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ABSTRACT. 

The M!HUia Valley on the West Coast of the South Island of New Zealand is a 

region with Nothofagus forest dominated by mixtures of N. fusea and N. menziesii 

The Station Creek area was selected for environmental and gas exchange 

measurements with the two species. 

The mean daily temperature and vapour pressure deficit (VPD) variation was 

found to be up to two times higher on an open logged site than under both closed 

canopy and a small canopy gap. The light flux under closed canopy was 5% of that 
gap 

measured in the open. During summer the light flux under the canopy was up to 

25% of that in the open. 

Gas exchange was measured using aLI-COR LI-6000 portable photosynthesis 

system. An improved set of formulae were developed for this system and have 

been implemented in a computer programme for the IBM PC and compatibles. 

Gas exchange measurements at Station Creek were used to determine the 

maximum rates of photosynthesis (Amax) and stomatal conductance (gmax) as well as 

the sensitivity of these estimates to VPD. The rates of gas exchange were higher in 

N. menziesii than N. fusea. No significant difference was found between species for 

the estimates of stomatal and photosynthetic sensitivity. In addition there was no 

difference between foliage growing in the open, under a canopy gap, or under 

closed canopy. 

Gas exchange measurements of saplings growing in a nursery at Rangiora on 

the east coast of the South Island gave similar results during early summer. As the 

season progressed, the rates were lower at Rangiora due to moderate water stress. 

It is suggested that Nothofagus seedlings have a wide ecological tolerance, 

which is in part due to the generalized stomatal response to VPD. This can explain 

how Nothofagus is capable of regenerating under a wide range of environmental 

conditions. Under extreme environments seedling growth is reduced and 

regeneration will succeed only in the absence of rapidly growing competing species. 
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1. INTRODUCTION. 

1.1 GENERAL. 

The four species of Nothofagus native to New Zealand are a major 

component of more than 60 percent of New Zealand's remaining indigenous forest. 

'Pure' beech forest covers approximately 46 percent of the 6.25 million ha of 

indigenous forest (Wardle 1984). Mixtures of beech with softwoods and broad

leaved hardwoods cover a further 22 percent (Wardle 1984). 

Much of the remaining beech forests grow in geologically unstable areas and 

are zoned as protection forests. These forests are managed to control soil erosion, 

water quality, and catchment yield (Morris 1970). Areas of forest have also been 

reserved for ecological, scientific and scenic reasons, with the potential for 

recreation and tourism only starting to be realized. The areas of indigenous forest 

zoned for production represent 25 percent of the total resource (Wardle 1983) of 

which 13 percent is still virgin forest (1974 figures). 

When the New Zealand Forest Service was set up in 1920 it began an 

extensive survey of the indigenous forests (Kirkland 1974). Leonard Cockayne was 

commissioned to study the New Zealand beech forests and produced two 

monographs, one covering the ecology and taxonomy of the beech (Cockayne 1926), 

a nd the other aspects of forest rna nagement (Cockayne 1928). 

Since Cockayne's work in the 1920's there has been little research conducted 

on beech forests. Much of the published work covers beech management and was 

reviewed by Gleason (1982). The early ecological work was mostly of a descriptive 

nature and relied heavily on comparison with similar species in the northern 

hemisphere. The Forest Service proposals (N.Z. Forest Service 1971) to utilize large 

areas of South Island beech forest prompted new research into ecological and 

management aspects of these forests. Wardle (1984) reviewed the ecology of the 

New Zealand species of Nothofagus. The plant associations in which beech is found 

have been well described, but little information is available on the processes 

controlling the establishment and growth of Nothofagus species. Several other 

authors have noted the lack of this information (Cockayne 1926, Kirkland 1974, 

Wardle 1983, 1984) 

1.2 The GENUS Nothofagus. 

The genus Nothofagus, often referred to as 'Southern beech' belongs to the 

Fagaceae, a family of woody trees and shrubs which also includes Quercus (Oak), 

Castanea (chestnuts), and Fagus (Northern beech). Nothofagus and Fagus together 

form the sub-family Fagoideae. All species of Fagus are deciduous whilst most of 

the 34 species of Nothofagus currently recognized are evergreen (Wardle 1984). The 

four speCies of Nothofagus native to New Zealand fall into two groups. The larger 
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group includes N. fusca (Hook f.) Oerst (Red beech), N. truncata (Col.) Ckn. (Hard 

beech), N. solandri var. solandri (Hook f.) Oerst (Black beech), and N. solandri 

var. cliffortioides (Hook f.) Poole (Mountain beech). These species maintain most of 

their foliage for only one season, with maximum leaf fall coinciding with bud burst 

in spring and have been called winter-green by some workers (e.g. Benecke and 

Evans 1986). N. menziesii (Hook. f.) Oerst (Silver beech) is more closely related to 

Australian and South American species of Nothofagus than the other three native 

species and maintains its fOliage for up to three seasons. 

1.3 GENERAL ECOLOGY. 

'Pure' beech forest in New Zealand has a relatively simple structure and is 

not as floristically complex as other indigenous forests types. The dense 

understorey which characterizes the subtropical rain-forest is not present, and 

consists mainly of beech seedlings and saplings. The ecological preferences of the 

four species were reviewed by Wardle (1984). N. solandri var. cliffortioides grows 

mainly at higher altitudes or on infertile, poorly drained, or dry sites. N. menziesii 

also grows at high altitude, usually in regions of high rainfall and is less tolerant of 

infertile or poorly drained sites. N. menziesii is also found at lower altitudes in 

association with N. fusca. N. fusca is restricted to fertile well drained sites. It is 

the most site demanding species of Nothofagus in New Zealand and grows mostly 

on lower and mid slopes. N. truncata and N. solandri var. solandri are limited' to low 

altitude sites. They are more tolerant of infertile soils and drought prone regions 

than N. fusca. N. truncata is intolerant of low temperatures and tends to grow in 

the northern regions of the country with a southern limit at 42° 3~' S (Wardle 1984). 

The generalized life history of New Zealand beech can be split into four 

phases. 

1. Establishment:- which is a prerequisite for a plant to occupy any site. 

2. Suppression:- characterized by extremely slow growth rates of 

seedlings growing under an intact forest canopy. 

3. Release:- characterized by rapid growth and intense competition by 

seedlings growing under a canopy gap or on a open site. 

4. Canopy:- eventually formed after the rapid growth and self·· ('hinning 

during the release phase. 

1.4 PHYSIOLOGY. 

The limited work that has been conducted on the physiology of New 

Zealand's Nothofagus species relates mainly to adult trees. The freezing resistance 

of N. solandri and N. fusca twigs was compared with other native trees and 

Nothofagus species from Australia and South America by Sakai and Wardle (1978). 

In a related study, Wardle and Campbell (1976) investigated winter dormancy of 
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N. so/andrl var. cliffortioides seedlings near timber line in the southern alps. Jane 

and Green (1983) used pressure volume techniques to study drought resistance of 

several native woody species including N. menziesil They found that N. menziesli 

had adaptations for drought resistance but did not compare it with other species of 

Nothofagus 

The water and carbon relations of adult N. truncata growing in a mature 

uneven-aged stand were investigated by Benecke and Evans (1986). Gas exchange 

measurements were combined with biomass data to model annual carbon balance 

and water use for the stand. The empirical models developed in their study 

describe stomatal and photosynthetic responses to important environmental 

parameters. Respiration rates were calculated using temperature curves to estimate 

the respiratory temperature coefficient (Q10) (Benecke 1985). The photosynthetic 

model was based on responses to temperature, light and atmospheric vapour 

pressure deficit (VPD) and the model for stomatal conductance responses to light 

and VPD. The stand model used measurements of specific leaf area to scale net 

carbon gain and water use allowing for differences between sun and shade foliage 

and seasonal effects. 

The study found that leaves showed considerable phYSiological adaptation to 

the light regime in which they grew. Sun leaves had maximum photosynthetic rates 

(Amax) of between 5 and 10 Ilmol m-2 s-1 (on a projected area basis). Amax of 

shade foliage was significantly less and light saturation occurred 'at lower 

intensities. Stomatal and photosynthetic sensitivity to VPD depended on leaf age 

with newly expanded foliage having the strongest response. The response declined 

as the season progressed and was lower in shade than in sun foliage. A stronger 

response to VPD was observed during a moist summer compared to the previous 

year's drought. 

The gas exchange of N. solandr/ var. cliffortioides was investigated at a range 

of altitudes on the southern alps (Benecke et al. 1976, Benecke and Havranek 1980a, 

Benecke and Nordmeyer 1982). These studies showed similar rates of 

photosynthesis as the study by Benecke and Evans (1986) with N. truncate. The 

physiological differences between sun and shade foliage observed in N. truncata by 

Benecke and Evans were also found in N. solandri' 'ar. cliffortioides by Benecke and 

Nordmeyer (1982). Similar results have been reported for Fagus sylvatica (Schulze 

1970) and with seedlings of Tasmanian and South American species of Nothofagus 

(Read 1985, Read and Hill 1985) . 

Read and Hill (1985) compared photosynthetic characteristics in seedlings of 

five species of Nothofagus from Australia and ChUe. They found that seedlings 

grown under shade had lower light compensation points, respiratory rates and Amax 

values than seedlings grown under direct sunlight. The specific leaf area and 

chlorophyll content per unit area were higher in shaded seedlings. These results 



are typical for a comparison between sun and shade foliage (Bjorkman 1981, 

Boardman 1977). 

The physiological characteristics of suppressed and released Nothofagus 

seedlings have not been investigated for any of the New Zealand species. Plants 

growing under a canopy need to be adapted to the highly modified environment 

which is characterized by low light, high humidity and water availability. Suppressed 

seedlings might be expected to have adaptations to maximize carbon gain whilst 

seedlings growing under a large canopy gap would have adaptations to limit water 

loss. When a group of suppressed seedlings are released by the opening of a 

canopy gap, the stomatal physiology of the plants could change to adapt to the 

modified environment. Detailed measurements are required of the important 

environmental factors together with the physiological responses of plants to these 

factors. 

1.5 SEEDLING ESTABLISHMENT. 

Nothofagus seedlings can establish under a wide range of environmental 

conditions, with all the native species capable of germinating under a closed 

canopy. They also are able to establish on more open sites and bare mineral soil in 

the absence of rapidly growing 'weed' species. Environmental factors influencing 

seedling establishment and subsequent growth have been reported in several 

studies (Cockayne 1926, Franklin 1974, Franklin and Beveridge 1975, Kirkland 1974, 

Manson 1974, Wardle 1983, 1984). However there have been few attempts to 

quantify their effects on regeneration. 

The environment under a forest canopy is highly modified by the presence 

of the forest. The sub-canopy environment is buffered with less extreme conditions 

than experienced above the canopy or on large open sites, for example daily 

temperature variation is lower under a canopy than on open sites. Soil surfaces in 

the open may experience lethal temperatures during summer, and severe frosts with 

associated frost heave during winter. The higher maximum temperatures observed 

on open sites cause increased evaporative demand and may increase plant water 

loss. 

Nothofagus seedlings are highly susceptible to desiccation, particularly during 

the first year's growth ~Wardle 1984). Survival during this phase depends on 

adequate water availability. The potential water usage by the plant is determined by 

the atmospheric evaporative demand. A measure of the evaporative demand is the 

atmospheric vapour pressure deficit (VPD). The higher temperatures on open sites 

result in higher vapour pressure deficits than under a closed canopy and may limit 

plant growth on a open site. 

5 

The growth and survival of seedlings under a fully closed canopy is limited 

by light availability. Seedling mortality of N. solandri var. ellffortioides and N. fusea 



has been found to be lower under partial shade than either full sunlight or dense 

shade (Wardle 1970, June and Ogden 1975). These studies found that the optimal 

light treatment was about 35 percent of full sunlight. 

6 

On sites which experience full sunlight, seedling establishment can be limited 

by rapidly growing 'weed' species. In several areas fern species principally 

Blechnum discolor (Crown fern), Pteridium esculentum (Bracken) and Histiopteris 

incisa (Water fern) prevent seedling establishment by forming a dense ground cover 

(Franklin and Beveridge 1975, Gleason 1982, Wardle 1984). 

Other biotic factors can affect the establishment of seedlings. The 

importance of the establishment of a mycorrhizal association has been stressed by 

Baylis (1980). He found that after one season's growth N. menziesii seedlings 

growing in sterilized Podocarp soil ceased to grow at a dry weight of 50 mg. 

Seedlings grown in untrdated beech soil had a dry weight at the end of the season 

of 500 mg. Baylis considered that these data explained the patterns of seedlings 

establishment and regeneration observed in Nothofagus. He assumed that most 

soils are deficient in phosphorus, and that the plants obtained phosphorus from the 

mycorrhizal association. Baylis claimed that the distribution of mycorrhizal fungi 

determines where beech can grow. However there are no data on the growth of 

seedlings in unsterilized podocarp soil or sterilized beech soil. 

The requirements for water and a suitable light regime limit the areas in 

which seedlings may become established. Seedlings growing under shaded 

conditions enter the suppressed phase until the canopy opens or the seedling 

eventually dies. Seedlings which successfully establish on open sites grow rapidly 

to enter the sapling stage. 

1.6 WATER. 

The availability of water to plants is determined by the water content of the 

soil, and its physical and chemical characteristics. Atmospheric water vapour deficit 

determines the potential rate of water loss or evaporative demand. Plants have 

developed several types of adaptations to limit water loss. Two broad groups of 

adaptation may be defined; morphological and physiological. Examples of 

morphological adaptations include thick cuticle and stomatal hairs. These features 

'Ue often found in plants from arid environments. Physiological adaptations limit 

either water loss, or the damage caused by desiccation. Since the major pathway of 

water loss in vascular plants is by diffusion through the stomatal apparatus, most 

plants close stomata to reduce transpiration under certain environmental conditions. 

Many plants will close stomata when water is limiting or when the potential rate of 

evaporation is high. 

Transpired water vapour and carbon dioxide for photosynthesis both diffuse 

through stomata and any adaptation that limits water loss will therefore also reduce 



photosynthesis. A measure of the efficiency of photosynthesis per unit water loss 

is the water use efficiency (WUE). Plants growing in arid environments usually have 

higher WUE than mesophytic species. 
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Stomatal adaptations limiting water loss vary considerably between plant 

types. Stomatal closure in response to low plant water potential is being well 

documented. Closure in response to increasing VPD was demonstrated by Lange st 

al. (1971). In recent years stomatal responses to atmospheric humidity have been 

widely reported in most types of terrestrial vascular plants. Stomatal responses to 

water potential and VPD were reviewed by Jarvis and Morrison (1981) and Schulze 

and Hall (1982). 

The role of water potential in determining stomatal conductance is 

controversial. It was believed for many years that there is a critical water potentiat 

which must be exceeded before stomatal closure will occur (e.g. Beadle st al. 1978). 

Several recent studies have however suggested that leaf water potential Is not 

important in regulating stomatal conductance and that instead soil water potential is 

the controlling factor (e.g. Bates and Hall 1982, Gollan st al. 1985, Schulze and 

Kuppers 1979). Earlier reports of stomatal closure in response to reducing leaf 

water potential could also be interpreted as responses to soil moisture since almost 

invariably water potential was manipulated using soil drying treatments. Rapid 

changes in stomatal conductance can be observed immediately after cutting a twig 

or branch (Benecke pers. comm.) and because of this results obtained using excised 

shoots or plants should not be extrapolated to represent whole plants (e.g. Beadle 

st al. 1978). 

Water potential acts on photosynthesis indirectly via stomatal effects or by 

reducing the mesophyll capacity for photosynthesis. Methods which can be used to 

analyze limitation of photosynthesis have been reviewed by Farquhar and Sharkey 

(1982) and Jones (1985). Farquhar and Sharkey suggested that in order to 

demonstrate stomatal limitation of photosynthesis the ratio of the internal to 

ambient concentrations of carbon dioxide (Ci/Ca) should decrease as stomata close. 

An analytical method using supply and de!!land functions has recently shown that 

reductions in water potential can decrease photosynthetic rates by both stomatal 

effects (Ehleringer and Cook 1984, Gollan st a/. 1985) and by reducing 

photosynthetic capacity (Matthews and Boyer 1984). 

Stomatal response to VPD was analyzed by Farquhar (1978) as a mechanism 

of maximizing WUE in a changing environment. Farquhar's 'feed-forward' hypothesis 

required that as VPD increased, the transpiration rate should reach a peak and then 

decline. There are reports of feed-forward responses in some species (Farquhar 

st al. 1980, Mooney st al. 1983) but not in all that have been investigated. Plants 

from arid environments often show a feed-forward response whilst mesophytic 

plants often do not show a maximum transpiration rate. 



