates how much strain (reduction in 

relative cell volume) occurs in response to a certain stress (lowering of ~J . It is 

estimated as the slope of the ~L versus RWC relationship in the region of positive turgor, 

and is usually corrected for the bound water content. The slope of this relationship is 

often turgor-dependent, and the value of f at maximum turgor (€100) is most commonly 

cited. 

1.7 Hydraulic Conductance 

Plants must balance their root growth, hydraulic conductance and stomatal behaviour in 

such a way that they maintain positive carbon assimilation whilst preventing leaf 
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desiccation. 

Hydraulic conductance (kJ is defined as flow rate per pressure difference. Bulk k,. of a 

tree is commonly estimated by regarding the canopy as one large transpiring leaf, 

separated from one large absorbing root by a conducting stem (Moreshet et al. 1990). 

The value of k" is obtained from the relationship between transpiration rate (sap flow) 

and the driving force, which is the water potential difference between the root (i' J and 

the leaf ('l'J: 

~L is averaged over an adequate sample of transpiring leaves, representing the ' large 

leaf. This concept was refined by Moreshet et al. (1990), who represented the tree by 

two large leaves, one sunlit and one shaded, to obtain a suitably weighted value for 'YL. 

Root water potential is assumed to stay constant throughout the day, and may be 

approximated by the value of pre-dawn leaf water potential. k11 is therefore given by the 

slope of the relationship between flow and -i'L. 

This relationship applies under steady-state conditions, when transpiration and water 

uptake are equal. During transient conditions, there is also a capacitance component, but 

this is usually small compared with water uptake (Moreshet et al. 1990; Tyree et al. 

1991). 

Hydraulic conductivity is defined as the flow rate per pressure gradient (Ci'¥11 where l is 

path length). Unlike k,, it is independent of path length (Sperry and Packman 1993). 

Conductivity measurements are often divided by leaf area to obttin leaf specific 

conductivity, or by stem cross-sectional area, to account for tree size. Expressing 

conductivity on a leaf area basis may remove its dependence on basal wood diameter 

(Yang and Tyree 1994). 

Hydraulic conductivity of a cylinder is proportional to the fourth power of its radius, by 

Poiseuille's Law. The k, of trunks, stems and branches is therefore largely determined by 

the number and size distribution of xylem conduits (vessels in angiosperms and tracheids 

in conifers), but is also modified by properties of the inter-vessel membranes, which add 

to the resistance of the system (Tyree and Sperry 1989). 
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1. 7.1 Cavitation and xylem embolism 

Xylem conduits are prone to embolism because xylem sap is under negative pressure, 

typically between -1 and -2 MPa (fyree and Sperry 1989). This means that water must 

remain liquid at pressures considerably below its vapour pressure. Vaporisation, or 

cavitation, must be prevented if continuity of the water column in the xylem conduits is 

to be maintained. Air nonnally cannot enter xylem conduits provided the pores are wet 

and sealed by surface-tension via a film of water. However, if the strain becomes large 

enough, air can be drawn through a pore. Any tiny bubble inside a conduit causes instant 

disruption because it expands until the strain within the enclosing walls is relieved 

(Milburn 1993; Oertli 1993). Thus cavitation results in a mainly vapour-filled conduit 

that eventually ftlls with air, i.e. it becomes embolised. An embolised conduit does not 

conduct liquid water. It may, however, be repaired. 

It is commonly believed that large conduits are more vulnerable to cavitation than small 

ones, but it is the diameter of the pit membrane pore that determines a conduit's 

vulnerability to drought-induced cavitation (fyree and Sperry 1989; Jarbeau et al. 1995). 

Within a species, there tends to be a correlation between conduit size and pit membrane 

pore size, but the relationship often breaks down between species (Tyree and Sperry 

1989). The cavitation mechanism is different for water-stress and freeze-thaw cycles. 

Only for freeze-thaw stress was vulnerability in a range of species correlated with 

conduit volume or conductivity (Sperry et al. 1994). 

There is evidence that water-stress induced embolism occurs by air-seeding at pores in 

the inter-vessel membranes (fyree and Sperry 1989). If a cavitation occurs, the resulting 

vapour is restricted to a single conduit because of surface tension effects at pit 

membranes between vessels (Tyree and Sperry 1989). However, blockage of xylem 

conduits through embolism reduces kh and requires increased tension in remaining 

conduits to maintain water flow to leaves. This may generate more embolism, further 

increasing xylem tension and so on in a vicious cycle of 'runaway' or 'catastrophic' 

embolism (fyree and Sperry 19-89). Mode!E~g with data from four tree species showed 

these species could tolerate a loss of 5 to 30% of transport capacity without adverse 

effects. Beyond this, runaway embolism occurred in a patchwork fashion throughout the 

crown (fyree 1988; Tyree and Sperry 1988). 

Plants have a limited capacity to reverse embolisms. In order to dissolve air in embolised 
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conduits, xylem pressure must be positive or close to atmospheric pressure. Root 

pressure may be effective for repairing embolism in herbaceous plants , but is unlikely to 

be significant in tall trees (Tyree and Sperry 1989). 

1.8 WhoJe Plant Responses to Drought 

Although studies on individual plant organs, such as leaves, can provide important 

infonnation about plant response to the environment, whole plant responses are much 

more complex and difficult to interpret. In fact, plant growth is often not closely 

correlated with instantaneous assimilation rates (Pereira 1994), and there may even be a 

negative correlation between the two (Cole 1994). This is largely due to differences in 

partitioning of fixed carbon between photosynthetic tissue (usually leaves) and supporting 

biomass (roots and structural components). Plants that allocate a higher proportion of 

carbon to leaves may have a higher growth rate, but will be more susceptible to drought, 

than plants that allocate more carbon to root growth (Schulze 1986). The situation is 

complex in woody pererutials, because A and growth are not necessarily in phase, and 

seasonal storage and depletion of carbohydrate reserves occur. These cycles are most 

obvious in deciduous species, but also occur in evergreens. Growth rates in woody 

perennials also tend to be lower than in annuals because there is a large perennial 

biomass requiring accumulation of lignin, and production of phenolic compounds to 

protect against decay and predation (Pereira 1994). 

When scaling up from a leaf to a whole plant, the architecture of the plant, which affects 

exposure to light, is important. Leaf area duration, which is the integral of leaf area 

index over time, is also crucial in determining growth rates (Pereira 1994). In many 

cases , differences in leaf area may change growth rates without significant changes in A . 

For example, reduced soil water content led to a decrease of 30~% in biomass 

production of Eucalyptus globulus, without any change in A or leaf nitrogen content 

(Pereira 1994). 

Root growth is often less affected by water deficits than shoot growth, leading to 
J 

increases in the root/shoot ratio (Pereira 1994). It has been suggested that increases in 

endogenous abscisic acid content, induced by drought, maintain root elongation and 

inhibit leaf elongation {Sharp 1990). 

Responses to drought can depend on the environment to which the plant is adapted. 
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Studies on Eucalyptus camaldulensis seedlings showed that, when water-limited, 

seedlings from dry tropical and semi-arid climates had a higher allocation of dry matter 

to roots than seedlings from the humid tropics, and changed their morphology. Seedlings 

from the humid tropics reduced rates of A and transpiration, but did not change 

morphology or allocation of dry matter (Gibson er a/. 1995). Seedlings from the semi

arid area were less susceptible to embolism than those from the humid tropics (Franks er 

a/. 1995). Ecological fitness may often be more related to ability to collect a resource 

(such as water) rather than to the efficiency of its use, especially where competition is 

involved (Pereira 1994). 

Respiration must also be considered, since it may account for as much as 30-50% of the 

carbon assimilated daily (Pereira 1994). Sprugel (1989) estimated that in Abies amabilis, 

above-ground woody-tissue respiration consumed the equivalent of 4.9 tonnnes dry 

matter ha·' annum·', compared with total above-ground growth of 6.5-7 t ha·' annum·' . 

To conclude, plant growth rates are determined not only by the instantaneous carbon 

balance of a plant, but al so by the way new biomass is partitioned between productive 

(photosynthetic and root mass), respiratory and passive (structural) compartments. 

1.9 General Aims of This Project 

The general aim of this project was to study seasonal trends in growth, gas exchange, 

water relations, hydraulic conductance and xylem embolism in saplings of an evergreen 

tree, Eucalyptus tetrodonta and a deciduous tree, Terminalia jerdinandiana, growing 

under natural conditions. There are a number of reasons why it is important to study the 

ecophysiology of young trees in the Top End of the Northern Territory. The environment 

of the Top End is unique. Its climate is hotter (though not so extreme) and more 

predictable than climates in central and southern Australia. The seasonality of rainfall in 

the Top End is more pronounced than in monsoonal areas in Africa, Asia and South 

America. Vegetation in the Top End comprises a mixture of Australian and pan-tropical 

taxa. Some woody perennials survive seasonal drought by dropping their leaves, whereas 

evergreen trees must employ other strategies. Most comparisons of evergreen and 

deciduous trees have been made in temperate areas, with conifers and broadleaf winter

deciduous species. Tropical sclerophyllous evergreen species and dry-season deciduous 

trees provide the best test for generalisations that have been proposed from these studies, 

since they represent very different taxa growing in very different envirorunents. Since 
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drought stress is usually more severe for young trees than fully-grown ones, it is 

important to investigate responses of saplings as well as mature trees. The relative 

scarcity of E. tetrodonra saplings suggests the sapling stage is critical in its life cycle. 

Responses to individual environmental factors are required to determine the extent to 

which they limit growth of plants under natural conditions. In the field, changes in one 

factor are confounded with changes in others. The project therefore also aimed to 

examine responses of seedlings of E. tetrodonta and T ferdinandiana to changes in light 

intensity, carbon dioxide concentration, temperature, leaf-to-air vapour pressure 

difference and soil moisture under controlled laboratory conditions. 

Some of the specific questions addressed in this project were: 

(1) How large are the seasonal and diurnal variations in A and g.? What are the 

most important environmental limitations of A and g.? Can variations in A be explained 

solely by variations in g., or are biochemical limitations also important? How does the 

drought response of these species compare with that of species from other environments? 

(Chapter 2). 

(2) Do the responses of small and large trees to environmental conditions differ? 

(this comparison used results of a study on mature trees by Eamus, Duff, Myers, 

Williams and others). What causes the slow early growth of E. tetrodonta sap1ings? 

(Chapter 2). 

(3) Can responses in the field be explained by responses to single-factor changes 

in the laboratory? (Chapter 5). Is there an interaction between soil drought and LA VPD 

(Chapter 6). 

(4) Are there seasonal changes in tissue water relations characteristics that may 

enhance drought tolerance, especially in E. tetrodonta (which retains leaves throughout 

the dry season)? (Chapter 3). 

(5) Are there seasonal changes in hydraulic conductance in E. tetrodonta and T 

ferdinandiana trees? Is death of branches and shoots during the dry season in E. 

tetrodonta saplings associated with xylem embolism? (Chapter 4). 

(6) What are the similarities and differences between E. tetrodonta and T 

ferdinandiana saplings? Is the behaviour of these two species from the Top End 

consistent with evergreen and deciduous species studied in other tropical areas? In other 

environments? What are the relative advantages and disadvantages of the evergreen and 

deciduous phenological strategies? 
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CHAPTER TWO: DIURNAL AND SEASONAL PATI'ERNS OF ASSIMILATION, 

STOMATAL CONDUCTANCE AND LEAF WATER POTENTIAL IN TilE FIELD 

2.1 Introduction 

The major feature of the environment in the wet-dry tropics of northern Australia is 

seasonal drought (faylor and Tulloch 1985). Over 90% of Darwin's 1666 mm average 

annual rainfall falls between November and April inclusive, while June, July and August 

are virtually rainless (Bureau of Meteorology 1997). There is little seasonal variation in 

temperature, but vapour pressure deficit (VPD) is much larger in the dry than the wet 

season. Diurnal changes in temperature and VPD are relatively small during the wet 

season, but much larger in the dry season (Fig. 2.1). The seasons are reliable in that they 

occur each year, but there is considerable variation in their duration and in the amount of 

rain that falls (faylor and Tulloch 1985). 

In the monsoonal areas of northern Austra!ia, savannas are the predominant vegetation 

type. Australian savannas are generally dominated by evergreen Eucalyptus species in the 

upper storey, with many broad-leaf, deciduous or partly deciduous trees and shrubs in 

the mid-storey and annual and perennial grasses in the understorey (Bowman et al. 

1988). Woody species tend to be evenly divided amongst four phenological guilds -

evergreen, brevi-deciduous, semi-deciduous and deciduous (Williams er al. 1997 b). 

Eucalyptus tetrodonra F. Muell (Darwin stringybark) is co-dominant with E. miniata 

(Cunn. ex. Schauer) (Darwin woollybutt) in much of the savanna of the wet-dry tropics 

of northern Australia (Wilson et a/. 1990; Williams eta/. 1996). It is an erect tree 10 to 

30 m high (Plate 2.1). Juveniles are very common. They are usually found as woody 

sprouts arising from underground organs, most frequently lignotubers of seedling origin 

(Berkhout and de Been 1993). Initially regeneration from lignotubers is usually multi

stemmed, but normally only one stem attains a height of 1 m or more (Plate 2.2). 

However, recruitment into the adult population is slow, and until saplings attain a height 

of about 3 m, growth is very slow and inconsistent (R_ J . Williams, unpublished data). 

Even in the absence of fire, death of branches, stems and of entire above ground sprouts 

is common, particularly during the dry season, and is followed by resprouting and 

regrowth. Fensham and Bowman (1992) found that overstorey competition provided only 

a partial explanation for the suppression of E. tetrodonra sprouts. It is unlikely that insect 

herbivory is a critical factor in the slow growth of sprouts (Fensham 1994). Water 
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Plate 2.1. A E. tetrodonta sapling, about 1.2 m tall, corresponding to growth stage Bin Fia. 

2.4. The tip of the original shoot died, but a new branch has grown from just below the dead 

zone, and there is another young branch growing from the main stem at a beigbt of about 

0.5 m. 

Plate 2.2. Savanna woodland at the study site at Berrimab, showing one of the largest£. 

tetrodonta trees near the centre of the photograph. 





Plate 2 .3 . Leaves of T f erdinandiana saplings grow near the ends of branches. This photo 

was taken in December, when younger leaves were stiJI expanding, and older leaves were 

still quite thin, and often appeared to wilt during the early afternoon , when LA VPD was 

highest. 

Plate 2 .4 . A T ferdinandiana sapling , about 2 m tall , in early ApriL 





availability may impose a major constraint on growth of sprouts and small saplings, since 

they are unlikely to be able to access deeper parts of the soil profile where water is more 

abundant during the dry season. 

Terminalia jerdinandiana Ex ceil is a smali deciduous tree, between 4 and 10 m tall 

(Brock 1993). It is a common midstorey tree in open forest and woodlands across much 

of the Top End (Fensham and Kirkpatrick 1992; Brock 1993). Its large leaves are 

spirally arranged at the end of branchlets (Plates 2.3 and 2.4). 

The evergreen character has been associated with deep-rootedness (Sobrado and Cuenca 

1979), permanent water availability and poor soils in South American savannas (Medina 

1983). Evergreen trees are generally also considered more drought tolerant than 

deciduous trees (Medina 1983), and may exert better control of water loss through more 

sensitive somata! control (Reich and Borchert 1988; Olivares and Medina 1992). 

However, Myers et aJ. ( 1997) found no significant difference between phenological 

types in stomatal sensitivity to LA VPD in eight northern Australian savanna species. 

A comparative study of the phenology and physiology of evergreen and deciduous trees 

growing in savanna near Darwin included mature E. tetrodonta and T jerdinandiana 

trees (Williams et al. 1997b; Myers et al. 1997; Duff et al. 1997). Mature E. tetrodonra 

trees maintained average canopy fullness of 70% or more throughout the year, with peak 

leaf fall in June and July (Williams er al. 1997b). Leaf fall in T. ferdinandiana trees 

commenced in May, as soil moisture decreased and leaf-to-air vapour pressure difference 

(LA VPD) increased, and was virtually complete by July (Williams et al. 1997b). Leaf 

flushing in T jerdinandiana trees commenced around October, after approximately 25 

mm rain had fal len (Wil liams er al. 1997b). Leaf fall could be delayed, and leaf flushing 

advanced, by irrigation, but in mature trees, leaf loss always occurred (B. A. Myers 

unpublished data). However, I observed that well-watered, potted T jerdinandiana 

seedlings grown in a shadehouse retained their leaves throughout their first dry season. 

Seasonal decreases in soil moisture cause declines in net assimilation per unit leaf area 

(A) and stomatal conductance (g,) (Chaves 1991). Pre-dawn leaf water potential (~ ~ is a 

useful measure of water availability to a plant, since it integrates soil water potential over 

the rootzone of that plant (Schulze and Hall 1982). The year was divided into wet, 

transitional and dry periods, corresponding to mean irpd of > -Q.S MPa, between -0.5 

and -1.5 MPa, and < -1.5 MPa respectively. This was considered to reflect plant water 
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status better than using the conventional wet, transitional and dry seasons. 

A linear relationship between light-saturated A and if pe1 has been found in northern 

Australia for Acacia auriculifcmzis (Eamus and Cole 1997). The relationship between 

daily maximum g, and if pc1 in northern Australia is generally log-linear for a range of 

evergreen and deciduous species (Myers et al. 1997; Fordyce et al. 1997; Eamus and 

Cole 1997) rather than linear, as reponed elsewhere (Reich and Hinckley 1989). Light

saturated A is often higher in the morning than the afternoon (Cole 1994; Fordyce et al. 

1995; Eamus and Cole 1997). Stomatal closure may explain the seasonal decline in A, 

but is not always the primary cause of the diurnal decline (Cole 1994; Eamus and Cole 

1997). High temperatures (Cole 1994) and increased abscisic acid content (Eamus and 

Cole 1997) have been suggested as causes of the decline. 

Stomatal response to LA VPD is affected by if pe~; in absolute terms, g, may show a 

smaller decline with increasing LA VPD when soil is dry and g. is low than when soil is 

wet (Turner et al. 1984; Graham and Running 1984; Muchow et al. 1980). However, 

Schulze and Hall (1982) point out that the relative decline in g. with increasing LA VPD 

may be similar for wet and dry soils. Stomata of well-watered plants generally open 

further as temperature is increased up to 35 to 45 °C, while in water-stressed plants there 

is a tendency for stomata to close at a much lower temperature (Chaves 1991). The 

combination of high temperature and water stress also predisposes plants to 

photoinhibition (Chaves 1991). Photoinhibition can result from direct photodamage to 

Photosystem II or from photoprotection, in which excessive excitation energy is diverted 

harmlessly away from Photosystem n (Ball et a/. 1994). This reversible, protective 

dissipation of excess excitation energy may be particularly important when midday 

stomatal closure limits rates of C02 assimilation, and light intensities are high. 

Photoinhibition in leaves can be detected through changes in the ratio of variable to 

maximum fluorescence, (F/FJ (Demmig and Bjorkman 1987). 

Most field studies of the physiology of trees in northern Australian savannas have 

focused on mature trees. However, immature trees may be more sensitive to water stress 

than are fully-grown trees because their root systems are smaller, and they may not be 

able to access water in the deeper layers of soil or from the water table. Williams et al. 

(1997b) found that Eucalyptus miniata and E. tetrodonta saplings lost leaves earlier in the 

dry season, lost more leaves, and flushed later than did mature trees. 
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The aims of this study were to investigate: 

(I) diurnal trends in A, g, and leaf water potential (i'J, and m particular, 

whether these are higher in the morning than in the afternoon; 

(2) the extent to which A, g. and if pd• and growth of E. tetrodonta and T 

ferdinandiana saplings are affected by seasonal cl imatic changes; 

(3) the relationships between carbon assimilation and if pd• PPFD, LA VPD and 

leaf temperature. The relationships between A and g. and the ratio of [CO,] inside the 

leaf to ambient [CO,], (C;ICJ, were also explored; 

(4) whether, at the sapling stage, T. ferdinandiana, a deciduous tree, is more 

sensitive to soil and atmospheric water stress than is the evergreen species, E. tetrodonJa. 

2.2 Materials and Methods 

2.2.1 Study Site and Plam Material 

The study site was in savanna at Berrimah, 10 km east of Darwin. The vegetation was 

open forest (sensu Specht 1981) dominated by E. tetrodoma over storey, with low woody 

species such as T. ferdinandiana in the midstorey, and grasses in the under storey (Plates 

2.1-2.4). The site was severely damaged by Cyclone Tracy in 1974, and is unusual in 

that it bas been protected from fire for approximately 20 years. Thirty-one E. tetrodonta 

saplings, and sixteen T. ferdinandiana saplings, all between 1 and 3 m high, in an area 

approximately 100 m by 50 m, were selected and tagged for measurements. The study 

took place between June 1993 and October 1995. There were some T. ferdinandiana 

leaves present between November and June in both years, but they were only suitable for 

gas exchange measurements between December and May inclusive. In November, leaves 

were small and fragile, whilst in June, the few remaining leaves were senescent. 

2.2.2 WeaJher DaJa 

Daily weather data were obtained for Darwin Airport, 4 km from the site, from the 

Bureau of Meteorology. During measurements of A, wet and dry bulb temperatures were 

measured at the site with a sling hygrometer at 30 to 60 minute intervals. These were 

used to calculate atmospheric vapour pressure and VPD. 
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2. 2. 3 Growth and Number of Leaves 

For each sapling, diameter of the main stem at 1.0 m height was measured on two 

perpendicular axes with calipers at intervals of between one and three months, according 

to growth rate. Cross-sectional area was calculated using the mean of the two 

measurements. The main (tallest) stem of many E. tetrodonta saplings died during the 

study period, but in all cases was replaced by regrowth. The diameter of a new main 

stem was measured when it reached a height of 1.0 m. Growth increment was calculated 

for all stems alive at the start and end of each interval . The height of each sapling was 

al so measured at intervals of two to six months, depending on growth rate. Growth 

habits of trees of various sizes were observed during this study. 

Early in the wet season, after each sapling had produced new growth, three new branches 

from each of 27 plants were tagged and the number of leaves on each was recorded at 

monthly intervals. 

2. 2.4 Leaf Nitrogen and Chlorophyll Content and Specific Leaf Area 

Each month from January 1994 to April 1995 (E. terrodonta) and November 1994 to 

May 1995 (T ferdinandiana), one leaf from each of 8 to 12 trees was sampled for 

determination of chlorophyll content and specific leaf area. Five discs, each 1 cm2 in 

area, were punched from each leaf, dried at 70°C for 24 hours, and weighed, to obtain 

specific leaf area. Chlorophyll was extracted from another 1 cm2 leaf disc by grinding it 

in 80% acetone. Chlorophyll content was determined by spectrophotometry according to 

the method of Coombs et a/ . (1985). 

For both species, one leaf from each of 12 trees was sampled monthly between February 

and May 1996 to investigate changes in leaf nitrogen content as leaves aged. Leaf area 

was measured, then leaves were dried at 70 oc, weighed, then ground with a mechanical 

mortar and pestle. Total Kjeldahl Nitrogen (TKN) was assayed following a micro

Kjeldahl procedure using 0.2 g (E. tetrodonta) or 0.15 g (T ferdinandiana ) sample to 

which 1. 0 g N aSO, and 0 .1 g CuS04, 2 boiling chips and 3 .5 mL concentrated sulphuric 

acid was added (AOAC 1990). Samples were digested for 2 h at 390 oc in a block 

digester (Windrift Instruments Model DB25, Melbourne). Quantitative analysis was 

performed by flow injection analysis (Lachat Instruments QuikChem method 13-107-06-

2-D). 
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2.2.5 Leaf Water Potential 

Leaf water potential (ir J was measured using a pressure chamber (Soil Moisture 

Corporation, US~). Measurements of "t pe1 were made at approximately monthly intervals 

between June 1993 and May 1995, usually on the morning following gas exchange 

measurements. One leaf from each of 16 trees was used during the dry season, and from 

8 to 12 trees was used during the wet season, when variability between leaves was much 

lower. 

Leaf water potential was measured at other times during the day only for E. tetrodonta 

saplings in August 1994 and May 1995, following gas exchange measurements (see 

following section for details). There were very few healthy leaves suitable for 

measurements of photosynthesis towards the end of the dry season, and I was reluctant to 

destructively sample too many of these because of possible effects on growth of the 

saplings. 

In order to test whether there was a relationship between ir pe1 and tree height, '¥ pd was 

also measured for 37 trees with a height ranging from 0.4 m to 7 m in September 1995. 

2.2.6 Gas Exchange Measurements 

Gas exchange was measured in the field using a portable photosynthesis system with a 1 

L leaf chamber (Li-6200, Li-Cor Inc., Lincoln, USA). Settings were as recorrunended by 

the manufacturer for amphistomatous leaves. Leaf temperature and PPFD incident on 

leaves during gas exchange measurements were recorded by the system. LA VPD was 

calculated from leaf temperature and aonospheric vapour pressure. Transpiration (E) was 

calculated as the product of g. and LA VPD (as a mole fraction) (Pearcy et al. 1989). 

Measurements of A and g. were made monthly from June 1993 to May 1995 (£. 

retrodonta) and on 10 occasions between December 1993 and May 1995 (T. 

ferdinandiana) on sunny days between 0930 - 1200 hours, and 1400 - 1600 h. At each 

sampling time, measurements were made on a total of 16 to 32 leaves (usually 24) from 

a minimum of 8 saplings. Extended cloudy and rainy periods during both wet seasons 

precluded measurements in some months. Measurements were accepted only if PPFD 

exceeded 800 J.LmOI m·2 s·1
. Previous studies have shown that this PPFD was saturating 

for assimilation in pot-grown E. tetrodonta seedlings (Eamus et al. 1995a). However, in 
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the field, measurements showed a small increase in A as PPFD increased from 800 to 

1500 ,umol m·2 s·1 (Fig. 2.17). Using only measurements made when PPFD exceeded 

1500 ,umol m·2 s·1 (saturating intensity) slightly increased estimates of A (fable 2.2), but 

did not affect conclusions drawn from the data. Mean PPFD was not significantly 

different between morning and afternoon or between water availability periods for either 

species. 

Healthy, fully expanded leaves were used for all measurements. However, I often had to 

use leaves that had been partially eaten by insects. The only times when it was possible 

to make measurements on both old and new season E. tetrodonta leaves were mornings 

in January 1994 and December 1994, and then only for some saplings. There was no 

difference in A between the two months for these saplings. Therefore data for both 

months were pooled to test for differences in A between old and new leaves. 

Diurnal measurements of A were made on a minimum of 2 leaves per sapling and 8 

saplings at 1 to 1.5 hour intervals from approximately 0830 h to 1730 h. These 

measurements were made for E. tetrodonta saplings in July and October 1993 and May 

1994 (these represent the late dry season, 'build up' to the wet season, and early dry 

season respectively; see Duff et al. 1997). For T. ferdinandiana saplings, these 

measurements were made in January and May 1994. Shorter sets of measurements were 

made at other times, including the wet season, when it was nearly impossible to get a 

complete diurnal set of measurements on a given day because leaves were wet until mid

morning from dew or overnight rain, and heavy cloud built up nearly every afternoon. 

These incomplete data sets are not presented here, but the measurements were used, 

along with all monthly and diurnal measurements, in determining relationships between A 

and g. and pre-dawn leaf water potential, PPFD, LAVPD and leaf temperature. 

In August 1994 and May 1995, gas exchange measurements were made on two leaves on 

each of four E. tetrodonta saplings between 0800 and 1700 h at intervals of 1.5 h. Water 

potential was determined on those leaves immediately afterwards. 

Dark respiration rates were measured with the portable photosynthesis system on 8-12 

leaves from four trees between 2000 h and 2200 h in January 1994 (both E. tetrodonta 

and T. ferdinandiana) and September 1994 (E. terrodonta onJy). Measurements thus were 

made between one and three hours after sunset. 
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2.2. 7 Leaf Fluorescence 

Leaf fluorescence characteristics were measured with a Plant Efficiency Analyser 

(Hansatech, U.K.). A dark adaptation time of 10 minutes and 80% induction light 

intensity were found to be optimal. Diurnal patterns of the ratio of variable to maximum 

fluorescence (F JF .J were measured on sunny days in January 1994 (both species) and 

August 1994 (£. tetrodonta only). Two sunlit leaves of each of 10 saplings were 

measured at intervals of 1 to 1.5 hours between 0600 and 2000 h. 

2.2.8 Statistical analyses 

Means and standard errors were calculated to show monthly trends in leaf chlorophyll 

content, specific leaf area, TKN and chlorophyll content of leaves, 'Ir pc1 and morning and 

afternoon A, g. and C/Ca. A two factor analysis of variance was performed to test for 

significance of differences in TKN between species and months. 

In order to examine relationships between A, g., 'Ir pch PPFD, LAVPD and leaf 

temperature, the year was divided into three periods (wet, transitional and dry) based on 

water availability to the saplings. This was done according to mean monthly i' pd for each 

species, rather than the conventional seasons based on the calendar. These periods are 

shown in Table 2.1 and were different for the two species. For E. tetrodonta, the periods 

lagged several months behind the conventional wet, transitional and dry seasons, because 

of water storage in the soil profile. Pre-dawn leaf water potential fell more quickly in T 

ferdinandiana than in E. tetrodonta saplings, possibly because they had shallower root 

Table 2.1. The mean pre-dawn leaf water potentials (i' ~ used to define the soil 

water availability periods 

The months assigned to each period are also shown for both species 

Period Wet Transitional Dry 

i'pc~ (MPa) >-0.5 -1.5 to -0.5 < -1.5 

E. tetrodonta Dec-May Jun-Aug; Nov Sep-Oct 

T. ferdinandiana Dec-Apr May no leaves 
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systems. Therefore May was classed as transitional rather than wet period for T 

jerdinandiana. Terminalia ferdinandiana saplings only had leaves during the wet and part 

of the transitional periods. 

All data were used in determining the response of A to PPFD for both species. The 

function: 

A = Q/(a+b*Q) 

where A is assimilation and Q is PPFD, was fitted for morning (before 1200 h) and 

afternoon (after 1200 h) in each water availability period, using tbe curve-fitting feature 

of Sigmaplot 4.0. 

All other analyses used only those measurements where PPFD was greater than 800 ~!IDOl 

m·2 s·1 (close to saturating). Log and arcsine-square root transformations were used as 

appropriate. 