Non-stomatal factors which may influence the rate of photosynthesis were 

reviewed by Schulze (1986). 



The sensitivity of stomata to humidity usually declines as the leaf ages 

(lange and Meyer 1979, Benecke and Evans 1986) and is higher in sun than shade 

foliage (Schulze and Hall 1982, Benecke and Evans 1986). Low soil water potentials 

may increase sensitivity (Osonubi and Davies 1980) though Benecke and Evans 

(1986) found that N. truncata showed greater sensitivity during a moist summer 

than a drought. 

Photosynthetic rates have been observed to decline with increasing VPD as 

the stomata close. The effect of VPD on photosynthesis is indirect, and mediated by 

the stomata. The response is often linear (Schulze and Hall 1982, Benecke and 

Evans 1986) and the sensitivity of photosynthesis to VPD is often less than that of 

stomatal conductance (Rawson et al. 1977). 

1.7 LIGHT. 

The responses of stomata and photosynthesis to photosynthetically active 

radiation is well documented (Bjorkman 1981, Schulze and Hall 1982). Stomata of 

most species open in response to increasing light up to a maximum stomatal 

conductance. Photosynthesis responds in a similar manner with important features 

of the curve being the light compensation point, and the maximum photosynthetic 

rate. The light compensation point for photosynthesis is species and temperature 

dependent and varies with season (Benecke and Evans 1986). Maximum rates of 

photosynthesis are species dependent and are related to the light environment and 

nitrogen content of foliage (Schulze and Hall 1982, De Jong and Doyle 1985). Wong 

et al. (1979) showed that there is often a linear relation between Amax and g5 at 

Amax' 

The light environment beneath a canopy is modified by the passage of light 

through several successive layers of fOliage. light intensity is reduced by each 

layer of foliage and the spectral composition changes with the red/far red ratio 

decreasing. In addition to the filtered or attenuated light a second component is 

the direct unfiltered light in sun-flecks which forms a major component of the total 

daily photon flux. The importance of sun-flecks in determining total assimilation in 

the sub-canopy has been reported by Pearcy 1983 and Woods and Turner 1971. 

Both of these studies found that a large proportion of total carbon assimilation 

occurred during sun-flecks. Adaptations to maximize carbon gain from ~hort 

periods of high light intensity would be advantageous for sub-canopy plants. 

Woods and Turner (1971) found that the rate of stomatal opening in response 

to increased light intensity was proportional to the shade tolerance of the plant. The 

response was fastest in highly shade tolerant Fagus grandifolia seedlings. Davies 

and Kozlowski (1974) repeated these experiments and also studied response time to 

VPD. They found similar results relating response time to shade tolerance. 
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Transpiration rates were highest in the shade tolerant species indicating that these 

species had less well developed adaptations to prevent water loss. 

1.8 SUPPRESSED SEEDLINGS. 

In the shaded conditions under a relatively intact canopy the growth of beech 

seedlings is suppressed. They become part of an 'advance growth' pool which 

provides a source of seedlings for stand replacement (Wardle 1984). These 

seedlings have slow growth rates and after 20 years may be less than 20 cm in 

height (Wardle 1970, June and Ogden 1975). They remain in the suppressed state 

until they die or a break in the canopy occurs to which they can respond with 

increased growth rates. N. menziesii is the best example in that Its seedlings can 

persist for long periods under more dense shade than the other species (Franklin 

1974) and is assumed to be more shade tolerant (Manson 1974, Wardle 1984). 

1.9 SAPLING GROWTH. 

9 

Released seedlings or saplings have growth rates many times that of 

suppressed seedlings in the same area (Wardle 1970, Kirkland 1961) and in a canopy 

gap or open site grow rapidly to become saplings or poles. This phase is 

characterized by rapid height growth and strong inter-plant competition. Wilcox and 

Ledgard (1983) described a provenance trial comparing the four indigenous beech 

species. They demonstrated appreciable differences in the height and diameter 

growth rates of seedlings between speCies and between provenances within species. 

The fastest growth rates were observed in N. fusca and the slowest In N. menziesii 

and high altitude N. solandri var. cliffortioides. These results confirm those from 

field observations and management trials (Rennlson 1963, N.Z. Forest Service 1980). 

There has been no experimental work conducted to compare the carbon fixation or 

partitioning of suppressed and released seedlings. 

1.10 BEECH MANAGEMENT. 

The beech management systems used in New Zealand were reviewed by 

Gleason (1982). N. menziesii and N. fusca are the two Nothofagus species which are 

currently managed in production forestry. The management systems rely upon 

natural regeneration from seed trees which are left standing during the logging 

process. This system is similar to those in use witt European Fagus forests. The 

system Is dependent on successful seedling establishment and survival during the 

critical early years. Whilst in many areas successful regeneration has occurred, in 

others partial or total failure has resulted usually from competition with weed 

species or desiccation (Kirkland 196', Wardle 1984). As well as problems with 

establishment there has been widespread death of shoot tips in rapidly growing 

saplings. No work has been conducted to investigate the physiological causes of 

these problems. Wardle (1983) produced a paper summarizing the ecological basis 

for beech management in New Zealand. His analysis was limited by the lack of 
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information on the processes controlling seedling establishment and early growth of 

New Zealand Nothofagus species. Before advances can be made on understanding 

the ecological basis for beech management, data is required on regeneration in 

natural forest and the sub-canopy environment. Comparison with similar data from 

artificial logged sites would aid in understanding how the environment effects 

regeneration and why regeneration differs between sites. 

1.11 SUMMARY. 

Reviewing the literature relevant to Nothofagus ecology in New Zealand 

shows large areas which require further work. The investigation of physiological 

aspects of growth and development has been limited to a few studies on adult 

trees, whilst no attempt has been made to study the seedlings phase. Successful 

regeneration is required if a species is to maintain a presence in the canopy and 

seedling establishment and subsequent growth is a critical phase during the 

regenerative cycle. A large proportion of all adult trees growing in a canopy ara 

derived from the pool of suppressed seedlings and would have been released by a 

break in the canopy cover. Disturbance of a closed canopy would drastically alter 

the micro-environment which the suppressed seedlings experience. The canopy 

opening would have two main effects; to increase light intensity, and to increase the 

atmospheric vapour pressure deficit. 

Seedlings growing under a closed canopy tend to have poorly developed 

adaptations to limit water loss. It is likely that these seedlings would experience 

severe water stress growing under a opening caused by large scale disturbance of 

the canopy, and that the stress would would limit successful regeneration to smaller 

gaps or near the canopy edge. 

1.12 AIMS OF THE STUDY. 

1. To test the hypothesis that the foliage of Nothofagus seedlings growing 

under a closed canopy has a poorly developed stomatal response to 

atmospheric water vapour pressure deficit, and that the lack of stomatal 

control of transpirational water loss limits successful regeneration to beneath 

small canopy gaps or to near the canopy edge. 

2. To use the physiol01ical informetion obtained in this study to improve our 

understanding of the processes influencing Nothofagus regeneration, and to 

relate this to the management of both natural and production forest. 
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2. GAS EXCHANGE METHODS. 

2.1 INTRODUCTION. 

Gas exchange systems utilize indirect' methods to estimate the rates of 

transpiration and net photosynthesis or assimilation. Characteristics of the different 

systems used for gas exchange measurements have been reviewed by Smith and 

Hollinger (1987). Their design is based around a chamber or cuvette enclosing the 

foliage to be measured. Rates of net photosynthesis and transpiration are measured 

from fluxes of C02 and water vapour around the leaf. CO2 concentration is usually 

measured by infra-red gas analysis (IRGA), and water vapour using IRGA, dew point 

mirrors, or humidity sensors. There are three main groups of system currently 

used; closed, semi-closed, and open (Jarvis sf al. 1971). 

2.1.1 Closed systems. 

In a closed system the rate of gas exchange is estimated by the change in 

CO2 and water vapour concentration in the leaf chamber over a measurement 

period. These systems have a major inherent problem in that the conditions within 

the chamber vary continuously during the measurement period as the concentration 

of CO2 decreases and water vapour increases. Another problem with closed 

systems is that the gas path must be sealed and that they are particularly sensitive 

to errors in transpiration measurements due to water adsorption. These problems 

have meant that closed systems are usually used with short measurement periods 

or to determine CO2 compensation pOints. The main advantages of closed systems 

are that the design is simple, they are inexpensive and easy to build, and that they 

can be made more portable than other systems. 

2.1.2 Semi-closed systems. 

The semi-closed system is a development of the closed system which 

regulates the concentration of CO2 and water vapour in the chamber. The CO2 

concentration is controlled by adding a measured supply of C02 or C02-free air to 

the chamber. The rate of photosynthesis is estimated from the amount of CO2 

added. Transpiration rates are estimated using the same method with either dry or 

moist air added to maintain the water vapour concentration in the system. The 

del'ign of a semi-closed system provides a means of controlling the composition of 

the air within the leaf chamber. This facility when combined with temperature 

control of the chamber can be used to determine factor responses for CO2, VPD and 

temperature. The main disadvantage of semi-closed designs is that they are more 

complex and expensive to construct than closed systems. 
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2.1.3 Open systems. 

In an open system gas exchange is measured by passing a stream of air of 

known composition through the cuvette. The concentrations of CO2 and water 

vapour are measured in the air leaving the chamber with photosynthesis and 

transpiration being proportional to the concentration difference and the flow rate. 

Open system designs provide the best means of controlling the composition of the 

air within the leaf chamber. They can be used to study the effects of other gaseous 

compounds on leaf gas exchange, which is useful in pollution studies. The 

disadvantages of open designs are that they can be the most complex and 

expensive to build and they are expensive to run if the air composition is controlled. 

2.2 GAS EXCHANGE CALCULATIONS. 

2.2.1 Flux calculations. 

Cowan (1977) suggested that gas exchange calculations should utilize molar 

units rather than the mass units used previously. Molar units expressed on an area 

basis are now consequently widely used. The formulae used to calculate flux 

depend on the type of gas exchange system, and are derived from the ideal gas law. 

2.2.2 Conductance calculations. 

Stomata represent the major pathway for the diffusion of CO2 and water 

vapour between leaf and the atmosphere. Stomatal conductance is a measure of 

the stomatal limitation of photosynthesis and transpiration. Low conductance values 

indicate closed stomata with values increasing as stomata open. Estimates of 

stomatal conductance are obtained using a resistance analogue model to remove 

the boundary layer conductance from measurements of leaf conductance. Leaf 

conductance to water vapour is estimated using Fick's Law of Diffusion by dividing 

the transpiration rate by the leaf-air vapour pressure deficit. Stomatal conductance 

to CO2 diffusion is calculated from the conductance to water vapour (von 

Caemmerer and Farquhar 1981). These calculations ignore the effects of cuticular 

conductance. 

2.2.3 Internal carbon dioxide concentration. 

The internal CO2 concentration (Cj) can be estimated from measurements of 

photosynthesis and transpiration. The CO2 concentration difference between the 

mesophyll and ambient air is proportional to the photosynthetic rate divided by the 

leaf conductance to CO2 (von Caemmerer and Farquhar 1981). Indirect estimations 

of Cj have been validated using direct measurement by Sharkey ef al. (1982). 
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2.3 LI-6000 PORTABLE PHOTOSYNTHESIS SYSTEM. 

The gas exchange system used in this study was the Li-COR L1-6000 portable 

photosynthesis system (L1-COR inc., Lincoln, Nebraska, USA). It was initially 

designed as a closed circuit system, but was later modified by L1-COR to include a 

manually operated by-pass water vapour trap. The L1-6000 uses an internal 

microprocessor to record and store data, as well as to compute estimates of gas 

exchange parameters after each measurement has been completed. CO2 

concentration was measured using an IRGA working on an absolute scale with 

software correction to linearize the response. The air stream passed through a 

water vapour trap before entering the IRGA to reduce measurement 

cross-sensitivity. 

The water vapour by-pass used magnesium perchlorate to dry the air stream 

before it passed through the IRGA and was returned to the chamber. The 

transpiration and conductance calculations assume that the air returning to the 

chamber had a water vapour pressure of zero. In the first season of operation 

(1984-5) the flow rate was fixed, and was assumed to be constant by the software. 

The by-pass system was modified by LI-COR in June 1985 to allow a variable flow 

rate measured by a mass flow meter. 

All measurements is this study used a four litre chamber manufactured by 

LI-COR. The leaf chamber was constructed from polycarbonate and in the second 

season of operation (1985-86) was lined with teflon to reduce the effects of water 

adsorption. The chamber contained two fans to assure adequate mixing of the air 

sample. The foliage was positioned horizontally in the center of the chamber 

between two sets of parallel monofilament lines and leaf temperature was measured 

by a thermocouple appressed to the underside of a leaf. Relative humidity was 

measured in the leaf chamber using a Vaisala capacitance type humidity sensor and 

the water vapour concentration calculated using chamber air temperature as 

measured by a thermistor temperature probe. Photosynthetically active photon flux 

density (PPFD) was measured by ali-COR LI-190 quantum sensor attached outside 

the chamber. Measurement errors were usually less than ten percent for the 

estimates of transpiration, photosynthesis and stomatal conductance and twenty 

percent for internal CO2 concentration (LI-COR 1985). 
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The LI-6000 uses a microprocessor to make rapid, repeated measurements in 

an effort to reduce the problems associated with closed systems. The gas 

exchange parameters are calculated using a series of measurements from each 

sample. Up to ten measurements per sample are recorded and stored together as a 

'page' of data. Point estimates of photosynthesis, transpiration and stomatal 

conductance are calculated for each successive pair of measurements in a page and 

the photosynthesis and conductance estimates are stored by the system. The 

built-in software calculates a linear regression against time to estimate the initial 

value of each measured and computed variable. The mean and range are also 

calculated. The LI-6000 estimates the initial internal C02 concentration, and 

transpiration rate using the regression intercepts. 

2.4 L1-6000 FORMULAE 

The software implemented on the LI-6000 was originally limited by available 

memory (J. Welles pers. comm.) and does not fully implement current formulae 

(e.g. those of von Caemmerer and Farquhar 1981). For this reason alternative 

formulae were developed for the Ll-6000 and implemented in a computer 

programme to provide a customized data analysis system for the LI-6000. The 

alternative formulae closely resemble those used in the LI-6000 except for major 

differences in the by-pass calculations. 

2.4.1 Photosynthesis. 

Photosynthetic rates are calculated from the change in the molar 

concentration of C02 in the system over the time period tj to tf using the ideal gas 

law. 

A= 

where:-

A 
P 
V 
R 

a 
tf 
tj 

[Cfl 
[Cjl 
Tf 

Tj 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

[ !9JL _ 
T· I 

assimilation rate 
atmospheric pressure 
system volume 
universal gas constant 
leaf area 
time at end of measurement 
time at start 
C02 concentration at end 
C02 concentration at start 
air temperature at end 
air temperature at start 

(eqn.2.1) 

(Il mol m-2 5-') 

(Pa) 
(m3) 

(J mol-1 K-1) 

rm2) 

(s) 
(5) 
(Il mol mol-1) 

(J1mol mol-1) 

(K) 

(K) 
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2.4.2 By-Pass Calculations. 

The instantaneous rate at which the concentration of a gas in a semi-closed 

system changes due to the action of a by-pass is a function of the system volume, 

by-pass flow rate and the concentration difference between the input and output of 

the by-pass. 

where;-

n = Rate of change 

F ::: By-pass flow rate 
Q = return vapour pressure 

q ::; Ambient vapour pressure 

T ::: Gas temperature 

using the ideal gas law, the function can be defined as; 

n ::; F(q-Q) 
RT 

(eqn. 2.2) 

(mol S-1) 

(m3 s-') 

(Pa) 

(Pal 
(K) 

(eqn. 2.3) 

In an ideal steady state system, the parameters of the function would remain 

constant over the period of measurement and the total change due to the by-pass 

is obtained by integrating equation 2.3 over the period tj to t f • This gives an 

equation equivalent to that used by Kuppers (1984). 

N ::; Jtf F(g-Q) 
RT 

tj 

(eqn. 2.4) 

where:-

N ::; total change due to by-pass (moles) 

In practice the conditions within the system will change over the 

measurement period. The Ct Iculation of transpiration is dependent on an accurate 

estimate of the effect of a by-pass in the system. If the environmental conditions 

change during the period of measurement, the value of N is obtained by integrating 

the general equation 2.2. 

(eqn. 2.5) 
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The solution of equation 2.5 requires a knowledge of the energy balance, and 

the nature of variation in F, Q, q, and T with time over the period t f to tj. The 

solution can be simplified if it is assumed that the derivative (dn/dt ) is constant. The 

use of this assumption requires that changes in F, Q, ql and T should be small 

during the measurement period. In practice this is met by using short measurement 

periods of between one and twenty seconds, and by attempting to maintain the 

chamber conditions relatively constant. Using this assumption, a simple by-pass 

equation can be obtained (eqn. 2.6). 

N = ~( nf + nj )( tf - tj ) (eqn. 2.6) 

where:-

Fj(qj-Qj) 
nj = 

RTj 

Ff(qf-Qf) 
nf = RTf 

qj '" vapour pressure at start (Pa) 

qf = vapour pressure at end (Pa) 
nj = amount removed at start (moles) 

nf = amount removed at end (moles) 

This equation simplifies to equation 2.4 if the environmental conditions are 

constant. The by-pass calculations built into the Ll-6000 have been derived from 

equation 2.3 but use different assumptions. The Ll-6000 formulae assume that the 

system is closed with no external input of water vapour, and that the vapour 

pressure decreases during the measurement due to the by-pass. By integrating 

equation (2.3) over the period (tj to tf) It is possible to predict the change in water 

vapour pressure (dq) due to the by-pass, if the vapour pressure (qj) at tj is known 

(equation 2.7), 

where 
b = (eqn. 2.7) 

dq = change due to by-pass (Pa) 

(L1-COR, 1985) 



2.4.3 Transpiration. 

Transpiration rates are calculated internally in the LI-6000 by adding dq 

(eqn 2.7) to the measured change of water vapour pressure during the measurement 

period (eqn. 2.8). If equation 2.6 is used to calculate the effect of the by-pass, the 

transpiration rate is then determined by equation 2.9. When there is no foliage in 

the chamber equations 2.8 and 2.9 are equivalent. Equation 2.8 will underestimate 

the amount of water removed by the by-pass when foliage is placed in the 

chamber. 

where:-

= Transpiration rate 

= 
v 
- * O

f qj l 
- - - . + N 
Tf T j • 

.-.J 
R 

where:-

N = by-pass effect (eqn. 2.6) 

EIIAlt) = Alternative transpiration calculation. 

(moles) 
(mor2 s-1) 

(eqn. 2.8) 

(eqn. 2.9) 

The magnitude of the difference between the alternative by-pass formulae 

and those used by LI-COR depends on the system volume (V), by-pass flow rate (F), 

the logging interval (tf - t j ) and the difference between the initial and final vapour 

pressures in the system (qf - qj)' A formula giving a rough estimate of the 

difference is given in equation 2.10 which also applies to stomatal conductance. 

Figure 2.1 shows actual percentage differences for selected examples calculated 

using equations 2.8 and 2.9. 
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Figure 2.1 Differences between By-pass calculations. 

The percentage difference between eqns. 2.8 and 2.9 with standard 
conditions of a one litre chamber, by-pass flow rate of 10 cm s-1, 
las logging interval and constant water vapour pressure. 

(a) Effect of system volume. 

(b) Effect of logging interval. 

(c) Effect of by-pass flow rate. 

(d) Effect of a change in vapour pressure (qf-qj) during the measurement 
period. 
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(eqn. 2.10) 

%Diff ~ 

Et(Alt) 

[(tf - til - V IF( 1 - e -b )] * 100 

where b is defined in eqn.2.7. 

2.4.4 Stomatal conductance. 

Stomatal conductance is calculated from the transpiration rate (eqn. 2.9) 

using standard formulae (von Caemmerer and Farquhar 1981). The formulae include 

a correction for the effect of mass flow of water vapour from the leaf (Jarman 

1974). Stomatal conductance is calculated by removing the effects of the boundary 

layer using the formulae derived by LI-COR (1985). The boundary layer conductance 

for N. menziesii and N. fusca was determined with twigs coated in plaster of Paris 

(Landsberg and Ludlow 1970). The value for N. menziesii was 1000 mmol m -2 s-1 

and for N. fusca1400 mmol m-2 s-1. 
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3. COMPUTATIONAL METHODS. 

3.1 INTRODUCTION. 

The LI-COR LI-6000 portable photosynthesis system was one of the first 

commercial, portable systems to use a microprocessor for system control and data 

storage. The system collects large volumes of data which are stored in internal 

memory until transfer to a host computer for analysis. A computerized system for 

data analysis is required because of the large amounts of data produced. 

Data are stored in the LI-6000 as a group of pages, each representing a 

series of up to ten point measurements on the same leaf or twig. The software 

built into the L1-6000 is designed to compute data after each page is measured and 

displays computed gas exchange parameters within 20 seconds. This allows the 

operator to monitor results for aberrant data and to take corrective steps. The 

major weakness of the LI-6000 software is that there is no method to analyze data 

after collection except by loading data back into the LI-6000. 

A set of programs were developed during this project to process data from 

the LI-6000 on IBM PC or compatible computers. The software:-

1. provides fast and accurate data transfer to a host computer. 

2. removes the need to load data back into the LI-6000 for data analysis. 

3. emulates and improvesthe gas exchange formulae built into of the LI-6000. 

4. provides a software interface to statistical and graphics programmes. 

5. computes multivariate models for gas exchange data. 

Hardware requirements. The programmes require an IBM PC, XT, AT or fully 

compatible with at least 256 Kbytes of memory and a standard asynchronous 

communications adapter (RS232). The programme will run with one diskette drive, 

but the use of two drives is advised. All programmes were written in Microsoft 

Pascal and assembler and feature full support for a 8087 or 80287 maths 

co-processor if fitted. 

Programme use. The progran.mes assume only a very basic lever of computer 

literacy and are easy to use for first time computer users. The programmes accept 

LI-6000 data files and limit command selections so that they are unlikely to fail. 

The programmes display menus of options on the screen which are selected using 

single key commands. 
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3.2 DATA TRANSFER. 

The software built into the LI-6000 transfers stored data to host computers 

either as text, or as a binary memory dump. The text format is used to output data 

to a printer, screen, or to a disk file for permanent storage. A computer programme 

to handle text output is easily implemented on most computers. The rate of 

transfer can be very slow taking up to 15 s per page if already computed and 30 s if 

not. A binary dump is rapid taking up to 6 s per page, and is more accurate since 

an error checking routine is used. Binary data has the additional advantage that it 

can be loaded back into the lI-6000 if required. The disadvantages of binary 

transfer is that the computer programme required to process binary data is more 

complex, and that the data requires conversion before information can be output to 

a screen or printer. 

The communications software that was developed during this project for 

IBM PC compatible computers transfers data from the lI-6000 to the host PC for 

storage and further analysis. Data is transferred at 4800 baud (480 characters per 

second) which is the maximum speed supported by the LI-6000. Transfer of binary 

data is supported with full error checking and the ability to re-Ioad data into the 

lI-6000. Using this software it is now pos~ible to transfer a copy of the full 
\ 

memory of a 32K LI-6000 to the PC in less tha'Q five minutes compared with up to 

thirty if text format is used. 

3.3 DATA COMPUTATION. 

Data stored on the PC can be analyzed without needing to be re-Ioaded into 

the lI-6000. Two programmes have been developed which both use special random 

access data files. The random access files are created from binary or textual data 

using a conversion programme. The programmes typically take less than two 

seconds to compute a page of data compared with fifteen on the LI-6000. 

The software uses formulae derived in chapter 2 which are similar to those 

used in the LI-6000. Molar units are used Internally, (Cowan 1977) but the software 

will convert to mass units if required. The alternative by-pass calculation is used 

by default, with an option to use LI-COR's if required. The software stores an 

estimate of the initial leaf-air vapour pressure deficit (VPD) in the page header, and 

calcula\ions of the Internal CO2 concentration have been corrected for mass flow 

effects (Jarman 1974) according to the formulae of von Caemmerer and Farquhar 

(1981). 

A batch programme Is used to compute all the pages in a file after setting 

user selected parameters at appropriate values. This programme is useful when 

processing the data for the first time. It can for example be used to set the correct 

leaf areas for each page in the file using a list of leaf areas entered by the user. 

The leaf area option is the one most frequently used since areas are usually 
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measured after the gas exchange measurements have been completed. Using the 

batch programme to compute a file of 100 pages typically takes less than 5 minutes 

compared with a similar exercise on the LI-6000 taking an hour. 

The full screen editor is useful for making changes to selected pages of data 

in a file. This programme is useful in two situations. The first is for conducting 

'what if' analyses. The editor can be used to determine the effect of changing a 

parameter by altering its value and then re-computing the page. The second is to 

remove data from a file. Occasionally the LI-6000 will record erroneous data if for 

example the CO2 analyzer is bumped, or a cloud covers the sun during a 

measurement. The gas exchange parameters calculated from such data will be 

biased and should. not be used. The editor is used to remove such data from a 

page and or make the page unavailable to the data analysis programmes. 

The LI-6000 computes summary statistics for each page of data. The page is 

split into three logical areas. The header stores information such as the leaf area 

and atmospheric pressure which apply to the page as a whole. In the observation 

area measured data such as leaf temperature or ambient CO2 concentration are 

stored with the computed estimates of the stomatal conductance and 

photosynthetic rate. The summary area stores the mean, standard error and range of 

each measured and computed variable. The L1-6000 computes a regression line for 

each measured and computed variable against an independent variable of time. The 

regression line is used to calculate an initial value (Y intercept) and standard error 

which are stored with the other summary statistics. 

The use of an initial value of a variable assumes that changes occur in a 

linear fashion with time. Tests with the system (Fig. 3.1) have shown that this 

assumption is not always true. The use of the initial value instead of the mean 

when the slope of the regression is not significant increases the experimental error. 

The software developed during this project calculates an F test on the slope of the 

regression equation, and stores the value of F with the observations. In this study 

the mean was used as the estimate of all computed variables except internal CO2 

concentratio n. 
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L/-COR LI-6000 portable photosynthesis system. 
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Estimates of the rates of photosynthesis (A), transpiration (Et) and 
stomatal conductance (g8) were calculated using the computer 
programme described in this chapter. The solid line represents the 
regression equation for each computed variable against time. The 
slope of the regression equations were not significantly different from 
zero as determined by analysis of variance. The intercept of the 
regression lines with the dependent axis represents the 'initial value' 
as calculated by the L1-6000. The dashed lines pass through the mean 
of each computed variable. 
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3.4 DATA ANALYSIS. 

3.4.1 Introduction. 

A major problem with porometry is the development of appropriate methods 

for the analysis of field data. Data from field studies are characterized by several 

environmental factors varying continuously during the day (Fig. 3.2). In order to 

determine the photosynthetic or stomatal responses to environmental parameters, 

these responses must be separated from the measurement error term. Another 

problem with field data is that two or more factors may interact in such a way that 

obscures the response to one factor on its own. An example of this can often be 

observed when determining stomatal response to light. If the assimilation data in 

Fig. 3.2 are plotted against an independent axis of light little or no response is 

observed (Fig. 3.3). The reason for the apparent lack of light response is that as 

light intensity varies during the day VPo changes in a similar manner. The increase 

of photosynthetic rate in response to increasing light intensity combined with 

stomatal closure due to increasing VPO and the resulting response appears flat. 

The response of plants to environmental factors can be shown in a simple 

model. If the plant responds to N different environmental variables (V",Vn) and it is 

assumed that there are no interaction terms, then the response (0) is a function :-

( where e is the experimental error) 

There are a number of analytical methods which have been used to 

determine the response of plants to environmental parameters using porometry 

data. The methods can be divided into two general types. Grouping methods 

reduce variation by splitting the data into a series of smaller groups based upon 

narrow ranges of one or more environmental factors. Modelling methods use 

regression techniques to fit multi-dimensional models to the data set. 

3.4.2 Grouping methods. 

These methods split a large data set into a series of smaller groups each 

based upon a narrow range of one or more environmental parameters. Hutmacher 

and Krieg (1983) used this method to analyze the relationship between stomatal 

conductance and assimilation in cotton. They split the data into several temperature 

ranges and fitted separate quadratic functions to the data in each group. Benecke 

and Havranek (1980a) analyzed the photosynthetic and stomatal response to 

temperature of trees growing at timberline over several ranges of VPo. They used 

an additional constraint that light was above saturation point. 
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Figure 3.2 Daily time course of environmental parameters and leaf gas exchange 
for N. fusca saplings growing at the FRI Rangiora Nursery on the 17th. 
of January 1985. 

Gas exchange measurements were obtained using the LI-COR '-1-6000 
portable photosynthesis system as detailed in chapter 5. 

(a) Photosynthetically active photon flux density density (PPFD, solid line) 
and leaf-air vapour pressure deficit (VPD, dashed line). 

(b) Photosynthetic rate (A, solid line) and stomatal conductance (gs, 
dashed line). 
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The data were collected from N. fuses saplings as for Fig. 3.2 and 
include data collected on the 16th. of Janual)! 1985. 
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Hellkvist et al. (1980) used a further development of this procedure to 

produce isometric histograms by sorting porometry data into groups based upon 

two environmental parameters. The mean of each group was used to represent the 

response. This method was used to analyze photosynthetic data obtained at 

Rangiora with N. fusca (Fig. 3.4). The analysis was effective in reducing variation 

within groups giving a coefficient of variation of less than 5% in most groups. 

The problem with a two-factor sorting routine is that there is no quantitative way to 

determine factor responses or to compare results between species or seasons. 

Grouping methods require a large database before they can be used effectively. It 

is often difficult to obtain enough data without including seasonal or ontogenetic 

variation. Another problem with these methods is that it is difficult to obtain 

representative estimates of plant response to selected environmental factors. If a 

one-factor sort is used a separate regression analysis is required for each response. 

This for example would produce a regression equation for the response of stomatal 

conductance to VPD in four light regimes and for the light response at four ranges 

of VPD. If a two-factor sort is used quantitative comparisons cannot be made. 

Sorting methods are a useful first approach to understanding plant response from 

porometry data. They are not suitable for use as a quantitative method of 

comparing plant responses in complex environments. 

Boundary line analysis (Webb 1972) has been used in the past in several 

studies (e.g. Pezeshki and Hinckley 1982) to estimate the probable maximum 

response to an environmental factor assuming that all others are non-limiting. This 

technique can be considered as a development of a sorting technique. To model a 

photosynthetic light response the data are sorted into narrow ranges from which 

the maximum values are selected, with an additional constraint that as light 

intensity increases the photosynthetic rate must increase. Non-linear regression 

techniques are then used to fit an appropriate model to the selected data. The 

boundary line analysis can be criticized because it tends to use outliers from the 

data and is thus statistically biased. The use of this technique has declined in 

recent years with most studies now tending to use more complex multi-factor 

models. 
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3.4.3 Modelling methods. 

The applications of mathematical models in plant physiology was reviewed by 

Thornley (1976). A model can be used to simplify a complex system but should 

include the essential characteristics of the real system. The use of a mathematical 

model to analyze stomatal response to the environment was described by Jarvis 

(1976). His model analyzed stomatal response in relation to the multiplicative sum 

of the effects of light, VPD, temperature, leaf water potential and ambient C02 

concentration. A similar model for photosynthesis was described by Reed et al. 

(1976) Both models contain a separate sub-model for each environmental 

parameter. These models were used as analytical tools to compare plant response 

to the environment and are thus descriptive or empirical. Mechanistic models for 

leaf gas exchange are based upon actual biochemical and physical processes. 

Mechanistic models for photosynthesis and stomatal conductance have been 

described by Farquhar and von Caemmerer (1982) and Farquhar and Wong (1984). 

The appropriate model for use in any study Is determined by the aims of the 

study and by the nature and limitations of the data. The use of multifactor models 

requires complex regression techniques. Jarvis (1976) discussed the use of 

non-linear least squares regression in modelling plant response. He stated that to 

obtain unbiased regression coefficients the data should be uniformly distributed 

throughout the variable space. This objective is only achieved with climatized 

systems. Porometer systems operating under ambient conditions do not produce 

uniformly distributed data and are therefore not ideally suited to multiple regression 

analysis. These techniques can only be applied to such data with the understanding 

that the parameter estimates will be biased. The errors associated with fitting a 

model to a biased data set means that it is only appropriate to use relatively simple 

descriptive models with ambient porometry data. 