Comparisons of A, g. and C/ C,. between morning and afternoon and between water 

availability periods were made using two factor analysis of variance. Where a factor was 

significant (P< 0.05), Tukeys post hoc comparisons were used to compare means (Systat 

v.S; Wilkinson 1990). 

The following variable pairs were found to be significantly linearly related using 

ANOVA regression: (i) A and log gs (ii) A and it pe1 (iii) log gs and 'l' pe1 (iv) A and 

LAVPD (£. tetrodoma) (v) log gs and LAVPD (£. rerrodoma). Analysis of covariance 

was used to determine whether a significant change in slope of these regressions occurred 

either between morning and afternoon (all cases) or between water availability periods 

(cases (i), (ii), (iv) and (v) above). The relationships between A and LA VPD and g. and 

LA VPD in T jerdinandiana were better described by quadratic than linear equations. 

Quadratic equations were also used to describe the relationship between A and leaf 

temperature. The function 

A = g.f(a+b*g,) 

was used to describe the relationship between A and g. during mornings and afternoons 

of the different water availability periods. Combined curve fitting procedures (Ross 1981) 
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were used to test for differences between fined curves, as has been done previously by 

Eamus et al. (1995a). 

2.3 Results 

2.3. 1 Weather 

Mean rainfall , maximum and minimum temperatures, vapour pressure deficits at 0900 h 

and 1500 h, and sunshine hours for each month are shown in Fig. 2.1. Rainfall from 

July 1993 to June 1994 was 1728 nun, close to average, but from July 1994 to June 

1995 was 2427 mm, with January recording the highest total for the month since records 

began in 1870. The annual range in monthly mean maximum temperatures was only 

3.5°C, with small peaks around April and November. Monthly mean minimum 

temperatures varied more (a 7.5 °C range), and were lowest in July. There were large 

seasonal variations in VPD, especially at 1500 h (Fig. 2. 1b). VPD was highest in May 

and June and lowest in January and February. VPD was larger in the afternoon than in 

the morning and the difference was larger in the dry season ( _:.. 2 kPa) than the wet 

season (- 0.5 k.Pa). 

2.3.2 Growth 

2.3.2.a E. tetrodonta 

Some branches of some saplings and all above-ground parts of other, mainly smaller, 

saplings died during the study. Al1 of these saplings subsequently produced new shoots. 

Increase in cross-sectional area of the main stem at a height of 1.0 m provided a sensitive 

measure of growth and was strongly seasonal, peaking around December and was zero or 

negative from about April to October (Fig. 2 .2). If saplings died back to below this 

point, there was considerable shrinkage of the stem and the measurement was omitted. 

Sapling heights (not presented) were more variable; height increase averaged for all 

saplings during the three dry seasons was -19.2 ± 9.2 rnmlmonth (i.e . mean height 

decreased during the dry season), compared with 22.8 ± 11.2 mmlmonth over the two 

wet seasons. 

Leaves were produced mostly between November and April. Some leaves died soon after 

they were produced, mainly due to insect herbivory. From March on, leaf number 

decreased (Fig. 2 .3). The number of leaves on tagged branches halved by July/August: 
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and by October fell to about 10% of the maximum number. This was largely due to 

death of entire branches; by October, in both years, only 16% of tagged branches were 

still alive. 

My observations showed young E. tetrodonta trees passed through several growth stages 

(Fig. 2.4) . Seedlings usually had a single shoot, and started to develop a lignotuber 

during their first year of growth. They often died back during the dry season, but regrew 

in the following wet season. There were often several new shoots arising from the 

ligootuber. This pattern may sometimes be repeated over several or many years, with the 

lignotuber progressively increasing !!} size. Eventually, a single shoot becomes dominant 

and attains a height greater than 1 m, although there may also be other, smal ler shoots 

from the same lignotuber. Secondary branches then develop on the main shoot, usually 

towards the end of the first wet season. The form of the young tree becomes more 

complex as more secondary and tertiary branches develop, and often die back (Plate 2.1). 

At this stage it is difficult to accurately measure the height of the sapling, and 

measurements of the cross-sectional area of the main stem are more meaningful. 

Eventually, when the tree is about 2.5 to 3 m tall, most of the lower secondary branches 

die, and apical dominance emerges, with strong growth from the top of the sapling, and 

very few lower branches. At this stage, the sapling rapidly increases in height until it 

attains the height of the overstorey trees. 

2.3.2.b T ferdinandiana 

Cross-sectional area of the main stem increased between September and January, with 

apparent shrinkage between March and June (Fig. 2.5). Tree height increased only when 

new leaves were produced and expanding, from October through December (data not 

presented). 

Leaves were produced from terminal buds in October and November, but were generally 

not fully expanded until December. The number of leaves was highest between December 

and February, and declined rapidly from the middle of March (Fig. 2.6). By mid-April, 

only 50% of leaves remained, and this had dropped to 25% by early May. These 

remaining leaves were generally in poor condition, often chlorotic and with many 

necrotic spots. By mid-June, there were virtually no leaves remaining. 
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Fig. 2.4. Growth stages of young E. tetrodonta saplings. (A) There are multiple shoots from ground level , arising from a previous shoot that died 

back to ground level. These shoots can grow to 1.0 m high. One shoot may become dominant. (B) A single dominant shoot, 1.0 to 1.3 m high, 

that will often die and revert to ' A' next season. (C) Many branches arise from what was previously one main stem. These vary from nearly vertical 

to nearly horizontal. There is secondary, tertiary and quaternary branching. Often branches or the tops of main stems die back, giving a messy 

appearance. May be I to 3 m high . New shoots the following season often originate from low on the sapling , since the extremities are often dead . 

At th is stage, meaningful height measurements are difficult to make. (D) One major branch from 'C' becomes dominant, the tree straightens, and 

often the lower shoots die, giving a smal l crown. Apical dominance is apparent. These saplings are greater than 2 m high. 
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2.3.3 Diurnal Physiological Trends 

2.3.3.a E. tetrodonra 

Maximum rates of A occurred around 1000 h in all seasons (Figs 2.7 and 2.8). Mid

morning A was around 14 .umol m·2 s·1 in both July (mid dry season) and May (early dry 

season) (Fig. 2. 7). However, in July, A declined steeply from 1100 h, while in May, it 

dropped only slightly in the early afternoon. In October (late dry season), A was only 7 

.umol m·2 s·1 at 1000 h, and declined after noon. There were significant differences 

between morning and afternoon in the ratio C/C~ only in October 1993 (higher in the 

afternoon) and in August 1994 (higher in the morning) (Fig. 2.9). Transpiration was al so 

similar in mornings and afternoons (Table 2.2). In all months, PPFD was limiting for A 

before 0930 h and after 1600 h (Fig. 2.7). Both LAVPD and leaf temperature were 

always higher in the afternoon than in the morning (Fig. 2.9). 

Leaf water potential was considerably lower (-1.2 to -2.8 MPa) in August than in May 

(..0.4 to -1.8 MPa) (Fig. 2.8). In both August and May, i'L reached a minimum around 

midday, and started to recover from around 1400 h. Recovery to the i'J>d level was nearly 

complete by 1900 h in May, but not in August. In contrast, A declined throughout the 

afternoon, especially in August, even though i'L increased. Stomatal conductance 

decreased throughout the day in August (Fig. 2.8). In May, however, g. peaked at noon 

and remained high until 1800 h. 

The fluorescence stud ies showed that the ratio F /F m was minimal around noon, and the 

daily minimum was lower in August than January (Fig. 2.10). In January and August, at 

times when the morning and afternoon photosynthesis measurements were made, overall 

mean F)Fm was 0.799 ± 0.003 (n= 160) and there were no differences either between 

morning and afternoon or between months. However, minimum F) F m was significantly 

lower in August than January. 

2.3.3.b T ferdinandiana 

Assimilation was higher in the morning than in the afternoon in the transitional season, 

but not in the wet season (Table 2.3; Fig. 2.1 1). Stomatal conductance was higher 

overall in the morning than the afternoon in both seasons (Table 2.3). BothE and C/Ca 

were the same in the morning and the afternoon (Table 2.3). The ratio F jF m was higher 

during the morning than the afternoon (Fig. 2. 10). 
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Table 2.2. Mean values of assimilation, stomatal conductance and C.JC. for E. 

tetrot/Qnta saplings in the mornjng and afternoon for each soil water availability 

period 

The means are for all measurements where PPFD exceeded 800 J.LIDOl m·2 s·', unless 

otherwise stated. A log transformation was used for the analysis of stomatal conductance 

and transpiration and an arcsine-square root transformation was used for C/ Ca. Back

transformed means are presented here. For each variate, values followed by the same 

letter are not significantly different from each other. 

Wet T ransitional Dry 

AJ·similation (PPFD > 8lXJ JL!nOI m'1 s·1
) (JL!nOl m·1 s'1) 

Morning 12.52 a 11.90 a 6.18 d 

Afternoon 10.80 b 8.95 c 4.17 e 

Assimilation (PPFD > 1500 p.mol m·2 s·1) (JLmOl m·2 s·1) 

Morning 13. 10 a 12.30 a 6. 14 c 

Afternoon 11.16 a 9.23 b 4 .17 d 

Stomatal CcnduClallce (mmol m·2 s'1) 

Morning 837 a 420 c 183 e 

Afternoon 645 b 284 d 178 e 

Transpiration (mmol m·1 s·1
) 

Morning 25.6 a 14.3 b 7.4 c 

Afternoon 24.9 a 13.3 b 8.5 c 

c;c. 

Morning 0.863 a 0.809 b o.n1 c 

Afternoon 0.852 a 0.777 c 0.811 b 

Leaf Temperature (°C) 

Morning 35.5 b 32.8 8. 37.7 d 

Afternoon 37.8 d 36.6 c 40.2 e 

UVPD (kPa) 

Morning 3.12 a 3.49 b 4.20 c 

Afternoon 4.08 c 4.76 d 4 .89 d 



Table 2.3. Mean values of assimilation, stomatal conductance, transpiration and 

c;c., leaf temperature and LA VPD for morning and afternoon in the wet and 

transitional periods in T. ferdifUlndiafUl 

The means are for all measurements where PPFD exceeded 800 J.LIDOl m·2 s·1 (saturating 

intensity). A log transformation was used for the analysis of assimilation, stomatal 

conductance and transpiration, and an arcsine-square root transformation was used for 

C/Co.. For each parameter, values followed by the same letter are not significantly 

different from each other. 

Assimilation 

(p.mol rn·2 s·1) 

Conductance 

(mmol m·2 s·1) 

Transpiration 

(mmol m·2 s·1) 

Leaf temp. ( 0 C) 

LAVPD (kPa) 

morning 

10.05 a 

769 a 

23.3 a 

0.883 a 

36.4 b 

3.15 a 

2. 3.4 Seasonal Physiological Trends 

2.3.4.a E . tetrodonta 

Wet Transitional 

afternoon morning afternoon 

9.80 a 7.79 b 6.26 c 

665b 310 c 287 d 

23.7 a 10.4 c 13.0 b 

0.877 a 0 .830 b 0.832 b 

37.4 c 34.9 a 38.2 d 

3.68 b 3.45 b 4 .65 c 

Pre-dawn leaf water potential, A, and g. all followed similar seasonal trends (Fig. 2.9). 

All were highest between January and April, and lowest in October. However, g. 

declined earlier in the year than did A. Assimilation recovered earlier in 1994 than in 

1993. Both A and g. were generally higher in the morning than in the afternoon (Fig. 

2.9), even though PPFD was similar at both times (data not shown). There was no 

significant difference in A between old (11.93 ± 0.41 p.mol m·2 s·1
) and new, fully 

expanded (11.55 ± 0 .66 p.mol m·2 s·') leaves. Dark respiratjon rates were -Q.88 ± 0.08 

p.mol m·2 s·' in January and -0.50 ± 0.05 p.mol m·2 s·' in September 1994. 
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The ratio C/ C. showed substantial seasonal variation, with minimum values recorded in 

October-November of 1993 and August-September of 1994 (Fig. 2.9d). 

LA VPD was highest between August and November, and lowest from January to March 

(Fig. 2.9./). Leaf temperature was highest between September and December, and lowest 

in June. 

Total chlorophyll per unit leaf area increased in young leaves until August (1994) or 

April (1995), then tended to fall slightly (Fig. 2 .12). Specific leaf area decreased, so that 

chlorophyll content on a dry weight basis decreased in young leaves (Fig. 2.12). TKN of 

leaves was around 0.8%, and did not change significantly between February and May 

(fable 2.4). 

Table 2.4. Mean values of total Kjeldahl nitrogen (fKN) on both a dry weight basis 

and a leaf area basis for E. tetrodonta and T. ferdiiUlruliaiUl leaves between Februar y 

and March 1996. Standard errors are also shown. 

February March April May 

Total Kjeldahl Nitrogen (% Dry' Weight) 

E. retrodonra 0.75 ± 0.04 0.85 ± 0.05 0.77 ± 0.04 0.76 ± 0.04 

T. ferdinandiana 1.29 ± 0.04 1.22 ± 0.03 1.02 ± 0.04 0.98 ± 0.03 

Total Kjeldahl Nitrogen (g m·2) 

E. retrodonra 1.14 ± 0.07 1.34 ± 0.09 1.19 ± 0.06 1.25 ± 0.06 

T. ferdinandiana 1.26 ± 0.06 1.25 ± 0.04 1.03 ± 0.04 1.01 ± 0.05 

2.3.4.b T. Jerdinandiana 

There were significant differences (P < O.OOl) between months and between morning and 

afternoon in values of A, g., £, LA VPD and leaf temperature (Fig. 2 .13). There were 

also significant interactions between month and time of day for all these parameters. 

Pre-dawn leaf water potential was higher than -D.3 MPa, except in May of both years 

(Fig. 2 .13a). The rate of A in the morning averaged from 10 to 12 J.LIDOl m·2 s·1 between 
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December and March, but decl ined from April on (Fig. 2.13b) . Afternoon rates of A 

were lower than morning rates in some months. Stomatal conductance in the morning 

exceeded 600 mmol m·2 s·1 from December to April , but fell to about 300 mmol m·2 s·1 in 

May (Fig. 2.13c). Stomatal conductance was often lower in the afternoon than in the 

morning. C/ Ca was lower in May than the other months, but there were no consistent 

differences between mornings and afternoons (Fig. 2 .13d). Morning leaf temperatures 

were between 35 and 38° C, except in May 1995 (3r C), and afternoon leaf 

temperatures were between 36 and 39° C (Fig. 2.13e). LAVPD was highest in April and 

May, and higher in the afternoons than in the mornings (Fig. 2.13./). Dark respiration 

averaged -D.64 ± 0.07 fLmOI m·2 s·1 in January 1994. 

Total chlorophyll per unit leaf area remained constant throughout most of the wet season, 

but specific leaf area decreased, so that chlorophyll content on a dry weight basis 

decreased with age (Fig. 2.14). TKN was higher on a dry weight basis in T. 

ferdinandiana than E. tetrodoma leaves, but on a leaf area basis, the difference was not 

significant (fable 2 .4) . TKN decreased significantly (P< 0 .05) between February and 

May. 

2.3.5 Effect of'Ypd on A and g, 

2.3.5.a E. tetrodonta 

Assimilation decreased linearly as ~pd decreased (?<0.001), with a significant difference 

in intercept but not slope between morning and afternoon (P < 0. 001) (Fig. 2 .15a). 

Stomatal conductance also decreased as 'Y pe~ decreased (P<O.OOI), but the relationship 

was not linear and a log transformation was used for the analysis (Fig. 2.15b). Stomatal 

conductance was higher in the morning than in the afternoon (P < 0. 001), but the slopes 

were not significantly different. 

2.3.5.b T. ferdinandiana 

Both A and log g. increased linearly as '¥ pe1 increased (Fig. 2. 16). A was higher in the 

morning than the afternoon, but the slope of the relationship between A and 'i' pe1 was the 

same for both times (Fig. 2.16). The relationship between g. and 'lr pel was the same in the 

morning and the afternoon. 
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2.3.6 Effect of water availability and rime of day on A,&· E and C/Ca 

2.3.6.a E. tetrodonta 

Assimilation decreased as water availability decreased (P <O.OOl), and was higher in the 

morning than in the afternoon (P < 0.001) (Table 2.2). The interaction of the two was 

significant (P< 0.05); the difference between morning and afternoon was least for the 

wet period and largest for the transitional period. 

Stomatal conductance decreased as water availability decreased, and was higher in the 

morning than in the afternoon for both the wet and transitional periods (Table 2.2). 

Transpiration also decreased as water availability decreased, but it was no different 

between morning and afternoon in any period (Table 2.2). 

The ratio C/ C,. was significantly affected by water availability (P <O.OOl); it was highest 

for the wet period, but was similar overall for the transitional and dry periods (Table 

2.2) . The effect of time of day was not significant overall, but there was an interaction 

between time of day and water availability (P<O.OOl). C/ Ca was higher in the morning 

for the transitional period, but higher in the afternoon for the dry period. 

2.3.6.b T. ferdinandiana 

Assimilation was higher in the wet period than in the transitional period (Table 2.3; Fig. 

2.11). In the transitional period, but not in the wet period, A was higher in the morning 

than in the afternoon (Table 2.3; Fig. 2.11). Stomatal conductance was also higher in the 

wet period than in the transitional period, but it was higher in the morning than the 

afternoon in both periods (Table 2.3). Both E and C/ Ca were higher in the wet than the 

transitional period (Table 2 .3). C/ Ca, and E in the wet period, were the same in the 

morning and the afternoon (Table 2.3). In the transitional period, E was higher in the 

afternoon than the morning. 

2. 3. 7 Relationships between A, g., PPFD, LA VPD and leaf temperature as a function of 

water availability and time of day 

2.3. 7.a E. terrodonta 

The response of A to PPFD for E. terrodonta saplings in each water availability period 

and time of day is shown in Fig. 2. l 7. Light was not saturating for A until PPFD 

exceeded 1500 J.LIDOl m·2 s·1, except during the dry period, when it was saturating at 
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about 800 J.LIDOl m·2 s·'. The lower saturating PPFD during the dry period was a result of 

a lower photosynthetic capacity_ 

The relationship between A and g. varied with both water availability period and time of 

day (P<O.OOI). For a given g,, A was lowest in the dry period, and higher in the 

morning than in the afternoon (Fig. 2. 18). 

Assimilation decreased as LAVPD increased, and this decrease was steepest in the 

transitional period and least in the wet period (P< 0.001) (Fig. 2. 19). A was higher, but 

declined more steep I y with increasing LA VPD (P < 0. 001), in the morning compared 

with the afternoon. Log g, declined most steeply with increasing LA VPD in the 

transitional period (P< 0.001), but differences between morning and afternoon were only 

marginally significant (P=0.07) (Fig. 2.20). 

Assimilation decreased when leaf temperature increased above 35°C (Fig. 2.21). There 

were significant differences (P<O.OOl) in the response of A to leaf temperature between 

water availability periods. This response was significantly different (P< 0.005) between 

morning and afternoon within the wet and transitional periods , but not within the dry 

period. During wet period mornings, g, increased as leaf temperatures increased to about 

40°C, but was relatively insensitive to leaf temperature during wet period afternoons 

(Fig. 2.22). At other times, there was a negative relationship between & and leaf 

temperature. 

2.3. 7.b T ferdinandiana 

In T ferdinandiana saplings, A was light-saturated at about 500 to 700 J.Lmol m·2 s·', 

except during wet period mornings , when it was light-saturated at about 1000 

J.LmOI m·2 s·' (Fig. 2.23). 

There was a linear relationship between A and log g., which was similar for wet period 

mornings and afternoons and transitional period mornings (Fig. 2.24). Assimilation for a 

given g. was lower (P<O.OOl) during transitional period afternoons than at other times. 

Both A and g. declined as LAVPD increased above 4 kPa (Figs 2.25 and 2.26). 

However, LAVPD was generally low ( < 4 k.Pa) during the wet period, so the decrease in 

A with increasing LA VPD was significant only in the transitional period (Fig. 2.25). The 

relationship between LA VPD and g. was stronger in the afternoon than in the morning 

(Fig. 2.26). 
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Both A and g, decreased when leaf temperature increased above 36°C. (Figs 2.27 and 

2.28). The relationship between A and leaf temperature was stronger in the transitional 

period than the wet period (Fig. 2.27), while the relationship between g. and leaf 

temperature was stronger in the afternoon than in the morning (Fig. 2.28). 

2.3.8 Relationships between ~pd and tree height in E. tetrodoma 

Slopes of the regression lines between ~ pe1 and tree height in each month except 

December were positive, and increased from May through to September, as the dry 

season progressed (Fig. 2.29). However, the regression coefficient was significant 

(P< 0.05) only in September and marginally significant (P< 0.1) in October because 

there was limited replication and data were very variable. 

In September 1995, with 37 trees covering a greater range of tree heights, there was also 

a significant (P< 0.01) positive correlation between ~pel and tree height (Fig. 2 .30). All 

trees higher than 3.5 m had a 'l'pc1 higher than -1.2 MPa, while 'l'pc1 of trees less chan 3.5 

m was as low as -2.0 MPa. 

2.4 Discussion 

2. 4.1 Diurnal Paaems 

Differences in A between morning and afternoon in the wet and dry periods in E. 

tetrodonra saplings, and T. j erdinaruiiana saplings in the transitional period, cannot be 

explained primarily by stomatal closure, since there was no significant effect of time of 

day on C/ Ca for either species. There have been several other reports of lower rates of A 

in the afternoon than in the morning in tropical trees, that cannot be explained by 

stomatal closure (Ooley et al. 1987; Eamus and Cole 1997). Midday depressions of 

photosynthesis in plants in Mediterranean and arid environments have been attributed to 

high leaf temperatures (Roessler and Monson 1985) and high LA VPD (Raschke and 

Resemann 1986) . Midday depression of A in the sclerophyllous shrub Quercus suber 

resulted from a decrease in C02-saturated photosynthetic capacity , a decrease in the 

initial slope of the C02 response curve and a substantial increase in the C02 

compensation point caused by an increase in leaf temperature and a decrease in humidity 

(Tenhunen et al. 1984). In my study , for any value of g., A was higher in the morning 

than the afternoon (Fig. 2. 18), probably because leaf temperatures were higher in the 

afternoon (the afternoon mean was 38°C compared with 35°C in the morning). 
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Fig. 2.29. Individual data points and linear regressions between predawn leaf water potential 

and height of E. tetrodonta saplings for May (O), July ( • ). August (0). September ( • ). 

October (• ), November (v) and December <• > 1994 (June measurements are not shown 

because they were possibly affected by heavy dew). The regressions were significant in 

September (P < 0.05) and marginal ly signi ficant in October (P < 0.10). 

Fig. 2. 30. The relationship between predawn leaf water potential ('+ pA.) and height of E. 

tetrodonta saplings and trees in September 1995. The equation is: 

'it pd = -1.43 + 0.121 *height (r=0.53; n= 37; P < 0.01). 
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Laboratory studies that maintained a constant LA VPD of 2 k.Pa indicated that such an 

increase in temperature could account for a decline of 29% in A, independent of changes 

in C; (Chapter 5). Mild heat stress may cause reversible conformation changes in the 

thylakoids and deactivate some Calvin cycle enzymes (Chaves 1991). A leaf temperature 

response could also explain the observations for T jerdinandiana leaves. Both 

temperature and rates of A for T. ferdinandiana leaves were similar in the morning and 

afternoon in the wet period, while in the transitional period, when leaf temperatures 

averaged 2.8 oc higher in the afternoon than the morning, an afternoon depression of A 

was evident. 

Higher LA VPD in the afternoon than in the morning may have contributed to, but could 

not fully account for, lower rates of A in the afternoon (Chapter 5). Instantaneous "i'L can 

be discounted as the factor responsible for the afternoon decline in A in E. tetrodonta 

leaves, since it increased during the afternoon while A continued to fall (Fig. 2.8). 

Photoinhibition is also unlikely to account for the afternoon decline in A in E. retrodonta 

saplings. The ratio FJF m• which decreases as photoinhibition occurs (Demmig and 

Bjorkman, 1987), was the same during morning and afternoon measurement times in 

January and August (Fig. 2.10). The decline in F/ Fm was small and quickly reversed, 

which suggests protective photoinhibition occurred (Ball er al. 1994). This also shows 

that leaves of E. retrodonta are well-adapted to high light intensities. 

Because A, but not E, in £. tetrodonta saplings was lower in the afternoon than the 

morning, instantaneous transpiration efficiency (defined as AlE) was also lower in the 

afternoon. There is evidence that stomata respond to the rate of E rather than humidity 

per se (Mon and Parkhurst 1991; Monteith 1995), so it is conceivable that the E. 

tetrodonta saplings regulated E rates throughout the day, rather than optimising carbon 

gain in relation to water loss, as proposed by Cowan (1982). However, rates of E in T. 

jerdinandiana saplings in the transitional period were higher in the afternoon than the 

morning, suggesting they did not regulate water loss to the same extent as E. tetrodonta 

saplings. 

2.4.2 Seasonal patterns 

The large seasonal differences in rainfall and LA VPD were reflected in differences in 

'¥ p•~> assimilation rates, stomatal conductance, E and leaf number and growth in both 

species (Figs 2.1, 2.2, 2.3, 2.5, 2.9 and 2.13) . Seasonal changes in total carbon 
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assimilation were even more pronounced, smce this is a product of A per unit leaf area 

and leaf area, both of which decl ined with increasing soil and atmospheric dryness. 

There were no significant effects of leaf age on A in E. rerrodonra, so seasonal trends in 

A can most likely be attributed to climatic effects. For T. ferdinandiana, it was not 

possible to separate the seasonal environmental effects from those of leaf age, since all 

leaves were of a similar age. However, leaf chlorophyll was significantly lower in May 

than from December through April , and leaf nitrogen was lower in April and May than 

in February and March, so it is likely that the low rates of A in the transitional period 

were due in part to the decrease in leaf chlorophyll and nitrogen content associated with 

leaf senescence. Leaf senescence may have been induced by water stress. 

Seasonal patterns in A, g, (Figs 2.15 and 2.16), and E (not shown) appeared to be mainly 

due to changes in soil water availability. For both species, there was a linear relationship 

between A and 'I' pe1 similar to that found in Acacia auriculiformis on Melville Island by 

Eamus and Cole (1997). The relationship between g, and 'l' pe1 in E. rerrodonra and T. 

f erdinandiana saplings was log-linear, as found for a range of species in northern 

Australia (Myers et al. 1997; Eamus and Cole 1997; Fordyce et al. 1997), rather than 

the linear relationship reported elsewhere (e.g. Graham and Running 1984; Reich and 

Hinckley 1989). However, the relationship between g, and 'I' pe1 was approximately linear 

for both species at low to moderate values of g. (0 to 800 mmol m·2 s·1
) (Figs 2.15 and 

2.16). Estimates of E, g., and C; must all be treated with some caution because of their 

sensitivity to error in temperature and humidity measurements (Field and Mooney 1984), 

especially at the high temperatures and humidities experienced in this study during the 

wet season. Estimates of C; are also affected by patchy stomatal closure, which is most 

likely to occur when LA VPD is high (Loreto and Sharkey 1990). 

In both species, seasonal decreases in A may be attributed primarily to stomatal closure, 

since the ratio C/Ca decreased significantly as water availability declined (Figs 2.9 and 

2.13; Tables 2.2 and 2.3) (Farquhar and Sharkey 1982). Partial stomatal closure lowers 

this ratio by increasing the gradient between the atmosphere and photosynthetic sites, 

while a proportionally larger reduction in A than g. through factors other than C02 

supply increases it. However, in E. tetrodoma, for any particular value of g., A was 

lowest in the dry period (Fig. 2.18), so some other factor(s) also contributed to the 

decline. High leaf temperatures probably caused a decrease in A in the dry period, when 

leaf temperatures were maximal (Fig. 2.9). Laboratory studies have shown a marked 
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decrease in A in E. rerrodonra seedlings when leaf temperature exceeded 35 o C (Chapter 

5). High LA VPD in the dry period probably reduced A by contributing to stomatal 

closure. 

In E. retrodonta saplings, both A and g, decreased when LA VPD exceeded 3 to 4 k.Pa, 

compared with 4 to 4.5 kPa for T. ferdinandiana saplings. The decreases in A and g. 

with LAVPD in E. retrodonta saplings were most pronounced in the transitional period. 

Other reports indicate that stomata are most sensitive to LA VPD when g, is high (Turner 

er al. 1984; Graham and Running 1984), although their data are presented in linear 

rather than logarithmic form. Kawamitsu et al. (1993) showed that pretreatment with low 

humid ity increased the responsiveness of g. to VPD in rice. However , Eamus and Cole 

(1997) found that the stomatal response of three Acacia species and Eucalyptus pellira on 

Melville Island, off the Northern Territory coast, was the same for the wet and the dry 

seasons. Maximum LA VPD in their study was 4. 7 kPa, compared with 7. 7 kPa in my 

srudy, and this may explain the differences in stomatal responsiveness to LAVPD. My 

study suggests that fo r E. tetrodonta there is little reason for the plant to conserve water 

by stomatal closure in the wet season, when water is readily avajlable, whereas g. was 

always low in the dry season. The transition period offers the greatest potential for 

optimising the ratio of AlE through stomatal closure at times of h igh VPD. For a plant to 

optimise the ratio of AlE, it must be capable of decreasing transpirational water loss as 

VPD increases (Schulze 1993). It was only for E. terrodonta during the transition period 

that such a feed forward response of stomata to LA VPD could be detected, and even then 

this could be a correlative rather than a causal relationship. 

The factors PPFD, LA VPD and leaf temperature are largely determined by the 

environment, but are also modified by the plant through growth habit (leaf angle and 

self-shading) and transpirational cooling. Thus, although atmospheric VPD was highest in 

May and June, LA VPD for E. tetrodonra saplings was highest between September and 

November (Fig. 2 .9d), when g, and hence transpiratiooal cooling was minimal. 

Assimilation in E. rerrodonta leaves was still low in November-December 1993, but bad 

recovered to peak levels in November-December 1994. This was not related to rainfall or 

~ pd (Fig . 2 .9), but perhaps reflects greater sink strength in 1994, because fewer leaves 

were retained than in 1993. The recovery in A by old leaves at the end of the dry season 

(Fig. 2.9a) is consistent with evidence that photosynthetic apparatus is very resistant to 

drought stress (Chaves 1991). 
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2.4.3 Growth 

Growth, although seasonal , was positive for all T. f erdinandiana sapl ings over a 

complete year, and all tagged branches survived over the 17 -month study period. Stem 

shrinkage during the dry season may be caused by loss of water from wood and/or bark. 

For E. tetrodonra saplings, net assimilation was positive for all months of the year, but 

above ground growth was generally slow. Growth in cross-sectional area (Fig. 2 .2) 

peaked at about the same time that leaf production was highest, in the early wet season. 

In the late wet and early dry season, when A, PPFD and number of leaves were all high, 

there was virtually no above ground growth. Presumably, during this period, most 

photosynthate was allocated to below ground organs. Shrinkage of the main stem during 

the dry season may be caused by loss of water from the wood and bark. Alternatively, 

carbohydrates may be exported from shoots to roots and/or the lignotuber . This would 

minimise losses if shoots die due to fire or drought. 

For E. tetrodonra saplings there was a positive correlation between height and 'I' pd in the 

dry season, and saplings had a lower v pd than mature trees (Figs 2.29 and 2.30), 

indicating that taller trees have access to water during the dry season which is unavailable 

to saplings. A similar relationship between tree height and leaf water potential has also 

been reported in Acer saccharum trees (Dawson 1996). In addition, mature £ . tetrodonta 

trees initiate leaf growth throughout the year (Williams et al. 1997b), while in sapl ings 

this happens primarily in the early wet season. That water is more of a limitation for 

young than for mature £. tetrodonta trees is also indicated by the fact that young saplings 

lose most of their leaves during the dry season, while mature trees do not (Will iams et 

al. 1997b). 

2. 4.4 Comparison of physiological strategies of E. retrodonta and T. f erdinandiana: 

evergreen versus deciduous phenologies 

At similar times, values for A in T. ferdinandiana and E. tetrodonta were comparable per 

unit chlorophyJI , but A on a leaf area basis was lower and on a leaf dry weight basis was 

higher in T. f erdinandiana than E. tetrodonca. This is consistent with results of Prichard 

(1996), who studied these and other Northern Territory savanna species, and Sobrado 

(1991). Sobrado (1991 ), who studied six deciduous and four evergreen tree species 

growing in Venezuelan savanna, showed the deciduous trees had higher rates of A than 
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evergreen trees on a leaf dry weight basis, but there were no clear differences on a leaf 

area basis. Leaves of deciduous trees generally have a shorter lifespan than evergreen 

leaves, and may compensate by having higher rates of A. This is possible because 

nitrogen content of deciduous leaves tends to be higher than that of evergreen leaves 

(discussed by Chabot and Hicks 1982; Sobrado 1991; Prichard 1996). My results showed 

that nitrogen content was higher in T ferdiru:mdiana than E. retrodonta leaves on a dry 

weight basis, but similar on a leaf area basis. Peak nitrogen use efficiency (equal to mean 

light-saturated A divided by mean TKN; values from Tables 2.2-2.4) was 11 .5 ~tmol C~ 

g·1 N s·1 for E. tetrodonta, compared with 9.8 ~tmol C02 g·' N s·1 in T ferdinandiana. 

This is consistent with suggestions that nitrogen use efficiency is higher in evergreen than 

in deciduous trees (Chabot and Hicks 1982), but differs from findings by Prichard 

(1996), who found that nitrogen use efficiency was not significantly different in 

deciduous and evergreen trees. My results also showed that instantaneous water use 

efficiency (calculated as mean light-saturated A divided by mean E; values from Tables 

2.2 and 2.3) was similar for both species in the wet period, and slightly lower in T 

ferdiruuufiana than in £. tetrodonta in the transitional period. This differs from results of 

Prichard (1996), who found higher water use efficiency in deciduous than in evergreen 

trees. Rates of A (leaf area basis) for both species were generally lower than those 

measured by Prichard (1996), but were slightly higher than those reported by Sobrado 

(1991) for the 10 species studied. 

The lowest i' pd recorded for T ferdinandiana saplings was -1.18 ± 0 . 07 MPa in May 

1994. By comparison, for E. tetrodorua saplings, i'pc~ was -0.48 ± 0.07 MPa in May 

1994 and the minimum recorded was -2.45 ± 0.16 MPa in October 1994. Similarly, in 

mature trees, i' pc1 in May was lower for T. ferdinandiana than for E. tetrodonta (Myers 

er al. I 997). Thus it appears that E. tetrodonra is both better able to extract water from 

drying soil, (possibly by having deeper roots), and to retain functional leaves at lower 

i' pd than T ferdinandiana. Terminalia ferdinandiana saplings avoided the effects of 

severe drought by leaf abscission. 

The decrease in g. as i' pd declined was steeper in T. ferdinandiana than £. rerrodorua 

saplings (equations: log g,=2.91 +0.39*-tpc~ and log g, = 2.92+0.31 *i'pc~ respectively). 

Myers et al. (1997) found that in mature trees, the slope of this relationship was also 

steeper in deciduous than in evergreen trees. Thus deciduous trees may be more sensitive 

than evergreen trees to decreasing soil water content. 
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LA VPD had little effect on A and g. in T. ferdinandiana saplings until levels exceeded 

3.5 to 4 .5 kPa (Fig. 2.25) , and this was consistent with findings in controlled laboratory 

studies (Chapter 5). By comparison, A and g. of E. tetrodonta saplings decreased when 

LA VPD exceeded 3 k.Pa. Terminalia ferdinandiana saplings also showed less diurnal 

variation in g. than did E. tetrodonta saplings (Figs 2.8 and 2.10). E. tetrodonta saplings 

maintained constant rates of E for morning and afternoon, whiJst T. ferdinandiana 

saplings bad higher rates of E in afternoons than mornings in the transitional periods 

(Tables 2.2 and 2.3). These results suggest that T. ferdinandiana saplings regulate long

term water loss largely by shedding leaves, rather than by short-term changes in stomatal 

aperture. In contrast , Myers er al. (1997) tound no significant difference between species 

or phenological types in stomatal sensitivity to LA VPD. 

Assimilation rates were more sensitive to high temperatures in E. tetrodonta than T. 

ferdinandiana found in both these field and the laboratory studies described in Chapter 5. 

The difference in heat tolerance is perhaps an adaptation to substantial interception of 

solar radiation by the large, horizontally oriented T. ferdinandiana leaves, or it may 

reflect the tropical origins of the Terminalia genus. However, this difference in 

temperature sensitivity is surprising because £. rerrodonra leaves must endure 

consistently high temperatures at the end of the dry season, when T. ferdinandiana is 

leafless . In both species, g, was more sensitive to high temperatures when soil was dry, 

consistent with findings in other species (Chaves 1991). 

Saturating light intensity was higher for E. tetrodonta (- 1500 J.LmOl m·2 s·1
) than for T. 

ferdinandiana saplings (500 to 1000 J.LIDOI m·2 s·1
). This is probably because leaves of T. 

ferdinandiana were thinner and hence chlorophyll content on a leaf area basis was lower. 

These results compare with saturating PPFD of 500 J.LffiOl m·2 s·1 for potted E. retrodonra 

seedlings grown at 68% of ambient PPFD (Eamus er a/. l995a). The different growth 

conditions, in particular the reduced maximal PPFD, may account for the different 

response to PPFD. 

All tagged T. ferdinandiana branches survived to the end of the study period . By 

contrast, many branches and sometimes all above-ground parts of E. tetrodonta saplings 

died during the two year period. It is suggested that E. tetrodoma saplings allocate most 

pbotosynthate to root and lignotuber growth in order to tolerate seasonal drought and the 

high frequency of fire in northern Australian savannas. Terminalia ferdinandiana appears 

to survive these same stresses through leaf abscission. 
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To conclude, there were seasonal trends in A and g. in leaves of T. f erdinandiana 

saplings, but the major adaptation to seasonal severe drought appears to be leaf shedding. 

Compared with saplings of the evergreen E. tetrodonra, T f erdinandiana saplings 

showed a steeper decrease in 'l'pd at the end of the wet season. Their stomata were less 

sensitive to high LA VPD, suggesting they have poorer control of water loss through their 

leaves. Carbon assimilation on a leaf dry weight basis was higher for T. ferdinandiana 

than E. tetrodonra, consistent with findings elsewhere on costs and benefits of 

deciduousness (Sobrado 1991). It bas been observed ( eg Chabot and Hicks 1982) that 

most evergreen leaves are sderophyllous, with a high weight per unit area and 

consequent ' dilution' of photosynthetic tissue by supporting tissue. High construction 

costs and lower assimilation rates are compensated for by a long life span. By losing 

substantial leaf area as early as April, T ferdinandiana saplings forgo carbon gain during 

a potentially productive time of year, when soil moisture is still quite high and days are 

virtually cloudless. Indeed, A in E. tetrodonta saplings was highest in May, when most 

leaves of T ferdinandiana had either been shed or were senescing. In compensation, T. 

jerdinandiana saplings presumably did not allocate as much photosynthate as E. 

tetrodonia saplings towards root growth, nor would they lose as many nutrients in the 

dry season fires that are very common in northern Australian savannas, since they 

reabsorb leaf nutrients prior to abscission (Fensham and Bowman 1995). Deciduous trees 

have obvious advantages in avoiding unfavorable periods such as drought or severe cold, 

and would be expected to do best when these unfavorable periods are predictable. The 

savanna environment of northern Austral ia is characterised by predictable seasonal 

drought. This may explain the high representation of deciduous trees amongst the flora of 

monsoonal savannas, and their poor representation in arid/semi-arid or wet tropical 

environments (Will iams et al. 1996). 
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CHAPTER THREE. SEASONAL CHANGES IN TISSUE WATER 

CHARACTERISTICS OF LEAVES OF E. TETRODONTA AND T. 

FERDINAND/ANA SAPLINGS 

3.1 Introduction 

Trees growing in the savanna of Nonhern Australia must withstand annual seasonal 

drought of up to seven months' duration. Many species, including Terminalia 

ferdinandiana, avoid the impacts of foliar water stress by shedding their leaves during 

the dry season (Williams et al. l991b; Chapter 2), while evergreen trees, including 

Eucalyptus retrodonra, control moisture loss through stomatal closure when soil moisture 

is low and evaporative demand is high (Chapter 2). Mature trees in this environment also 

appear able to extract moisture from deep within the soil profile (Myers et al. 1997). 

Tissue water relations characteristics can contribute to drought tolerance. The ability to 

maintain turgor as cell water content and leaf water potential decrease has been cited as 

an important adaptation to water stress (Jones and Turner 1978; Morgan 1984). High 

turgor maintenance capacity is associated with low osmotic potentials (i.e. high 

concentration of solutes) and a large difference between osmotic potentials at full turgor 

and the turgor loss point (Jones and Turner 1978). Solute accumulation in response to 

stress is termed osmotic adjustment, and has been demonstrated in a wide range of 

species (Morgan 1984). The occurrence of drought-induced changes in tissue water 

relations parameters, particularly in woody plants, is discussed in Section 1.6. 

Osmotic adjustment may be more important in enabling plants to survive severe water 

stress, rather than in increasing growth rates during drought (Munns 1988). This is 

because accumulated solutes are mainly organic, and are presumably diverted from 

growth. 

Estimates of many tissue water relations parameters can be derived from a pressure

volume curve. This is constructed from a series of paired measurements of leaf water 

potential (i' J and relative water content (RWC) as a fully hydrated leaf loses water, and 

is described in more detail in Section 1.6. To generate the required range of leaf water 

content, the leaf may be simply placed on a bench and allowed to lose water (free 

transpiration method), or be placed in a pressure chamber and subjected to increasing 

pressure, while expressed water is collected and weighed (sap expression method). 
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Exposure of leaves to repeated pressurisation and depressurisation cycles in the free 

transpiration method, or to long periods at high balance pressures in the sap expression 

method, may induce some aberrations (Parker and Pallardy 1987). With the free 

transpiration method, the cooling that accompanies the release of pressure after each 

measurement of i'L may cause chilling injury to cold-sensitive tissue (Myers et al. 1997). 

Continuous overpressure during sap expression reduces the volume of trapped gas and 

may lead to overestimates of apoplasmic volume (Hardegree 1989). Further divergence 

between the two methods may arise because apoplasmic solutes may be concentrated 

during the free transpiration method, but appear to be flushed out when sap expression is 

used (Hardegree 1989). 

Plateaux are often found on pressure-volume curves of fully hydrated leaves; there is 

little change in i' L with initial loss of water , so that the bulle modulus of elasticity (e) at 

full turgor is very low. Such plateaux have been attributed to excess apoplastic water, 

and are common in artificially rehydrated leaves (Kubiske and Abrams 1991; Par leer and 

Pallardy 1987; Eamus and Narayan 1989), but they also naturally occur in leaves during 

wet periods (Abrams and Menges 1992). Existence of a plateau reduces estimates of e, 

and may also increase estimates of RW~ and 1r 100, (Kubislce and Abrams 1991 ; Abrams 

and Menges 1992) and obscure the turgor loss point, but it has no effect on estimates of 

~0 (Abrams and Menges 1992). Plateaux are more likely to develop when excised leaves, 

rather than whole plants , are rehydrated (Parker and Pallardy 1987), probably because 

leaves absorb more water when they are excised first (Eamus and Narayan 1990). 

Seasonal changes in physiological parameters reflect both responses to environmental 

conditions, and effects of leaf ageing. In three chaparral species, 17'100 decreased by 0. 7 to 

1.0 MPa during the summer drought, with little or no recovery (0 to 0.3 MPa) after the 

drought (Bowman and Roberts 1985a). e increased as the leaves expanded and matured, 

then decreased during the autumn (Bowman and Roberts 1985b). In Hakea polyanthema, 

;r100 decreased from -1.75 MPa in winter to -2.57 MPa in summer, while 1r0 decreased 

from -2.55 to -4.06 MPa (Richards and Lamont 1996). However, for eight tree species 

growing in Northern Territory savanna, there was no difference between November and 

April in ?r100 or 1r0 , but in some species, e and RWC0 increased and TW/DW decreased 

(Myers et al. 1997). 

Tissue water relations parameters may change with leaf age; in four Venezuelan 

evergreen tree species, 17'100 was between 0 and 1.6 MPa lower in mature than in 
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expanded soft (i.e. immature) leaves (Meinzer et. al. 1983). Tissue water relations 

parameters have also been correlated with the morphology of shoot elongation in black 

spruce (Colombo 1987). 

Leaves of evergreen trees in savanna environments must survive soil and atmospheric 

drought, whereas deciduous trees may be leafless when the drought is most severe. 

Eucalyptus tetrodonta saplings experienced pre-dawn leaf water potentials ("¥ J>d) as low as 

-2.45 MPa, compared with a minimum of -1.18 MPa for T. jerdinandian.a (Chapter 2). 

Sobrado (1986) found that in a Venezuelan dry fo rest, there were smaller seasonal 

fluctuations in i' p4 in evergreen than in deciduous species, and '¥ J>d declined more quickly 

in the deciduous species. However, the seasonal minimum '¥ J>d was around -3.0 MPa for 

both groups. The evergreen species could develop a higher leaf turgor and lose turgor at 

lower leaf water potentials than the deciduous species. This was related to lower osmotic 

potential at full turgor in evergreen ( z -3.0 MPa) than in deciduous ( z-2. 0 MPa) 

species, rather than the elastic properties of leaf tissue. 

This chapter reports the results of a study of seasonal changes in tissue water relations 

characteristics of E. tetrodonta and T. jerdinandiana saplings. The aims of this work 

were (1) to investigate whether such changes contribute to the drought tolerance in E. 

tetrodonta and T ferdinandiana saplings (2) to determine whether these changes in E. 

tetrodonta saplings were due to environmental effects or were simply a result of leaf 

ageing (3) to compare tissue water relations characteristics in E. tetrodonta, an 

evergreen, and T. jerdinandiana, a deciduous species. 

3.2 Materials and Methods 

3.2.1 Plant maJerial 

Plants used in this study were saplings of E. tetrodonta and T ferdin.andiana. These 

saplings were 1-3 m tall, growing in savanna at Berrirnah, 10 km south of Darwin. 

Seasonal patterns of growth, water relations and leaf gas exchange in these saplings are 

reported in Chapter 2. At each sampling time, one leaf was taken from of each of six to 

ten saplings. Eucalyptus tetrodonta sapl ings were sampled at two-monthly intervals 

between February 1994 and February 1995 inclusive. In February of both years, samples 

were taken of both young, fully expanded leaves (approximately two months old), and 

old leaves that bad developed in the previous wet season (approximately 14 months old). 
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T. ferdinandiana saplings were sampled in February and April 1994. All leaves sampled 

were amongst the healthiest on the saplings at the time. Many E. tetrodonta leaves had 

been partially eaten by insects , but the remaining tissue was healthy. 

3.2.2 Tzssue water characteristics 

Tissue water characteristics were derived from pressure-volume curves. Leaves or 

branchlets were cut from the sapling in the evening or early morning, when leaves were 

most hydrated, and immediately recut under water. These leaves were kept upright in a 

closed container, in a dark, cool environment, with the cut end in water, fo r 12 to 36 

hours before pressure-volume measurements were made. Water potential of rehydrated 

leaves ranged from -{).01 to -{).08 MPa, and was usually higher than -0.05 MPa. 

Pressure-volume curves were constructed from repeated, paired measurements of leaf 

mass and -+ ~... For E. tetrodoma, the air-drying method (Hinckley et a/. 1980) was used. 

Leaves were allowed to transpire on a bench, at first covered with a plastic bag to slow 

the rate of drying. This method was not suitable for T. jerdinandiana because the cooling 

resulting from the release of pressure after each measurement of '¥~.. caused chilling 

injury to leaf tissue (Myers et al. 1997). This could be detected by an increase in '¥ '-' 

despite loss of water from the leaf. For T. ferdinandiana , the sap expression method 

(Tyree and Hammel 1972) was used. Leaves were kept in the pressure chamber while the 

pressure was increased by increments of approximately 0.2 MPa. The expressed sap was 

collected and weighed to calculate leaf mass . No differences were found between the two 

methods by Myers et a/. (1997) for Eucalyptus clavigera, although Hardegree (1989) 

cautions that there may be differences with some species. 

The parameters 1r100, 1r0 , RWC0 and TW lDW were calculated from plots of 1/i! L versus 

RWC (i.e. a type II transformation sensu Richter 1978) and regression analysis of the 

data below the turgor loss point. 

€ was calculated as (change in t'..:.rgor potential)/(change in relative symplastic water 

content) (Parker and Pallardy 1987). The mass of symplastic water was estimated by 

extrapolating the linear portion of the pressure-volume curve to 1 /i'~.. = 0. €100 was 

calculated over the range of i'~. between 0 and -D.3 MPa. There was a plateau in the i!L

turgor curves of many E. tetrodonta leaves, but not fo r T. ferdinandiana leaves. € 

immediately below the plateau (~) was therefore also determined . This was usually close 
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to the maximum value of e. 

3.2.3 Starisrical analysis 

The significance of bi-monthly trends between February 1994 and February 1995 was 

determined for leaves that developed during the 1993/94 wet season. A quadratic model 

was fitted for each parameter against time, and analysis of variance was used to test the 

significance of each term. 

Effects of leaf age and year, and of species and month, were tested by two-factor 

analysis of variance (Systat v .5; Wilkinson 1990). 

3.3 Results 

Typical pressure-volume curves for individual £ . retrodonta leaves in February and 

October are shown in Fig. 3.l. 1r100 and 1r0 were highest in new leaves in February, 

lowest in October, and intermediate in old leaves in February. e in these same leaves was 

maximal at intermediate turgor pressures (Fig. 3.2). A plot of i' ~,. versus RWC for the 

same new leaf in February clearly shows the plateau between 95-100% RWC (Fig. 3.3), 

which contributed to its low values of Eun and RWCo. 

For E. tetrodonta leaves, 1r100, 1r0 , RWCo, TW!DW, t 100 and E~~p all varied significantly 

(P<0.05) with month through the year. 7r100 and 1r0 were maximal in new leaves 

(approximately 2 to 4 months old) in February, declined to a minimum in October, and 

then increased to an intermediate value by December (Fig. 3.4a). RWCo tended to 

increase through the year, from 79% in February 1994 to 85% February 1995 (Fig. 

3.4b). The ratio TW!DW decreased over the same period from 2.85 to 2.13 (Fig. 3.4c). 

€100 increased throughout the year, from 2 MPa to 18 MPa (Fig. 3.4d). ~ also increased, 

but only during the period between February and June (Fig. 3.4<1). 

In February of both years, 1r 100, 1r 0 and TW IDW were all lower, and E100 and Ebp were 

both higher, in old leaves compared to new leaves of E. tetrodonta (Fig. 3.5). 

Pressure-volume curves of typical T ferdinandiana leaves are shown in Fig. 3.6., with 

the shift to lower solute potentials between February and April evident. For T 

jerdinandiana, 1r100, 1r0 and TW !OW all decreased between February and April , but e100 
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Fig. 3.3 The relationship between leaf water potential ('I' J and relative water content 

(RWC) for a typical new E. tetrodonta leaf (• ), and a typical T. ferdinaru.liana leaf (O), 

sampled in February 1994. The plateau near 100% RWC is clearly shown for the £. 

tetrodonta leaf. 
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and ~ did not change significantly (Fig. 3.7). The relationship between e and turgor for 

the same leaves of T. jerdinandiana was approximately linear (Fig. 3.8), in contrast to 

the E. tetrodoma leaves. The relationship between i' L and RWC showed a steeper initial 

decline in i' L for T. ferdinandiana than for E. terrodoma leaves, with no plateau evident 

for T. jerdinandiana leaves (Fig. 3.3). 

All of 1r100, 1r0, RWCo, TW/DW. E!tr and E'::> were higher in T. jerdinandiana than E. 

tetrodoma leaves in both February and April (Fig. 3.7), and there were no species by 

month interactions. 

3.4 Discussion 

Osmotic adjustment occurred in leaves of both E. tetrodonta and T. ferdinandiana 

saplings, as evidenced by 1r100 decreasing between February and April by 0.24 and 0 .21 

MPa respectively (Fig. 3.7). Osmotic adjustment continued through the dry season in 

leaves of E. rerrodorua, and ~100 and 1r0 decreased by 0.92 and 1. 10 MPa respectively 

between February and October (Fig. 3 .4a). Thus the difference between 1r100 and 1r0 also 

increased, further enhancing the capacity for turgor maintenance (Jones and Turner 1978) 

in October. 

The decreases in 1r100 and 1r0 for E. :errodoii;a between February and October were of a 

magnitude similar to those reponed for three chaparral species (Bowman and Roberts 

1985a), mature Eucalyptus behriana and E. microcarpa trees (Myers and Neales 1986) 

and Hakea polyaruhema (Richards and Lamont 1996) in response to summer drought, 

and greater than those reported for many agricultural annual crops in response to shoner 

droughts . Drought-induced osmotic adjustment typically ranges between 0 .1 to 0 .5 MPa 

in crops such as maize (Premachandra 1992a), sorghum (Premachandra et a/. l992b), 

cotton (Oosterhuis and Wullschleger 1987), wheat and lupin (Kuang et al. 1990). 

However, Myers et a/. (1997) found no differences in 1r100 or 1r0 between November and 

April in mature E. terrodorua, T. ferdinandiana , or six other savanna tree species. This 

could be because, in the study by Myers et al. (1997), the trees were mature (between 4 

and 6 m tall) and showed lirJe evidence of water stress during the dry season, and 

presumably were able to access deep soil water. In the present study, the saplings used 

were less than 3 m tall , and experienced moderate (T. ferdinandiana) or severe (E. 

rerrodonta) water stress as soil dried out with the progression of the dry season (Chapter 

2). 
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Seasonal decreases in ?r0 were large enough to allow leaves of E. tetrodonta saplings to 

develop positive turgor overnight at all times of the year. The minimum i'pd of -2.45 

MPa in October (Chapter 2) was significantly higher than the 1r0 of -2. 85 MPa in that 

month. However , leaves would have lost turgor during the day in the dry season. In 

August, minimum daily i' L was lower than 1r0 • In T ferdinandiana , i' pd in both April 

and May (Chapter 2) was higher than 1r0 in April , so again pre-dawn turgor would have 

been positive until leaves senesced. Midday i'L was not measured in this study, but 

minimum daily i' L of mature T. ferdinandiana trees and saplings in March and April was 

about -1.3 to -1.4 MPa (Fig. 4.4 ; Myers et a/. 1997). It is likely that midday i'L in T 

jerdinandiana saplings in May would be lower than this, and close to or lower than the 

value of -1.57 measured for 1r0 in April. Thus some leaves ofT jerdinandiana saplings 

probably lost turgor during the day as the dry season approached. 

Solute potentials in the present study were not as low as those reported for Venezuelan 

dry forests by Sobrado (1986). She found that 1r100 in young, fully expanded leaves was 

around -3.0 MPa and -2.0 MPa in evergreen and deciduous species respectively, and 

solute potential at dawn dropped to around -4.5 MPa in evergreen species at the end of 

the dry season. 

The seasonal decrease in osmotic potential in E. tetrodonra leaves was only partially 

reversed in the following wet season, and is therefore probably a result of both drought 

and leaf ageing. The effect of leaf ageing can be demonstrated by the difference between 

old and young leaves; 1r100 was 0 .59 MPa lower and 1r0 was 0.32 MPa lower for old than 

young leaves (averaged for February 1994 and February 1995). Similarly, 1r100 was 

between 0 and 1.6 MPa lower in mature than in soft expanded leaves of four Venezuelan 

evergreen tree species (Meinzer eta/. 1983). It is also possible that the effect of drought 

was only partially reversible; chaparral shrubs showed little or no recovery in 1r100 after 

drought (Bowman and Roberts 1985a). 

There was an increase in ~ 100 and ebs> in E. tetrodoma leaves with the onset of drought, 

similar to that reported for chaparral shrubs by Bowman and Roberts (1985b). These 

authors suggested that combining a high elastic modulus and low osmotic potential may 

allow large decreases in water potential to occur, facilitating continued water uptake, 

while maintaining positive turgor. However , drought-tolerant species tend to have lower 

values of ~ (and hence relatively elastic cell walls, despite being more sclerophyllous) 

than drought-sensitive ones (Clayton-Greene 1983; Robichaux and Canfield 1985). In the 
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present study, E was lower in leaves of E. tetrodonta than T. f erdinandiana. E decreased 

in leaves of the chaparral shrubs, but not in E. tetrodonta leaves, at the end of the 

drought. The increase in e in E. tetrodonta leaves was probably therefore mainly due to 

leaf ageing and associated with an observed decrease in specific leaf area (Chapter 2), 

and probable thickening of cell walls. Alternatively, in £. tetrodonca leaves, drought

induced changes in e, such as changes in cell wall structure, may be irreversible. 

Comparative effects of drought and leaf age could be tested in the future by growing 

trees under different soil moisture regimes. 

The existence of a plateau in the 'i'L-RWC relationship affected estimates of el(X> in many 

E. retrodonta leaves, and the parameter tv g~ve more consistent values for the two years 

(Fig. 3.5). Younger leaves tended to have larger plateaux, as indicated by a bigger 

difference between t 100 and f(), but it is not clear why plateaux were smaller in February 

1995 than February 1994. 

Abrams and Menges (1992) suggest that tissue with large apoplastic volumes, such as 

sclerophyllous leaves, may be especially prone to plateau format ion from rehydration. 

This may explain why plateaux occurred in£. tetrodonta but not T. ferdinandiana. 

Abrams and Menges (1992) found that while artificial rehydration of leaves prior to 

pressure-volume analysis promoted plateau formation, most non-rehydrated leaves 

sampled during wetter times also exhibited plateaux. Method of rehydration and tissue 

type also had an influence on incidence of plateaux. Plateaux were more common in 

leaves that were excised, then rehydrated, than in leaves from well-irrigated whole plants 

(Parker and Pallardy 1987). However, the same rehydration method was used for all 

leaves in the present study. 

The capacity for turgor maintenance was larger for E. tetrodonra than for T. 

ferdinandiana , with all of 11"100, 1r0 , RWC0 and TW/DW lower in E. tetrodonta. The 

magnitude of osmotic adjustment occurring between February and April was similar for 

E. tetrodonJa and T. f erdinandiana (Fig. 3.7). However, the d ifference between seasonal 

maximal and minimal values of 1r100 was much greater for E. tetrodonta, which maintains 

functional leaves throughout the dry season, than for T. ferdinandiana , which is vi rtually 

leafless by June (Chapter 2). e100 and ~ were also lower for E. tetrodonta than T. 

ferdinandiana, and this accords with other studies finding that lower e was associated 

with greater drought tolerance (Clayton-Greene 1983; Robichaux and Canfield 1985). 
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However, Sobrado (1986) found that twas higher in evergreen than in the more drought

sensitive deciduous species. 

These and other findings discussed in this chapter demonstrate the complexity of the 

relationship between t and drought tolerance. Theoretically, low t confers both 

advantages (higher turgor pressure maintained longer) and disadvantages (lower water 

potential gradient for uptake of water) to a leaf. Drought tolerant species may often have 

low E (Clayton-Greene 1983; Robichaux and Canfield 1985). However, leaves of 

drought-tolerant species tend to have small cells, with thick dense walls, and relatively 

high E (Lamont 1997). In addition, t of leaves may increase with prolonged seasonal 

drought, possibly due to ageing, and changes in E are often not fully reversible . These 

confounding influences of scJerophylly and ageing on E of leaves may explain why other 

properties , such as low ?r0 and low 7rux» arc:: more cons istently associated with drought 

tolerance than is low E. 