A number of recent porometry studies have utilized regression techniques to 

describe a complex data set. The studies by Warrit et al. (1980) and Thorpe et al. 

(1980) used a simple model relating stomatal conductance of apple leaves to light 

intensity and VPD. Meinzer (1982) used a similar model to analyze the water use 

efficiency of Pseudotsuga menziesii leaves. Kaufmann (1982a) related the stomatal 

conductance of four tree species to light intensity and VPD using a complex 

descriptive model. Kaufmann restricted the data to remove any collected during 

periods of high light variability or low VPD. The low VPD data were removed 

because of the possibility of dew formation in the system. 

The descriptive models used in the above studies had sub-models for the 

separate effects of light and VPD. Thornley (1976) listed several commonly used 

descriptive models for the light response of photosynthesis. The two which have 

been most frequently used are the rectangular hyperbola (eqn. 3.1) and an 

exponential equation (eqn. 3.2). 
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A :: (eqn. 3.1) 
(B + Q) 

,Where A is the assimilation rate, Amax is the asymptotic value of A as Q approaches 

infinity, Q is the light intensity and B is a constant representing the light intensity at 

which A = '/2 Amax 

A = -co Amax{ 1 - e ) (eqn. 3.2) 

Where C is a constant representing degree of curvature. 

These two equations are simplistic and can be criticized on several grounds. 

Neither curve includes an estimate of the light compensation point or allows for 

temperature effects. The initial curvature of a rectangular hyperbola is steeper than 

the exponential and gives a better fit in the low light region for many species. The 

exponential reaches saturation at lower light intensities than the hyperbola and 

tends to give more realistic estimates of Amax' These same models can be used to 

analyze stomatal response to light. The analysiS produces an estimate of the 

maximum stomatal conductance gmax' 

The responses of stomatal conductance and assimilation to VPD have been 

modelled using two simple formulae. Both models assume a reduction in g or A as 

VPD increases. The models assume that there is no synergistic effect between light 

and VPD. The light model is multiplied by the VPD model to give the net 

assimilation rate. A linear reduction with increasing VPD (eqn. 3.3) was assumed by 

Jarvis (1976) and Thorpe et a/. (1980). 

A = (eqn 3.3) 

. Where Ao is the rate of assimilation at zero VPD, V is the VPD, and DA is the relative 

sensitivity to VPD. Meinzer (1982) and Kuppers and Schulze (1985) used a negative 

exponential model (eqn. 3.4). 

A = A -EV o e 

Where E is an estimate of stomatal sensitivity. 

(eqn. 3.4) 

Gas exchange systems cannot measure transpiration or stomatal conductance 

at low VPD due to the problem of water vapour condensation on surfaces. This 
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limitation has been recognized by Benecke and Evans (1986) who allowed for the 

uncertainty at low VPD by calculating an Y intercept at 4 mPa Pa -1 VPD rather than 

o VPD. Meinzer (1982) used an offset of 5 mPa Pa-1 is his model of water use 

efficiency. 

3.4.4 Residual Analysis. 

When a model has been selected for a study the ability of the model to 

describe the variation in the data must be determined. The coefficient of 

determination (R2) represents the amount of variation explained by the regression 

equation. A good model should explain a high proportIon of the variability but a 

high R2 value should not be the sole criterion for selection. Jarvis (1976) used a 

plot of the regression residuals against selected environmental parameters to 

examine the fit of his model. An appropriate model with non-biased data should 

give randomly distributed residuals. Kaufmann (1982b) used a plot of residuals to 

examine the effects of a temperature parameter not included in his model. The 

residuals were not randomly distributed showing that his first model was not 

appropriate. Reed et al. (1976) used a plot of residual against the measured value of 

the dependent axis to show the relationship between actual and predicted values in 

their photosynthesis model. 

3.5 MODEL USED IN THIS STUDY. 

The aims of the field gas exchange measurements in this study were to 

obtain estimates of the maximum rates of photosynthesis and stomatal 

conductance, as well as the sensitivity of stomata to VPD. A model (eqns. 3.5 & 3.6) 

is used to describe photosynthesis and stomatal conductance in terms of light and 

VPD. The light response is described by eqn. 3.2 and the VPD response by eqn. 3.3. 

The exponential form of the light response curve was selected because this formula 

gives a more realistic estimate of Amax and gmax' The VPD term is based on a 

linear decrease in A or g as VPD increases. The maximum rates were defined at a 

VPD of 5 mPa Pa-1. 

A :: 

g = 

Amax{ 1 - e -ca ) [1 - D A(V-5)] 

gmax{ 1 - e-ca ) [1 - Dg{V-5)} 

(eqn. 3.5) 

(eqn. 3.6) 

These two models have been applied to porometry data collected under 

ambient conditions in the field. The models were fitted using a non-linear least 

squares regression procedure based upon the programme described by Conway 

et al. (1970). Observations with low VPD (less than 5 mPa Pa-1) were removed 

before analysis since these data often included dew effects. Variable light data 

were also removed before data were used with the models. 
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(b) Related to leaf-air vapour pressure deficit (VPD). 
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Figure 3.5 shows a typical response surface obtained using equation 3.5 to 

model the effects of light and VPD on the assimilation rate of N. fusca saplings. 

The distribution of data is not ideal with light intensity being positively correlated 

with VPD (Fig. 3.6). The plot of residuals against light and VPD{Fig 3.7) show a 

relatively good fit of model to the data as does the plot of predicted against 

measured photosynthetic rate (Fig 3.8). The model for stomatal response to light 

and VPD (eqn. 3.6) gave similar results when applied to the stomatal conductance 

data. The models also gave a good fit with data collected from N. menziesii 

saplings. In chapter 7 data were collected under light saturated conditions and the 

equations were modified by removing the light sub-model. 

In conclusion the equations proposed to model stomatal and photosynthetic 

response to VPD and light (eqns. 3.5 & 3.6) give a good fit with field data even 

though the distribution of the data is not ideal. The high coefficient of 

determination and satisfactory distribution of residuals means that the models can 

be used to describe variation in field data. The non-linear least squares procedure 

used to fit the model estimates the value and standard error of each parameter. 

These estimates can be used to compare between speCies and to investigate 

seasonal effects, but comparisons should be conservative with the knowledge that 

estimates will be biased due to the distribution of the data. 
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4. THE STUDY SITES. 

4.1 GENERAL. 

Two locations in the South Island of New Zealand were used for the field 

work in this study (Fig. 4.1). The Forest Research Institute nursery at Rangiora on 

the east coast, and the Station Creek experimental area 16 km north of Springs 

Junction, west of the main alpine divide (Fig. 4.2). The field work was conducted 

over two growing seasons between September 1984 and August 1986. 

4.1.1 Rangiora. 

The Forest Research Institute nursery at Rangiora, 23km north of Christchurch 

. is the site of a Nothofagus provenance trial (Wilcox and Ledgard 1983) and was 

used to obtain reference gas exchange data in this study (Chapter 6). Mean air 

temperature (Fig. 4.3a) is highest in January (16.4°C) and lowest during July (5.6°C). 

Mean annual rainfall is 697mm (Table 4.1) which is relatively evenly distributed 

throughout the year (Fig. 4.3b), but drought conditions may occur during summer. 

The soil type at Rangiora classified as Wakanui (Yellow-grey earth of terrace land, 

dry-dry hygrous, New Zealand Soil Bureau (1968) ). 

4.1.2 Station Creek. 

The Station Creek region is in an area zoned for Nothofagus management on 

the east bank of the Maruia River 16 km north of Springs Junction (Fig. 4.2) just 

west of the main alpine divide (Map reference NZMS S39 675180). The study sites 

are on a flat river terrace aqjacent to Coal Creek at an altitude of 400 m and on an 

Ahaura soil (Yellow-brown earth of terrace land, hygrous, New Zealand Soil Bureau 

(1968». The forest on the valley floor is dominated by large N. fusea with 

scattered smaller N. menziesii. At higher altitudes and on mid and upper slopes 

N. menziesii becomes dominant with scattered N. fusea and Podocarp species. 

Approximately half of the area was logged during trials since the early 1970's. Two 

sites were selected, an open site in the middle of a logged area, and an area of 

natural forest 250m to the west which included a recent small canopy gap. The 

sites were selected so that environmental parameters could be compared between 

the sub-canopy environment, and an exposed open area. The sites were also used 

for gas exchange studies with N. fusea and N. menziesii seedlings between 

December 1984 and May 1986. The canopy gap was created when two large 

N. menziesii trees fell over during early 1984 and had a projected area of 67m2• The 

understorey of Coprosma foetidissima and Nothofagus saplings was removed 

beneath the canopy gap to increase the amount of light reaching the ground and 

any suppressed Nothofagus seedlings. 
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There are no permanent meteorological records for Station Creek, the closest 

permanent site being Springs Junction. Mean total rainfall at Springs Junction is 

2170 mm (Table 4.1) and rainfall is unevenly distributed throughout the year 

(Fig. 4.3b) with a dryer period during summer and early autumn (December to 

March). 

Rangiora Springs Junction 

Latitude 43° 19'5 42° 20'S 
Longitude 1720 34'E 172° 11'E 

Map Reference S76 951832 S46 614020 
(NZMS series 1) 

Period for long term 
measurements 1965-80 1977-80 

Rainfall 
Mean 697mm 2170mm 
July 1984-June 1985 495mm 2374mm 
July 1985-June 1986 811mm 2172mm 

Air temperature 
Mean 11.3°C 9.5°C 
July 1984-June 1985 12.0oC 10.1°C 
July 1985-June 1986 11.8°C Incomplete record 

Distance to study site Aqjacent 16km to north. 

Table 4.1 Summary of long term climate data for Springs Junction and Rangiora. 

Data were collated from summaries published by the New Zealand 
Meteorological service (New Zealand Meteorological Service 1983, 
1984-6). The data from Springs Junction were used since there are 
no permanent records for the Station Creek area. 



Figure 4.1 

.Springs Junction 

Map of the South Island, New Zealand. 

The map shows the general location of the field site~ used in the 
study. The Station Creek experimental area is 16km north of Springs 
Junction. 
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Figure 4.2 

••• o km 

Map of the upper Maruia Valley. 

The main study area at Station Creek is marked (arrow). Permanent 
climate data were obtained from the meteorological station sited at 
Springs Junction. 
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4.2 CLIMATE. 

Meteorological records from permanent stations at Rangiora and Springs 

Junction have been used to describe the regional climate during the period from 

July 1984 to July 1986. Air temperatures at the two sites were warmer than 

average during both growing seasons (Table 4.1, Fig. 4.4). There were only four 

months with below average temperatures at Rangiora and six at Springs Junction. 

Rainfall at Rangiora during the 1984-85 growing season was 29% less than average 

and 16% higher during the 1985-6 season (Table 4.1). During the period between 

July 1984 and November 1985 monthly rainfall values were mostly lower than 

average. This dry period was followed by a relatively moist summer. Annual rainfall 

at Springs Junction was similar to the long term mean for both seasons (Table 4.1). 

During the 1984-85 season the period between October and January (spring to 

summer) was wetter than usual and followed by a particularly dry period (Fig 4.5b). 

Rainfall during May 1985 was 80% lower than normal. 

4.3 ENVIRONMENTAL DATA (STATION CREEK). 

4.3.1 Methods. 

At Station Creek in both the sub-canopy and open sites air and soil 

temperature, relative humidity and light intenSity were recorded continuously 

between April 1985 and August 1986. Rainfall and grass temperature were recorded 

only on the open logged site. 

Temperature. The air temperature at both sites was measured 1 m above the 

ground with a shielded temperature probe. Temperature was recorded at ground 

level by a thermohygrograph sited in a Stevenson screen. The soil temperature at a 

depth of 2 em was recorded under the fully closed canopy in the center of the 

canopy gap and on the open site. An additional temperature probe was placed in a 

clump of grass on the logged site to give an unshielded temperature reading. Mean 

daily temperatures were calculated from the daily minimum and maximum as 

transcribed from monthly charts. 

Relative Humidity. The relative humidity (RH) of the air at ground level was 

recorded under the canopy gap and on the open site by Belfort thermohygrographs. 

The daily minimum RH and maximum temperature at ground levt~1 were used to 

calculate the daily maximum atmospheric water vapour pressure deficit (VPD) as 

defined in equation 4.1. 

where:-

(eqn. 4.1) 

ea is the saturation vapour pressure of water at the ambient air 
temperature. Millibar units were used so that the values were of the 
same magnitude as estimates of leaf-air vapour pressure deficit 
obtained in the gas exchange met.~urements. (1 mbar ~ 1 mPa Pa-') 
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Rainfall. Rainfall was recorded continuously by a Belfort high-capacity recording 

rain gauge. Daily rainfall measurements were transcribed from monthly charts. 

Light. Total daily photosynthetic photon flux density (PPFD) was recorded on the 

open logged site by a L\-COR LI-510 integrating light meter. 

Light flux under the canopy was recorded at monthly intervals between April 

1985 and April 1986, using chemical light meters as described by Young and 

Whitehead (1981) and Turton (1982). The chemical light meter utilizes the bleaching 

response of ammonium diazo paper when exposed to light. A three cm 2 booklet 

containing 15 layers of ammonium diazo paper were placed in a light proof petrie. 

dish under a two cm diameter shutter. The light meters were exposed by removing 

the self-adhesive shutter. The paper was developed by suspension for fifteen 

minutes over a concentrated ammonia solution. Fully exposed paper is white or 

grey with unexposed paper purple. The sensitivity of the method was improved by 

using a reflectometer to measure partially exposed pages (Turton 1982). The 

number of exposed pages in each light meter is proportional to the logarithm of the 

total received light flux. The chemical light meters were calibrated for PPFD by 

placing twelve chemical light sensors next to the integrating light meter on the 

open site for periods ranging between two and six days. A linear regression 

equation was used to relate the number of exposed pages in each booklet to the 

logarithm of total PPFD. Separate calibrations were conducted each month, with the 

regression equation used to estimate PPFD values for sensors under the canopy. 

The chemical light meters were placed on wooden platforms one meter 

above the ground on three transects across the canopy gap. Each transect started 

under closed canopy, passed across the canopy gap to finish under closed canopy. 

One transect was placed in a north/south direction with the other two running 

east/west. Platforms were placed at five meter intervals along each transect with 

two light meters per platform. The positions of the light meters are shown in 

figure 4.11. 

4.3.2 Results 

Air temperature. Mean air temperatures were similar throughout the year for the 

probes sited under the canopy gap and on the open logged site (Fig. 4.6a). The 

highest temperatures occurred in January with a monthly mean of 18.6°C on the 

open site and 17.4°C under the canopy gap. Minimum mean temperatures occurred 

during July 1986. On the open site the mean temperature was 2.3°C and under the 

canopy gap 2.5°C. 

During most of the year the air temperature above grass (unshielded at 

ground level) was higher than the shielded measurements made at a height of 1 m. 

January 1986 had the highest monthly mean temperature of 23.3°C and July 1986 

the lowest of 3.8°C. 
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Mean daily air temperature variation (Fig. 4.6b) was lowest during winter and 

was lower beneath the canopy gap than on the open site throughout the year. The 

greatest temperature variation was observed above grass on the open site during 

summer. The air temperature variation at 1 m above the ground on the open site 

was intermediate to that of the grass temperature on the open site and the air 

temperature beneath the canopy gap. 

Soil Temperature. The soil temperature at 2cm depth (Fig 4.7a) was highest on the 

open site during January 1986, with a mean value for the month of 20.3°C. The 

mean during January under the canopy gap was 15.4°C and 15.9°C under closed 

canopy. Minimum mean soil temperatures occurred during July 1986 with values of 

2.7°C on the open site, 3.6°C under closed canopy and 2.2°C under the canopy gap. 

Mean daily soil temperature variation (Fig. 4.7b) was lowest under closed canopy 

and highest on the open site. Differences between sites were largest during spring 

and autumn. 

Humidity. Mean daily maximum atmospheric vapour pressure deficit (VPD) at ground 

level (Fig. 4.8) was higher on the open site than under the canopy gap for all 

months of the year. Air under the canopy gap was saturated with water vapour 

most of the period from April through to July 1986. On the open site, minimum 

VPD values of 2.5 mbar were measured in May and June 1986. Maximum mean 

values of 13.4 mbar on the open site and 6.1 mbar under the canopy gap were 

measured during November 1985. 

Rainfall. Rainfall at Station Creek was slightly lower than at Springs Junction during 

fourteellf out of Sixteen months (Fig. 4.9). Total rainfall at Station Creek between July 

1985 and June 1986 was 1849 mm compared with 2172 mm measured at Springs 

Junction for the same period. 
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Shielded temperature probes were placed 1 m above the ground in the 
centre of the canopy gap and open site. An unshielded probe was 
placed at ground level above grass on the open site. 

(a) Monthly mean of daily minimum and maximum temperature 

(b) Monthly mean daily temperature variation. 



48 

25 

(a) 

20 .... + ........ 
".-' ........ 'tr 

,ofo "" , " , , , , 
-+. ~en Site 

, , 
15 ~' ~" , " * Canopy Sap , ", 

/ ~ , " , , , " , " 
10 ~ " , ~ ~ 

;;" '. ~, 

.*. Closed 
canopy 

5 

4 

3 

2 

1 

~ . , , .. , , . .. " , . . .. , 
5 

" . 

O+---~-+--~--+---~-+--~--+---r-~---r~ 
~ Sept Nov ~ May ~ 

r ......... ~ 
I , 

I , 
I , 

/ \', ...... ----~ 
" \t-........... \ , \ , \ 

I \ 
I \ 

* \ , , 
,/ ;., 

I " 
I " I.!.L \, 

I "",. • " " . **. ~ ...... I .*.. .. ...... 
" .+f .*.... * .. ~. *. ", / *.... '" 

Sept Nov Jan 
1986 

Mal" May 

, 

(b) 

'"", 

" , 
" 

July 
1986 
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Temperature probes were buried at 2cm depth under closed canopy, 
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(a) Monthly mean of daily minimum and maximum temperature 

(b) Monthly mean daily temperature variation. 
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Data for Springs Junction wer\:. obtained from summaries published by 
the New Zealand Meteorological service (New Zealand Meteorological 
Service 1983, 1984-6). Data for Station Creek were obtained from a 
high capacity weighing rain gauge situated in the middle of a logged 
area. 
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light. Daily total PPFD on the open site varied between seasons and from day to 

day depending on weather conditions (Fig. 4.10). The maximum daily PPFD value of 

89.3 moles m-2 s-l was measured during January 1986. The lowest light values 

were measured during June and July, but even during summer daily totals could 

approach those of the winter months when dense cloud and heavy rain obscured 

the sun. 

The positions of the chemical light meters are shown relative to the edge of 

the canopy gap in figure 4.11. The mean height of the canopy edge was 30m. 

Several chemical light meters were destroyed during the study by either excessive 

moisture or by animals. Figure 4.12 shows spatial and seasonal distribution of light 

under the canopy gap as a percentage of total PPFD measured on the open site by 

the light integrator. Figure 4.12a shows the mean light intensity in the center of th€: 

canopy gap over the 13 months of measurement. Figure 4.12b shows the spatial 

distribution along the north/south transect during winter and summer. Winter 

measurements were the mean of June, July and August: and summer were the mean 

of December, January and February. light intensities measured under the center of 

the canopy gap were five times higher than under closed canopy during summer but 

only two times higher during winter. 
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Figure 4.11 Map of the canopy gap. 

Light meters were placed at 5m intervals along one north/south 
transect (N l..N 11) and two east/west transects (E LES, E 11..E 18). The 
dashed line represents a projection of the canopy edge. The average 
height of the canopy was 30m. The circles represent the trunk 
diameter of the main canopy trees at a height of 1.Sm (N. menziesii m, 
N. fusca f). The position of the air temperature probe is labelled AIR, 
and the two soil probes CLD (Closed canopy) and GAP (Canopy gap). 
The position of the thermohygrograph is marked HUM. 
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Figure 4.12 Relative light intensity beneath the canopy gap, 

Total lig ht flux was measured at a height of 1 m above the ground, 
over a six day period using chemical light meters. Relative light 
intensity was calculated as the percentage of total PPFD measured on 
the open logged site by the L1-COR light integrator (Fig 4.9). Vertical 
lines represent ± 1 S.e, 

(a) Seasonal variation in relative light intensity under the centre of the 
canopy gap. Data are the monthly mean of measurements made at 
positions N5 and N6 on the north transect (Fig 4.11). 

(b) Spatial variation along the north transect. Data are the mean of of 
measurements obtained from December to February for summer and 
June to August for winter. The dashed lines represent the position of 
tnQ I"'.:Innn\l "",inQ 
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4.4 DISCUSSION. 

4.4.1 Methods. 

The amount of environmental information that could be obtained during the 

period of this study was limited by the availability of equipment and it's reliability. 

Nearly all of the equipment was affected by short-term failures usually due to 

clocks stopping or battery failure. A data logger would have allowed more detailed 

measurements and would have been more reliable. The measurement of relative 

humidity with a data logger under the canopy would however be difficult due to the 

prolonged conditions of high humidity which can damage capacitance type humidity 

sensors. The calculations of maximum daily VPD for both sites assumed that the 

highest temperature occurred at the same time as the lowest daily relative humidity 

measurement. The assumption is reasonable since temperature is the principle 

factor controlling VPD, but the estimate gives no information on the nature of daily 

variation. 

The chemical light meters produced adequate results but tended to be 

damaged during periods of heavy rain which occur frequently in the Maruia Valley. 

The advantages of this method are that adequate replication can be obtained and 

that the method is inexpensive. A major disadvantage of the method is that it is 

difficult to obtain continuous records for remote sites because the method is labour 

intensive and requires continuous supervision. Another problem is that the 

measurements are integrated over the entire six day period, with no information on 

the variation during that time. The high cost of quantum sensors has made 

replication a problem in previous studies which utilized data loggers to characterize 

the sub-canopy light environment. A cheap photodiode is now available which has 

a response approximating that of a quantum sensor (Gutschick et a/. 1985) and will 

make such studies feasible in the future. The use of data loggers in future studies 

could enable measurement of duration and intensity of individual sun-flecks. 

4.4.2 Comparison between the Rangiora and Springs Junction regions. 

Rangiora is well outside the natural range in which either N. menziesii or 

N. fusea are found to grow. Rainfall is consi1erably lower than in areas normally 

associated with either species. The Nothofagus saplings at Ranglora were growing 

under an artificial management regime and were irrigated at intervals throughout the 

season. 

The Maruia valley is in a region of moderately high rainfall. The rainfall at 

Station Creek was lower than that measured at Springs Junction during the periods 

of the study. This observation is consistent with Station Creek being on the east 

side of the valley which tends to be drier than the west where Springs Junction is 

In('~tArl R~infall also tends to decrease from south to north down the valley. The 
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open logged area at Station Creek, whilst' having been created by artificiat 

disturbance is quite similar to areas that occur after a large windfall. The closed 

canopy and canopy gap environments were sited under natural forest and had 

experienced minimal artificial disturbance. These two sites used in the study can be 

considered to represent typical sub-canopy environments in the Station Creek area. 

4.4.3 Comparison of sub-canopy and open environments. 

The environment under the forest canopy was very different from that where 

the forest had been removed. Light flux under closed canopy was 5% of that 

measured on the open site. Beneath the canopy gap, light flux was 10% of the 

open si~e during winter and 25% during summer. The seasonal differences are 

mainly due to changes in the sun's attitude relative to the edge of the canopy gap. 

During summer the sun's position results in a higher direct radiative flux than in 

winter. The lower attitude of the sun and generally cloudy conditions in winter 

resulted in a higher diffuse component of the total light flux. Turton (1982) found 

relative light intensities of between 1 and 5 % under a closed canopy of N solandri 

var. solandri and (McCracken! pers comm.) found values of between 5 and 10 % 
\ 

under a canopy of N. truncata. PPFD measured under closed canopy at Station 

Creek in the current study was 5% of the flux measured on the open site. 

The general trends in PPFD from closed canopy through to canopy gap and 

open site can be used to make qualitative inferences about energy flux in the forest. 

The presence of forest modifies the energy flux of a site. Total flux on an open site 

depends on the season and weather patterns. On the forest floor, under either 

closed canopy or a canopy gap, flux will depend on the density of foliage in the 

path of the radiation. The flux under a canopy gap will be intermediate to that on 

an open site or under fully closed canopy. The difference between closed canopy 

and a canopy gap is determined by the size of the gap, and the height of the edge 

of the canopy. Small gaps will have energy fluxes similar to closed canopy whilst 

larger gaps will be similar to an open site. The differences in energy flux between 

sites will be important for plant growth through effects on temperature, water 

relations and photosynthesis. 

Mean air temperatures on the open site and under the canopy gap were 

similar for most of th, \ year. During summer mean temperature was slightly higher 

on the open site. Mean daily temperature Variation was considerably higher on the 

open site than under the canopy gap throughout the year. Variation was greatest 

during summer with a marked decrease in December 1985 (Fig. 4.6b) correlating 

with the wet cloudy conditions during that month. The variation is more easily 

explained by the energy flux at each site. The open site had higher energy flux and 

therefore a greater daily variation in energy and hence temperature. The unshielded 

temperature probe placed above grass on the open site measured both higher mean 

temperatures and daily variation. This result is typical of surface temperature 
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measurements demonstrating the extremes of temperature which may occur at the 

ground surface. During summer on occasions temperatures of up to 45°C were 

recorded and grass frosts of -12°C were recorded during winter. 

Soil temperature is often considered to be a useful integrator of temperature 

for a site. Mean soil temperatures under both closed canopy and canopy gap were 

similar for most of the year. Mean daily temperature variation was higher under the 

canopy gap due to the greater energy flux. Soil temperature variation like the air 

temperature showed a decrease during December 1985 due to the weather 

conditions. Soil temperature on the open site was higher than under the canopy for 

most of the year. Temperature variation was highest on the open site reflecting the 

energy flux of the site. 

Atmospheric water vapour pressure deficit (VPD) is determined by 

temperature and relative humidity. The higher temperatures observed on the open 

site resulted in higher VPD measurements throughout the year. Under the canopy 

gap the lower temperatures resulted in lower VPD values. Under the canopy gap 

and closed canopy transpiration by the trees and understorey is important in 

maintaining a high relative humidity. The low wind conditions under the canopy 

reduce air mixing which also maintains high humidity. The reduced energy flux 

under closed canopy and canopy gap lowers the evaporative water loss compared 

to the open site. On the open site during summer the dry conditions and high 

surface temperatures combined to dry the upper layers of the soil. 
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5. RANGIORA GAS EXCHANGE MEASUREMENTS. 

5.1 INTRODUCTION. 

The Rangiora nursery of the Forest Research Institute was the site of a 

Nothofsgus provenance trial which was planted out in 1980 (Wilcox and Ledgard 

1983). At the start of the current study the saplings were 4 years old and many 

were in excess of two meters tall. The trial presented an excellent opportunity to 

obtain reference data needed to compare the rates of gas exchange of the sun 

foliage of rapidly growing N. fuses and N. menziesii saplings. There were four 

objectives for the gas exchange measurements at Rangiora. 

1. To obtain estimates of the maximum photosynthetic rates and stomatal 

conductance of N. fuses and N. menziesii for comparison with that of other 

Nothofsgus species previously published. 

2. To compare the gas exchange characteristics of N. fuses and N. menziesii 

growing in the open at Rangiora and Station Creek (Chapter 6) and to relate 

any differences to the environmental characteristics as described in 

chapter 4. 

3. To obtain estimates of stomatal and photosynthetic sensitivity to VPD for sun 

foliage of N. fuses and N. menziesii for comparison with sun and shade 

foliage growing at Station Creek (Chapters 6 and 7). 

4. To investigate the nature of seasonal variation in gas exchange parameters . 

. 5.2 METHODS. 

5.2.1 The Provenance trial. 

The provenance trial at Rangiora was described by Wilcox and Ledgard 

(1983). The seed was collected by New Zealand Forest Service employees during 

1979 between late February and early May. The seed was stratified for eight weeks 

under moist conditions at 4°C and sown into seed boxes in October 1979. In 

January 1980 the seedlings were lined out into replicated experimental plots in a 

randomized block design. Initially between 10 and 25 seedlings were planted per 

provenance in each of five blocks. The number of individuals which survived from 

the initial planting in the nursery was reduced by death and thinning and many 

provenances were not well represented in the trial at the start of the current project 

(Spring 1984). For this reason two or three well replicated provenances were 

selected from the extreme north and south of the distributions of N. fuses and 

N. menziesii The N. fuses provenance selected were Moanui near Rotorua 

(Long. 38° 25', Lat.177° 25', Alt. 600m) and Eglington valley in Southland 

(Long. 45° 06" Lat. 167° 57'AIt. 290m). For N. menziesii the provenances were 

Mt. Te Aroha in Auckland (Long. 37° 32', Lat. 175° 45', AIt.930m) and two in 
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Southland, Rowallan (Long. 46° 01', Lat. 167° 36', Alt. 220m) and the Catlins 

(Long. 46° 01', Lat. 169° 27', AIt.300m). It was believed that selecting provenances 

from the extremes of the distributions would be most likely to identify provenance 

or ecotype differences within each species. 

5.2.2 Gas Exchange Measurements. 

Gas exchange measurements were made using aLI-COR LI-6000 portable 

photosynthesis system as described in chapter 2. At intervals throughout the period 

from November 1984 to January 1986 a series of measurements were obtained on 

sun foliage of N. fusca and N. menziesii Current seasons foliage was selected and 

any diseased or damaged foliage was removed by cutting. The twig was then 

tagged and placed in the chamber which was held horizontally by a tripod. A series 

of five 'pages' of data were recorded by the LI-6000 for each twig before selecting 

the next sample. The logging intervals and air flow rate through the system were 

varied to maintain chamber relative humidity constant and obtain a CO2 depletion of 

between 15 and 30 {lmol mol-1 for each page. The actual values selected depended 

on foliage type, season and weather conditions. The environmental conditions in the 

chamber were determined by the ambient conditions at the start of each 'page', 

The CO2 analyzer zero point was adjusted between each sample and the analyzer 

shielded from direct radiation to reduce temperature effects on zero and span shift. 

The analyzer span was calibrated everyone to two hours using a reference gas of 

approximately 800 {lmol mol-1 CO2 in air. 

The series of measurements commenced in the morning as soon as the 

foliage was dry and continued during the day until either dew formed on the fOliage 

or the U-6000's memory was full. The foliage was removed by cutting at the end 

of each series of measurements and placed in cold storage until the foliage area 

and weight could be determined. Leaf area was measured using a Delta-T leaf area 

meter (Delta-T Devices, 128 Low Road, Burwell, Cambridge.) and then the foliage 

was dried at 70°C before weighing. 

Gas exchange measurements were not conducted when it was raining 

or extremely windy to prevent damage to the equipment. During periods of rapidly 

fluctuating light intensity due to partial cloud cover and wind, the gas exchange 

estimates were extremely variable due to the frequent changes in tt e ambient 

environment, and hence such data were removed from the analysis. When the 

weather permitted several consecutive days measurement would be obtained each 

month, however much of the period between November 1985 and January 1986 was 

considerably wetter than normal (Chapter 4) and the number of days potentially 

available for gas exchange were limited. The LI-6000 was returned to LI-COR for 

upgrading during the winter of 1985 and hence no measurements could be made 

during this period. 
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5.2.3 Data Analysis; 

The data from the gas exchange measurements were analyzed using the 

models developed in chapter 3. The models were used to obtain estimates of the 

maximum rates of photosynthesis and stomatal conductance, and their sensitivity to 

VPD. The curvature of the light response of stomatal conductance and 

photosynthesis is an indication of the initial slope of the light response curve. The 

light saturation point was determined from the curvature constant, and was defined 

as the light intensity at which photosynthesis or stomatal conductance was 90% of 

its maximum value. No significant differences could be determined between 

provenances within each species and hence data for each provenance were pooled 

within a species. 

5.2.4 Xylem Water Potential. 

The equilibrium water status of the sapling was determined by measuring the 

'Pre-Dawn' water potentials of the saplings with a pressure bomb (Scholander et al. 

1965) on a limited number of occasions during the period of gas exchange 

measurements. 

5.3 RESULTS. 

Estimates of Amall for N. menziesii were consistently higher than those for 

N. fusca (Table 5.1). Both species showed a seasonal decrease in the Amall from a 

maximum observed with new foliage in spring and early summer. The highest 

photosynthetic rates were measured during the early summer of the 1985-86 

season. The relationship between the estimates of Amall and gmax (Fig. 5.1) shows 

that these. estimates are positively correlated and hence the estimates for gmax 

follow the same patterns as for Amax' The curve fitting procedure failed to 

'converge with the stomatal conductance data for both species from January 1985 as 

well as in May 1985 for N. fusca. 