To conclude, the tissue water relations characteristics examined in this study would all 

confer greater drought tolerance on E. tetrodonra saplings, the leaves of which must 

survive prolonged seasonal drought, than on T. ferdinandiana saplings, wh ich are leafless 

during the driest period of the year, and are thus drought avoiders. 
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CHAPTER FOUR: HYDRAULIC CONDUCTANCE AND XYLEM EMBOLISM IN 

E . TETRODONTA AND T. FERDINAND/ANA 

4.1 Introduction 

Perennial plants in the Top End of the Northern Territory must either avoid or tolerate 

annual drought (see Chapters 1 and 2). Deciduous trees like T. ferdinandiana avoid 

drought to a large extent by shedding leaves. In contrast , there is some evidence that 

evergreen trees such as£. tetrodonta develop a deep root system (Duff et al. 1997), and 

may be more effective in using stomatal control to limit water loss (Chapter 2), and they 

can tolerate low tissue water potentials through osmotic adjusnnent (Chapter 3). There 

may also be differences between deciduous and evergreen species in hydraulic 

conductance (kJ and susceptibility to xylem embolism. A South American study found 

that two evergreen tree species had mean hydraulic conductivity of 1.47 and 0 .47 mL h·• 

cm·2, compared with 0.20 and 0.10 mL h"1 cm·2 for 2 dry-season deciduous species 

(Catalan 1983). It is also possible there is an association in dry-season deciduous trees 

between xylem embolism and senescence of shoots with the onset of drought. Kolb and 

Davis (1994) suggested that facultative drought-deciduousness in Salvia mellifera is 

coupled to drought-induced embolism in its xylem. Similarly, in a range of winter

deciduous trees, timing of leaf loss and leaf flushing was related to the extent o f loss of 

hydraulic conductivity in late winter (Wang eta/. 1992). 

Young saplings are especially susceptible to water stress, because their root systems are 

not as deep as those of mature trees. Pre-dawn leaf water potential ("if pc~) during the dry 

season was consistently lower, and leaf loss much greater, in saplings than in mature 

trees (compare Chapter 2 ; Duff er a/. 1997; Williams er a/. 1997b). Pre-dawn leaf water 

potential of individual E. tetrodonta saplings was as low as -3.4 MPa, and only 16% of 

terminal branches tagged in December were still alive the following October. Xylem 

embolism is possibly the major cause of death in shoots of E. tetrodonta saplings. 

Injection o f air into healthy Betula occidenralis shoots caused leaf wilting and subsequent 

death of the shoots (Sperry and Pockman 1993). Reducing k,. by making overlapping 

transverse cuts into the main stem of B. occidentalis caused midday xylem pressures of 

some stems to fall into the cavitation range. This resulted in up to 98% embolism and 

100% leaf death. In other sterns, stomatal conductance and transpiration decreased 

sufficiently to avoid cavitation (Sperry et a/. 1993). Williams et al. (1997a) attributed 

death of chamise seedlings to embolism associated with very low leaf water potentials. 
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Irrigation reduced the extent of xylem embolism and leaf-drop in the facultative drought

deciduous shrub Salvia mellifera (Kolb and Davis 1994). This species has high shoot 

mortality over summer (Kolb and Davis 1994), in common with E. tetrodoma saplings 

during the dry season. 

Hydraulic conductance (kJ is defined as flow rate per unit pressure difference. In the 

context of transpiring trees, 

Flow = kA (i'R- i'J 

where i' is water potential and the subscripts ' R' and 'L' denote root and leaf 

respective! y. 

Hydraulic conductivity is defined as the flow rate per unit pressure gradienJ (11 't II where 

I is path length). 

Conductance and conductivity values are often divided by leaf area or by stem cross

sectional area (CSA) to account for tree size. Hydraulic conductance and conductivity are 

explained in more detail in Section l . 7. 

4.1. 1 Factors affecting hydraulic conductance and embolism 

There are differences between plant species in k,. For example, kA was 3-5 times higher 

for whole lupin plants than whole wheat plants growing under comparable conditions 

(Gallardo et al. 1996). Hydraulic conductances of a range of woody plants and of various 

plant segments are shown in Tables 4 .1 and 4.2. 

Hydraulic conductance of a single plant changes with time. What factors affect k"' and do 

other plant factors affect these? 

4.1.1 a Soil and Tissue WaJer Cement 

Decreases in soil water content, either measured directly or inferred through decreases in 

i' pd• reduced k, of blackjack oak and northern red oak trees (Reich and Hinckley 1989), 

Pinus abies and Abies bornmulleriana (Granier er al. 1989), and five Japanese scrub 

species (Mishio 1992), as well as roots of Agave deserti (Nobel et a/. 1990), olive, 

peach, pistachio and citrumelo (Rieger 1995). It is not clear to what extent these 

70 



Table 4.1. Whole plant hydraulic conductance and leaf specific hydraulic 
conductance for a range of tree and shrub species. 

Species 

Eucalyptus behriana 

LArrea tridentata 

Valencia orange 

Shamouti orange 

Scots Pine (2 y.o.) 

Sitka Spruce (2 y .o.) 

LArrea tridentata 

Dodonea viscosa 

Hibiscus glaber 

Blackjack oak 

Nonhero red oak 

Pinus Abies 

" 

Pinus pinaster 

Abies bornmulleriana 

" 

Conditions 

semi-arid, natural 

unirrigated 

irrigated 

commercial orchard 

commercial orchard 

Value 

0.018 

0.18-0.36 

0.36-9.0 

2.4 

3.0 

Leaf specific conductance (g m·2 s·1 MPa·1
) 

10 days drought 

30 days drought 

2 weeks after rewater 

10 days drought 

30 days drought 

2 weeks after rewater 

unirrigated 

irrigated 

field 

field 

field 

field 

0.063 

0.089 

0.137 

0.021 

0.017 

0.017 

0.09 

0. 18 

0.045 

0.169 

0.009 to 
0.036 

0.0054 to 
0.031 

Conductance (sapwood area basis) (g m·2 s·1 MPa'1) 

unstressed 

water stressed 

unstressed 

unstressed 

stressed 

56 

13-27 

72 

67 

20 

Reference 

Myers era/. 
(1995) 

Meinzer et al. 
(1988) 
.. 

Moreshet et a/. 
(1990) 

II 

Jackson et al. 
(1995) 

II 

II 

" 
II 

" 

calculated from 
Meinzer et al. 
(1988) 

Mishio (1992) 

Reich and 
Hinckley (1989) 

" 

Granier eta/. 
(1989) 

" 

" 

" 

" 



Table 4.2. Conductance and Conductivity values for various segments of trees 

Species 

EucalyptuS behriana 

Eucalyptus 
camaldulensis 
(Petford) 

Eucalyptus 
camaldulensis 
(Tennant Creek) 

Anemisia tridentara 

Adenosroma 
fasciculaJUm 

Adenostoma 
fasciculaJUm 

Sugar maple 

Juniperus virginiana 

Pi cea rub ens 

Abies balsamea 

Ceanothus 
megacarpus 

Salvia mellifera 

segment Value 

Conductance (g s·1 MPa'1) 

stem of seedling 0.0045 

lignotuber of seedling 0.0023 

stem 0 .145-7.4 

branch 0.057-0. 16 

stem 0.35-9.2 

branch 0.25-0.47 

roots 0 .0072 

stems of seedlings 0.0007 
(droughted) 

stems of res prouts 0.013 
(droughted) 

Leaf Specific Conductance (g m·2 s·1 MPa-1
) 

stems of seedlings 0 .32 
(droughted) 

stems of resprouts 1.8 
(droughted) 

Conductivity (g m s·1 MPa'1) 

stem segments 0.04 

branch segments 0.02-0.08 

0.02-0.11 

" 0.02-0.12 

stem segments 0. 025-{l. 039 

" (irrigated) 0.029 

" (unirrigated) 0 .009 

Reference 

Myers ( 1995) 

Franks et al. (1995) 

II 

" 

Kolb et al. (1996?) 

Will iams and Davis 
(1997) 

" 

II 

II 

Sperry eta! . (1988) 

Sperry and Tyree 
(1990) 

" 

" 

Kolb and Davis 
(1994) 

" 

Conductivity on a branch cross-sectional area basis (g m s·1 MPa·1 m·2) 

Juniperus virginiana 

Picea rubens 

Abies balsamea 

branch segments 

" 

200-600 

400-700 

700-1700 

" 

It 



decreases were caused by xylem embolism or by the loss of hydraulic continuity between 

root surface and soil water due to root and/or soil shrinkage. 

Embolism may be quantified by determining the kA of an excised plant segment before 

and after flushing by water under pressure. The difference reflects the cummulative 

effects of all unrepaired cavitations. Cavitation events may also be detected accoustically. 

However, it is much more difficult to relate a~oustic data to biological impact (Tyree and 

Sperry 1989). 

Vulnerability to embolism can be defined by the relationship between xylem water 

potential and percent loss of kA. There are significant differences between species in 

vulnerability, which are generally correlated with the xylem potentials experienced in 

their own environment (fyree and Sperry 1989). There are also differences in k11 between 

different parts of the same plant. For example, petioles may be more vulnerable than 

stems to drought-stress induced cavitation (Tyree et al. 1993). This means that plants 

may shed expendable distal parts such as leaves, twigs and minor branches whilst 

protecting their trunks and major branches from damage. 

4.1.1. b Xylem Diameter and Pit Membrane Clu1racrerisrics 

There are trade-offs between vulnerability and hydraul ic conductivity of xylem conduits. 

Smaller pores confer resistance to cavitation but simultaneously reduce the hydraulic 

conductivity of the xylem (Tyree and Sperry 1989). However , the correlation between 

low conductivity and low vulnerabil ity does not always apply . For example, walnut 

petioles had both low leaf specific conductance and high vulnerability to cavitation 

compared with sterns (Tyree et al. 1993). I suggest this apparent contradiction may result 

from relatively small numbers of xylem vessels in the petioles, or from different 

properties of the pit membranes. It is the diameter of the pit membrane pore that 

determines a conduifs vulnerability to drought-induced cavitation (Tyree and Sperry 

1989; Jarbeau eta/. 1995). 

Jones and Sutherland (1993) created a model of water flow in plants that linked k,., 

stomatal conductance and productivity. They concluded there are situations where it may 

be advantageous to a plant to allow the loss of a proportion of the conducting xylem 

elements. A small loss of maximum conducting capacity for limited periods of time due 

to embolism was compensated for by increased photosynthesis from greater stomatal 

conductance at other times. 
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4.1 .1 c Seasonality 

The degree of embolism may change seasonally in woody plants. In a study of Fagus 

sylvatica, Magnani and Borghetti (1994) showed that xylem embolism fluctuated around 

50% during summer, followed by almost complete refilling during autumn. There was up 

to 90% embolism in twigs during winter as a result of freezing and thawing (Magnani 

and Borghetti 1995). In Alnus cordata, embolism was less than 30% during summer, but 

increased to more than 80% during winter (fognetti and Borghetti 1994). Similarly, in 

Quercus rubra, loss of conductance in current year shoots was 20% in August and more 

than 90% after the first hard frost (Cochard and Tyree 1990). Most studies have been in 

areas where winter freezing is the major environmental stress, and consequently severe 

embolism has been due to freezing rather than to water stress (e.g. Cochard er al. 1990; 

Wang et al. 1992; Sperry et a/. 1994; Tognetti and Borgbetti 1994). One exception was 

a Californian study in which xylem embolism was 48 % at the beginning, and 78% at the 

end of summer in the facultatively deciduous shrub Salvia mellifera (Kolb and Davis 

1994). By contrast, embolism was only 12 and 17 % at the beginning and end of summer 

respectively in the evergreen Ceanorhus megacarpus. To my knowledge, there have been 

no studies of embolism in woody plants growing under tropical conditions. 

'Hydraulic architecture' is a term used by Zimmermann (1978) to describe bow the 

hydraulic conductivity of the xylem in various parts of a tree is related to the leaf area it 

must supply . Generally, the leaf specific conductivity for minor branches is 10 to 1000 

times lower than for major branches (Tyree and Sperry 1989). Thus most of the water 

potential drop in the xylem occurs in the small branches, twigs and petioles. Conductance 

of leaf blades is also very small, and there are presumably large gradients in water 

potential within them (Yang and Tyree 1994). In Eucalyptus behriana seedlings, 

hydraulic conductance of the lignotuber was only about half that of the stem (Myers 

1995). Considerable resistance to water flow is also likely to occur in the lignotuber of 

E. tetrodonta. 

Approximately one half of a tree's hydraulic resistance is located in the root system 

(Moreshet et al. 1990; Running 1980). When water flows through a whole tree or an 

intact root system, it crosses a series of membranes, as well as moving through the 

xylem vessels, and it is at these membranes that direct control of k11 is likely to be 

exerted. Koide (1985) showed that hydraulic resistance of the transpiration stream of 

sunflowers varied with transpiration rate, and that the site of variability was the root. 

Root kh is influenced by root age (Lopez and Nobel 1991) and temperature (Lopez and 
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Nobel 1991 ; Radin 1990). Abscisic acid may reduce k,. of intact root systems, although 

contradictory results have been obtained when excised roots are used (Eamus er aJ. 

1995b). Pathogenic infection can decrease root k~s (Berryman et al. 1991). 

Increases in soil-to-root resistances in drying soil have often been attributed to poor 

contact between root and soil. However, there is now evidence that solutes accumulate 

either in the root or just outside it, creating large osmotic pressures, which give the 

appearance of an interfacial resistance (Stirzaker and Passioura 1996). 

Root xylem appears more susceptible than stem xylem to embolism (Alder er al. 1996; 

Hacke and Sauter 1996). However, in transpiring plants, water potentials are higher in 

roots than in branches and leaves, and root embolisms are more readily reversed than 

those in shoots (Alder et al. 1996). Alder et al. (1996) suggest that while catastrophic 

embolism in roots may limit the minimum 'l'L for gas exchange, partial and reversible 

root embolism may be adaptive in limiting water use as soil water is exhausted. 

To summarise, water movement from the soil to the leaf is basically a passive process, 

driven by the water potential difference between atmosphere and soil. However, the plant 

is able to control leaf water potential to a large extent by changing stomatal aperture. It 

is possible the plant can also exert some short to medium term control of water uptake by 

changing the k, of the root system, and it may do this by changing abscisic acid 

concentrations. Changes in k, due to embolism can be controlled only indirectly by the 

plant. 

4. 1. 2 Aims of the Study 

This study aimed to determine whether there were seasonal variations in k,. and degree of 

embolism of trees in the Northern Territory environment, and whether there may be 

differences between evergreen and deciduous trees. In particular, I wanted to determine: 

1) Are there differences in k,. between the wet and dry seasons for whole E. retrodonca 

trees in the field? 

2) Are there differences in k11 between E. tetrodonta and T f erdinandiana trees in the 

field at the end of the wet season? 
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3) Is there an increase in embolism in E. tetrodonta branches and shoots through the dry 

season? Can this explain the high incidence of shoot death? 

4) Is leaf senescence in T. ferdinandiana at the beginning of the dry season related to an 

increase in the incidence of stern embolism? 

5) Wbat is the hydraulic architecture of small E. tetrodonta saplings? Does it confer 

some protection from embolism to the larger branches and main stem? 

4.2 Methods 

4.2.1 ~le Trees 

Hydraulic conductance of whole trees was calculated from the slope of the relationship 

between sap flow and leaf water potential. The trees used were growing under natural 

conditions at Howard River, approximately 40 km east of Darwin. Three mature E. 

tetrodonta trees, approximately 15 m high and with a diameter at breast height of 

between 0 .06 and 0.15 m, were monitored in August 1995 and March 1996. Three 

mature T. jerdinandiana trees, approximately 8 m high and with diameter at breast height 

of 0.07 m, were monitored in April 1996. Measurement days were clear and sunny, and 

only morning measurements were used to estimate k,. 

Sap flow measurements were obtained by Anthony O'Grady (unpublished daia) using 

beat pulse apparatus (Greenspan, Warwick Technology, Queensland). Two sets of probes 

were inserted in each tree at a height of 1-1.5 m. Heat pulse velocity was logged every 

15 min. Sapwood area was determined from cores taken from each tree. Anthony 

O'Grady estimated leaf areas of E. tetrodoma trees by visually assessing the number of 

standard 'modules' in each tree (Andrew eta!. 1979; Hatton et al. 1995). The area of a 

'module' was determined by measuring leaf area of 3 modules using a leaf area meter 

(Delta-T; Cambridge). This method has been found to be highly reproducible. I estimated 

leaf area of T. jerdinandiana trees by counting the number of leaves on the trees, and 

multiplying by the average area per leaf sampled for specific leaf area and chlorophyll 

determination (Chapter 2). 

Leaf water potential was measured on four leaves per tree every 45 min. between dawn 

and 1200 h, and during 3 hours of the afternoon, using a Scholander type pressure 

74 



chamber (Soil Moisture Corporation, USA). At each sampling time, leaves were taken 

from different aspects of the trees, but with E. rerrodonra trees, we could reach onJy the 

lower part of the canopy, even with 4. 8 m scaffolding and secateurs with a 3 m long 

handle (Plates 4. 1 and 4.2) . 

Hydraulic conductance was calculated from the slope of the relationship between change 

in mass flow rate (dQ) and change in pressure (dP) during a single day. (dP is equal to 

the change in i'L, since if ooi! is approximately constant over one day; the whole line is 

displaced by an amount equivalent to 'i'.oih which can be approximated by it~· Linear 

regression analysis was used (Williams er al. 1997a): 

leu= dQ/dP Equation 4.1 

4.2.2 Terminal branches of saplings 

The method for measunng k11 of terminal branches was based on that described by 

Williams et a/. (1997a) and Kolb et al. (1996). Branches of saplings were sampled 

before 0900 h from a savanna site at Berrimah, 10 km east of Darwin. The branch was 

cut under water to avoid inducing embolisms in xylem vessels. Xylem vessels of 

hardwoods are generally long, and some vessels of E. camaldulensis are more than 1 m 

long (Franks era/. 1995). Cutting the branch in air, and recutting under water to remove 

the vessels embolised by the first cut , is therefore not possible in most hardwoods. The 

branch was covered with a plastic bag, with the cut end placed in water, and transported 

back to the air-conditioned laboratory. The cut end was recut, and the leaves cut off the 

petioles, with a fresh razor blade under water. Unlike Williams et al. (1997a), I did not 

trim the tip of the branch, since the normal pathway for xylem sap is through the 

petioles. 

The branch was then quickly placed in a vacuum chamber (Fig. 4.1) with the cut end 

protruding and connected by tubing to graduated pipettes. The tubing and pipettes 

contained degassed water, filtered through a 0.2 f.LID ftlter and acidified with HCl to a pH 

of 2 to inhibit microbial growth (Sperry et al. 1994). The solution was pulled through the 

branch in the same direction as the normal transpiration stream by applying a vacuum to 

the chamber with a vacuum pump. The mass flow rate through the branch was measured 

with the graduated pipettes and a stop watch. F low rate was measured at four levels of 

vacuum: 20, 40, 60 and 70 to 80 kPa, measured with a vacuum gauge (Leybold, 
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Plates 4. 1 and 4.2 . Collecting leaves from mature E. tetrodonra trees for determ~n of 

i'L and hence k". Foil on the tree nearest the scaffold shields the sap flow sensors. A cool 

bum had occurred at this site a few weeks before our measurements were made i.n August. 





Germany). Hydraulic conductance was calculated from the slope of the rela6onship 

between change in flow rate and change in pressure using Equation 4.1. This method 

actually measures potential k,, since water may be drawn through channels (such as 

heartwood) which do not conduct water in vivo. 

The initial measurement of kA was followed by a one-hour perfusion of acidified, filtered, 

degassed water at a positive pressure of 175 kPa. These high-pressure perfusions 

removed air emboli , where present, from branches and generally resulted in an increase 

in k.,.. Pressure was released for 20 mins before readings were resumed, to allow tubing, 

and xylem vessels and membranes to relax. The measurement of k11 was then repeated. 

The difference between the initial and final values for k11 was divided by the final value 

and multiplied by 100 to calculate per cent loss ink,. due to air emboli (% loss in kJ. 

Conductivity was calculated by multiplying k11 by branch length. Conductivity was also 

expressed on the basis of leaf area or branch CSA. Leaf area was measured by tracing 

leaves onto paper, and weighing the paper. In many cases, there were leaf scars 

indicating leaves had abscised, and some of the remaining leaves had been partly eaten 

by insects. It was often not possible to estimate the missing leaf area, so only the 

remainjng leaf area was measured and used in calculations. 

4.2.3 Hydraulic architecture of whole shoots 

The diameter of the opening in the vacuum chamber through which stems were inserted 

was 11 m.m, so it was possible to perform conductance measurements of whole shoots 

with a basal CSA of up to 95 mm2
• Whole shoots were cut under water with secateurs. 

This was done by placing a plastic bucket, cut longitudinally down one side and to the 

centre of the bottom, around the base of the main stem of the shoot. The bucket was then 

lined with plastic sheeting and fi lled with water. The base of the shoot was kept in water 

while the shoot was transported back to the laboratory. The cut end of the main stem was 

recut, and leaves were cut off under water with a fresh razor blade. The k11 of the whole 

shoot, minus the leaves, was measured in the vacuum chamber as described in Section 

4.2.2 for terminal branches. If the shoot was longer than the chamber, a section of main 

stem below the lowest branch was cut under water and its k, measured separately. The 

initial measurement of k11 was followed by a one-hour perfusion of acidified, filtered, 

degassed water at 175 kPa. Pressure was released for 20 mins before readings were 

resumed, to allow tubing to relax. The measurement of k,. was then repeated. The 
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difference between the initial and final values for k,. was divided by the final value and 

multiplied by 100 to calculate % loss ink, for the whole shoot. 

Petioles, secondary branches, and primary branches from the top, middle and base of the 

main stem were removed in succession, and the k, of the remaining part of the shoot was 

measured after each component was removed. Resistance (MPa s g""1
) was calculated as 

1/k,. From the difference in resistance before and after removal of each component, the 

contribution of petioles, secondary and primary branches to the total resistance of the 

shoot (minus leaves) was calculated. Resistance of the leaf blades was not measured 

because high pressure flow (600 to 800 kPa) is required (Yang and Tyree 1994), and 

there are difficulties in interpreting results because the degree of stomatal opening is not 

known. 

Conductivity of the main stem was calculated, and also expressed on the basis of stem 

CSA and leaf area. 

Statistical Analyses 

Analysis of variance was used to determine whether differences between conductance 

parameters for whole trees (£. tetrodonta in August compared with E. tetrodonta in 

March compared with T ferdinandiana in April), and stem segments at different 

sampling times were significant. 

4.3 Results 

4.3.1 Whole trees 

There was a linear relationship between rate of sap flow and leaf water potential at each 

measurement time, with r values between 0.83 and 0.96 (Figs 4.2 - 4.4). Differences in 

hydraulic conductance between £. tetrodonta in August, E. tetrodonta in March and T 

ferdinandiana in April were not significant, because of high variability and small sample 

sizes (Table 4.3). However, T. ferdinandiana trees tended to have higher conductance 

than E. tetrodonta trees, especially when expressed on a sapwood area or a leaf area 

basis. 
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Fig. 4 .2. The relationship between sap flow and leaf water potential (i' J for three individual 

mature E. tetrodoma trees in August 1995. Solid symbols indicate measurements made 

before 1200 h, and open symbols indicate afternoon measurements. Hydraulic conductance 

was calculated for each tree by fitting a linear regression to the morning measurements. 

Equations are: Tree 1 (i' pd=-{).54): Flow = 0 .005 + 0 .0254 * (-i'J 

Tree 2 ('i' pd= -{).42): Flow = -<>.013 + 0 .0350 * (-i'J 

Tree 3 (i' pd = -<>.64): Flow = 0.458 + 0 .102 * (-i'J 

r = 0.891 

r = 0.945 

r = 0.965 
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Fig. 4.3. The relationship between sap flow and leaf water potential for three individual 

mature E. tetrodonta trees in March 1996. Solid symbols indicate measurements made 

before 1200 h, and open symbols indicate afternoon measurements. Hydraulic conductance 

was calculated for each tree by fitting a linear regression to the morning measurements. 

Equations are: Tree 4 (i' pc~=-0.21): Flow = -0.0086 + 0.0855 * (-i'J 

Tree 5 (i'pc~=-0.22): Flow = 0.0129 + 0.0494 * (-i'J 

Tree 6 (i'pc~=-0.16): Flow= -0.0214 + 0.3125 * (-i'J 

r = 0.935 

r = 0.825 

r = 0.885 
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Fig. 4.4. The relationship between sap flow and leaf water potential for two individual 

mature T. ferdinandiana trees in April 1996. Solid symbols indicate measurements made 

before 1200 h , and open symbols indicate afternoon measurements. Hydraulic conductance 

was calculated for each tree by fitting a linear regression to the morning measurements . 

Equations are: 

Tree 1 ('if po~= -0.10): Flow = 0.0106 + 0 .3155 * (-i'J 

Tree 2 (i' pc~= -0 . 11 ): Flow = -0.0001 + 0 .0491 * (-i'J 

r = 0 .927 

r = 0.954 



Table 4.3 Conductance, leaf area and sapwood cross-sectional area (CSA) of whole, 

mature trees in the field in August 1995 and March 1996 (E. tetrodlJnta) and April 

1996 (T. ferdinandia1Ul) 

Values are means of three trees (£. tetrodonta) or two trees (T ferdinandiana) , with 

standard errors shown in brackets. 

E. tetrodoma E. tetrodoma T jerdinandiana 

August March April 

Sapwood CSA (m~ 0.0041 (0.0032) 0.0041 (0.0022) 0.0013 (0.0004) 

Leaf area (m2) 7.41 (3.96) 10.71 (7 .50) 5.05 (1.58) 

Conductance 0.054 (0.024) 0.149 (0.082) 0. 182 (0.114) 

(g s·' MPa·') 

Conductance per 29 (12) 40 (12) 125 (70) 

CSA sapwood 

(g s·' M.Pa·' m·~ 

Conductance per 0.0091 (0.0030) 0 .0178 (0.0036) 0.0310 (0.0170) 

leaf area 

(g s· 1 MPa·1 m·~ 

4.3.2 Terminal branches 

There was a good linear relationship between flow and difference in pressure potential 

(i.e. vacuum) for branches of E. tetrodonta saplings (Figs 4 .5a and 4.5b), with most r 

values greater than 0 .999. However , in September, xylem of the highly embolised 

branches appeared to refill under the imposed vacuum, because the slope of the 

relationship between flow and pressure difference increased with increasing vacuum (Fig. 

4.5c). In these cases, the slope between the first two points (corresponding to a vacuum 

of 20 and 40 kPa) was used to estimate conductance. 

The mean branch dimensions, hydraulic conductance and conductivity and embolism in 

terminal branches of E. tetrodonta saplings are shown in Table 4.4. Conductance of 

branches generally increased following perfusion at 175 kPa for 60 minutes, suggesting 

there was some embolism present. However, in a few branches, no embolism was 

detectable (Fig. 4 .5b). Average loss of conductance due to embolism in branches of E. 
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Fig. 4.5. Relationships between flow and pressure difference {i.e. imposed vacuum) for 

detached terminal branches placed in the apparatus shown in Fig. 4 .1. Hydraulic conduct.ance 

was estimated from slopes of regression lines. Open circles indicate initial measuremeou, 

while closed circles indicate measurements made after pressurisation to remove emboli . 

Measurements shown were made on: 

(a) a typical branch of a E. tetrodonta sapling in May 1996. With flow in g s·1 and 

pressure difference (AP) in MPa, the equations are: 

Flow == 0 .00001 + 0 .0299 * AP r == 0 .9998 

and Flow = 0.00003 + 0 .0322 * AP r = 0.9995 

In this branch, loss of conductance was 7 . 1% [ie (1 - 0.0299/0 .0322)* 100] 

(b) another branch of a E. tetrodonta sapling in May 1996. This branch showed 

virtually no loss of conductance due to embolism. With flow in g s·1 and pressure 

difference (Ll.P) in MPa, the equations are: 

Flow = 0.0002 + 0.0548 * AP 

and Flow = 0.0001 + 0.0557 * LlP 

r == 0 .9996 

r = 1.0000 

(c) a branch of a E. tetrodonta sapling in September 1996. In this branch, 

conductance appeared to increase as the pressure difference (AP) increased, 

suggesting that embolised vessels were refilling under vacuum. Equations are: 

Flow = -0.00003 + 0.0080 * AP (initial 2 points only) 

Flow = -0.00008 + 0.0099 * AP r = 0 .9956 (all points) 

and Flow = 0.00003 + 0.0 151 * AP r = 0 .9994 (after 

pressurisation). 

Loss of conductance due to embolism was estimated at 47% , using the first two 

points only, compared with 35% if all four points were used. 

(d) a typical branch of a T. f erdinandiana sapling in June 1996. With flow in g s·1 

and pressure difference (AP) in MPa, the equations are: 

Flow = -0.0003 + 0 .0179 * 6P r = 0.9982 

and Flow = 0.0002 + 0.0026 * AP r = 0.7582 

After pressurisation, flow decreased and the relationship between flow and imposed 

vacuum was poor. These changes were attributed to a visible exudate from the 

branch that presumably interfered with flow of water through the branch. 

Measurements on T. ferdinandiana were abandoned for this reason. 
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Table 4.4 Branch dimensions , % loss of ronductance due to embolism, and 

conductance and conductivity of terminal branches of E. tetrodonJa in May, July and 

September 1996 

Conductance and conductivity measurements were made after perfusion with acidified 

water at 175 kPa for 60 minute<:. Conductivity is also expressed on a stem cross-sectional 

area (CSA) and leaf area basis. Values are means of eight branches, with s.e. in 

brackets . 

Branch CSA (mm2) 

Branch length (mm) 

Leaf area (m2) 

% embolism 

Conductance (g s·• MPa-1) 

Conductivity 

(g m s·• MPa·') 

Conductivity per branch CSA 

(g m s·' MPa·' m·2) 

May 

7.2 (0.7) 

268 (12) 

0 .040 (0.005) 

6.3 (1 .8) 

0.059 (0.011) 

0.016 (0.003) 

2203 (306) 

Conductivity per leaf area 0.413 (0 059) 

(g m s·• MPa·• m·2) 

Pre-dawn Leaf Water Potential ..{).46 (0 .02) 

(MPa) 

July September 

7.8 (0.6) 9.0 (1.7) 

321 (28) 281 (22) 

0 .037 (0.005) 0 .026 (0 .005) 

7.4 (2 .3) 38 (10) 

0 .044 (0.005) 0 .03 1 (0.008) 

0.014 (0.002) 0 .008 (0.002) 

1765 (13 1) 945 (21 8) 

0 .4{)7 (0 .054) 0.268 (0.042) 

-0.39(0 .02) ..{).99 (0 .09) 

tetrodonta saplings was similar in May (6 .3%) and July (7.4%), but increased to 38% in 

September (fable 4.4) (P <O.Ol). The high value in September was partly due to a value 

of 99% for one branch, which had lost all its leaves but the bark was still healthy. 

Embolism increased as 't pd decreased (Fig. 4 .6). Pre-dawn leaf water potential was lower 

in September than in May or July. Mean i'po~ was higher than at the same site in 1993 

and 1994 (Chapter 2). 