The stomatal sensitivity to VPD (Table 5.2) was similar in both species, but 

the estimates were quite variable. The sensitivity of photosynthesis to VPD 

(Table 5.1) tended to be lower than that for stomatal conductance and decreased as 

the foliage aged. 

The photosynthetic light saturation poin '~s (Table 5.1) were higher in new 

foliage of both species and declined as the fOliage aged. The estimates obtained 

with data from early summer in the 1985-6 season were considerably higher than 

those obtained from the previous season. The light saturation points for stomatal 

opening (Table 5.2) were much lower than those for photosynthesis and display less 

seasonal variation. 

The specific leaf weight (Table 5.1) of the fOliage used in the gas exchange 

measurements was h:.aher in N. menziesii and tended to increase as the foliage 
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aged. The pre-dawn water potential measurements (Table 5.3) were lowest during 

January 1985 corresponding with a particularly dry period (Chapter 4). During the 

following season they were much higher reflecting the particularly wet spring and 

summer. 
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Amsx a Sat DA N F R2 CV SLW 
(IJ.mol (xl000) (IJ. mol (%) (%) (9 m-2) 

N. fusea m-2 s-l) m-2 s-1) 

January 1985 8.73±0.43 2.97±0.28 775 3.37±0.14 127 210.5 .77 21.7 N/A 

April 1985 6.42±0.29 5.10± 0.41 451 1.72±0.18 150 198.7 .73 26.2 81.2± 2.5 
May 1985 5.59±0.46 6.37±0.10 361 2.31± 1.25 55 87.2 .77 16.5 N/A 

September 1985 4.20±0.17 6.90±0.69 334 0.62±0.40 219 55.6 .34 21.2 85.2±2.4 
December 1985 14.21±0.62 1.96±0.16 1175 1.79±0.09 138 98.6 .59 15.3 79.3±3.7 
(new foliage) 

Amax a Sat DA N F R2 CV SLW 
(IJ.mol (xl000) (IJ. mol (%) ("!o) (g m-2, 

N. menziesii m-2 s-1) m-2 s-l, 

December 1984 12.87±0.62 2.70±0.30 853 2.07±0.20 180 111.1 .56 18.9 123.4±3.9 
January 1985 8.51±0.66 3.04±0.36 757 2.12±0.19 107 57.2 .52 23.3 110.5±2.5 
April 1985 9.04±O.55 3.92±0.35 587 1.84±O.18 120 260.5 .82 16.4 125.5± 3.1 
July 1985 6.16±0.37 9.53±2.04 242 0.78±0.73 64 48.2 .61 23.9 159.7±2.8 
September 1985 7.12±0.18 4.63±0.55 497 O.93±O.12 214 25.8 .20 18.8 140.5±2.9 
January 1986 14.27±0.37 1.78±0.12 1294 1.58±0.65 116 238.1 .81 11.8 117.0±4.2 
(new foliage, 

Table 5.1 Estimates of photosynthetic parameters for N. fuseD and N. menziesii 
growing in the open at Rangiora. 

The estimates were obtained using non-linear least squares regression 
techniques to fit equation 3.5 to porometry data obtained at Rangiora 
under ambient conditions. Amax is the maximum photosynthetic rate, 
Q the initial slope of the light response curve, Sat the 90% light 
saturation point, DA the sensitivity of photosynthesis to VPD, N the 
number of data used, F theF ratio from the regression analysis of 
'lariance (with [2,N-3] degrees of freedom), R2 the coefficient of 
determination, CV the coefficient of variation, and SLW then specific 
leaf weight of the foliage (N/A, sample destroyed by fungal 
degradation). 



N. fusea 

January 1985 
April 1985 
May 1985 
Septem ber 1985 
December 1985 
(new foliage) 

N. menziesii 

December 1984 
January 1985 
April 1985 
July 1985 
September 1985 
January 1986 
(new foliage) 

Table 5.2 

Date 

17/01/1986 
20/04/1986 
22/09/1986 
30/12/1986 

Table 5.3 

gmax a Sat 09 N F R2 CV 
(mmol (x1000) (fJ. mol (%) (%) 

m-2 8-1) m-2 8- 1) 

Not Converging 

52.4±2.8 10.3± 1.4 224 2.94±0.19 150 77.0 .51 38.8 
Not Converging 

91.3±2.9 7.2±0.7 321 2.95±0.22 219 63.1 .37 23.9 
160.1±6.8 4.2±0.6 537 2.27±0.09 138 99.2 .60 22.0 

gmax a Sat 09 N F R2 CV 
(mmol (x1000) (flmol (%) (%) 

m-2 8- 1) m- 2 8-1, 

224.0±5.7 13.2±2.0 175 2.80±0.15 180 98.0 .53 22.9 
Not Converging 

97.6±6.5 9.3±1.6 248 3.51±0.20 120 44.2 .43 34.1 
70.0±4.1 11.9±3.0 194 5.05±0.55 64 20.0 .40 31.7 
72.2±2.1 11.1±4.3 207 0.94±0.15 214 16.0 .13 23.2 

191.7±4.8 7.3±1.2 315 2.16±Om 116 193.4 .77 17.9 

Estimates of stomatal parameters for N. fusea and N. menziesii 
growing in the open at Rangiora. 

The estimates were obtained using non-linear least squares regression 
techniques to fit equation 3.6 to porometry data obtained at Rangiora 
under ambient conditions. gmax is the maximum stomatal 
conductance, and Og is the sensitivity of stomatal conductance to VPO, 
other details as for Table 5.1. 

N. fusea N. menziesii 

-0.628±0.23 -0.615± 0.34 
-0.098±0.09 -0.090± 0.07 
-0.113±0.09 -0.143±0.21 
-0.197±0.20 -0.213±0.22 

Pre-dawn xylem water potential measurements at Rangiora. 

Xylem water potential (MPa) was measured using a pressure Bomb 
(Scholander et al. 1965) and each pOint is the mean of at least eight 
replicates. 
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5.4 DISCUSSION. 

The prediction that photosynthesis would be higher in foliage of N. fusea 

than N. menziesii has been shown to be incorrect. The prediction was based upon 

two assumptions, the first that N. fusea would have high rates of assimilation since 

its rates of diameter and height growth (Wilcox and Ledgard 1983) were higher. The 

second reason was that N. fusea foliage lives for a shorter period of time than 

N. menziesi;' and short lived fOliage tends to have high photosynthetic rates. These 

two assumptions need to be examined since the differences in the maximum 

photosynthetic rates between the species was actually the opposite to that 

predicted. If the rates of photosynthesis are compared on a unit weight basis the 

differences between the species are reduced since N. menziesii had a higher specific 

leaf weight than N. fusee (Table 5.1). The differences in the rates of diameter and 

height growth observed in the same provenance trial by Wilcox and Ledgard (1983) 

cannot however be explained by differences in photosynthetic rates irrespective of 

the way that these measurements are expressed. The differences between the 

species must therefore be due to the patterns of carbon allocation and relative 

maintenance costs in the two species. 

The decline in Amax and gmax as the fOliage of both species aged may in part 

have been due to the moderate water stress that developed in the saplings during 

the dry 1984-5 summer. The lowest pre-dawn water potential measurements were 

observed during January 1985 (Table 5.3) during a period of below average rainfall 

(Chapter 4) with frequent drying NorWesterly (Fohn) winds. Estimates of 

photosynthesis and stomatal conductance obtained in January 1986 during a' moist 

summer were much higher than the previous season, indicating that water stress 

during the 1984-5 season had reduced the rates of gas exchange of both species. 

As the foliage of both species aged, the photosynthetic and stomatal 

response to light and VPD declined, with both the light compensation point and 

sensitivity to VPD declining from a maximum in early summer. By the end of winter 

(September) Amax in N. fusea was only 4.2 J.1mol m-z S-1 and the responses to 

changes in light and VPD were low. Amax was slightly over one third of the highest 

estimate of 14.2 J.1mol m -z s -1 obtained in December 1985. The low Amax estimate 

in July would have also been partly due to senesr.ence since N. fusea looses most 

of its previous season's foliage by November. 11.: menziesii was less affected by 

aging with the lowest Amax estimate of 6.2 J.1mol m -Z s -1 obtained in July 1985 

which was just under half of the highest of 14.3 J.1mol m-z s-1 obtained in January 

1986. September's estimate was higher than July's indicating that N. menzies!/ 

foliage had some ability to recover during spring. The differences in the effects of 

leaf aging on the gas exchange of N. fusee and N. menzies;; foliage would be 

expected since N. menziesii foliage usually lasts an additional two seasons longer 

than N. fusea. 
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The poor photosynthetic response to light and VPD during and after winter 

were reflected by low coefficients of determination (R2 Tables 5.1 and 5.2), however 

the coefficients of variation (CV) were also low indicating that the amount of 

unexplained variation was not proportionally higher than when a good fit was 

obtained with new foliage. The seasonal variation in stomatal conductance was less 

marked but may have been masked by the inability of the curve fitting procedure to 

converge with data for both species from January 1985 and for N. fusea during May 

1985. It is significant that the January 1985 data could not be modelled indicating 

that the stomatal responses to light and VPD were adversely affected by the water 

stress which occurred during that period. The long term effect of the stress on 

stomatal conductance was less marked than for photosynthesis. 

The light saturation points for stomatal conductance estimated by the mode! 

(Table 5.2) were lower than those for photosynthesis (Table 5.1). The low light 

intensities at which stomatal opening was estimated to saturate indicates that under 

most conditions VPD was the principle factor determining stomatal conductance. 

The fit of the stomatal conductance model tended to be worse than for the 

photosynthesis model and was worst with data from September 1985. The 

relationship between the estimates of AmaK and gmax (Fig. 5.1) was essentially a 

straight line which agrees with the suggestion by Wong et al. (1979) that there is a 

strong relationship between these two parameters, and provides verification for the 

curve fitting procedures used in this study to obtain the estimates. 

The estimates of AmaK agree with previous measurements using similar types 

of Nothofagus fOliage (Read and Hill 1985, Benecke and EVans 1986). Amax of 

N. fusea during early summer was the same as that measure for N. truneata by 

Benecke and Evans (1986), who also observed higher AmaK estimates during a moist 

summer than during a drought. The similarity in the gas exchange parameters of 

N. truneata and N. fusea is not surprising since the foliage morphology is similar 

and the species are considered to be closely related (Wardle 1984). 

The estimates of stomatal and photosynthetic sensitivity to VPD are in close 

agreement with those of Benecke and Evans (1986). They reported the stomatal 

sensitivity to VPD of new N. truneata foliage to be 2.6% reducing to 1.6% in mature 

sun foliage and 0.6% in shade foliage. They also found that as the sensitivity 

decreased the coefficient ,)f determination (R2) for the regression declined from 0.9 

in new fOliage to 0.1 for the shade foliage. 

The estimate of the light saturation pOint for N. truneata at a PPFD of 

720 p.mol m-2 s-l (Benecke and Evans 1986) agrees with similar estimates obtained 

in this study. There have been no previous reports of the light saturation pOints for 

photosynthesis and stomatal conductance declining due to the effects of aging or 

drought on Nothofagus foliage. 
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The main objective of using the model was to obtain estimates of Amax1 gmax 

and the sensitivities of stomatal conductance and photosynthesis to VPD. The 

results from the modelling approach used in this study are in good agreement with 

previously published estimates of the parameters for Nofhofagus, and are 

particularly relevant since they were obtained from plants growing in a natural area. 

Problems with condensation in the leaf chamber during low light conditions 

limited the amount of data collected at low light intensities. The lack of these data· 

made it impossible to add a light compensation term into the model and also means 

that the light saturation pOints for stomatal conductance should be treated only as a 

rough estimate since the amount of data at light intensities lower than a PPFD of 

400 J.tmol m-2 s-1 was limited. The parameter estimates were obtained using 

non-linear least squares regression techniques to fit the models developed in 

chapter 3 to photosynthetic and stomatal conductance data, and would have been 

biased due to the irregular distribution of the data. The approach used by this 

study was however a major improvement on other analysis methods used previously 

to analyze porometry data (Discussed in Chapter 3). The distribution of the data 

varied seasonally as the ambient conditions changed due to weather conditions and 

this may have have influenced some of the seasonal differences. This problem is 

intrinsic with any type of ambient porometer and could only be improved in the field 

by using a climatized cuvette. Such an approach would allow the accurate 

determination of Amax and gmax which then could be used as fixed parameters in 

the model improving its accuracy. If possible this approach should be utilized in 

future studies. 
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6. STATION CREEK GAS EXCHANGE MEASUREMENTS. 

6.1 INTRODUCTION. 

The indigenous forest in the Maruia region is predominantly of mixed 

N, fusca and N, menziesii The Station Creek experimental area was used in this 

project to obtain a comparison of environmental variables in open and sub-canopy 

sites (Chapter 4), The management trials which commenced in the early 1970's 

have left areas of regenerating Nothofagus seedlings and saplings of various age. 

These plants have regenerated from seed in the open areas left after logging and 

have not been manipulated apart from the oldest stands which have been thinned. 

The young saplings growing in the open at Station Creek were in a phase of rapid 

growth similar to those growing in the FRI nursery at Rangiora (Chapter 5). The 

objectives for making gas exchange measurements of these saplings at Station 

Creek were essentially the same as those listed for the Rangiora measurements 

(Chapter 5). The Station Creek saplings however also provided an opportunity to 

compare the gas exchange of naturally growing plants with those in the managed 

nursery at Rangiora. In Chapter 5 it was concluded that moderate water stress 

during the early part of the 1984-5 season reduced the rates of gas exchange in 

both N. fusca and N. menzies;;. The Maruia region is not usually subjected to 

drought conditions and the spring and early summer of the 1984 .... 5 season were 

considerably wetter than the mean (Chapter 4). Comparison of the seasonal 

variation in the gas exchange parameters derived from Station Creek and Rangiora 

data should determine if water stress reduced the rates of gas exchange in the 

Rangiora saplings during the 1984-5 season. 

6.2 METHODS. 

6.2.1 Gas Exchange. 

The gas exchange methods and data analysis used on the open site at 

Station Creek were identical to those used at Rangiora (Chapter 5). Individual 

saplings were selected for measurement in a logged area near the canopy gap site 

described in chapter 4, and were mainly less than ten years old. 

6.2.2 Xylem Water Potential. 

Pre-dawn xylem water potential measurements of foliage samples of both 

N. fusca and N. menziesii were conducted at monthly intervals during 1985 using a 

pressure bomb (Scholander et al. 1965). 

6.3 RESULTS. 

Estimates of Amax (Table 6.1) and gmax (Table 6.2) were higher in N. menziesii 

than N. fusca and declined as the foliage aged. The light saturation points for both 

photosynthesis and stomatal conductance did not show any distinct seasonal trends 
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but were lower for stomatal conductance than for photosynthesis. The sensitivity of 

stomatal conductance to VPD (Table 6.2) ranged between 1.7 and 3.3%. The curve 

fitting procedure failed to converge with N. fusca data from October 1985 and hence 

no comparison could be made between the March and October data. The 

photosynthetic sensitivity of N. menziesii fOliage to VPD was lower in November 

1985 than for the other two estimates (February and April), however the stomatal 

sensitivity (Table 6.2) in November was not significantly different from the February 

estimate. The April estimate of 3.3% was higher than the other two. The 

photosynthetic sensitivity of N. fusca foliage (Table 6.1) was essentially non existent 

(-0.7%) whilst the March estimate of 1.45% was not significantly different from the 

February and April estimates for N. menzies;; fOliage. 

The pre-dawn water potential measurements (Fig. 6.1) were lowest during the 

period from September to December 1985. The lowest measurements were 

obtained in November with -0.34 MPa for N. fusca and -0.38 MPa for N. menziesii 



.N. fuses 

March 1985 
October 1985 

N. menziesii 

February 1985 
April 1985 
October 1985 

Table 6.1 

N. fuses 

March 1985 
October 1985 

N. menz/esii 

February 1985 
April 1985 
October 1985 

Table 6.2 

70 

Amax Q Sat DA N F R2 CV SLW 
(fJ.mol (xl 0001 (fJ. mol (%) (%) (9 m-2) 

m-2 s-', m-2 s-1) 

9.38±0.46 4.51±0.53 511 1.45± 0.19 221 SO.7 .36 27.3 70.7±4.2 
7.82±2.73 2.44± 1.00 944 -0.73±0.26 55 5.8 .18 28.9 94.0±2.8 

Amax Q Sat DA N F R2 CV SLW 
(fJ. mol (xl 0001 (fJ. mol (%) (%) (9 m -2) 

m-2 s-1) m-2 s-l) 

12.2S±0.65 2.42±0.28 751 l.S8±0.18 154 46.7 .38 15.5 109.3±4.1 
11.79±0.59 2.11 ±0.19 1091 1.67±0.24 148 183.4 .72 15.0 117.8±2.9 

8.76±0.27 2.32±0.02 1101 0.8S±0.96 213 44.2 .30 12.2 10S.0±2.4 

Estimates of photosynthetic parameters for N. fuses and N. menziesii 
growing on a open site at Station Creek. 