Conductance, conductivity, leaf specific conductivity and especially conductivity per unit 
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branch CSA were all lower in September than in May or July, although there were no 

differences in mean branch length or CSA or leaf area per branch (fable 4.4). 

Mean apparent k, and conductivity of two branches of Terminalia ferdinandiana saplings 

in early June were 0.0143 g s·• MPa·• and 0 .0023 g m s·• MPa·1 respectively, 

considerably lower than for E. tetrodonta. Mean CSA of T ferdinandiana branches was 

19 mm2
, so the differences were larger on the basis of stem CSA. Conductance decreased 

substantially following perfusion at 175 kPa, and there was often no longer a good linear 

relationship between flow and applied vacuum (Fig. 4.5d). The cut ends of the petioles 

were covered in a clear, sticky exudate, and this was assumed to be the cause of the 

decrease in k,.. The terminal end, containing the shoot apex and petioles, was cut off, and 

the measurements repeated. Apparent conductance was higher, but again there was a 

sticky exudate on the cut end, especially after the 175 kPa perfusion was repeated. Once 

again, the perfusion decreased, rather than increased, k;,, and the relationship between 

flow and applied vacuum was poor. Further measurements of branches of T. 

ferdinandiana were therefore abandoned. 

4.3.3 Hydraulic architecture 

The relationship between flow and applied vacuum for a whole shoot, as different parts 

were progressively removed, is shown in Fig. 4.7 . Conductance of whole shoots was 

strongly correlated with leaf area (r = 0.95; P< 0.01)(Fig. 4. 8), and although it tended to 

increase with CSA of the main stem, this relationship was not significant. Similarly, 

conductivity of the main stem was correlated with leaf area (r = 0 .96; P<O.Ol), but the 

increase with CSA of the stem was not significant. As expected, whole shoot 

conductance was correlated with conductivity of the main stem (r=0.88; P <0.05). 

Petioles contributed between 5 and 10% to the total resistance of the shoot (fable 4.5). 

There were few secondary and tertiary branches on the four smaller shoots, and their 

contribution to the overall resistance was negligible. One larger shoot bad six secondary 

and tertiary branches, which contributed 20% to its total resistance. I was unable to 

determine the contribution of secondary and tertiary branches to the other large shoot, 

because an air bubble in the tubing progressively decreased conductance and rendered 

these measurements invalid. The contribution by primary branches to total shoot 

resistance varied between 2 and 59%, and there was no obvious relationship with shoot 

size or morphology. The main stem comprised between 32 and 93% of total shoot 

80 



0 .05 

0.04 

,-..... 0 .03 (/) 

............ 
0' 

"'--" 

3 
0 

0 .02 u_ 

0 .01 

0 .00 L---~--~--~----~--~--~--~----~--~ 

0.00 0.02 0 .04 0.06 0 .08 

Pressure difference ( MPo) 

Fig. 4.7. The relationship between flow and pressure difference for a complete shoot of a 

typical E. tetrodonta sapling in June 1996 before (O) and after (• ) pressurisation to remove 

emboli, and then after removing, in sequence, petioles ( "' ), secondary and tertiary branches 

<•) and primary branches (" ). Hydraulic conductance was estimated from the slope of the 

regression lines . With flow in g s·1 and pressure difference (~) in MPa, the equations are: 

0 Flow = -0.0005 + 0.1398 * AP r = 0.9985 

• Flow= 0.0005 + 0.1751 * AP r = 0 .9998 
.,. Flow= 0.0002 + 0.1901 * ~ r = 0.99% 

• Flow= 0.0005 + 0.2437 * AP r = 0.9998 

lo Flow= 0.0009 + 0.4815 * AP r = 1.0000 

Analysis of the results from this and other shoots is given in Table 4.5. 
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The regression equation is: 

Conductance = 0.019 + 0.671 *Leaf Area r = 0.947 



Table 4.5 Hydraulic architecture of six E. tetrodonta saplings 
Each column gives measurements on one sapling. Columns are arranged from left to 
right across the page in order of increasing cross-sectional area (CSA) at the base of the 
main stem. 

, .. , ... 
, 

' ... ,' ... 

.. ' , , 
, 

, 

• , 
• ' ·. 0 ·. , 

I 

.··· .. ,' 
.. · ... , .. 

" · •• !·· 

" I 
"., I 

CSA at base of main stem 21 30 48 78 85 
(mm~ 

length of main stem (m) 0.70 0.95 1.21 0.92 0.96 

leaf area (mZ) 0.067 0.085 0.149 0.078 0.225 

%embolism 5.1 7.8 6 .2 5.7 20.1 

conductance of whole 0.062 0.101 0.116 0.058 0.175 
shoot (g s·1 MPa·1) 

conductance of whole 2971 3401 2427 743 2061 
shoot per stem CSA 
(g s·1 MPa·1 m·Z) 

conductance of whole 0.92 1.18 0.78 0.74 0.78 
shoot per leaf area 
(g s·1 MPa·1 m·~ 

conductivity of main stem 0.06 0.10 0.38 0.06 0.47 
(g m s·1 MPa-1) 

conductivity of main stem 2644 3468 7947 774 5500 
per stem CSA 
(g m s·1 MPa·1 m·~ 

conductivity of main stem 0.82 1.21 2.55 0.78 2.07 
per leaf area 
(g m s·1 MPa·1 m·Z) 

% resistance of: 
petioles lO 5 6 5 8 
2 o and 3 o branches ............... .... 0 0 .2 3 0 20 
1 o branches ----------· 11 2 59 6 36 
main stem 79 93 32 89 36 

1 The measurements given for this shoot were taken before the perfusion at 175 k.Pa, 
because there were problems caused by an air bubble in the tubing after pressurisation. 
The measurements before perfusion are included here because % loss of k11 due to 
embolism was generally small , with little difference before and after pressurisation. 

91 1 

0 .69 

0.141 

n.a . 

0.103 

1134 

0.73 

0.33 

3658 

2.35 

n.a. 



resistance. The proportion appeared larger when there were fewer branches. 

Loss of conductance due to embolism was small ( < 8%) in all but one shoot, in which 

there was a 20% loss (fable 4 .5). 

4.4 Discussion 

4. 4.1 Whole rree hydraulic conductance 

Mean k" per tree and k" per leaf area and per sapwood area appeared higher in the wet 

than the dry season, as w ould be expected if some embolism occurred in any part of the 

tree, or if root conductance or the soil-to-root conductance fell as the soil dried. 

However, more measurements are needed to establish whether the dry season decline in 

k, is significant. I would expect seasonal changes in k11 of mature E. tetrodonta trees to be 

quite modest, given the relatively small decrease in 't pc1 and canopy area in these trees 

during the dry season. There is probably a bigger decrease in k, of E. terrodonta saplings 

because their root systems are less extensive, and there is much larger decrease in v pd 

and leaf area. However, the method used here to determine k11 is not suitable for E. 

tetrodorua saplings, since they do not have enough leaves for the destructive sampling 

involved. 

There are several sources of error in estimating whole tree k11 with this method. First, 

there is sampling error when collecting leaves for determination of 'i'L. The radiation 

environment of leaves throughout the canopy is very heterogeneous, and constantly 

changing, and with the E. tetrodonra trees, I was only able to sample leaves in the lower 

part of the canopy. I tried to get a representative sample of sun and shade leaves, and 

there was generally close agreement in mean 't'L measured for different trees at the one 

time. Sap flow measurements are subject to errors in estimating the area of sapwood, 

wound diameter, and wood and water volume contents (Hatton et al. 1995). However, 

measurements of sap flow are generally accurate to within 10% (Smith and Allen 1996). 

The heat pulse apparatus actually measures heat pulse velocity, and flow is calculated by 

multiplying velocity by CSA of sapwood. If k, is normalised for sapwood area, the error 

in estimating sapwood area cancels itself out (in effect, sap velocity is used). Thus 

estimates of whole tree k11 per unit sapwood area are probably more accurate than 

estimates of whole tree kA or whole tree k11 per unit leaf area. A third source of error may 

arise if there is a substantial decrease in the water potential of soil at the root surface 
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during the day. This may sometimes be the case (Johnson et al 1991; Stirzaker and 

Passioura 1996). When estimating whole tree k11 , it is assumed that changes in the water 

potential gradient inferred from changes in leaf water potential are all within the plant. 

Minor errors may also be introduced because of water capacitance of trees. The latter 

two factors may contribute to the hysteresis sometimes observed in the relationship 

between sap flow and i'L between morning and afternoon (eg. Fig. 4 .2). 

Most of the variation between trees in whole tree kt, arose from differences in sap flow, 

rather than differences in '~'L· Differences in i'L between trees of the same species on a 

particular day were not significant, despite a 10-fold range in sap flow between trees. It 

should therefore be possible to get approximate estimates of whole tree k~. from 

measurements of sap flow of other trees, and average values of i'L on the trees I 

measured on the same day. 

Terminalia ferdinandiana trees tended to have higher k11 than E. tetrodonra trees, but 

again, differences were not significant because of high variability and small sample size. 

It would make sense for deciduous trees to have higher conductances, since they are only 

active when water is plentiful and it would be advantageous to have xylem vessels with 

high conductivity, and that 'safety' is not so important as in evergreen trees, which 

continue to transpire throughout the dry season. In Canada, conductivity of branches was 

generally higher in 35 deciduous broadleaf species than in seven evergreen conifers 

(Wang et al. 1992). However, Goldstein et al. (1989) found that two deciduous 

Venezuelan savanna tree species had a lower leaf-specific conductivity than did two 

evergreen tree species. This was because the evergreen trees had a relatively low leaf 

surface area compared to the amount of vascuJar tissue. Results from more species and 

more environments are needed before we can confidently generalise about k11 of evergreen 

versus deciduous trees. 

A comparison of Tables 4.1 and 4 .3 shows that values of whole tree k11 for E. terrodonta 

and T. ferdinandiana were slightly lower than those reported for unirrigated Larrea 

tridentara shrubs (Meinzer et al. 1988; Table 4 .1), and only about 1120 those reported 

for commercial orange trees (Moreshet et a/. 1990). On a leaf area basis, k,. of E. 

tetrodonta and T. ferdinandiana trees was similar to that reported for two species of oak 

(Reich and Hinckley 1989), but lower than for the woody shrubs Larrea tridentata 

(calculated from Meinzer et a/. 1988) and Dodonea viscosa (Mishio 1992). On a 

sapwood area basis, k11 of E. tetrodonta was similar to, and k11 of T. ferdinandiana was 
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higher than that of two species of pine and Abies bornmulleriana (Granier et al. 1989). 

Generally therefore, whole tree k11 of E. tetrodonta and T. ferdinandiana was comparable 

to that of other forest trees, but lower than that of shrubs or commercial orange trees 

(fable 4.1). 

4.4.2 Terminal Branches 

My results suggest that death of terminal branches in E. rerrodonta saplings is associated 

with xylem embolism. In a branch whose bark was stiJI healthy, but bad lost all leaves 

and the terminal end was starting to die back, there was about a 99% loss of conductance 

due to embolism. Embolism was also high in several other branches on which leaves 

were starting to senesce. Embolism was low in May and July, but increased significantly 

in September, as soil moisture decreased. It is unlikely that branches remain on the 

saplings very long once significant embolism occurs. When air was injected into shoots 

of Betula occidentalis, there was extensive leaf death within 7 to 18 days (Sperry and 

Packman 1993). Thus, the earliest and worst-affected branches would not be present to 

be sampled, and, as the dry season progressed, values obtained would be increasingly 

biased towards the least-embolised branches. 

To test the hypothesis that death of terminal branches and shoots during the dry season is 

due to xylem embolism, a vulnerability curve, showing the relationship between 

embolism and leaf water potential would need to be established, and compared with field 

measurements of midday water potentials of leaves on many different shoots . The 

proportion of shoots in the field suffering from catastrophic embolism will also be related 

to the time it takes for a severely embolised shoot to die; the shorter the time, the fewer 

the live shoots with severe embolism. The time taken between catastrophic embolism 

levels being reached, and leaf loss and branch death can be established by monitoring 

shoots into which air is injected (Sperry and Packman 1993). Alternatively, acoustic 

emission equipment could be used tv detect seasonal trends in xylem embolism, and to 

non-destructively monitor individual branches and shoots. 

It would be interesting to compare seasonal trends in xylem embolism in E. tetrodonra 

and E. miniara. Eucalyptus miniata saplings do not exhibit the same degree of terminal 

branch and shoot death as occurs in E. tetrodonta saplings (fables 1.1 and 1.2), despite 

the fact they grow in the same environment, and are often co-dominant trees in the same 

communities. 
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Dry season embolism of E. retrodonta branches was comparable with the 20% observed 

at the end of summer in Quercus rubra (Cocbard and Tyree 1990). However, in twigs of 

Fagus sylvarica, xylem embolism fluctuated around 50% during summer (Magnani and 

Borghetti 1995). More studies are needed on seasonal trends in drought-induced xylem 

embolism in trees in natural environments. 

Conductance, conductivity, and conductivity per unit branch CSA and per unit leaf area 

all decreased between May and September, even after perfusion with acidified water for 

60 minutes (fable 4 .4). These branches all grew during the previous wet season. The 

decrease in conductance may be a result of branches with small vessels and small pit 

pore membranes, low k~ and low susceptibility to embolism being selected for during the 

dry season. Shoots and branches with larger, less 'safe' vessels were more likely to have 

died as water stress increased. 

It is unlikely that refilling of severely embolised vessels is important in £. rerrodonta 

shoots and branches. Once shoots and branches of E. tetrodonta lose their leaves, 

possibly as a result of severe embolism, U.j' observations showed they invariably died, 

with any new shoots and branches arising from below the dead zone. These saplings 

appear to grow new shoots and branches, rather than refill embolised xylem vessels in 

old shoots. 

Conductance of unpressurised terminal branches in May/June appeared lower in T 

ferdinan.diana than in £ . tetrodonta saplings. This could reflect a difference in inherent 

k,., or it could be due to high levels of xylem embolism at the onset of the dry season, or 

it could be because xylem exudate interfered with the measurements. Repeating 

measurements on T ferdinan.diana branches in the middle of the wet season could 

exclude the second possibility. However, unless a way is found to remove the exudate, it 

will always be difficult to interpret results obtained with cut parts ofT ferdinan.diana. 

A comparison of Tables 4.2 and 4.4 shows that conductance of terminal branches of E. 

tetrodonta saplings was similar to or slightly lower than that of E. camaldulensis 

branches (Franks et al. 1995), but higher than that of Adenosromafasciculatwn resprouts 

(Williams ec a/. 1997a). Conductance on a leaf area basis was similar to that of A. 

fascicularwn resprouts. Conductivity of terminal branches was similar to that reported .for 

a range of other woody species, while conductivity per unit branch CSA was similar to, 

or higher than, other literature values (fable 4 .2). 
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Hydraulic ArchitectUre 

Main stems of shoots had a much higher conductivity than the terminal branches of 

slightly larger saplings, even on a stem CSA or a leaf area basis (Tables 4.4 and 4.5). 

This probably reflects the role cf ti-).e main stem in transporting water to the whole shoot, 

and is consistent with other results showing that leaf specific conductivity is higher in 

major than in minor branches (Tyree and Sperry 1989). However, if the high 

conductivity of the main stems of small shoots is a result of large pores in xylem pit 

membranes, these shoots may be vulnerable to embolism (Tyree and Sperry 1989). 

The main stem comprised on average two-thirds of the resistance of whole small shoots. 

Petioles comprised only about 7% of the resistance. This is very different from the 

pattern in walnut saplings, in which 50% of shoot resistance (excluding leaf blades) 

occurred in petioles (Tyree and Cochard 1993) . In Schefflera morotoni shoots, petioles 

comprised 21 % of the total resistance, and petiolules a further 18% (Tyree et al. 1991). 

In Acer saccharum and Acer rubrum trees, approximately 50% of the resistance to water 

flow was in leaves and petioles, 35% in crown xylem and only 15% in trunk xylem 

(Yang and Tyree 1994). High resistances (low conductances) to water flow at a tree's 

extremities help maintain less negative water potentials in the main stem and large 

branches, and thus confer some protection to these important structures . However, 

hydraulic conductance in petioles and minor branches of E. tetrodonta sapling was high , 

making it more likely that large sections of, or the whole shoot, would be affected by 

xylem embolism. This may explain why so many small E. tetrodonta shoots die back to 

ground level during the dry season. 

The results of these experiments support the hypothesis that xylem embolism is the 

proximal cause of death of branches and shoots in E. tetrodonta saplings. However, it 

would be naive to suggest that if E. tetrodonta saplings developed a 'safer' xylem 

system, leaf longevity would increase and therefore growth rates would be enhanced. 

Plants tend to operate near the optimum in terms of kM g, and soil rnoisrure (Jones and 

Sutherland 1993), suggesting a balance has evolved for particular species within their 

environment. It is likely the root system could not supply the increased demand for water 

over the season if the xylem remained fully functional, or alternatively, the cost of 

makjng the xylem 'safer· would be to reduce maximum k11 and therefore transpiration and 

A during times when soil moisture is high. 
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CHAPfER FIVE: LABORATORY STUDIES OF ASSIMILATION AND 

STOMATAL CONDUCTANCE 

5.1 Introduction 

The environment of the Top End of the Northern Territory is characterised by high 

temperatures year round, and large seasonal changes in soil and atmospheric water 

content (Section 1.1 gives details). Investigations of responses to these changes by E. 

tetrodonta and T. ferdinandiana saplings growing in a natural environment are described 

in Chapter 2. Briefly, E. tetrodonta saplings lost up to 90% of their leaves, whilst T. 

ferdinandiana saplings lost all their leaves, as the dry season progressed. Assimilation in 

leaves of both species was reduced by high temperatures ( > 35 °C) and high LA VPD 

(> 3 kPa). Saturating light intensity for well-watered plants was approximately 1500 

~tmol m·2 s·1 for E. retrodonta and 800-1000 ~tmol m·2 s·1 for T jerdinandiana saplings. 

However, it is not possible to precisely determine in the field the responses of A and g. 

to any single environmental parameter, since changes in one are almost always 

accompanied by changes in others. Moreover, there is usually more than one limiting 

factor for A and g., which can alter responses to a particular factor. Responses of A and 

g. to environmental parameters can be more accurate! y determined under controlled 

conditions in the laboratory. Changes can be made in one parameter, whilst others are 

held constant, usually close to the optimum. 

There have been numerous controlled studies of plant responses to environmental factors, 

as described in Sections 1.4 and l.5. However, few have included plants from tropical 

savannas . Cole (1994) found a temperature optimum of between 25 and 28 oc and a 

10% decline in A in young Acacia auriculijonnis trees as LA VPD increased from 1.0 to 

4 .5 kPa. Eamus et al. ( I995a) found young E. rerrodonta trees had a temperature 

optimum of 30 oc, and were relatively insensitive to LAVPD. Ferrar er al . (1989) found 

Eucalyptus miniata seedlings bad a temperature optimum of 30 oc, similar to that of 

other eucalypt species grown at 35 oc. 

In dense forests, less than 2 % of photosynthetically-active radiation incident above the 

canopy may reach the forest floor (Chazdon 1988). In these forests, sunflecks may 

provide the light energy for 20-60% of daily carbon gain (Chazdon 1988). There have 

been many studies on the importance of sunflecks for plants in the understorey of these 

forests (see reviews by Chazdon 1988 and Pearcy 1990). However , in the open forests 

86 



and woodlands in which £. rerrodoma and T. ferdinandiana grow, considerably more 

sunlight passes through the overstorey. The diffuse site factor on the floor of unburnt 

savanna varied between 25 and 38% (Duff eta/. 1997). Therefore 'dark flecks ' may also 

be important when calculating carbon budgets . Short periods of shade, from one minute 

to approximately 20 minutes , are evident in diurnal records of PPFD reaching the floor 

of another unbumt savanna near Darwin (Fig . 5.1, based on unpublished data of the 

Plant Physiology group, Northern Territory University). 

The efficiency of utilisation of light energy depends on the induction state of the leaf. 

When photosynthetically active photon flux density (PPFD) is suddenly raised, it may 

take 20-60 minutes for A to reach a steady state (Pearcy er a/. 1985; Chazdon 1988; 

Roden and Pearcy 1993). For the first 5-15 minutes, increases in both g. and biochemical 

capacity (mainly activity of Rubisco) occur. Further increases are due to elevations in g. 

(Cbazdon and Pearcy 1986; Kirschbaum and Pearcy 1988; Seemann et al. 1988). When 

light-induced leaves are returned to low light, there is loss of induction that follows a 

negative exponential pattern. In light-grown leaves of Alocasia macrorrhiza, complete 

loss of induction occurred after 60 minutes, while in Toona australis it was much faster 

(Chazdon and Pearcy 1986). In sun-grown Piper aurirum plants, there was a 50% loss of 

induction after 4 minutes of low light, whilst in shade-grown plants, there was a 40% 

loss of induction after 12 minutes (Tinoco-Ojanguren and Pearcy 1993). 

This study investigated responses under controlled conditions of E. tetrodonra and T. 

ferdinandiana to variation in: 

(i) PPFD 

(ii) atmospheric and interna1 C02 ccr~entration (Ca and C; respectively) 

(iii) leaf temperature 

(iv) leaf-to-air vapour pressure difference (LA VPD). 

in order to explain observations made under natural conditions. In addition to 

determining steady-state responses to PPFD, this study investigated the requirements of 

T. ferdinandiana for light induction, and how quickly that induction was lost following 

shading. Three PPFD levels were used - lO J.LIDOl m·2 s·', simiJar to the background level 

in the laboratory; 230 J.LIDOl m·2 s·\ corresponding to full shade in the field; and 1100 

J.LIDOI m·2 s·1
, saturating PPFD for these plants. 

Effects of soil and atmospheric water stress, including the effect of soil water stress on 

responses of A and g. to LAVPD, are reported in Chapter 6. 
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5..2 Materials and Methods 

5.2.1 Plan! Material 

Seedlings of E. tetrodoma and T ferdinandiana were grown from seed in seedling trays, 

then transplanted when they were 3-4 em high into 11.4 litre PVC tubes (Plates 5. 1 to 

5.3). The PVC tubes were 0. I 1 m in diameter and 1.2 m long, with two layers of 

shadecloth attached to the bottom of the tubes to prevent the potting mix falling out. 

These long tubes allow good taproot development. The potting mix comprised 3.5 parts 

fine sand mixed with 1 pan coco-peat. In a pilot trial, this mix had proved superior to a 

mix of 3 parts coarse sand: 1 pan peat: 1 pan vermiculite: 1 part perlite. Plants were 

watered daily with a drip system and fertilised weekly with 150 mL Aquasol solution 

(I .6 g L'1) (Hortico Australia). The plants were grown in a shadehouse that transmitted 

67% of photosynthetically active radiation. Plants were used for measurements when they 

were between 6 and 9 months old and 0.6 to 1.0 m high (£. tetrodonJa) or 0.4 to 0.6 m 

high (T ferdinandiana). Measurements were made on one healthy, fully expanded leaf 

on each of four replicate plants. 

5. 2. 2 MeasuremenJ System 

A purpose-built open gas exchange system was used to measure assimilation and stomatal 

conductance under controlled laboratory conditions (Fig. 5.2; see also Cole 1994; Eamus 

et al. 1995a). The system consisted of four water-cooled aluminium leaf chambers with 

glass tops. Heat-reflective glass was placed above the upper surface of the chambers to 

reduce heat load. Temperature was regulated by pumping water from a controlled

temperature water bath (Haake, Germany) through the hollow floors of the chambers. 

Two 50 nun computer fans (Micronel, USA) circulated air within each chamber. Leaf 

temperature was measured using a thermocouple in contact with the underside of the leaf. 

Incident PPFD was measured with photodiodes (BPX 65, Radiospares, Australia) located 

inside the chamber and cal ibrated against a quantum sensor (Li-Cor Inc., USA). Each 

chamber was illuminated by one high intensity metal halide lamp (400 Watt; Wotan 

HQD, and incident PPFD was controlled by graded neutral density ftlters (Lee Filters, 

UK). 

Water vapour content was controlled by passing dry air through coiled tubing and three 

flasks containing 2-3 em depth of water, all immersed in a large, thermostatically-
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Plate 5. 1. The shadehouse in which potted E. tetrodonra and T. ferdinandiana seedlings were 

grown. The 1.2 m tall PVC tubes were arranged in three rows, eacb two pots wide. 

Plate 5.2. A young E. terrodorua seedling, 

about 0 .2 m tall. 

Plate 5.3. A smaJl T ftrdinandiana 

seedling (foreground) and £. tetrodonra 

seedlings (background). The emitters from 

the trickle irrigation system can also be 

seen. 





Fig. 5.2. Schematic diagram showing gas fl ow through the laboratory photosynthesis system. Serrated lines represent air lines heated by resistance 

wire, and insulated, to prevent condensation with in the ai r lines. Optional connections are represented by dashed lines . Laboratory compressed air 

(enriched with, or depleted of, C02 as necessary) flows through coiled tubing and three flasks containing about 2-3 em depth of water , al l immersed 

in a water bath. The temperature of the bath is varied to give the required vapour pressure in the air flowing through it. A final dry flask prevents 

liquid water moving downstream from the bath. The C~ cylinder (and scrubber , for CO, concentrations less than 400 J.LffiOI mol·') are connected 

to the system only when it is necessary to vary the C02 concentration. The flow rat e.~; of air through each leaf chamber and the reference line are 

controlled by mass flow controllers. The air lines are connected in nun to a dewpoint hygrometer. The air then passes through an ice bath to remove 

most of the water vapour, before entering the infra-red gas analysers (lRGAs). The ADC IRGA, in diffe rential mode, compares C~ concentration 

in air from the reference line with that from ea~.:h chambtr in turn. Air from the referen~.:e line finally flows to the Fuj i IRGA for an absolute C~ 

measurement. 
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controlled water bath (Julabo F18, Julabo Labrotecbnik GMBH, Germany). LA VPD was 

controlled by adjusting the temperature of this bath. Condensation in the air lines was 

prevented by heating with resistance wire (0.6 ohm m·1
, Dick Smith Electronics 

Australia) powered by a I 2 volt 5 ampere transformer (Dick Smith Electronics, 

Australia) . Air lines were also insulated (Armaflex 10 mm ID x 10 mm wall, Armstrong 

Nylex, Australia). 

Control of c. was by a combination of scrubbing (Dragersorb, Germany) and addition of 

C02 . Compressed gas (5% C02 in nitrogen) was passed through a gas regulator (CIG, 

Austral ia), then a fine control regulator (Brooks Instruments Model 8601C, USA) and a 

mass control flow meter (FC260, Tylan Corp., USA) to provide the necessary Ca. 

Net assimilation was calculated by measuring C~ depletion and flow rates in each 

chamber relative to the reference line. Air flow into each chamber was measured with 

mass flowmeters (Tylan, USA). C02 differential between chamber inlet air (reference) 

and outlet air (analytic) was measured with an infra-red gas analyser (IRGA; ADC 225 

Mk 3, Analytic Development Company, UK) in differential mode, and absolute C~ 

concentrations in the reference line were determined with a second IRGA (Model 

ZARAE 151 , Fuji, Japan) in line with the first. 

Stomatal conductance was estimated from the increase in the dew point of outlet air of 

each chamber relative to the reference line, taking into account flow rates and leaf 

temperatures. Water content of the chamber inlet and outlet air was measured with a 

cooled mirror dewpoint hygrometer (Bl-5E, Bingham Interspace, USA). 

Gas exchange parameters (A, g., E and CJ were calculated according to the methods 

described by Von Caernmerer and Farquhar (1981) and Coombs et al. (1985). 

5.2.3 Measurement Protocol 

The four chambers allowed simultaneous measurements of one leaf from each of four 

plants. Plants were brought into the laboratory the evening preceding measurements. 

Unless otherwise stated, measurements were made at the maximum PPFD afforded by 

the equipment while maintaining good control of leaf temperature (PPFD of 1100 ± 100 

J.LIDOl m·2 s·1
), ambient C02 concentration (approximately 400 J.LmOl mol.1

), leaf 

temperature of 30 ± 1 oc, and LA VPD of 2 ± 0.2 kPa. Leaves were exposed to these 
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conditions until a steady rate of A was attained. This took between one and two hours. A 

single experimental variable was then changed in a stepwise fashion, whilst the other 

variables were maintained constant. After each step, readings were made once a new 

steady state was attained, after 30 to 50 minutes. 

To determine responses to light, PPFD was reduced in steps of approximately 100 ~-tmol 

m·2 s·1 by shading chambers with neutral density filters . Chambers were covered with 

aluminium foil to make measurements at PPFD = 0. 

C02 responses were measured by initially increasing C3 in steps of about 100 ~-tmol mol·1, 

until a concentration of approximately 800 ~-tmol moi·1 was reached. This was done by 

injecting the appropriate amount of C02 (5% C02 in nitrogen) into the gas line. Ambient 

air was then passed through the chambers until A rates were similar to initial rates. Ca 

was then reduced in steps of approximately 50 J.LIDOl mol·1 by passing air through soda 

lime, then injecting the required amount of C02• 

Responses to leaf temperature (at LA VPD = 2 kPa) were determined by first decreasing 

the temperature from 30 oc in steps of 2 to 3 oc to approximately 20 °C. The leaves 

were then returned to 30 oc until A was close to the original rate. Temperatures were 

then increased in steps of 2 to 3 oc until they reached about 42 °C. Leaf temperatures 

were adjusted by varying the temperature of the water bath supplying the water jacket 

around the individual chambers. It was often also necessary to shade part of the chamber 

(whilst avoiding shading the !eat) with aluminium foil to prevent temperatures rising too 

high. The temperature of the water vapour bath also had to be adjusted to maintain 

LA VPD constant at 2.0 kPa at the different leaf temperatures. 

To give a wide range for responses to LAVPD, measurements were made at a leaf 

temperature of 33 oc (and in one case 38 °C). LA VPD levels were adjusted in steps of 

0 .3 to 0.4 kPa by changing the temperature of the water through which the air supply 

passed. It was not possible to measure the response to LA VPD levels below about 2 k.Pa 

because of problems with condensation in the leaf chambers. The upper limit of the 

measurement range at 33 oc wa~; about 4.5 k.Pa, less than the theoretical maximum 

because leaf transpiration increased the concentration of water vapour in the measurement 

chambers. 

Light induction responses were measured using potted T. jerdinandiana plants , since A 
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was stable and returned to repeatable values after changes in PPFD, unlike the case with 

E. tetrodonta plants. Only one plant could be measured each day. The laboratory 

measurement system was turned on, with neutral dens ity filters maintaining a PPFD of 

10 pmol m·2 s·1 until conditions in the system stabil ised (10-15 min). PPFD was then 

increased to 230 pmol m·2 s·1 (similar to PPFD in full shade in the field), and A and g. 

were monitored until they reached a steady state. Then PPFD inside the chamber was 

decreased to 10 pmol m·2 s·1 for 3 minute-s, then returned to 230 pmol m·2 s·1
• A and g. 

were measured every minute until A returned to the steady state value. This process was 

repeated with low 1 ight periods of 5, 7, 9, 11, 30, and 60 minutes, then repeated for a 

low light period of 3 minutes . Measurements of A and g. were initially made every 

minute for at least 5 minutes, then every 2-5 minutes until A had returned to the steady

state value. There was an observable lag in the measurement system of between l and 2 

minutes, due to the volume of air in the chamber and ajr line coming from it, and the 

delay in response of the IRGA. This delay was not corrected for, but would be the same 

for all measurements since the rate of ajr flow into the chamber was the same for all 

measurement sets. 

Following the 10-230 pmol m·2 s·1 cycles described above, the response of A and g, to 

230-1 100 JLmOl m·2 s·1 cycles was investigated . PPFD was increased to 1100 J.LmOl m·2 s·1
, 

and A and g. were monitored until a steady state was reached . PPFD was reduced to 230 

pmol m·2 s·1 for 3, 5 , 7, 9 , 11, 30 and 60 minutes, then returned to 1100 pmol m·2 s·1 

and the recovery in A and g. were monitored as before. 

5.2.4 Data analysis 

Quadratic equations were used to model the overall responses of A to leaf temperature 

and LA VPD. They were also used to determine, for individual leaves, the temperatures 

and LA VPD levels at which A and g. were maximal. Analysis of variance was used to 

show whether differences in temperature optima between the two species were 

significant. 

Apparent quantum yield (the slope of the A versus PPFD curve at PPFD=O J.LIDOl m·2 s·1
) 

was calculated by fitting a linear regression to data points where PPFD was less than 300 

pmol m·2 s·1• Light compensation point was also calculated from this regression. 

Carboxylation efficiency and C02 compensation points were similarly calculated from a 

linear regression between A and C; (C; between 40 and 200 J.L.mOl mol.1
). 
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The time course of the increase in A following an increase rn PPFD was reasonably 

described by the equation 

A =a - b*e"" Equation 5. I 

where a, b and c are constants, e is the constant used as the base for natural logarithms, 

and t is time in minutes following the increase in PPFD. The half-time for change in A 

was calculated as ln(0.5)/c. 

Whilst Equation 5 .1 reasonably described the rate of increase in A with an increase in 

PPFD, there were some deviations. This is presumably because there are several 

processes involved (stomatal and biochemical responses to changing light levels, 

movement of air through the air l ine, and response of the IRGA) . However, sophisticated 

mathematical treatment was not necessary to demonstrate the loss of induction. 

5.3 Results 

5.3.1 Responses to Light 

In both species, A increased almost linearly as PPFD increased to about 600 #imol m·2 s·1, 

but then started to level off, reaching a maximum at about 800-900 #imol m·2 s·1 (Fig. 

5.3). Maximum A was approximately 13 IJ.IDOl m·2 s·1 in E. tetrodonta leaves, and 15 

~-£IDOl m·2 s·1 in T ferdinandiana leaves. Apparent quantum yield (initial slope of the A vs 

PPFD curve) was calculated to be 0.024 (£. terrodonta) and 0.028 (T. ferdinandiana). 

Light compensation points were 10 and 46 JLIDOl m·2 s·1 in £. tetrodonta and T 

f erdinandiana respectively. 

In leaves of both species , g, also increased as PPFD increased. Unlike A, leaf 

conductance was positive at PPFD = 0 . In leaves of both species, C; decreased 

exponentially with time to a value of approximately 265 JLIDOl mol·1 (E. tetrodonta) or 

240 ~-£IDOl mol·' (T. ferdinandiana) as PPFD increased (Fig. 5 .4). 

5.3.2 Responses to Ca and C; 

Assimilation increased with increasing ca to a maximum at about 500 IJ.ffiOl moJ·I in both 

species (Fig. 5.5). The response to Ci was qualitatively very similar to the response to 
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c .. , with maximum A occurring at about 400 J.Lmol mol·1 in both E. tetrodonra and T 

ferdinandiana (Fig. 5.6). The C02 compensation point was 55 J.LIDOI mo]·1 in E. 

tetrodonta, and 26 J.LIDOI moJ·' in T. ferdinandiana. The initial slope of the A-C; 

relationship above the C02 compensation point, representing carboxylation efficiency 

(Von Caemmerer and Farquhar 1981), was 0.046 mol m·2 s·• fo r E. tetrodonta and 0.093 

mol m·2 s·• for T ferdinandiana. Maximum rate of A at saturating C02 (representing 

capacity for regeneration of Rubisco; Von Caemmerer and Farquhar 1981) was 

approximately 12 p.mol m·2 s·1 for E. tetrodonta and 16 p.mol m·2 s·1 for T ferdinandina. 

Assimilation decreased noticeably once Ca exceeded 600 p.mol mol"1
• In both species, 

there was an approximately linear decrease in g. with increasing Ca over the entire 

measurement range. 

5. 3. 3 Responses to Temperature 

The temperature optimum for A was different for the two species (P< 0.05), and varied 

slightly for individual leaves. The temperature optimum for E. tetrodonta was 27.4 ± 

0 .5 (n= 12), and for T. jerdinandiana was 29.5 ± 0.8 (n=8). Maximum g. occurred at a 

temperature 3 to 4 oc lower then the optimum for A (Fig. 5.7). For E. tetrodonta, C; 

tended to increase as leaf temperature moved above or below the optimum (Fig. 5.4), so 

that there was a negative relationship between A and C;. For T ferdinandiana, Ci 

decreased linearly as leaf temperature increased (Fig. 5.4). 

5.3.4 Responses to LAVPD 

In general , A was more sensitive to LA VPD in E. tetrodonta than in T. ferdinandiana 

leaves (Fig. 5.8). For example, increasing LAVPD from 2 to 4 kPa resulted in an overall 

decrease in A of 15% in E. tetrodonta leaves, compared with only 2% in T 

ferdinandiana leaves. However, the responses of A and g. to LA VPD were inconsistent, 

especially in T. ferdinandiana leaves (Fig. 5.9). 

Of the 16 E. tetrodonta leaves measured, 10 leaves exhibited a decline in A with 

increasing LA VPD from the lowest LA VPD (2.01 ± 0.10 k:Pa). In five leaves, A 

increased slightly to a maximum at an intermediate LAVPD (mean 2.92 ± 0. 12 kPa) . 

This initial increase was observed in three leaves in September and two leaves in March. 

There was no clear response in the remaining leaf. Overall, there was a decrease in A as 
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LAVPD increased over the measurement range of 1.7 to 5.0 k.Pa (Fig. 5.8). Trends in g. 

were broadly similar to those in A (Fig. 5.9). There was no significant relationship 

between C; and LA VPD (Fig. 5.4). 

Of the 16 T. ferdin.andiana leaves examined, seven leaves exhibited a decline in A as 

LA VPD increased above an average 2.11 ± 0.11 k.Pa. However, in six leaves, A 

increased with LA VPD, and was maximal when LA VPD was 3.92 ± 0.15 kPa. There 

was no clear trend in the other three leaves. In general , the decrease occurred in 

measurements in March and May, and the increase in June and December (Fig. 5.9). 

Trends in g. were qualitatively similar to those in A. However, C; decreased with 

increasing LA VPD (P< 0.01) (Fig. 5.4). 

Rates of A were lower at 38 than at 33 oc in both species, but there was no evidence 

that A was more sensitive to LAVPD at the higher temperature (Fig. 5.10). 

There was an approximately linear relationship between E and A for the populations of 

leaves measured in December 1995 (Fig. 5.11), although this relationship was poor for 

E. tetrodonta leaves at 33 o. The slope of the relationship was similar over the entire 

range of LA VPD. In T. ferdinandiana leaves, E tended to decrease when LA VPD 

exceeded 5 kPa (data not presented). 

5.3.5 Induction Studies 

When PPFD was increased from 10 to 230 J.LmOl m·2 s·•, T. ferdinandiana leaves initially 

took about 40 minutes to attain a new steady rate of A (Fig. 5.12). When PPFD was 

decreased back to 10 J.LIDOI m·2 s·•, A returned to the original rate within 1-2 minutes 

(including the system lag time). There was an initial apparent marked increase in g,, 

followed by a gradual decrease. When PPFD was again increased to 230 JLIDOI m·2 s·•, A 

increased fastest in leaves that had been exposed to low PPFD (10 J.LIDOl m·2 s·1
) for the 

shortest time (Fig. 5. 13). This is reflected in generally shorter half-times in the modelled 

responses (fable 5.1). The recovery half-time was much longer for low-light periods of 

greater than 30 minutes than for those 11 minutes or less. 

Leaves that bad been induced at 230 J.LIDOl m·2 s·• required 20 to 30 minutes to reach a 

new steady rate of A when PPFD was increased to 1100 J.LIDOl m·2 s·' (Fig. 5.13). When 

PPFD was decreased back to 230 JLIDOI m·2 s·\ A quickly decreased to the original rate 
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Table 5.1 Half-times (in minutes) for the increase in assimila tion after an increase 

in photosynthetically active photon flux density (PPFD) initially, and following a 

given period of low light 

PPFD was increased from 10 to 230 JLmOI m·2 s·1 (centre column), and from 230 to 1100 

JLIDOl m·2 s·1 (right column). Values are means ± standard errors for four leaves. 

Duration of low light 

period 

3 min 

5 min 

7 min 

9 min 

11 min 

30 min 

60 min 

3 min (repeat) 

14.9 ± 5.2 

0.9 ± 0.3 

1.5 ± 0.2 

1.5 ± 0.4 

1.5 ± 0.3 

1.3 ± 0.0 

7.0 ± 4.9 

6.1 ± 3.3 

0.9 ± 0.4 

n.d. indicates not determined 

5.9 ± 1.5 

0.7 ± 0.3 

1.2 ± 0. 1 

1.2 ± 0.1 

1.5 ± 0.1 

n.d. 

1.8 ± 0.1 

2.2 ± 0. 1 

n.d. 

(Figs 5.12 and 5.13). This was accompanied by an init1al apparent increase in g., 

followed by a gradual decrease (Fig. 5.12). When PPFD was again increased to 1100 

p.mol m·2 s·1
, A increased fastest in leaves that had been exposed to 230 JLIDOI m·2 s·1 for 

the shortest time (Fig. 5. 13). 

5.4 Discussion 

There were broad similarities in responses to changes in PPFD, temperature and LA VPD 

between potted plants measured under controlled laboratory conditions and field-grown 

young trees during wet period mornings (Fig. 5.14). For example, in both groups of 

plants response to PPFD in the range 0-400 JLIDOI m·Zg·l was very similar, and there was 
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a marked decrease in A when temperatures exceeded 4D°C, or in E. rerrodonra, when 

LA VPD increased. There were also some differences, such as rate of A at high PPFD, or 

in the optimal temperature for A between shadehouse-grown and field-grown trees. 

Different growing conditions, different ages of trees and/or individual leaves, as well as 

changing a single factor at a time in the envirorunent around a measured leaf, probably 

all contributed to these differences. 

The saturating PPFD of 800-900 J.LIDOl m·2 s·1 for E. tetrodonra plants grown in pots in a 

shadehouse is considerably lower than the 1500 J.LmOI m·2 s·1 measured in field-grown 

plants (Chapter 2). Plants growing in the shadehouse (which transmitted onJy 67% of 

PPFD) were exposed to a maximum PPFD of around 1400 J.Lmol m·2 s·' , compared with 

the fuJI sunlight (up to 2100 J.LIDOl m·2 s·1
) to which trees in the field were sometimes 

exposed. This could account for the higher PPFD required to saturate A in field-grown 

E. tetrodoma trees, since leaves can acclimate to different levels of light (Bjorkman 

1981). For T. ferdinandiana, saturating PPFD in the potted trees was similar to that in 

the field (Chapter 2). 

The high values of Ci at low PPFD levels indicate a non-stomatal limitation of A, 

presumably the amount of light energy available for photosynthetic reactions. The 

decrease in Ci as PPFD increased indicates increasing stomatal limitation of A. 

Both carboxylation efficiency and Rubisco regeneration capacity at 30 oc were lower in 

E. terrodoma than in T. jerdinandiana. However, A was unusually tow in the E. 

tetrodonJa leaves used in this measurement set, probably because leaf chlorophyll content 

was low (0.334 mmol m·2, compared with an average 0.665 rrunol m·2 in three other 

measurement sets). Eamus et a!. ( 1995a) found carboxylation effiency in E. tetrodoma 

seedlings was 0.076 mol m·2 s·t, compared with the 0.046 mol m·2 s·1 I measured. Ferrar 

et al. (1989) found carboxylation efficiency in six Eucalypt species ranged from 0.069 to 

0 .139 at 25 oc, and from 0.032 to 0.154 at 35 °C. Thus the differences I observed 

between E. tetrodoma and T. ferdinandiana in carboxylation efficiency and Rubisco 

regeneration capacity may not always apply . 

Saturating Ci in my study of E. tetrodonta and T f erdinandiana was about 500 J.LIDOI 

mot·', and in Cole's (1994) study of Acacia auriculiformis (also native to the Top End), 

saturating Ci was 350 J.LmOl moi·1. These values are low compared with those for many 

other species. For instance, saturating Ci was higher than 800 J.LIDOI mol·1 in Piper 
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aequale and P. a.uritum (finoco-Ojanguren et al. 1993), and about 1500 J.LmOI mol·' in 

Quercus s.uber (fenhunen et a/. 1984). Low saturating values of C, may reflect an 

inorganic phosphate limitation (Sage i994), as could be expected in plants growing in the 

low-phosphorus soil s of Northern Territory savannas. High internal leaf resistances can 

also affect the A-Ci relationship (Lloyd eta/. 1992), but could not explain the decrease in 

A at C; greater than about 500 J.LmOl mol·'. 

Temperature responses were different for potted and field-grown plants (Fig. 5.14), with 

potted plants having lower optimum temperatures for A and a larger decrease in A at 

temperatures greater than 35 °C. Trees growing in the field are exposed to greater 

maximum light intensities and also experience water stress, so that maximum leaf 

temperatures are higher than for plants in the shadehouse. Plants in the field may 

therefore acclimate to these high leaf temperatures (Ferrar et a/. 1989). ln addition, 

temperature changes in the field are confounded with differences in irradiation history 

and LA VPD, and results were highly variable. However, all data sets show that high leaf 

temperatures in the field often cause a substantial reduction in A, especially in E. 

tetrodonta leaves. This decrease in A in E. tetrodonta was not the result of a decline in 

C; (Fig. 5.4). In four other Eucalyptus species there was a decrease in C; with increasing 

temperature over the range 10-40 oc (Ferrar et a/. 1989), consistent with results of 

Eamus er a/. (1995a) for E. tetrodonra . Low rates of A in the four Eucalyptus species at 

high temperatures were due to both low carboxylation efficiency and low Rubisco 

regeneration capacity (Ferrar et a/. 1989). In Quercus suber, a combination of high 

temperatures (increasing between 30 and 39 °C) and high LA VPDs (up to 5 k.Pa) led to 

decreases in carboxylation efficiency and rate of C~-saturated assimilation and an 

increased C02 compensation point (fenhunen er al. 1984). An increase m 

photorespiration may also be involved in the depression of A at high temperatures 

(Santril~ek and Sage 1996). 

Stomatal conductance of most E. tetrodonta leaves, and some T. ferdinandiana leaves, 

decreased with increasing LA VPD, although often the decrease did not occur until 

LA VPD exceeded 3 to 4 kPa (Fig. 5.9). Stomatal conductance typically declines in 

response to increasing LA VPD (Schulze and Hall 1982). However, there are reports 

where g, of well-watered plants remains constant over a wide range of LA VPD, for 

example in Tradescantia virginiana (Nonaroi et al. 1990), tomato (Bunce 1988), and 

Helianthus an.nu.us and Corylus ave/lana (furner eta/. 1984). In some£. tetrodonta and 

T. ferdinandiana leaves, there was even a slight increase in g. and A with increasing 

97 



LA VPD (Fig. 5.9), as has also been observed in leaves of well-watered rambutans 

(Eamus unpublished data). A possible explanation for this unusual behaviour is that when 

leaf water content is very high, guard cells are pressed together by the epidermal cells . 

When water deficit increases, the pressure may decrease, causing guard cell s to open 

hydropassively, until a threshold is reached and hydroactive closing is initiated (St~felt 

1955). By contrast, increases in LAVPD consistently caused decreases in g. in drought

stressed seedlings (ie 'lr pd < -0.25 MPa; Chapter 6). 

For E. tetrodon!a, A generally decreased when LAVPD exceeded 2.0 k:Pa, and responses 

were similar for potted and field-grown plants, although A was higher overal l in field

grown plants (Fig. 5.14). This decrease occurred despite a slight increase in Ci (Fig. 

5.4), suggesting that increased biochemical resistance was responsible. Non-stomatal 

inhibition of A by high LA VPD and/or high rates of E has been demonstrated in a wide 

range of species (Forseth and Ehleringer 1983; Sharkey 1984; Raschke and Reemann 

1986; Bunce 1988; Bunce 1990; Guehl et al. 1991). For example, increasing LAVPD 

from 0.5 to 2.5 kPa decreased A (at Ci= 270 J.Lmol mol-1) by about 20% in Eucalyptus 

microcarpa (Sharkey 1984). Increasing E from 3.5 to 7 mmol m·2 s·1 decreased A (at Ci 

= 270 J.LIDOl mol-1
) by about 20% in Xamhium strumarium (Sharkey 1984). Sharkey 

(1984) attributed the depression of the A-Ci curve in the seven species studied to high 

rates of E, since it was not evident when increased LA VPD was offset by a reduction in 

g.. However, increasing LA VPD from 0.5 to l.5 kPa depressed the A-Ci curve in several 

Abies spp. , even when there was no increase in E (Guehl et a/. 1991). The mechanism 

for the depression in A due to increases in E and/or LA VPD is not clear. Sharkey (1984) 

proposed that large water potential gradients within the areoles of leaves, between the 

xylem and the sites of evaporation, were responsible for the decline in photosynthesis 

observed during rapid transpiration. Bulk leaf water potential has been discounted as a 

cause of the reduct ion (Chapter l), but it is possible that perturbations of water relations 

of individual leaf cells are partly responsible. 

For T. ferdinandiana , response of A to LA VPD was more variable. However , there was 

seldom a detectable decrease in A in either potted or field-grown plants until LAVPD 

exceeded 2.7-3.0 kPa. In December 1995, the increased A at intermediate values of 

LA VPD occurred despite a slight decrease in C;. This suggests that the response of A to 

LA VPD was not primarily a stomatal one. 

Assimilation and g, in both E. tetrodonta and T. ferdinandiana were less sensitive to 
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LA VPD than most others reported (Schulze and Hall 1982), although the study reported 

here cannot rule out a response to LAVPD in the range 0-2 kPa. It was not possible to 

ma.lce measurements for LA VPDs much below 2 kPa, because condensation formed on 

the cooled walls of the chambers, which were about 5 oc cooler than leaf temperature. 

However, Eamus et al. (1995a) also found A and g. in £. tetrodonta to be relatively 

insensitive to LA VPD, as was another Top End species, Acacia auriculiformis (Cole 

1994). 

Optimisation of carbon gain with respect to water loss re{}uires that oEi oA is constant 

over the day (Section 1.5. 7). In this study, the slope of E versus A in response to 

changing LA VPD (and hence oEioA) was constant in some leaves but not others. There 

was too much variability to draw firm conclusions about opt imisation in these trees. 

However, when data for all leaves were pooled, the relationship between E and A was 

approximately linear, with no systematic deviation from linearity at either high or low 

values of A (Fig. 5.11). This is consistent with, but not proof of, both species tending to 

optimise carbon gain in relation to water loss. 

The level of induction appears to be determined by the light flux density to which a leaf 

is exposed. Leaves that were induced to a PPFD of 230 J,tmol m·2 s·1 required 20 to 30 

minutes' exposure to light of 1100 J.tmOl m·2 s·1 before maximum rates of A were attained 

at the new bjgber PPFD. Assimilation by T. ferdinandiana trees in the field is therefore 

likely to be limited by the requirement for light induction. This is probably most 

important during the wet season, when there is more cloud, more shading by the canopy 

overhead, and soil water content does not limit g, in the afternoon. 

The response of T. ferdinandiana to periods of low light of varying lengths was very 

similar to that found by Tinoco-Ojanguren and Pearcy (1993) for Piper auritum grown at 

60% full sun, but different from the response in shade-grown P. auritum and P. aequale. 

These authors found progressive induction loss after 2 minutes in low light, which they 

attributed to a limitation in RuP2 regeneration, since decreases in g. and Rubisco are 

relatively slow. Transient shading of leaves is likely to decrease daily carbon assimilation 

of T ferdinandiana trees in the field through its effect on induction in the following light 

period, as well as its direct effect on carbon gain during the shaded period. 

The sudden, transient increase in g. following shading (Fig. 5. 12) contrasts with the 

immediate decrease in g. found by Tinoco-Ojanguren and Pearcy (1993) in leaves of two 
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Piper species. The increase in g. in my study appears typical of hydropassive stomatal 

opening (StA.lfelt (1955), and is similar to that found by Raschke (1970) following 

application of a vacuum to the water supply of a leaf. Opening and closing responses in 

stomata represent a balance between photoactive, hydropassive and hydroactive 

movements (StAlfelt 1955). In my study, the increase in g. may be the result of an 

immediate transient decrease in evaporation following shading. This would increase water 

availability within the leaf, which may respond by immediately increasing g.. After about 

20 minutes, however, photoactive closing occurred (Fig. 5.12) . 

This study suggests that low PPFD and high temperatures are important limitations to 

carbon gain of E. tetrodonta and T f erdinandiana trees under field conditions, but that 

high LA VPD per se is less important, at least for well-watered trees . In E. tetrodonla 

trees, leaf temperatures often reach 40 oc in the afternoon (Fig. 2.9), with LA VPDs 

around 5 kPa. Based on the data derived under controlled conditions, this would result in 

a loss of A of 62% and 24 % respectively compared with optimum conditions (Figs 5.7 

and 5.8). For T jerdinandiana trees, a leaf temperature of 38 oc and LA VPD of 4 kPa 

(Fig. 2 .13) correspond to a decrease in A of 21% and 3% respectively (Figs 5.7 and 

5.8). In the field, high leaf temperatures are associated with high LA VPDs, so the two 

factors are confounded. This laboratory study has confinned that under such conditions 

in the field, most of the reduction in A is caused by high leaf temperatures, and that the 

direct effect of LA VPD is minor . 
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CHAPTER SIX: RESPONSE OF ASSIMILATION AND STOMATAL 

CONDUCTANCE IN SHADEHOUSE-GROWN SEEDLINGS OF E. TETRODONTA 

AND T. FERDINAND/ANA TO INCREASING LA VPD DURING INCREASINGLY 

SEVERE WATER STRESS 

6.1 Introduction 

Stomatal conductance and A of plants decrease as soil moisture content decreases, and 

also as atmospheric humidity decreases (Chapter 1; see reviews by Farquhar and Sharkey 

1982; Schulze and Hall 1982; Chaves 1991; Schulze 1993; Cowan 1994). Originally, it 

was believed that changes in stomatal response to leaf-to-air vapour pressure difference 

(LA VPD) in plants in drying soil was mediated by changes in 'YL (eg Schulze and Hall 

1982). Many studies (eg Muchow et a!. 1980; Johnson and Ferrell 1983; Turner er a!. 

1984; Jones er a!. 1995) therefore report i'L at the time g, and LAVPD were measured, 

but few give details of soil water status, either in terms of water content or potential in 

the rootzone, or i' J>d. More recent! y, however, it bas been shown that the water status of 

roots can modify stomatal response to humidity, independently of any effect of 'YL 

(Turner er a/. 1984; Gollan er al. 1986). There have been subsequent attempts to 

integrate hydraulic and chemical signal ling in the control of ~ and water status of 

drougbted plants (Tardieu and Davies 1993). Schulze (1993) states that the mechanism of 

the humid ity response of stomata is feedback control of cellular water relations due to 

changes of leaf internal water fluxes to the stomatal complex at low hurrtidity, with the 

underlying mechanism of guard cell movement being physiologically reguJated. 

It is LA VPD, rather than relative humidity per se, that affects g. (Aphalo and Jarvis 

1991). It appears the plant senses changes in LA VPD through changes in the rate of 

transpiration (Matt and Parkhurst 1991 ; Monteith 1995). Stomatal responses to humidity 

have been observed in vinually all species examined (Schulze and Hall 1982), but the 

actual response varies between species and may vary with growing conditions . For 

example, pre-treatment of rice plants in a low humidity environment decreased g. and 

flattened the response curve between g. and LA VPD, although there was no effect of 

pretreatment on Panicum maximum plants (Kawamitsu et al. 1993). Stomatal conductance 

was initially high in irrigated kenaf plants in the field, but decreased when vapour 

pressure deficit (VPD) increased above 2 kPa. In unirrigated kenaf, g. was initially low, 

but did not decline further until VPD exceeded 2 .8 kPa (Muchow et al. 1980). 
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In one of the few studies specifically reporting interactions between g., soil water status 

and LA VPD, Pinus contona seedlings were found to have lower g. when i' pc1 averaged -

1.25 MPa compared with -0.65 MPa. However, in the more stressed seedlings, g. 

declined more slowly with increasing LAVPD, so that the proportional decline was 

similar (Graham and Running 1984). Likewise, in sunflower, the proportional decrease 

in g. with increasing VPD was similar at different soil moisture deficits (furner er a/. 

1985). In field-grown tomatoes , for a given i' pd• g, was higher for plants in humid 

conditions than in dry air (Ferreira and Katerji 1992). LA VPD had a greater impact than 

i'pc~ on g. when i'pc1 was higher than -0.4 MPa (Ferreira and Katerj i 1992). 

Interactions between the effects of soil and atmospheric water content are likely to be 

ecologically significant in the Top End. Each year, there are periods of high soil 

moisture and both low VPD (wet season) and high VPD (wet-dry trans ition), and low 

soil moisture and both high VPD (dry season) and low VPD (at times during the dry-wet 

transition). 

The response of A and g, to LA VPD has been studied in several species native to Top 

End savannas. Under controlled laboratory conditions, there was little change in g. of 

well-watered E. tetrodonta seedlings when LA VPD increased from 2.6 to 3.8 kPa, 

followed by a decline as LA VPD incr~ed further (Berryman eta/. 1994). However, in 

the laboratory study reported in Chapter 5, there was an overall decrease in A in E. 

tetrodonta seedlings as LA VPD increased from 1.7 to 5.0 kPa (Fig. 5.8). There was 

little response to LAVPD in well-watered T. ferdinandiana seedlings (Fig. 5.8). There 

was no evidence that A was more sensitive to LA VPD at 38 oc than at 33 oc in either 

E. tetrodonJa or T. jerdinandiana seedlings (Fig. 5.10). In well-watered A. auriculiformis 

seedlings, there was an initial increase in g, as LA VPD increased between 1.5 and 3 k:Pa, 

followed by a decrease when LAVPD increased further (Eamus and Cole 1997). By 

contrast, in Acacia auriculiformis trees in the field, there was a log-linear decline in g. 

over the range of LAVPD between 1 and 5 kPa (Cole et al. 1994). ln that field study, 

changes in LA VPD were confou.nded with changes in other seasonal conditions and leaf 

age. In the field study reported in Chapter 2, seasonal effects were partially removed by 

grouping measurement times into soil water availability classes. In E. tetrodonta, there 

were approximately log-l inear decreases in g. with increasing LA VPD, which were most 

pronounced during the transitional seasons. In T ferdinandiana, decreases were not 

apparent until LA VPD exceeded 3.5 to 4 kPa. 
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In this chapter, the aim was to study the response of assimilation and stomataJ 

conductance in £. tetrodonta and T. jerdinandiana seedlings to increasing LA VPD when 

well-watered, and after mild and severe water stress. 

6.2 Materials and Methods 

6.2.1 Plant 17Ullerial 

Seedlings were grown in a shadehouse which transmitted 67 % of photosynthetically 

active radiation. Seeds ofT. jerdinandiana were planted in April 1994, and E. tetrodonia 

seeds were planted in June 1994. In July 1994, 50 seedlings of each species were 

transplanted into PVC tubes, 0.11 m in diameter and cut to 1.2 m long. There were two 

layers of shadecloth attached to the bottom of the tubes to prevent the potting mix falling 

out. These long tubes allow good taproot development, and by September, roots of many 

E. tetrodonta seedlings had reached the bottom of the tube. The potting mix comprised 

3.5 parts of fine sand mixed with 1 part of coco-peat. In a pilot trial, this mix had 

proved superior to a mix of 3 parts coarse sand: 1 part peat: 1 pan vermiculite: 1 part 

perlite. Plants were watered daily with a drip system and fertilised weekly with 150 mL 

Aquasol solution (1.6 g L'1) (Hortico Australia). 

Before imposing drought treatments, I planned to wait until the dry season commenced. 

The onset of the dry season is marked by sunny conditions and an increase in VPD. In 

April 1995, rainfall and humidity were above average (rainfall was 129 mm, cf mean of 

100; 0900 and 1500 h mean relative humidity were 86% and 70% , cflong term means of 

75% and 52% respectively). By the time conditions were suitable, seedlings were past 

the exponential growth phase. Many E. tetrodonra seedlings also suffered from a severe 

infestation of scale insects, and only 32 seedlings were in a suitable condition for the 

experiment. Thirty-six T. jerdinandiana seedlings were suitable. Of these, six plants of 

each species were used for an initial harvest, and the remainder were either maintained 

as well-watered controls or assigned to the drought treatment. 