(Details as for Table 5.1) 

9max Q Sat DA N F R2 CV 
(mmol (xl000) (fJ.mol (%) (%) 

m-2 s-l) m -2 s -1) 

127.3±4.4 9.7± 1.5 235 2.59±0.12 221 94.7 .47 30.5 
Not Converging 

9max Q Sat DA N F R2 CV 
(mmol (xlOOO) (fJ.mol (%) (%) 

m-2 s-l, m-2 s-1) 

198.4±S.7 10.2±3.7 225 2.03±0.15 154 48.4 .39 17.S 
204.6±9.9 2.8±0.3 813 3.25±0.19 148 86.6 .54 20.0 
159.0±3.3 12.1±1.8 190 1.71±0.64 213 158.7 .60 14.1 

Estimates of stomatal parameters for N. fuses and N. menziesii 
growing in the open at StatiohCreek. 

(Details as for Table 5.2) 
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Figure 6.1 

Jon 
1985 

Mar May Jul Sep Nov Jon 
1986 

flre-dawn xylem water potential measurements at Station Creek. 

Xylem water potential (MPa) was measured using a prJssure 80mb 
(Scholander et al. 1965) for N. menziesii (t::.) and N. fusea (+). Each 
point is the mean of at least eight replicates (± 1 s.e.). 

Mar 
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6.4 DISCUSSION. 

The estimates of the gas exchange parameters obtained with Station Creek 

data were similar to those obtained at Rangiora (Chapter 5), except that the decline 

in the rates of gas exchange as the foliage aged was lower at Station Creek. Amax 

and gmax of young foliage during the 1984-5 season was essentially the same at 

both sites. By April 1985 the rates of gas exchange of both species at Rangiora 

were substantially lower than equivalent foliage at Station Creek. 

The photosynthetic and Stomatal sensitivity to VPD of both species at Station 

Creek showed no significant difference between species at the start of the season, 

but by the end of the season (October, November data) the sensitivity was 

significantly higher in N. menziesii These trends also occurred at Rangiora and are 

due to the senescence of N. fusca foliage after one season whilst N. menziesii wi!! 

last for up to three. 

The main environmental differences between Rangiora and Station Creek was 

the amount of rainfall. The annual mean rainfall at Springs Junction (15 km south of 

Station Creek) is three times higher than at Rangiora. The 1984-85 foliage at 

Rangiora developed during a period of below average rainfall whilst at Station Creek 

the spring was slightly wetter than usual (Chapter 4). In chapter 5 it was concluded 

that moderate water stress had reduced the rates of gas exchange of both species 

growing at Rangiora during the 1984-85 season. The results in this chapter confirm 

this conclusion. Pre-dawn water potentials during January 1985 at Station Creek 

were around -0.1 MPa for both species, whilst at Rangiora both species were below 

-0.6 MPa. The data from both Rangiora and Station Creek show that the rates of 

gas exchange declined as the foliage aged, but the Ranglora data showed an 

additional reduction that can only be attributed to environmental differences 

between the two sites. 
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7. SUB-CANOPY GAS EXCHANGE. 

7.1 INTRODUCTION. 

Nothofagus seedlings growing under closed canopy form a suppressed 

'advance growth pool' (Wardle 1984). If a break occurs in the canopy the seedlings 

may respond to the changes in the environment with increased rates of growth. 

The magnitude of the changes in the sub-canopy environment depends on the size 

of the canopy gap. Small scale disturbance such as the death or windthrow of a 

few trees form small canopy gaps with environmental characteristics intermediate to 

those of the sub-canopy and open environments. Large scale disturbance such as 

mass movement, a large windthrow or clearfell logging produce an environment 

similar to that of a large open area. The environmental conditions under a closed 

Nothofagus canopy are characterized by low light flux, daily temperature variation, 

water vapour pressure deficit and water stress (Chapter 4). By contrast on an area 

of open ground the conditions are of high light flux, temperature variation, VPD and 

potential water stress. 

Seedlings growing under canopy gaps or in the open experience an 

environment substantially different from those growing under closed canopy. In 

response the growth rates of seedlings under canopy gaps and in the open may be 

several times higher than those growing under a forest canopy (Wardle 1984). It 

might therefore be expected that physiological differences would exist between 

seedlings subjected to the different environments. 

The physiological and morphological differences between plants growing 

under different light intensities were reviewed by Boardman (1977) and Bjorkman 

(1981). Shade tolerant plants tend to have adaptations which maximize carbon gain 

in the low light conditions prevalent under a canopy. Light is the primary 

environmental factor limiting carbon gain and growth of plants in the canopy 

understorey (Pearcy 1983). Shade light differs in both quantity and quality from the 

light incident at the top of the canopy. The spectral compOSition of shade light has 

a lower Red/Far-red ratiO, and the quantum flux is greatly reduced. PPFD levels 

under a closed Nothofagus canopy tend to be approximately five percent of those at 

the top of the canopy (Chapter 4, Turton 1982, McCracken pers comm.). The 

photosynthetic nsponses of plants to shade and full sunlight have been compared 

using a wide range of plant types (Reviewed by Boardman 1977). Light response 

curves for shade plants are characterized by lower light compensation and 

saturation points than for sun plants. Similar differences are observed when 

comparing sun and shade leaves within a speCies or on the same plant (e.g. Schulze 

1970). The stomatal responses to light intensity show similar differences between 

sun and shade foliage. The spectral differences between sun and shade light have 

often been ignored in controlled environment studies of sun and shade foliage 
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(Kwesiga and Grace 1986). There has been little work investigating the physiology 

of shade plants in situ under a natural canopy (Bjorkman and Ludlow 1972, Bjorkman 

et al. 1972, Fetcher et al. 1983, Huber 1978, Kuppers 1984, Lebron 1979, Wallace and 

Dunn 1980). 

The comparison of the sub-canopy and open environments (Chapter 4), 

showed that as well as differences in the light environment, marked differences 

existed in the temperature and water characteristics of the sites. Under closed 

canopy and a small canopy gap the daily temperature variation was much lower 

than on an adjacent open area. The mean daily maximum atmospheric VPD 

measured beneath the canopy gap was consequently much lower than in the open 

and would be expected to be even lower under a fully closed canopy. These 

observations indicate that the potential evaporative losses from plants growing in 

the open are much higher than for those growing under the canopy. Sun plants and 

foliage tend to have better developed morphological and physiological adaptations 

to prevent water loss (Bjorkman 1981) since water tends to be an important factor 

limiting plant growth in the open. 

The stomatal sensitivity to atmospheric VPD is a measure of the amount that 

stomata close in response to increasing evaporative demand, and Is often higher in 

sun than in shade foliage. The stomatal sensitivity of shade foliage of Fagus 

svlvatiea was found by Schulze (1970) to be lower than that of sun foliage on the 

same tree. Similar results have been reported by Benecke and Evans (1986) for 

Nothofagus truneata. There has been no comparison of the stomatal sensitivity to 

VPD for beech seedlings or saplings growing either in the open or under closed 

canopy as previous studies have been confined to foliage growing on adult trees. If 

there is any difference in the stomatal sensitivity of shade and sun grown 

Nothofagus seedlings it would be expected that shade foliage would have lower 

sensitivity. If shade grown seedlings are not well adapted to prevent water loss it 

is possible that when canopy opening occurs they will experience extreme water 

stress due to the higher evaporative demand. This may explain why seedling 

mortality is high in large open areas, away from the shelter of the canopy. It can 

be hypothesized that the low stomatal sensitivity to VPD of shade grown seedlings 

will limit Nothofagus regeneration to environments which are modified by the 

presence of a partial canopy such as canopy gaps or on open areas near the edge 

of the canopy. Estimates of stomatal and photosynthetic sensitivity to VPD have 

been obtained for N. fusea and N. menziesii saplings growing at Rangiora and 

Station Creek (Chapters 5 and 6). The objectives of gas exchange measurements 

under the canopy at Station Creek were to obtain similar estimates for suppressed 

sub-canopy seedlings of N. fusea and N. menziesii and to compare them with 

seedlings growing under a canopy gap and with the estimates obtained in chapters 

5 and 6. 



7.2 METHODS. 

7.2.1 Gas Exchange. 

The light intensity beneath the canopy was less than 50 J1mol m -z s -1 for 

most of the daylight hours during the experimental period. In order to obtain higher 

light intensities for gas exchange measurements four portable lighting units were 

constructed. The lamps used were 400w Thorn Kolararc metal halide lamps 

mounted horizontally beneath an aluminum reflector and above a static water screen 

consisting of between one and two cm depth of water and 4mm of clear perspex. 

The lamps produced a spectrum similar to that of normal sunlight with the water 

screen reducing the thermal load and ultra-violet output from the lamps. Gas 

exchange measurements were made using the LI-COR LI-6000 portable 

photosynthesis system as described in chapter 2. All measurements were made at 

light intensities above 850 J-Lmol m-z s-l which is well above the light saturation 

point for Nothofagus foliage (Benecke and Evans 1986, Reed and Hill 1985). PPFD 

levels were measured at foliage level within the chamber using aLI-COR LI-190 

quantum sensor before each set of gas exchange measurements. The lamp was 

placed above the foliage for at least 30 minutes before the first gas exchange 

measurements were obtained. The flow rate through the water by-pass and COz 

analyzer was between 5 and 10 cm 3 s-l in an attempt to maintain the relative 

humidity constant in the chamber. The low wind conditions prevalent under the 

canopy created a problem when making gas exchange measurements with the 

porometer. On several days there was very little air movement and high CO2 

concentrations occurred where people were working. On these days the effect was 

minimized by staying well clear of the leaf chamber and when necessary pumping 

COz free air into the chamber to reduce the COz concentration to between 340 and 

350 J1mol morl. 

The LI-6000 was programmed to record ten pOint measurements at preset 

intervals of between 10 and 20 seconds and store them as a 'page' of data. A 

series of ten 'pages' were collected for each twig before changing to the next 

sample. The twig was cut from the seedling after the final series of measurements 

and placed in cold storage until measurements of leaf area could be obtained. The 

projected leaf area was measured using a Delta-T leaf area meter (Delta-T devices, 

128 Low Road, Burwell, Cambridge.). All gas exchange measurements are expressed 

on the basis of projected (one sided) area. The foliage was then dried at 70°C and 

weighed. The specific leaf weight was calculated as the foliage weight divided by 

the total projected foliage area. The dried foliage was ground into a powder for 

subsequent nitrogen analysis using an modified micro Kjeldahl method (Nicholson 

1984). 
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7.2.2 Regression analysis. 

The experimental procedures used with the sub-canopy seedlings resulted in 

the gas exchange data being collected from only light saturated foliage. The main 

environmental factor affecting the stomatal conductance and photosynthesis was 

therefore the leaf-air vapour pressure deficit and the regression models used in 

chapters 5 and 6 were modified to remove the light response. 

A = Amax ( 1 - DA(V - 5) ) 

g8 = gmax ( 1 - Dg{V - 5) ) 

(eqn.7.1) 

(eqn.' 7.2) 

The models used for the sub-canopy data (eqn 7.1 and 7.2) assume that the 

stomatal conductance and photosynthetic rate were light saturated and that the 

variation in the data was attributable to the stomatal response to VPD. The 

sensitivity of stomatal conductance D9 and photosynthesis DA to VPD is assumed to 

be linear over the VPD range normally observed (0 to 30 mPa Pa-1) and to be 

saturated at a VPD of 5 mPa Pa -1 (Benecke and Evans 1986). The data were filtered 

to remove any data with VPD above 30 mPa Pa -1 before the model was fitted using 

linear least squares regression. The residuals from the regression equation were 

scanned for extreme values which were checked against the original data. If the 

reason for the high residual could be determined, it was either removed from the 

data or the error corrected. The usual reason for data being removed was that the 

foliage had been damaged by a previous measurement either physically or by high 

temperature. The regression model was then applied to the corrected data. A 

separate regression equation was computed for each species and foliage type and 

the slope (the sensitivity to VPD) of the equations were tested for equality using 

analysis of variance (Sokal and Rohlf 1981). When there was significant differences 

(P < 0.05) between the regression coefficients, minimum significant differences 

were computed using the T' method (Sokal and Rohlf 1981). 
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7.3 RESULTS. 

7.3.1 Photosynthesis. 

The results from the gas exchange measurements are summarized in tables 

7.1 and 7.2. Estimates of the maximum rates of photosynthesis (Am ax) in the current 

season's foliage of N. menziesii were higher than that for N. Fusca under both closed 

canopy and the canopy gap (Table 7.1). The fOliage of both species growing 

beneath the canopy gap had higher maximum rates of photosynthesis than those 

growing under the fully closed canopy. Comparison of the Amax estimates between 

different season's foliage for N. menziesii show no clear pattern. Current season's 

foliage growing under closed canopy in February had higher Amax estimates than the 

estimate for old season's foliage, however the estimate obtained during March was 

the lowest obtained under closed canopy. In contrast, the Amax of old foliage 

growing under the canopy was the highest estimate obtained from any foliage type. 

The coefficients of determination (R2) tended to be lower for N. Fusca than for 

N. menziesll which had R2 values exceeding 0.70 in all but one month's data. The 

amount of variation explained by the regression equations for N. Fusca during March 

was particularly low. 

The sensitivity of photosynthesis to VPO (OA) was similar in both species For 

N. Fusca the sensitivity was higher under closed canopy, however for N. menziesii 

there was no significant difference between the two sites. 

The specific leaf weight of the foliage used for the gas exchange 

measurements was higher in N. menziesiithan in N. Fusca (Table 7.1). The foliage of 

both species tended to have higher specific leaf weights when growing under the 

canopy gap, particularly early in the growing season. Foliar nitrogen concentrations 

(Table 7.1) were higher in N. menziesli than N. Fusca and in seedlings growing under 

the canopy gap than under closed canopy. 

7.3.2 Stomatal Conductance. 

The maximum stomatal conductance (gmax) was higher in N. menziesll foliage 

than in N. Fusca (Table 7.2). In both species gmax was considerably higher in plants 

growing under the canopy gap than under closed canopy. Gmax of old N. menzlesii 

foliage growing under closed canopy was lower than new foliage but the difference 

was reversed under the canopy gap. TheR2 values for the N. Fusca regression 

equations were higher than for the equivalent photosynthesis data, whilst the R2 

values for N. menziesiiwere lower. 

The stomatal sensitivity to VPO (Table 7.2) was higher than the 

photosynthetic sensitivity (Table 7.1). There were no marked differences between 

species or between canopy gap and closed canopy foliage. 
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Amax . DA N R2 CV SLW SNC 
N. fusea I/-Lmol m-2 s-,) 1%) 1%) 19 m-2) Immol m-2) 

Closed Cano~y 
February 4.83±0.26 3.27±0.40b 61 .53 20.76 42.7±1.1 46.1± 1.4 
March 5.21±0.32 3.24±0.53b 80 .32 21.28 40.9±2.3 

Cano~y Ga~ 
January 8.34±0.35 2.34±0.26ab 66 .57 11.47 50.3± 1.0 63.9±2.9 
March 5.99±0.16 1.09±0.26a 80 .19 8.48 45.3±4.4 

Amax DA N R2 CV SLW SNC 
N. menziesii I/-Lmol m-2 s-,) 1%) 1%) 19 m-2) Immol m-2) 

Closed Cano~y 
(Old Foliage) 
December 
February 

(New Foliage) 
February 
March 

Cano~y Gae 
(Old FOliage) 
January 

(New Foliage) 
January 
March 

Table 7.1 

6.56±0.13 2.25±0.20ab 30 .82 5.99 92.1±3.5 57.1±1.S 
6.76±0.19 2.81±0.18b 80 .75 14.97 85.2±2.2 

7.22±0.18 2.70±0.15b 70 .82 11.27 73.7±0.S 65.6±3.2 
6.44±0.16 3.22±0.22b 54 .80 10.02 69.8±2.S 

10.19±0.SS 3.67±0.4Sb so .58 16.89 84.5± 1.2 76.S±3.0 

9.20±0.23 2.S3±0.16b 30 .90 8.77 84.2±2.7 74.9±3.8 
9.41±0.17 2.S7±0.18b 80 .72 6.30 71.0±5.1 

Photosynthetic characteristics of N. fusea and N. menziesii seedlings 
growing under closed canopy and a canopy gap at Station Creek 
between December 1985 and March 1986. 