6.2.2 Drought treatment 

The aim in this experiment was to induce a gradual decrease in soil moisture rather than 

impose a sudden severe drought, since this is what trees experience in the field. In 

particular, I wanted to avoid inducing sudden leaf fall in the dry-season deciduous T. 
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ferdinandiana seedlings. Applying small amounts of water also allowed the fertiliser 

regime to continue. Once average stomatal conductance decreased to 50% of control 

values, this period of gradually increasing stress was to be followed by two weeks of 

severe drought, during which no water would be applied. Plants would then be fully 

rewatered, and g., assimilation and response to LA VPD assessed during recovery. 

The drought treatment was assigned randomly to half the E. tetrodoma and T 

ferdinandiana seedlings within the shadehouse. The drip system was disconnected from 

the droughted trees on April 24, 1995, and all water was subsequently applied with a 

graduated beaker. The irrigation schedule for the droughted trees is shown in Table 6.1. 

A total of 350 mL water per week (equivalent to 50 mL per day) was given, in two 

applications, to each T. ferdinandiana plant. This was estimated from an earlier pilot 

study to be about half the plant's requirements. E. tetrodoma seedlings were found in the 

pilot trial to be more tolerant of drought stress than T. ferdinandiana seedlings. I 

Table 6.1. Watering regime for droughted seedlings. Final watering (Day 0) was on 

24/4/95. 

Week Day E. tetrodonta T. ferdinandiana 

1 4 200 mL 

8 150 150 

2 11 150 150 

" 15 200 200 

3 18 rewatered 150 

II 21 150 

4 25 200 

ll 28 150 

5 36 rewatered 

Note: There was 9 mm rain on Day 10, 7mm rain on Day 16 and 27 mm rain on Day 

23. Assuming that 20 mm of the 27 nun reached the soil (probably an overestimate), this 

was equivalent to 190 mL water per seedling. 
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therefore planned to apply only 150 mL water per week to the £. tetrodonta seedlings, 

and modify this amount if necessary. However, many E. tetrodonta seedlings quickly 

showed signs of severe water stress, and during the 18 days of water stress, five of the 

13 droughted seedlings died . These responses were far more severe than those observed 

in the pilot trial, presumably because the seedlings in this experiment were larger than 

the ones in the pilot trial. In addition, the beginning of the trial corresponded with the 

onset of the dry season and a sudden increase in atmospheric vapour pressure deficit, 

whereas seedlings in the pilot trial had been exposed to high vapour pressure deficits for 

several months. After the first week I therefore applied 350 mL water per week, split 

between two applications, to the E. tetrodonta seedlings also. 

The severe drought was omitted for E. tetrodonta seedlings, since more plants would 

have died had they not been rewatered immediately. For the same reason, water was 

withheld completely from T ferdinandiana seedlings for onJy one week. Droughted E. 

tetrodonta seedlings were rewatered after 18 days, and T ferdinandiana seedlings after 

36 days. 

Daily watering of approximately 500 mL per seedling continued via the drip system for 

the control seedl ings. 

6. 2. 3 Seedling response to drought treatment 

Monitoring seedling response to water stress during the experiment allowed the drought 

treatment to be fine-tuned if necessary, and indicated when rewatering should occur. 

Stomatal conductance of one sunlit leaf from every seedling (a total of 7 to 12 leaves per 

species per treatment) was measured before and after water applications with a leaf 

diffusion porometer (Del ta-T Mk IV, United Kingdom). Measurements were made 

between 1000 and 1100 h . Net assimilation was measured with a portable gas exchange 

system (LiCor Li-6200, USA). Measurements were made on one sunlit leaf per seedling 

(a total of 7 to 12 leaves per species per treatment) between 0900 h and 1200 h before an 

irrigation was applied, and on the morning of the day fo llowing irrigation. Measurements 

were used only if photosynthetic photon flux density exceeded 800 JLmOI m·2 s·1• Each 

week, before irrigation and on the morning of laboratory gas exchange measurements , 

'I' pd was measured on one leaf from each of six seedlings from both species and both 

treatments. There were not enough leaves on the seedlings to measure 'i' pd after irrigation 

as well. Leaf water potential was measured with a pressure cbamber (Soil Moisture 
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Corporation, USA). 

6. 2. 4 Growth measuremell!s 

Seedling height was measured weekly between July and December 1995. Both height and 

cross-sectional area of the main stem at 0.1 m height were measured on April 26 and 

June 1, near the start and end of the drought treatments. At the start of the drought 

treatments, six seedlings of each species were harvested and height, stem cross-sectional 

area, and root and shoot dry weights were measured. There were not enough healthy 

plants to repeat these measurements at the end of the experiment. 

6. 2. 5 LaboraJOry gas exchange measurements 

The response of assimilation and stomatal conductance of seedlings to increasing VPD 

was measured during the course of the drought with the gas exchange system described 

in Chapter 5. Measurements were made at saturating light intensity (PPFD= 1200 JLIDOl 

m·2 s·1
) and a leaf temperature of 34 o C. (This temperature was chosen, rather than the 

optimum temperature of around 30° C, so that LA VPDs greater than 4 kPa could be 

generated.) The first measurements on E. rerrodonra and T. ferdinandiana were made 8 

and 11 days respectively after the final full watering. These measurements were repeated 

at weekly intervals for both species, and 11 (E. tetrodonra) and 8 (T. ferdinandiana) days 

after rewatering at the end of the drought treatment. The same measurements were made 

on control plants at the beginning and end of the experiment. For both species, the day 

before watering, four seed! ings were brought up to the laboratory and left there 

overnight. Gas exchange measurements were made the following day, usually between 

0900 h and 1600 h, after at least one hour of saturating PPFD and when A had reached a 

stable value. LA VPD was increased in steps of 0.3-0.4 kPa from approximately 2 kPa to 

4.5 kPa, with 45-60 minutes between each set of measurements. At the end of 

measurements, seedlings were given the appropriate amount of water and returned to the 

shadebouse. 

The response of assimilation and stomatal conductance to varying levels of atmospheric 

C02 (CJ and intercellular C02 (CJ was measured in control and droughted T 

ferdinandiana seedlings near the end of the drought treatment. These measurements were 

repeated for droughted plants 9 days after rewatering. 
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6. 2. 6 Statistical analyses 

Mean relative growth rates (RGR) and standard errors, based on seedling height, were 

calculated for both species before treatments were imposed, for the intervals August 2 to 

October 17, and October 17 to December 19: 

RGR = (log heightz- log heigbt,)/(day2 -day,) 

Relative growth rates and standard errors were calculated for droughted and control 

plants of both species for the period April 26 to June 1, which approximately covered the 

treatment interval. Mean increase in height and stem cross-sectional area during the 

treatment interval, and standard errors, were also calculated for both species and both 

treatments. Student's t test was used to determine whether differences between treatments 

were significant for each species. 

For measurements of A and g. in the shadehouse, analysis of variance was used to 

determine significance of differenl:t::-S betw~n treatments and days of drought treatment, 

and their interaction. Only the period from Day 0 to the end of drought treatment was 

used in the analysis. Measurements on each seedling as drought treatment progressed 

were treated as repeated measures (Statistica v.S). A pooled standard error for the mean 

of each treatment at each measurement time was calculated from the analysis of variance 

table as the square root of (error mean square divided by number of observations). For 

g., a logarithmic transformation was used since variance was proportional to the mean. 

The differences in responses of A and g. to LA VPD with drought duration were analysed 

using analysis of variance. (In this chapter, the term 'drought duration' includes the 

control treatment, with 0 days of drought, and the period after rewatering). The series of 

measurements on each individ!lal leaf as LA VPD were treated as repeated measures 

(Statistica v.5). Data were checked using Cochran's test for homogeneity of variances 

and examining correlations between means and standard deviations. Data were 

transformed where necessary, and final analysis was performed on A, arcsine A as a 

proportion of maximum A for the particular leaf, and log g,. 

The response of individual seedlings to d rought was highly variable, so the response 

curves of A and g. to LA VPD were also grouped according to "if pd of individual seedlings 

on the day of measurement. The three groups were: minimal stress ("i' pd > -Q.25 MPa); 
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moderate stress (- l.O MPa < ifpe1 < -0.25 MPa); severe stress (ifpd < -1.0 MPa). 

Because of this variability, A was expressed as a percent of the maximum for that leaf. 

Combined curve fitting procedures (Ross 1981) were used to test for differences between 

fitted quadratic curves. Three-dimensional plots of A and g. versus LA VPD and 'l' pel• 

using negative exponential smoothing, were produced using Statistica v.5 . 

Parallelism in initial slopes of A-Ci curves (for Ci between 20 and 250 JLIDOI moJ-1
) for 

control, droughted and rewatered seedlings, and in the relationship between transpiration 

and A in £ . retrodonra and T. ferdinandiana seedlings in the different 'l' pe1 categories, was 

tested using Statistica v .5. Regression analysis was used to test for significance in the 

relationship between Ci and LA VPD in E. tetrodonra and T. f erdinandiaM seedlings in 

the different if pe1 categories. 

6.3 Results 

6.3.1 Pre-dawn leaf water potential 

In droughted E. tetrodorua seedl ings, ifpe1 decreased from -0.16 MPa to -0.46 MPa 

between Day 8 and Day 15, whereas 'l' ?<I of droughted T. f erdinandiana seedl ings was -

0.29 MPa on Day 15 (Fig. 6.1). Following rewatering, if pe1 of E. terrodonra seedlings 

recovered to -0.17 MPa, close to that of control plants. There was a steep decl ine in if pd 

of droughted T. f erdinandiana seedlings from -0.20 MPa on Day 32 to -1.16 MPa (range 

-o.22 to -3.03 MPa) on Day 36. 

6.3.2 Sromatal conduaance in the shadehouse 

In drougbted E. tetrodonta seedlings, g. relative to control values declined quickly until 

Day 14 (Fig. 6.2). From Day 14 (after rain, and an increase to twice-weekly watering) 

there was a steady increase in g. of droughted plants to values close to those of the 

control plants. The effect of treatment on g., and the interaction between days and 

treatment, were not significant. After rewatering, g, of previously droughted seedlings 

was generally higher than that of the controls. 

For droughted T. jerdinandiana seedlings, there was a decline in g. during the first ten 

days of drought (Fig. 6.3). The effect of drought, and the interaction between treatment 

and days of drought were both significant (P < 0.05). Stomatal conductance of droughted 
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Fig. 6 .1. (a) Changes in mean pre-dawn leaf water potential with time in control (• ) and 

droughted (O) E. tetrodonta seedlings, and after rewatering droughted seedlings ( ~ ) . (b) 

Changes in mean pre-dawn leaf water potential with time in control (• ) and droughted (O) 

T ferdinandiana seedlings. Day 0 is the day before drought treatment was imposed. There 

was 9 mm rain on Day 10, 7mm rain on Day 16 and 27 mm rain on Day 23. The bar 

indicates s.e. for individual points on the graph. 
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Fig. 6.2 (a) Changes in mean stomatal conductance with time in control (• ) and droughted 

(O) E. tetrodonta seedlings, and after rewatering droughted seedlings ( .- ). A logarithmic 

scale is used, since analyses were performed on log-transformed data. The length of the bar 

indicating pooled s.e. is therefore the same for all values of g.. (b) Changes in stomatal 

conductance relative to the control in droughted seedlings before (O) and after ( .- ) 

rewatering. Day 0 is the day before drought treatment was imposed. 
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seedlings relative to control seedlings tended to increase from about Day 19 to Day 24, 

because of rain and increased humidity. Stomatal conductance decreased again after Day 

33, presumably as stored soil water was depleted. 

6.3.3 AssimilaJion in the shadehouse 

Assimilation in E. tetrodon.ta seedlings was significantly (P < 0. 05) affected by the 

interaction of drought treatment w-ith days of treatment. Assimilation in E. tetrodonta 

seedlings decreased to a minimum on Day 14, especially in droughted seedlings (Fig. 

6.4) Assimilation in drougbted seedlings partially recovered after the rain on Day 16, and 

recovered to control values after rewatering. 

Assimilation in both drougbted and control T ferdinandiana seedlings declined slowly 

but significantly (P< O.OOl) during the study period (Fig. 6.5). The interaction between 

drought treatment and days of drought was significant (P<0.05), mainly due to very low 

readings for droughted seedlings on Day 14 . 

6.3.4 Growth 

Eucalyptus tetrodonta seedlings were much taller and had a greater mass than T. 

ferdinandiana seedlings at the start of the experiment (fable 6.2). The ratio shoot:root 

dry weight was not significantly different for the two species. 

Table 6.2. Initial mean height, stem cross-sectional area (CSA) at 0.1 m height, 

shoot and root dry weight (DW) and ratio shoot:root dry weight for six E. tetrodonta 

and six T. ferdinandiaiUl seedlings. 

Standard errors are also shown 

Height (mm) 

E. tetrodonta 1107±37 

T ferdinaru:iiana 325±70 

126±9 

18 ± 6 
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Shoot DW Root DW 

(g) 

89±7 

9±3 

(g) 

72±22 

7 ±2 

Shoot: 

root DW 

1.8±0.5 

1.3±0.2 
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Table 6.3. Height and stem cross-sectional area (CSA) at 0.1 m height on 26 April 

1995, and increase in height and stem CSA to 1 June 1995, for control and 

droughted E. tetrodcnlil and T. ferdinanduma seedlings. Relative growth rate (mm 

mm·1 day'1) is also shown 

Significant differences (P < 0.05) between control and droughted seedlings are indicated 

by*. 

Control Droughted Significance 

E. tetrodonta 

initial height (mm) 896 ± 77 900 ± 72 

initial CSA (mm~ 74 ± 20 52 ± 11 

height increase (mm) 42 ± 29 24 ± 17 

CSA increase (mm2
) 17 ± 11 12 ± 5 

(6.6 ± 4.5) X 1<J4 (3.2 ± 2.6) X ~~ 

T. jerdinandiana 

initial height (mm) 275 ± 23 325 ± 42 

initial CSA (mm~ 22 ± 4 25 ± 4 

height increase (mm) 46 ± 14 5 ± 5 * 

CSA increase (mm2) 7.9 ± 2.3 2.1 ± 1.2 * 

(18.3 ± 5.2) X 1()-4 (2.8 ± 2.4) X lQ-4 * 

Growth of T ferdinandiana seedl ings was significantly (P< 0.05) reduced by drought 

treatment (Table 6.3). Droughted E. rerrodonta seedlings grew less than controls, but 

because of bigb variability, differences were not signi ficant (Table 6.3). This is probably 

because duration of drought was shorter for E. rerrodonra, and 'i' pc1 did not fall as low as 

for T. ferdinandiana . For both species, RGR of control seedlings was lower during the 

experimental interval than it had been several months earlier, suggesting these seedlings 

were past the exponential growth phase. Alternatively, RGR may decline with the onset 

of the dry season, even in well-watered trees (Goodfellow pers. comm.). RGR of control 

E. terrodonta seedlings during the treatment interval was 7.0 x 1()-4 mm mm·' day-' , 
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compared with 1.12 x 10"2 nun nun·• day-• between August and October 1994. For well

watered T ferdinandiana seedlings RGR was 1.8 X 10"3 mm mm· l day-• during the 

treatment interval , compared with 7.0 x 10"3 mm mm·• day·1 during the peak growth 

interval between October and December 1994. 

6.3.5 Response to increasing LAVPD- E. tetrodonra 

The response of A to increasing LAVPD was significantly larger (P < 0.01) , and the 

variability was higher, in seedlings with low i'pe1 compared to seedlings with higher i'pe1 

(Fig. 6.6). There was a small but significant decl ine (P< 0.05) in A of E. rerrodonta 

seedlings as LA VPD increased above 3.5 to 4 k.Pa during and after drought treatment 

(Fig. 6. 7) . Mean maximum assimilation rates for E. tetrodonra leaves used in the 

laboratory studies each week declined with drought treatment, then recovered after 

rewatering (Fig . 6.8). The effect on A of duration of drought was only marginally 

significant (P < 0 .10). The response of A to LA VPD was not affected by duration of 

drought, probably because the relationship between drought duration and 'I' pe1 was poor . 

The effect of LA VPD on g. of E. tetrodonta seedlings was significantly (P < 0.001) 

affected by drought duration (Fig. 6.9). There was virtually no effect of LA VPD on g. in 

control seedlings or following rewatering. After one week of drought, g. declined when 

LA VPD exceeded 3.5 kPa. The decrease was sl ightly less pronounced after 2 weeks of 

drought (Fig. 6.9). In seedlings with "¥ pc1 higher than -0.25 MPa, g. decreased when 

LA VPD increased above about 3.5 kPa (Fig. 6.10). In seedlings with lower '!' pel• g. was 

lower, and decreased when LAVPD increased above 2.2 kPa (Fig. 6 . 10). The 

proportional decrease in g. between the smallest and largest LA VPD was also slightly 

larger in seedlings with i' pd lower than -0.25 MPa. 

There was no significant trend inC, with increasing LAVPD (data not shown). 

The relat ionship between transpiration and A over the range of imposed LA VPD is 

shown in Fig. 6.11. The relationship was approximately linear over most of the MID

range, with notable departures from linearity at the extremes. There was no difference in 

the slope of the relationship between seedlings with i' pc1 less than -0.25 MPa and those 

with i' pe1 higher than -0.25 MPa. 
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6.3.6 Response to increasing LAVPD- T. ferdinandiana 

Assimilation, % maximum A, and g. were all significantly (P < 0.0 1) affected by both 

drought duration and LA VPD, and there was an interaction between the two factors. 

Mean maximum assimilation rates for T. f erdinandiana leaves used in the laboratory 

studies each week decl ined after four weeks of drought, then recovered after rewatering 

(Fig. 6.8). The slow response of A to the drought treatment probably reflects the fact that 

i' pe1 did not drop significantly during the first four weeks of drought treatment. There 

was a slight decrease in A with increasing LA VPD in control seedlings and after 1.5 

weeks of drought (Fig. 6.12). The decrease became more pronounced with increasing 

duration of drought. After 4.5 weeks, there was a marked decrease in A when LA VPD 

increased above the starting point of 2 kPa. Eight days after rewatering, the response was 

similar to that of seedlings that had experienced 2.5 weeks of drought (Fig. 6. 12). 

The difference in response of A to LA VPD between the three i' pel classes was highly 

significant (P<O.Ol). Fig. 6.13 shows that in seedlings with i'pc1 >-0.25 MPa, there was 

no detectable decrease in A until LA VPD exceeded 3.5 kPa, while in seedlings with i'pc1 

< -0.25 MPa, A decreased when LA VPD exceeded 2 kPa. 

Stomatal conductance decreased with duration of drought, and generally tended to 

decrease as LA VPD increased (Fig. 6.14). However, the trends were not as consistent as 

with A (Fig. 6.13). The difference between the three i' pd classes was highly significant, 

although the response to LA VPD was significant only in the moderately stressed group 

(Fig. 6 .15). In seedlings experiencing minimal stress, g. was uniformly high, and in 

severely-stressed seedlings, ga was uniformly low. 

There was no significant trend in C; with increasing LA VPD (data not shown). 

The relationship between transpiration a.'!d A over the range of imposed LA VPD is 

shown in Fig. 6.11. The relationship was approximately linear over most of the range, 

with notable departures from linearity at the extremes. There was no difference in the 

slope of the relationship between seedlings with i' pe1 higher than -0.25 MPa and tllose 

with i' pel between -0.25 MPa and -1.0 MPa, but the slope was less when it pe1 was less 

than -1.0 MPa. 

There was no significant difference between E. tetrodonJa and T. ferdinandiana in the 
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response of either % maximum A or g. to LA VPD, nor in the slope of the relationship 

between transpiration and A. 

6.3. 7 Response of T. ferdinandiana su:dlir.gs ;o varying G 

Both maximum A and A at Ci of 200 /Lmol mol-1 were highest in control seedlings and 

lowest in droughted seedlings (Fig. 6. 16), and there were significant differences in initial 

slope between the three A-Ci curves (P<0.05). Maximum A appeared to occur at a lower 

C; in droughted than in control or rewatered seedl ings. Stomatal conductance was also 

highest in control seedlings and lowest in droughted ones (Fig. 6.17). It tended to 

decrease at high C;. 

6.4 Discussion 

In both species, stomatal cond'Jctance measured under controlled laboratory conditions 

was reduced by both drought duration and high LAVPD, and there was a significant 

interaction between the two factors (Figs 6.9 and 6.14). Decreasing water availability (as 

indicated by decreasing i' .,J reduced stomatal conductance and moderate water stress 

increased sensitivity of g. to high LA VPD (Figs 6.10 and 6.15). These responses to 

LA VPD and i' pc1 were similar for the two species. However, under the more variable 

conditions of the shadehouse, the response of stomatal conductance to drought duration 

was significant onJy for T. f erdinandiana. 

Assimilation also decreased at high LA VPDs in both species (Figs 6. 7 and 6.12). 

However, the effect of drought duration on the response of A to LAVPD was significant 

only for T ferdinandiana. Similarly, in both the laboratory and the shadehouse, the 

decrease in A with drought was significant only for T. ferdinandiana. This probably 

reflected the longer and more severe drought, and the greater number of measurements 

made for T. ferdinandiana. The relationships between % maximum A and LA VPD for 

the two species were almost identical for seedlings with similar i' pc1 (Figs 6.6 and 6 .13). 

My results differ from those of Berryman er a/. (1994), in that I found little response of 

g. in E. tetrodonta seedlings to LA VPD less than 3.5 to 4 kPa. They found a sharp 

decrease in g. in the range 1.4 to 2.6 kPa. However, I had few points in this region 

because I used a higher leaf temperature (34 o C vs 32 o C), and condensation on the 

cooled lower surface of the leaf chamber was a problem for LA VPDs less than about 2 
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kPa. The decrease at high LAVPD was similar in both studies. 

Only the LA VPD around the measured leaf could be controlled in the laboratory gas 

exchange system used in this work. The response may be different if LA VPD around the 

whole plant was varied, and may partly explain the differences between responses of 

plants in the field and in pots in the laboratory (Eamus and Cole 1997). However, in a 

range of species stomatal responses were similar whether VPD was varied around only 

one leaf or the whole plant (furner et al. 1984). 

Stomata of both E. tetrodonra and T. ferdinandiana appear quite insensitive to LAVPD, 

compared with many other plants studied. For example, g. in all of a range of 10 

herbaceous and woody species decreased when VPD increased above l k.Pa (fumer er 

a/. 1984). In the field, g. of Anacardium exelsum, a large-leaved tree of moist South 

American forests , decreased when LAVPD increased above about 0.4 k.Pa (Meinzer et 

a/. 1993). In addition, Monteith (1995) asserts that few studies have found stomata in 

hUillid air to be almost unresponsive to changes in transpiration rate or humidity. 

Cowan and Farquhar's (1977) optimisation theory requires that the tangent to the slope of 

the curve relating transpiration and assimilation, f£/oA, is at fixed gain point for a leaf 

under specific environmental condition.c;. Put simply, this means that for a given soil 

water availability, the slope, oE/oA, of the curve relating E and A is the same in all 

leaves and constant in time. I interpret this as requiring a linear relationship between 

transpiration and assimilation over the range of environmental conditions typically 

experienced by the plant over a timespan of several hours. In £. tetrodonra and T. 

f erdinandiana seedl ings, there was a highly significant linear relationship (P<O.Ol) 

between E and A for all i' pd groups. However, there are apparent deviations from 

linearity at extreme values of transpiration and A (Fig. 6.11.) The slopes were similar for 

both species when i' pd exceeded -1.0 MPa, but the slope was smaller for T 

ferdinandiana seedlings with i'pd less than -1.0. The behaviour of these species was 

therefore consistent with the theory over much, but not all, of the range of LA VPDs and 

soil moisture conditions imposed in this experiment. In the field , although this range of 

conditions would prevail at different times during the year, over a time scale of days or 

weeks, there would be less variation. Over this time scale, E. retrodonra and T 

ferdinandiana seedlings may come ciose ro optimising carbon gain in relation to water 

loss. 
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The relatively constant C; observed in both species over the entire experimental range of 

LA VPD accords with findings that C; in Eucalyprus pauciflora and Zea mays tended to 

remain constant over a wide range of conditions, providing ambient C02 concentration 

remained constant (Wong et a/. 1979). Wong er al. (1979) suggested that stomatal 

aperture is determined by the capacity of the mesophyll tissue to fix carbon. In addition, 

the differences in the A-C; curves between treatments implies that the lower rate of A in 

droughted relative to control T ferdiru:mdiana seedlings was due not only to swmatal 

closure. Differences in A-C; curves between droughted and well-watered plants have 

sometimes been attributed to bimodal patchy stomatal closure, since this can lead to 

overestimates of Ci (ferashima 1992). However, patchy stomatal closure cannot explain 

all reported depressions in the A-C. curve. For example, Lauer and Boyer (1992) 

measured c i d irectly and found that photosynthetic biochemistry limited photosynthesis at 

low leaf water potentials in a number of species. The slope of the linear pan of the A-C; 

curve (Ci between approximately 30 and 230 J.LmOl mol"1
) is proportional to the maximum 

activity of Rubisco in the leaf (Farquhar and Sharkey 1982), and droughted plants may 

therefore have bad lower Rubisco activity than control plantS or droughted plants after 

rewatering. Maximum A is indicative of the electron transport capacity of the leaf, and 

was also higher in control and rewatered plants than in drougbted plants. Chaves (1991) 

states that slowly-applied water stress may decrease both the initial slope of the A-Ci 

curve and the maximum rate of photosynthesis, while short-term water stress may have 

no effect on calculated mesophyll resistance. 

Stomatal conductance and A in surviving leaves of both species recovered to levels close 

to those in control plants within about a week of rewatering (Figs 6.2 to 6.5, 6.8 , 6.9, 

6.14, 6.16 and 6.17). Thus, drought-induced changes to leaf metabolism were largely 

reversible. 

Comparing the overall drought response of the two species is difficult, because their 

growth rates are very different, and comparing seedlings of different sizes poses 

problems. Pre-dawn leaf water potential is a useful indicator of water availability to a 

plant, and allows comparisons between plants of different sizes or species. In this 

experiment, A and g. were more consistently related to '¥ pc1 than to duration of drought. 

Many drought-stressed plants died, or lost most of their leaves, during the experimental 

period . Thus, towards the end of the experiment, measurementS were biased towards 

individuals least affected by the treannent, reducing apparent treatment effects. 
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This experiment was also adversely affected by unseasonable weather conditions during 

the imposition of drought, the size of the E. tetrodonra seedlings relative to the available 

water in the pot, the variability in the response of individual seedlings to the drought 

treatment, and difficulties in establishing an appropriate treatment. For example, in T. 

ferdinandiana seedl ings, "¥ pe1 was only slightly affected by drought treatment during the 

first four weeks, before dropping suddenly (Fig. 6.1). Laboratory photosynthesis 

measurements reflected these changes in ~ pe1 (Fig. 6.8). Using a heavier soil would give 

a more gradual release of water, but E. tetrodonra and T. ferdinand lana are found 

naturally in well-drained, sandy soils (Brock 1993), and seedl ings grew better in sand 

than an artificial potting mix (pilot experiment). Similar future experiments could be 

greatly improved by measuring water use of individual plants each week, using a suitable 

set of scales (not available for this experiment). Droughted plants could then be supplied 

with a fixed proportion (say 50%) of their water use over the previous week. In this 

way, a gradual and controlled drought could be imposed on each plant, regardless of its 

size, or prevailing weather conditions. In addition , covering the roof of the shadehouse 

with plastic would exclude effects of rain. Rain during the early morning of Day 16 

increased ~ pe1 in all plants , including controls (Fig. 6.1). Although little water would 

have reached the soil in the narrow pots used, there is evidence that plants can take up 

water directly through their leaves (Yates and Hutley 1995). 

To summarise, there was a significant interaction between soil and atmospheric drought 

on A and g.. Both high LA VPD and low soil water content appeared to affect 

photosynthetic biochemistry as well as reducing g.. However, relative to published values 

for many species, stomata of both E. tetrodonta and T. ferdinandiana were quite 

insensitive to increasing LA VPD. Over much of the range of imposed LAVPD, but not 

at the extremes, the responses of both species were consistent with optimising carbon 

gain in relation to water loss. 
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CHAPTER SEVEN: GENERAL DISCUSSION 

7.1 Introduction 

The climate of the Top End of the Northern Territory is dominated by alternating wet 

and dry seasons, imposed on a background of high year-round temperatures. Over ninety 

percent of Darwin's rain falls between November and April inclusive, while June, July 

and August are virtually rainless (Bureau of Meteorology 1997; Table 1.1). Vapour 

pressure deficit is generally low during the wet season, and much larger during the dry 

season. The diurnal range in both temperature and VPD is also greater during the dry 

than the wet season. The weather during the 27-month study period showed these typical 

patterns (Fig. 2 .1). Rainfall during the first wet season was close to average, but was 

higher than average during the second wet season. 

Savanna trees have developed a range of responses to this strongly seasonal climate. For 

example, many common tree species are fully or partly deciduous (Williams et al. 

1997b), and avoid the most severe effects of drought by losing their leaves. Evergreen 

trees are general ly considered more drought-tolerant than deciduous trees, and may have 

a deeper root system (Sobrado and Cuenca 1979), and exert better control of water loss 

through more sensitive stomatal control (Reich and Borchert 1988). Accumulation of 

solutes in leaf tissue (osmotic adjustment) can also contribute to drought tolerance, and 

has been demonstrated for marry \..1up anu tree species (Chapter 3), but not in mature 

trees in a northern Australian savanna (Myers er aJ 1997). 

Young trees may be more sensitive to water stress than are fully-grown trees because 

their root systems are smaller. Consequently they may not be able to access water in the 

deeper layers of soil or from the water table. Will iams et a/. (1997b) found that for 

Eucalyptus miniata and E. tetrodonta, saplings lost leaves earlier in the dry season, lost 

more leaves, and flushed later than did mature trees. 

The general aim of this project was to study diurnal and seasonal trends in A, g. and leaf 

water potential in £. tetrodonta and T jerdin.andiana saplings (Chapter 2), and identify 

contributing environmental factors (Chapters 5 and 6). Seasonal changes in pre-<lawn leaf 

water potential and growth (Chapter 2), tissue water relations (Chapter 3) and hydraulic 

conductance (Chapter 4) were also investigated to provide a more detailed understanding 

of the ecophysiology of a deciduous and an evergreen species in the wet-dry tropical 
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savannas of Australia. 

7.2. Assimi lation, Stomatal Conductance and Growth 

In both E. tetrodonta and T ferdinandiana saplings, there were marked seasonal changes 

in i' pel• A, g, and E, as well as in leaf area and stem growth rate (Chapter 2). Pre-dawn 

leaf water potential, A and g. were all highest from about December through April (wet 

season and wetoo(fry transition), and, in £. rerrodonra, lowest in September and October 

(end of the dry season). Terminalia ferdinandiana saplings were leafless from June 

through to October (the driest months). 

Measurements of A and leaf area (estimated from leaf number) were used to calculate an 

annual leaf carbon balance for E. retrodonta and T ferdinandiana saplings with a leaf 

area in January of 1.0 m2 (Fig. 7 .1). (This corresponds to the leaf area of larger sapl ings 

used in the study). Maximum net C02 assimilation was approximately 250 rrunol day-1 

for both species. In E. retrodonta, this rate was maintained from December through 

May, because the small decrease in leaf area that occurred during this period was 

compensated for by increased PPFD. In T. ferdinandiana, however, daily carbon 

assimilation fell sharply between March and May, and was zero from June through 

September while trees were leafless. Total annual net C02 assimilation in E. terrodonra 

leaves was 2. 7 kg tree·1 (equivalent to 1.9 kg glucose tree.1
), and 1.6 kg tree·1 (equivalent 

to 1.1 kg glucose tree'1
) in T ferdinandiana leaves. This represents the amount of 

carbohydrate available to the rest of the plant for maintenance processes, ion uptake, root 

exudation, fine root turnover, storage and growth, and is offset by death of leaves, 

branches and roots. On a leaf dry weight basis, annual net assimilation was slightly 

higher in T ferdinandiana (14 g glucose equivalent g·' maximum leaf dry weight) than in 

E. tetrodonta (12 g glucose equivalent g'1 maximum leaf dry weight), even though 

average lifespan was onJy about 5-6 months for T ferdinandiana leaves compared with 

about 8-9 months for E. tetrodonta leaves (Figs 2.3 and 2.6). Construction costs are 

approximately 1.13 g glucose g·1 dry weight in T ferdinandiana leaves compared with 

1.28 g glucose g·' dry weight in £ . tetrodonra leaves (Prichard 1996), so that net 

assimilation per unit carbon invested in leaves is higher in T. ferdinandiana. However, 

E. tetrodonra assimilated more carbon per unit leaf nitrogen than did T. ferdinandiana 

(1.6 cf. 0.9 kg glucose g·1 N). 

It is interesting that in £. tetrodonta, there was no growth of the main stem, nor any 
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significant growth of new leaves, between March and September. There was a large 

amount of carbon assimilated between March and July (Fig. 7 .1), and presumably this 

was exported below ground, to provide energy and carbon substrates for root growth and 

fine root turnover and/or to be stored in the lignotuber. It is also worth noting that fire 

management practices in the Top End favour control burning early in the dry season, at a 

time when E. terrodonta saplings have high rates of photosynthesis (Fig. 7 .1). These 

fires cause total leaf loss in small plants, and could have a greater impact on the annual 

carbon balance in E. tetrodonra saplings than fires late in the dry season, when 

photosynthetic rates are much lower. 

Seasonal patterns of carbon assim.jlation of small trees were dominated by changes in leaf 

area (Figs 2.3 and 2.6; Table 7.1). This was the case for the 'evergreen' species E. 

tetrodonta as well as the deciduous T. ferdinandiana . Eucalyptus retrodonra saplings lost 

up to 90% of their leaves by the end of the dry season, and could therefore be regarded 

as semi-deciduous rather than evergreen, according to the definitions used by Williams et 

al . (1997b). 

Seasonal changes in g. and A per unit leaf area were influenced by both soil and 

atmospheric water content. Soil water availability was inferred from changes in i'pe1. 

Although if pe1 is not always equal to soil water potential , because of resistance in the soil

to-root-to-atmosphere pathway (Johnson er al. 1991; Petrie and Hall 1992), and because 

of night-time transpiration, '¥ pe1 proved a good, practical indicator of plant water status, 

and allowed comparisons of water stress in plants of different sizes and species. For both 

E. tetrodonta and T. ferdinandiana , there was a linear relationship between A and i' pe1 

and a log-linear relationship between g, and i' pe1 (Figs 2 .15 and 2.16) . Good relationships 

between A and/or g. and if pe1 have been reported for mature trees from a range of species 

in northern Australia, including Acacia auriculiformis (Eamus and Cole 1997), 

Allosyncarpia ternata (Fordyce et al. 1997), Eucalyptus clavigera, E. miniara, E. 

tetrodonta, Erythrophleum chlorostachys, Cochlo!:ipermum fraseri , Planchonia careya, 

Terminalia ferdinandiana and Xanthostemon paradoxus (Myers et al. 1997). Together 

these studies indicate that soil water availability is a major seasonal factor limiting carbon 

assimilation in this environment. 

Pre-dawn leaf water potential was used to divide the year into wet, transitional and dry 

periods (Chapter 2). This allowed me to determine responses of A and g. to PPFD, leaf 

temperature and LA VPD at different levels of plant water stress, rather than grouping 
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Table 7.1. Factors limiting assimilation in E. tetrodonla and T. f erdinandiana. 

Moderate ( > 25%) limitation of assimilation is indicated by light shading, severe 

(>50%) limitation is indicated by dark shading, and 100% limitation is shown by full 

shading . There is no shading for times when there is less than 25% limitation. Criteria 

used fo r conditions resulting in these limitations were. for E. tetrodonca: soil moisture . 

Wpd < -0.9 MPa (moderate) and Wpd < -1.8 MPa (severe); leaf temperature > 37 °C 

(moderate) and > 41 °C (severe) (these criteria compensated for an average increase in 

leaf temperature of 1 °C during each measurement); and LA VPD > 5 kPa (moderate). 

Criteria used for T. ferdinandiana were: for soi l moisture, '¥ pd < -0.8 (moderate; this is 

mean of morning and afternoon response; there were no severe limitations); leaf 

temperature > 38 oc (moderate; none severe); and for LAVPD, none (well-watered 

plants did not experience a 25% reduction in A over the range of LA VPD experienced in 

the field). 
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measurements according to average rainfall patterns. By pooling large numbers of 

observations, significant trends were observed in variable data sets. Responses of A and 

g. to changes in photosynthetically active photon flux density (PPFD), leaf temperature 

and LA VPD were significantly different during these different periods in both species, 

with A and g. being highest in the wet period, and lowest in the dry (£. terrodonra) or 

transitional (T. ferdinandiana) period . (Terminalia ferdinandiana only had leaves during 

the wet and transitional periods). The apparent interaction in the field between soil and 

atmospheric water stress was confirmed in laboratory studies with potted seedlings 

(Chapter 6). The ratio of C/C~ was highest in the wet season, consistent with significant 

stomatal limitation of A at other times of the year (Farquhar and Sharkey 1982). High 

leaf temperatures and high LA VPDs imposed additional limitations on photosynthesis in 

E. tetrodonra, especially during the dry-wet transition (fable 7 .1). 

Stomata of E. rerrodon1a and T. ferdinandiana saplings, and of several other savanna tree 

species (Myers et al. 1997) appear less sensitive to LA VPD than those of many other 

plants. Schulze and Hall (1982) state that an increase in LA VPD from 1 to 2 k.Pa 

typically results in about a 50% decrease in g. . However, g, was not consistently reduced 

in either E. tetrodonra or T. ferdinandiana until LA VPD exceeded 3.5 to 4 kPa (Figs 

2.20, 2.26, 5.8, 5.9, 6.10 and 6.15). This relative insensitivity of stomata to LA VPD at 

low-to-moderate values of LA VPD may reflect availability of water deep within the soil 

to large evergreen trees, and the deciduous nature of others . Maintaining open stomata at 

high LA VPD cools leaves, as well as allowing carbon assimilation to continue, but 

carries the risk of dessication and damage to leaves through photo inhibition. 

Stomatal response to LA VPD was affected by plant water status (Chapter 6). In well 

watered E. tetrodonra seedl ings ('t pe1 > -0.25 MPa), g, did not decrease until LA VPD 

exceeded 3.5-4 k.Pa, whereas in moderately drought-stressed seedlings ('!'pel between -1.0 

and -D.25 MPa), g, decreased when LA VPD increased above 2.2 k.Pa (Fig. 6.10). In E. 

tetrodoTUa saplings in the field , there was little effect of LAVPD on g. during the wet or 

dry periods, but the response of g, to increasing LA VPD was much larger during the 

transitional period (Fig. 2.20). Similarly, in T. ferdinandiana seedlings, stomatal 

response to LA VPD was maximal when 't pel was between -Q. 25 and -1 . 0 MPa. When 'l' pe1 

was higher than -0.25 MPa, g. was affected by LA VPD only when it exceeded 4-4.5 

kPa, whereas when 1/;pd was less than -1.0 MPa, g, was uniformly low (Fig . 6.15). 

Assimilation and g, were significantly higher during the morning than the afternoon in E. 
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tetrodonta saplings throughout the year (fable 2.2), and in T. ferdinandiana saplings in 

the transitional period (Table 2.3). This was probably because leaf temperatures were on 

average 3 oc higher in the afternoon than morning in E. tetrodonta saplings and in T 

ferdinandiana saplings during the transitional period. Laboratory studies showed this 

could fully account for the lower photosynthetic rate in the a.fternoon (Chapter 5). It is 

unl ikely that g. was the primary cause of the depression of A in the afternoon, since the 

ratio C/ C ... was not consistently lower in the afternoon. A decrease in this ratio is a 

necessary condition to establish stomatal limitation of photosynthesis (Farquhar and 

Sharkey 1982). Higher LA VPD in the aft~muon than the morning may have contributed 

to , but could not fully explain, the decline in A of E. tetrodonta, and was unlikely to 

have affected assimilation in T ferdinandiana saplings (Tables 2 .2 and 2.3 and Figs 5.8 

and5.1 0). 

There was a correlation between 'I' pd and tree height in E. tetrodonta during the dry 

season, but not in the wet season, when water was readily available even to trees with 

small root systems (Figs 2.29 and 2.30). Pre-<iawn leaf water potentials in tall, mature E. 

rerrodonta trees dropped to a minimum of -1.4 MPa (Duff eta/. 1997), compared to -2.4 

MPa in saplings in my study. ln tall, mature T. ferdinandiana trees, 'l'pd was -0.6 to -0.8 

MPa in May (Duff et al. 1997), compared to -0.9 to -1.2 MPa in saplings in my study. 

Small E. rerrodonta saplings (1 -3 m high) lost leaves earlier, and lost more leaves, than 

did taller saplings (4-6 m high) and mature trees (Williams er al. 1997b). For T 

ferdinandiana, leaf loss also occurred earlier in saplings than in mature trees. However, 

the slopes of the relationships between (i) log (gj and i' pd and (ii) log (g,) and LA VPD 

were comparable for both saplings in my study and mature trees (Myers et al. 1997). 

These results suggest that during dry conditions, larger trees are better able to exploit 

soil water reserves than are smal l trees, presumably because they have a more extens ive 

root system. In addition, small trees may lose more leaves than tall trees because they 

suffer more severe drought stress. However, remaining leaves on saplings and leaves on 

mature trees appear to share similar responses to their environment. 

7.3 Osmotic Adjustment and Bulk Elasticity of Leaves 

As the dry season progressed, capacity for turgor maintenance was enhanced by osmotic 

adjustment in leaves of both E. rerrodonta and T ferdinandiaTUJ. saplings. There was an 

overall seasonal decrease in osmotic potential at full turgor of 0.92 and 0.2 1 MPa 

respectively in£. retrodonta and T ferdinandiaTUJ. leaves. The osmotic adjustment in E. 
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tetrodonta between February and October was of a magnitude similar to that reported in 

response to summer drought in Eucalyptus behriana and E. microcarpa (Myers and 

Neales 1986) and a number of other drought-adapted woody species (Bowman and 

Roberts 1985a; Richards and Lamont 1996), and greater than those reponed for many 

agricultural annual crops in response to shorter droughts (Premachandra l992a and 

1992b; Oosterhuis et al. 1987; Kuang et al. 1990). Osmotic adjustment therefore appears 

an important drought-tolerance mechanism for perennial plants in seasonally dry 

environments . 

The seasonal decrease in osmotic potential at zero turgor in E. tetrodonta leaves was 

1. 10 MPa, large enough to allow overnight turgor recovery at all times of the year (for 

positive turgor, leaf osmotic potential must be lower than leaf water potential). However, 

the leaves would have lost turgor during the day during the dry season. Overnight turgor 

recovery also occurred whenever leaves were present in T. ferdinan.diana saplings, 

although some leaves may have lost turgor during the day in May. 

Elasticity of E. tetrodonta leaves decreased (f increased) with the onset of drought, but 

this was irreversible, and probably a result of leaf ageing. There is little evidence in the 

literature that high e confers drought tolerance on plants, and it appears that osmotic 

adjustment is more important in maintaining favourable tissue water relations . 

7.4 Hydraulic Conductance and Xylem Embolism 

My results suggest that death of terminal branches in £. tetrodonta saplings was 

associated with xylem embolism. In a branch whose bark was still healthy, but had lost 

all leaves and the terminal end was starting to die back, there was a 99% loss of 

conductance due to embol ism. Embolism was also high on other branches on which 

leaves were starting to senesce. Embolism was low in May and JuJy, but increased 

significantly in September, as soil moisture decreased. Xylem embolism may also cause 

death of leaves and branches earlier in the dry season. Severely embolised branches 

probably do not remain on saplings very long (Sperry and Packman 1993), and are 

unlikely to be sampled when they comprise only a small proportion of branches. 

It was not possible to determine whether leaf loss in T. ferdinandiana seedlings at the 

end o f the wet season was associated with xylem embolism, since exudate interfered with 

measurements made after pressurisation. Acoustic techniques may provide a suitable 
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alternative method for investigating xylem embolism in this species. 

Petioles comprised only about 7% of the total resistance of whole smal l E. rerrodonta 

shoots. This is much lower than for most other tree species (fyree and Cochard 1993; 

Tyree er al. 1991; Yang and Tyree 1994). It has been suggested that low leaf-specific 

conductivities of petioles and small stems make them prone to embolism, thereby 

protecting xylem vessels in large branches and trunks. This did not apply to small 

branches on E. tetrodonta shoots, which had high leaf-specific conductances, and it may 

explain why so many die back to ground level during the dry season. 

7.5 Comparison of E. tetrod()nilJ and T. ferdiTUJnduma 

Terminalia ferdinandiana trees lose all their leaves at the beginning of the dry season, 

whereas E. retrodonla trees are evergreen. However, this difference is not so pronounced 

in saplings. Although most E. retrodoma saplings retain some leaves throughout the year, 

they lose a greater proportion of their foliage than do mature trees, and some sapl ings die 

back to ground level. By losing all their leaves, T ferdinandiana trees can be thought of 

as drought-evaders, whereas E. tetrodoma trees tolerate seasonal drought. 

Several hypotheses have been advanced to explain the differences between evergreen and 

deciduous species, and these have been based mostly on differences between winter

deciduous and evergreen trees in temperate areas. Amongst these suggested differences 

are that evergreen trees are found on poorer soils, are deep-rooted and more drought

tolerant, have lower rates of A but higher nitrogen-use efficiency, and exert better 

stomatal control of water loss (Sobrado and Cuenca 1979; Chabot and Hicks 1982; Reich 

and Borchert 1988). Comparisons oi evergreen and dry-season deciduous trees in tropical 

areas offer an excellent opportunity to validate these generalisations. My results suggest 

that E. terrodoma saplings are better able than T ferdinandiana saplings to extract soil 

water, since 'i'pd fell more slowly at the end of the wet season in E. tetrodonta saplings. 

Instantaneous rates of A were similar for the two species on a leaf area basis, but were 

higher per unit leaf dry weight in T ferdinandiana. On an annual basis, carbon 

assimilation per unit leaf area was 74% higher in E. tetrodonla, but per unit dry weight 

was 13% lower. Instantaneous nitrogen use efficiency (A per g nitrogen) was about one

third higher in E. terrodonta, and over a whole year, about 90% more carbon was 

assimilated per unit nitrogen in E. tetrodonta than in T ferdinandiana. My findings are 

therefore consistent with general isations about deciduous and evergreen trees. In T 
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ferdinandiana, higher rates of A per unit leaf area partially compensated for reduced leaf 

life span. The cost of doing this was a lower nitrogen use efficiency than in E. 

tetrodonta. The extra carbon assimilated annually by E. tetrodonta would allow 

development of a larger root system, and possibly a larger tree. 

Stomatal conductance was more sensitive to decreasing i'pc~, but less sensitive to 

increasing LA VPD, in T jerdinandiana than in £. rerrodonra (Figs 2.15, 2.16, 5.8 and 

5. 10). In E. tetrodonta, E was similar in the morning and the afternoon throughout the 

year (Table 2.2), but in T. jerdinandiana, E was higher in the afternoon in the 

transitional periods (Table 2.3). These results suggest that E. tetrodonra may exert better 

control of water loss through leaves at times of high evaporative demand, and and may 

also be better able to function at low soil water content than T. ferdinandiana. 

Results from large trees suggest that hydrauiic conductance per unit leaf area is higher in 

T ferdinandiana than E. tetrodonta. High hydraulic conductance is often associated with 

vulnerability to embolism (Tyree and Sperry 1989), and it is possible that xylem 

embolism is the proximal cause of leaf loss in T. ferdinandiana at the beginning of the 

dry season. Unfortunately, occurrence of embolism in T. ferdinand lana branches could 

not be detected by the method I used to determine hydraulic conductance. However, the 

hypothesis that T. ferdinandiana is more prone than E. retrodonra to xylem embolism 

could be tested using acoustic methods. 

7.6 Future Research 

I make some suggestions for future research, arising directly from this thesis: 

(i) In order to calculate a more reliable annual carbon balance for leaves of E. 

tetrodonta and T ferdinandiana saplings, better data on leaf light levels are required. 

This would involve collecting data each minute from an array of at least 20-30 sensors 

for several days each month for one year. More data on the response of A to low and 

intermediate light levels would also be helpful. 

(ii) I did not have sufficient replication to get significant differences between 

times of year or between species in the hydraulic conductance of whole mature trees. 

Simultaneous measurements of sap flow and leaf water potential on additional trees could 

determine whether there are significant differences. In addition, xylem lumen area should 

also be measured for representative trees of both species, since the best way to compare 
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efficiencies of xylem conducting elements of different species is to calculate k11 on a 

xylem lumen area basis . 

(iii) Sensors that allow non-destructive measurement of leaf water potential would 

allow investigation of hydraulic conductance of saplings in the field. For small-diameter 

stems, a different sap-flow measuring system (e.g. Dynamax, Houston, Texas) or open 

top chambers would also be required (Smith and Allen 1996). 

(iv) The method used to investigate loss of hydraulic conductance in £. 

tetrodonta branches could not be used for T ferdinandiana, because of a sticky exudate 

produced by cut branches. However seasonal patterns of xylem embolism in T. 

ferdinandiana saplings could probably be successfully investigated using acoustic 

techniques to record cavitation events in trees in the field . 

(v) The reason for the decrease in A at high temperatures, especially in £. 

tetrodonta, could be investigated by establishing A-C; curves for this species at 30, 35 

and 40 °C. This would indicate the extent to which carboxylation efficiency and/or 

Rubisco regeneration are affected by high temperature. 

(vi) There have been very few studies of root growth in savanna trees anywhere 

in the world. The oft-repeated but seldom-tested generalisation that evergreen trees are 

deep-rooted, whereas deciduous trees are shallow-rooted, needs further investigation. It 

would be extremely useful to study spatial and temporal patterns of root growth in 

several evergreen and deciduous trees of Top End savannas, where a range of 

phenological strategies appear to be successful. In particular, timing, extent and depth of 

root growth and lignotuber growth should be studied in E. retrodonra and T. 

ferdinandiana sapl ings and trees . This would show seasonal responses of whole saplings 

and trees, and test the hypothesis that most root and lignotuber growth occurs in the 

early dry season. This would also indicate the potential soil layers from which water and 

nutrients may be extracted by both species. 

(vii) Eucalyptus tetrodorua and E. miniara grow in the same areas, are from the 

same sub-genus (Eudesmia), and mature trees share similar physiological responses to 

seasonal conditions (Myers et a/. 1997). However, small E. miniara saplings grow more 

rapidly than E. tetrodonra saplings (fables 1.2 and 1.3), and do not follow the same 

pattern of shooting, dying back to ground level , then reshooting. Interestingly, a 
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comparison of the response of E. terrodorua versus E. miniata to C02 enrichment also 

found many significant differences between the two species (Duff et al. 1994). It would 

be very interesting to investigate the differences in early growth patterns, by comparing 

i' J>d• shoot, root and lignotuber gruwth, xylt:m embolism and hydraulic conductance in 

saplings of both species. 

7. 7 Conclusions 

The most important seasonal limitation to carbon assimilation, and probably growth, of 

E. rerrodorua and T. ferdinaruiiana saplings was loss of leaf area, probably associated 

with low soil water availability . Soil water availability, as indicated by 'l' J>d• also bad a 

major effect on assimilation per unit leaf area (fable 7 .1). There were strong 

relationships between 'l' pd and A, g., sensitivity of the response to high LAVPD, and loss 

of conductance due to embolism. 

Light was sarurating for A for only a small proportion of leaves and for only 6-7 hours 

each sunny day, less in the predominantly-cloudy wet season. Not only will a leaf 

exposed to low light levels experience an iounediate reduction in photosynthetic rate, it 

will also not be fully induced and will therefore not be able to make full use of 

subsequent short periods of high-intensity light. Other factors limiting A in £ . rerrodonta 

saplings were high leaf temperatures, especially during afternoons and in the late dry 

season, and, to a lesser extent, high LA VPD during the afternoon (Table 7 .1). In T. 

ferdinandiana saplings, high leaf temperarures during some afternoons had a minor effect 

on A , while there was little demonstrable effect of LAVPD in well-watered plants over 

the range experienced in the field. 

Tenninalia ferdinandiana saplings avoided severe drought by shedding all leaves during 

the dry season. They experienced few other major constraints on photosynthesis. By 

contrast, £ . terrodorua saplings maintained some leaves throughout the year, but were 

adversely affected by low soil water content and high leaf temperarures, especially during 

afternoons in the dry-wet transitional season. For a given leaf area, £. rerrodorua 

saplings were able to assimilate more carbon annually than T. ferdinandiana , but at an 

apparent cost of growing and maintaining a larger root system, and suffering loss of 

biomass through death of branches or even entire above-ground parts . 
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Appendix 1. Calculation of an annual caroon budget for leaves of E.tetrodonta and 

T. ferdinandiana saplings. 

Details of the sources of data used in Tables A-1 and A-2 are given below. Carbon 

assimilation was calculated as the product of leaf area, assimilation rate and time, and 

calculated separately for periods when photosynthetically active photon flux density 

(PPFD) was > 1200, between 800 and 1200, between 400 and 800, between 1 and 400, 

and 0 JLmOl m·2 s·1. 

Sources of data 

Leaf area - from Figs 2.3 and 2.6 (numbers of leaves), with minor adjusonent in 

November, when new leaves are very small. Maximum leaf area (January) was taken to 

be 1.0 m2, corresponding to larger E. tetrodonta or T. ferdinandiana saplings. 

Assimilation rates -mean of morning and afternoon values in Tables 2.2 and 2.3. 

Respiration rates - as measured in January and September 1994. For T. ferdinandiana , 

rate was increased slightly from October through December to allow for young leaves. 

PPFD - there was no reliable data for this site. I had to make several assumptions and 

estimates, but the numbers are consistent with values given by Duff et a!. (1997) and 

PPFD data from another site in unburnt savanna at Solar Village, near Darwin 

(unpublished data, Plant Physiology group, NTU). 

Hours when PPFD = 0 JLmol m·2 s·1 
, estimated by assuming daylength ranges between 

11.5 and 12.5 hours. 

Hours when PPFD > 400 JLmOI m·2 s·1 
- assumed to correspond to sunshine hours 

(Bureau of Meteorology). Hours when PPFD < 400 JLmOl m·2 s·1 was determined by 

difference. 

Hours when PPFD > 1200 JLIDOl m·2 s·1 
- approximately corresponds to time when it 

was possible to measure light-saturated assimilation, ie between 0900 h and 1600 h. I 

assumed that August (which had maximum sunshine hours) was cloud-free, but PPFD 

was > 1200 JLIDOl m·2 s·1 for only 7 of the 10.2 daily sunshine hours. I further assumed 

that any reduction in this number of sunshine hours would reduce hours with PPFD > 

1200 by the same amount. I then assumed that in October, an average leaf would receive 

full sunshine 50% of the time, and from January through March, a leaf would receive 
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full sunshine only 30 % of the time. 

I divided the remaining hours between the 400-800 JLIDOl m·2 s·' and 800-1200 JLIDOI m·2 

s·1 PPFD ranges assuming that during the dry season, most hours would be in the higher 

range, while in the wet season, most time would be in the lower range. 

If these assumptions are correct, a leaf will receive PPFD in the range 1-400 JLIDOl m·2 s·' 

for between 5 .7 and 8.5 hours a day . At the Solar Village site (sensors placed beneath 

canopy, 1 m above ground level) this figure was as high as 8.6 to 11.6 hours per day 

(Plant Physiology group, NTU). Canopy cover at this site was exceptionally dense. 
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Table A.l. Daily carbon assimilation each month for a E. tetrodonta sapling with a seasonal maximum leaf area or 1 m2 

The table shows the number of hours each day that leaves receive PPFD in a given range(> 1200, 800-1200, 400-800, <400 and 0 Jlmol m·2 s·1
), and the 

corresponding average assimilation rate for that PPFD range at that time of year. See text of Appendix 1 for details. 

LEAF PPFD>1200 PPFD 800-1200 PPFD 400-800 PPFD< 400 PPFD= O DAILY TOTAL 

MONTH AREA Time Rate Amount Time Rote Amount Time Rate Amount Time Rate Amount Time Rete Amount 

m2 h umol/m2/ mmol/day h umol(m2/ mmol(day h umol/m2/ mmol/day h umol/ m2/ mmol(day h umol/m2/ mmol/day mmol C02/day 

J 1 0.75 1 1.7 32 1.2 10.6 46 2 8.9 64 8.45 5 152 I 1.6 -<>.9 -38 256 

F 1 0.84 1 1.7 35 1.2 10.6 46 2 8.9 64 8.16 5 147 11 .8 -0.9 -38 254 

M 0.97 1.08 1 1.7 44 1.5 10.6 56 1.7 8.9 53 7 .72 5 135 12 ·0.9 -38 250 

A 0.92 1.7 11.7 66 1.8 10.8 83 1.4 8.9 41 6.9 5 114 12.2 -0.9 -36 248 

M 0.83 3 .14 1 1.7 110 2 10.6 63 1.2 8.9 32 6.32 5 94 12.4 -0.9 -33 266 

J 07 2.35 10.6 63 2 9.1 46 1.2 7.6 23 5.96 4 60 12.5 .{), 7 -22 170 

J 0.6 2.58 10.6 59 2 9.4 41 1.2 7.6 20 5 .82 4 50 12.4 ·0.7 -19 151 

A 0.37 2.94 10.6 42 2 9 .4 25 1.2 7.6 12 5.88 4 30 12.2 .{), 7 -11 97 

s 0.25 3 .04 5.3 15 2 5 9 1.2 4.6 5 5.76 3.2 17 12 .{),5 -5 40 

0 0.18 3.15 5.3 11 1.5 5 5 1.7 4.8 5 5.85 3.2 12 11 .8 .{),5 -4 29 

N 0.3 2.08 10.6 24 1.5 9.4 15 1.7 7.6 14 7.1 2 4 31 11.6 .{), 7 -9 75 

D 0.9 1.28 11.7 49 1.3 10.6 45 1.9 8 .9 55 8.02 5 130 11.5 .{),9 -34 244 

ANNUAL TOTAL 62396 

(mmol C02) 



Table A.2 . Daily carbon assimilation each month for a T. ferditumdiana sapling with a seasonal maximum leaf area of 1 m1 

The table shows the number of hours each day that leaves receive PPFD in a given range(> 1200, 800-1200, 400-800, <400 and 0 ,umol m·2 s·'), and the 

corresponding average assimilation rate for that PPFD range at that time of year. See text of Appendix 1 for details. 

LEAF PPFD>1200 PPFD 800-1200 PPFD 400·800 PPFD<400 PPFD= O DAILY TOTAL 

MONTH AREA Time Rate Amount Time Rate Amount Time Rate Amount Time Rate Am ount Time Rate Amount 

m2 h umol/m2/ mmol/ day h umol{m2/ mmol/dny h umol/m2/ mm ol/day h umol/m2/ mmol/day h umol/m2/ mmol/day mmol C02/da 

J 1 0.75 9.92 27 1.2 9.7 42 2 8.6 62 8.45 4.7 143 11.6 -0.64 -27 247 

F 0.98 0.84 9 .92 29 1.2 9.7 41 2 8.6 61 6. 16 4.7 135 11.8 -0.64 -27 240 

M 0.87 1.08 9 .92 34 1.5 9.7 46 1.7 8.6 46 7.72 4.7 1 14 12 -0.64 -24 215 

A 0.51 1.7 9.92 31 1.8 9.7 32 1.4 8.6 22 6.9 4.7 60 12.2 -0.64 -14 130 

M 0.2 3 .1 4 7.02 16 2 6.8 10 1.2 6.3 5 6.32 3 14 12.4 -0.6 -5 39 

J 0.04 2.35 2 1 2 1.7 0 1.2 1 0 5.96 0.5 0 12.5 -0.3 -1 

J 0 2.58 0 2 0 1.2 0 5 .82 0 12.4 0 0 

A 0 2.94 0 2 0 1.2 0 5 .66 0 12.2 0 0 

s 0 3.04 0 2 0 1.2 0 5 .76 0 12 0 0 

0 0.2 3 .15 2 5 1.5 1.7 2 1.7 1 1 5.85 0.5 2 11.8 -0.8 -7 3 

N 0.5 2.08 7.02 26 1.5 6.8 18 1.7 6.3 19 7 .12 3 38 11.6 -0.8 -17 86 

D 0.93 1.28 9.92 43 1.3 9.7 42 1.9 8.6 55 8 .02 4.7 126 11.5 -0.8 -31 235 

ANNUAL TOTAL 35866 

mmo l C02 
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