The estimates of maximum photosynthetic rate (Amax) and 
photosynthetic sensitivity to VPD (DA) were obtained by applying eqn. 
7.1 to gas exchange data obtained using the L1-COR LI-6000 portable 
photosynthesis system. Mean sensitivities (DA) that are followed by 
the same letter are not significantly different (P<O.OS) as determined 
by a multiple range test. The foliage was illuminated to provide light 
intensities above saturation pOint. The number of data points (N), and 
coefficients of determination (R2) and variation (CV) indicate the 
good,1ess of fit for the combinations of fOliage type and time of year. 
The specific leaf weight (SLW) and nitrogen content (SNC) were 
determined after the foliage was dried at 70°C. The nitrogen data 
were pooled within each foliage type. 



gmax DA N R2 CV 
N. Fusca (mmol m-2 s-1) ( %) ( % ) 

Closed Cano~y 
February 107.6±4.5 3.27±0.31 ab 61 .65 16.24 
March 96.6±2.5 2.94± 0.22ab 80 .69 8.36 

Cano~y Gap 
January 144.9± 7.8 2.58±0.33a 66 .49 15 
March 138.9±4.2 2.60±0.28a 80 .51 11.38 

gmax DA N R2 CV 
N. menziesii (mmolm-2 s- 1) ( %) ( %) 

Closed CanoEY 
(Old Foliage) 
December 
February 

(!\lew Foliage) 
February 
March 

Canopy Gap 
(Old Foliage) 
January 

(New Foliage) 
January 
March 

Table 7.2 

155.0±3.6 3.62±0.23ab 30 .90 8.19 
163.4±4.2 3.52±0.17 ab 80 .85 16.13 

184.4±7.0 3.35±0.23ab 70 .75 20.93 
175.4±3.2 4.15±0.17b 54 .92 8.62 

257.2±0.6 4.30±0.31 b 50 .80 13.33 

193.5±O.1 3.02± 0.17 ab 30 .92 10.31 
215.4±0.8 2.92±0.27 ab 80 .60 9.90 

Maximum stomatal conductance and stomatal sensitivity to VPD of 
N. Fusca and N. menziesii seedlings growing under closed canopy and 
a canopy gap at Station Creek between December 1985 and March 
1986. 

The estimates of maximum stomatal conductance (gmax) and stomatal 
sensitivity to VPD (D 9) were obtained by applying eqn. 7.2 to gas 
exchange data obtained using the LI-COR LI-6000 portable 
photosynthesis system. (Other details as for Table 7.1) 
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7.4 DISCUSSIOI\J. 

The techniques used to describe the gas exchange of seedlings growing in 

the sub-canopy environment were very successful, particularly conSidering the 

limitations of the equipment and the adverse environmental conditions. The main 

problems apparent during the study were related to the nature of the sub-canopy 

environment. Gas exchange measurements were limited to periods in which the 

sub-canopy foliage was dry. The LI-6000 was capable of measuring the 

photosynthesis of wet foliage but the Vaisala humidity sensor would have been 

affected and takes well over a day to recover after exposure to high humidities. If 

this had been allowed to occur it would have altered stomatal conductance 

measurements taken on the next dry day, and would have reduced the repeatability 

of measurements. The inability to control leaf temperature means that the 

parameter estimates obtained from the regression models will be biased due to 

temperature effects. It is however unlikely that the effect was large since 

Nothofagus species tend to have a broad temperature optimum for photosynthesis 

and stomatal conductance. (Benecke and Havranek 1980a). 

The Amax estimates from canopy gap N. Fusca foliage agree with the 

estimates obtained with saplings at Rangiora and Station Creek in chapters 5 and 6 

as well as with data from N. truncata (Benecke and Evans 1986). The estimates for 

N. menziesii are in agreement with those obtained in chapters 5 and 6 and are 

similar to those reported by Benecke and Havranek (1980a) for N. so/andrl 

var. cliffortioides The nitrogen content of the foliage was related to the specific 

leaf weight and was higher in the foliage of N. menziesii. The differences between 

Amax in N. menziesii and N. Fusca can be explained by the nitrogen and leaf weight 

data. Benecke and Evans (1986) used specific leaf weight as a parameter in their 

photosynthetic model for a stand of N. truncata. The relationship between foliar 

nitrogen content and photosynthetic rate is well documented (Chapin et al. 1987). 

The gas exchange system used in this study was not ideal because of the 

problems encountered whilst working in the sub-canopy environment. It would 

have been preferable to have used a climatized cuvette which would have permitted 

the determination of factor response curves and produced non-biased estimates 

from the regression model. Such a system would also be able to operate during 

moist periods if the humidity sensor was replaced by dew point mirrors or by a 

heated viasala sensor, and if suitable operational precautions were taken. 

Any attempt to measure to gas exchange of plants growing under a forest 

canopy is made difficult by the nature of the sub-canopy environment. The climate 

of the West Coast of the South Island of New Zealand is an additional problem due 

to the wet conditions which can prevail at certain times of the year. The design of 

any field experiment is constrained by these factors and is a compromise between 



81 

what is desirable, and that which is technically possible within the limits of the 

equipment. 
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8. DISCUSSION. 

8.1 GENERAL 

Nothofagus forests compromise 68% of New Zealand's remaining indigenous 

forests. They are extremely important for environmental, economic and social 

reasons. It is therefore surprising that very little research has been conducted on 

the ecology of these Nothofagus forests. The maintenance of the forest canopy is 

dependent on the process of regeneration to replace canopy trees after their death. 

Most canopy gaps in Nothofagus forest are filled by the rapid growth of seedlings 

which were present on the forest floor before the gap occurred (Wardle 1984). This 

study identified two areas where research was required to improve the 

understanding of Nothofagus regeneration. The first was to compare environmental 

parameters under closed canopy, a canopy gap, and an open area. The second was 

to measure the physiological responses of suppressed seedlings to a canopy gap 

and to compare these with plants growing in the open. 

8.2 THE ENVIRONMENT. 

There have been no previous attempts to compare a range of environmental 

parameters between closed canopy, canopy gap and open environments for New 

Zealand's Nothofagus forests. The measurements conducted at Station Creek 

(Chapter 4) identified the main differences between these environments and their 

probable effects on seedling growth (Table 8.1). The canopy gap environment falls 

between the two extremes of sub-canopy and open site and will depend on the size 

of the gap, height of the canopy, and time of year. 

OPEN SITE SUB-CANOPY 

Light flux High 10% of open site 
Non-limiting Limiting 

Temperature variation High Low 
Potentially limiting Non-limiting 

Humidity Low High 
Limiting Non-limiting 

Water availability Soil drying in summer High 
Potentially limiting Non-limiting 

Table 8.1 Environmental parameters limiting seedling growth on the sub-canopy 
and open environments. 
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The canopy gap environment is the most favourable for regeneration. Light 

intensities under a small canopy gap at Station Creek were 25% of full sunlight 

during summer. This value is close to the optimum light intensity for Nothofagus 

regeneration reported by Wardle (1970) and June and Ogden (1975). Turton (1982) 

in a series of measurements across a canopy gap in N. solandri forest obtained 

relative light intensities of 20% which were correlated with vigorous regeneration. 

His measurements were made during early winter and the relative intensities would 

have been higher during summer. Water availability in the upper layers of soil was 

limited during summer on the open site at Station Creek, however under the canopy 

gap the soil was moist for the entire season. Plants growing on the open site were 

subjected to extremely high temperatures in summer and cold temperatures in 

winter which may explain the high proportion of shoot tip death observed in the 

open. 

Seedling establishment and growth on open sites are limited by extremes of 

temperature and soil drying during summer. Under fully closed canopy, seedling 

growth is limited by low light intensity. 
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8.3 GAS EXCHANGE. 

The environmental measurements suggest that under closed canopy light is 

limiting for seedling growth, and that in the open, water availability is likely to be 

more important. The objectives of porometry measurements in this study were to 

compare the rates of gas exchange under contrasting environments, and to identify 

any ecological adaptations to the closed canopy or open sites. The measurements 

concentrated on two aspects, firstly the maximum rates of photosynthesis and 

stomatal conductance, and secondly the stomatal and photosynthetic sensitivity to 

VPD. The stomatal sensitivity to VPD is a measure of the stomatal control of 

transpirational water loss. Plants which are well adapted to dry environments tend 

to have higher stomatal sensitivity than do plants from moist habitats (Schulze and 

Hall 1982). 

The hypothesis proposed at the start of the study suggested that stomata! 

sensitivity to VPD should be higher in the open as was found by Benecke and Evans 

(1986) with adult N. truncata fOliage. No significant differences were detected 

between seedlings growing under closed canopy or canopy gap (Chapter 7) and 

these data were in broad agreement with the estimates from saplings growing in 

the open at both Rangiora and Station Creek (Chapters 5 and 6). The plants in this 

study did however show other physiological adaptations to the environment, since 

Amax and gmax were higher in the open than under closed canopy. 

The difficulties in measuring stomatal sensitivity to VPD with the porometer 

used in this study have been discussed in chapters 5 to 7. The irregular distribution 

of data may have influenced the sensitivity estimates but it is unlikely that such a 

systematic error would have masked any major differences between species or 

foliage types. It must therefore be concluded that differences in the stomatal 

sensitivity to VPD were not as great as expected or else did not exist. The 

photosynthetic sensitivity to VPD is mediated by the stomatal response and also 

showed no significant differences between species or fOliage types. 

The explanation of these results may lie in the general ecology of Nothofagus 

seedlings and saplings. Nothofagus regenerates on sites ranging from under closed 

canopy to recently exposed bare mineral soils. The majority of adult trees in a 

forest are derived from the suppressed seedling pool, although regeneration under 

more extreme environments does occasionally occur. The stomatal sensitivity to 

VPD did not vary over a wide range of contrasting environments or between 

N. menziesii and N. fuses. This indicates that the response is a generalized. 

adaptation for the wide range of environments in which Nothofagus seedlings may 

establish. This conclusion implies that for Nothofagus seedlings to survive under 

extreme environments, they require additional adaptations to prevent water loss. 

During periods of moderate water stress at both Rangiora and Station Creek, the 

trees shed a proportion of their current season's foliage. This would have lowered 
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the rate of water loss by reducing the total foliage area. This phenomenon was 

also observed with N. truneata during a drought in north west Nelson (Benecke pers 

eomm.). The effect on growth of a reduction in foliage area is dependent on the 

age of the tree. In adult trees the foliage represents a small proportion of the total 

biomass, while in seedlings the loss of carbon and nutrients represents a large 

proportion of the total reserves, and therefore they will be more susceptible to 

drought. The gas exchange data from Rangiora demonstrated that water stress can 

reduce the rates of photosynthesis in both N. fusea and N. menziesii. The growth 

of a Nothofagus seedlings in the open is limited by water availability and they are 

unable to compete with faster growing ruderal species. These conclusions explain 

the patterns of regeneration observed with Nothofagus. The optimal conditions for 

seedling growth occur under canopy gaps with environmental conditions 

intermediate to the extremes observed under fully closed canopy and in the open. 

The generalized adaptations of Nothofagus seedlings allow establishment on 

extreme sites, but carbon uptake is limited by light under closed canopy, and by 

water in the open. Seedlings which become established under extreme 

environments can only survive in the absence of more rapidly growing competing 

species. 

Baylis (1980) suggested that mycorrhizae play an important role in 

Nothofagus regeneration. His experiments need to be repeated since the 

experimental design was inappropriate and did not rule out alternative conclusions. 

In addition to improving nutrient uptake the mycorrhizal association would also 

increase the amount of water available to the plant by exploiting a larger root zone. 

The nitrogen estimates were in good agreement with those of Adams (1976) 

and Heine (1973). The nitrogen content per unit leaf area was higher in 

N. menzlesi;, but if these data are converted to a weight percentage N. fusea was 

higher than N. menzlesii. 

The estimates of Amax and gmax were in good agreement with other studies 

(Benecke and Evans 1986, Benecke and Havranek 1980a, Benecke and Nordmeyer 

1982, Read and Hill 1985). The observation that Amax of N. menzlesii was 

conSistently higher than N. fusea was contrary to the prediction at the start of the 

study. This has been explained by the higher specific leaf weight and nitrogen 

content of N. menziesii foliage. The correlation between nitrogen content and Amax 

is well documented and was recently reviewed (Chapin et al. 1987). The importance 

of specific leaf weight in determining the photosynthetic rate of Nothofagus foliage 

was recognized by Benecke and Evans (1986) who included specific leaf weight in 

their photosynthetic model for a stand of N. truneata The photosynthetic rate of 

N. menziesli is similar to that of N. solandri var. ellffortioides (Benecke and Havranek 

1980a) which has a similar specific leaf weight (Benecke and Havranek 1980b). 
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8.4 FUTURE RESEARCH. 

This project is the first to investigate physiological aspects of the ecology of 

N. Fusca and N. menziesii. It has been possible to demonstrate physiological 

differences between the species, which indicates that the system is suitable for 

further, more intensive research. Some of the results were contrary to those 

predicted at the start of the study and further work is required to clarify the 

differences between species. Differences in photosynthetic rate do not account for 

the higher growth rate of N. Fusca since N. menziesii had consistently higher 

maximum rates of photosynthesis. The carbon and nitrogen partitioning of 

Nothofagus seedlings and saplings requires investigation and a comparison between 

N. menziesii and N. Fusca would be likely to produce useful information. There are 

several aspects which would need to be emphasized in any such study. 

1. A comparison of the energy requirements (Costs) between the short lived 

foliage of N. Fusca and N. menziesil which maintains it's foliage for up to 

three years. 

2. A comparison of nitrogen allocation between species. 

3. A detailed study of the root system. 

4. An investigation of the effects of water and temperature stress on 

photosynthesis and partitioning. 

Gas exchange studies should be used in conjunction with these studies to 

investigate the effects of water and temperature stress on the growth of saplings, 

as this is particularly relevant to forest management. Further gas exchange work, 

should if possible be conducted using climatized cuvettes to improve the data 

collected for modelling purposes. 

8.5 IMPLICATIONS FOR NOTHOFAGUS MANAGEMENT. 

The management of Nothofagus forests for sustained yield production has 

occasionally resulted in poor regeneration after logging. One of the main reasons 

for the failure has been that faster growing 'weed' species have overtopped the 

Nothofagus seedlings. Another has been the death of saplings growing in the 

open. 

The ecological conclusions from this study can be used to suggest 

modifications to the current management practices which could improve the amount 

of regeneration occurring after logging. The finding that there was no significant 

difference in the stomatal sensitivity to VPD between seedlings growing in the 

shade and open has two important implications for management. 

The first is that whilst seedlings are able to establish under a wide range of 

environmental conditions, care must be taken to prevent extremes. In practice this 

means leaving as much overstorey as is possible to create an environment 
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conducive to regeneration. The overstorey has two main effects, firstly to reduce 

extremes of temperature and evaporative demand, and secondly to reduce the light 

intensity thereby inhibiting the growth of competing 'weed' species. The amount of 

overstorey left, will in practice also be determined by economic constraints as well 

as considerations of forest health. 

The second implication for management is that seedlings growing in the 

open will need well developed root systems. The development of an adequate root 

system after logging is often inhibited by the disruption of soil structure by heavy 

machinery. In several of the trial areas at Station Creek there was virtually no 

regeneration where the soil had been compacted during logging. The only remedy 

for this problem is to make every effort during logging to prevent soil damage, as 

attempts to plant nursery seedlings on these areas have tended to fail. If 

supplementary planting is considered necessary after logging, the seedlings will 

need additional shading and good root development to increase survival. 

The second finding of importance is that there are distinct physiological 

differences between N. fusea and N. menziesii. The maximum stomatal conductance 

and photosynthetic rates were significantly higher in N. menziesii than N. fusea. 

This implies that there are differences in carbon partitioning and growth costs since 

IV. fusea is the faster growing species. The management regime could manipulate 

these differences to select for a higher proportion of one species in the sapling 

population following logging. Several lines of research have been suggested and 

results from such work may develop new management strategies to be used for 

species selection. 
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