
Light 

Terrestri 

II 

gl 5 A Cont 

I hid istributi 

ealand 

University of Canterbury 

Christchurch 

A thesis presented in fulfilment 

for the degree of 

Doctor of Philosophy in Botany 

By 

Angela Abernethy 

2002 

I 

nln 



This thesis examines how, and to what extent, do light regimes control the distribution 

of terrestrial orchids, through field studies of orchid populations under difTerent forest 

types, manipulated light environment trials, and seasonal studies of orchids growing 

under different light environments. 

The significance of understorey light environment as a determining factor on terrestrial 

orchid occurrence and distribution is examined. A survey is performed over two 

primary (Nothofagus and Podocarp) and two secondary (Broadleaf and Manuka) forest 

types at selected South and Stewart Island sites. Hemispherical photography is used to 

record canopy architecture. Four parameters are used to represent canopy and 

understorey light characteristics. Broadleaf sites are significantly darker than the other 

three forest types. Of the 23 orchid species identified at these forest sites, the thirteen 

most abundant are classified into three categories based on the four light parameters. 

Pour species are considered to be low-light plants, all of which are of the genus 

Pterostylis. A further three species are classified as occurring under medium light 

conditions, with the remaining six species assigned to a high-light group. Light 

environment is a key factor controlling orchid occurrence under the sampled forests (R2 

= 0.37 - 0.74). Even stronger correlations are identified for plant density (R2 = 0.73 -

0.93). 

The adaptability of Pterostylis banks ii, P. graminea, Thelymitra longifolia and T. 

pauciflora to different light environments is examined using transplanting trials. Plant 

occurrence, morphology and physiology is compared under three different light regimes, 

with comparisons made to the original field populations. P. banksii is able to 

successfully adapt from the low-light Broadleaf environment to significantly higher 

enclosure light regimes. T. longifolia specimens are able to successfully adapt to both 

higher and lower light regimes than the field conditions. These plants also exhibit 

modified metabolism with leaf efficiency (P",a/Rdark) of T. longifolia enclosure plants 

significantly lower than field plants. Morphological changes are also evident with the 

production of multiple replacement tubers in enclosure individuals. Results for P. 

graminea and T. pauciflora are inconclusive due to high mOltality rates. It is believed 



that P. graminea is unable to adapt to the significantly higher light conditions, with T. 

pauciflora intolerant of transplanting. 

The relationship between understorey light environment and the morphology and 

phenology of natural populations of P. banks ii, graminea, T. longifolia and T. 

pauciflora is examined. Dry weight and total non-structural carbohydrate 

concentrations of organs are recorded over a 12 month period. The two Pterostylis 

species have a similar phenology and morphology, with biomass and carbohydrate 

allocation patterns generally following similar trends. Inflorescence production 

precedes replacement tuber development, suggesting that floral induction is based on 

cues from the previous season. Replacement tuber development occurs late in the 

growing season, only two months prior to plant senescence, making November and 

December key months for carbohydrate acquisition. The two Thelymitra species have 

similar morphology and phenology, with equivalent biomass and carbohydrate 

allocation patterns. Photosynthetic characteristics vary significantly with plant age for 

T. longifolia, but not T. pauciflora. Inflorescence production occurs several months 

after replacement tuber initiation. 

The results of this study demonstrate that understorey light environment is a key 

environmental factor for terrestrial orchids, inducing changes in orchid morphology and 

physiology. The influence of light regime on orchid occurrence and density is 

significant, but only fully apparent when understorey conditions are represented using 

multi-parameter models. 
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hapter 1 

I ntrod uction 

Sunlight is the primary energy source controlling biological processes in terrestrial eco

systems. The light environment under a forest canopy is temporally and spatially com

plex, providing a challenging environment for plants to maintain a positive carbon bal

ance. Many New Zealand terrestrial orchid species are only present above the ground 

for several months of the year, so must acquire sufficient energy resources over a re

duced time frame to ensure survival. The effect of light environment on the occurrence 

and distribution of these species is difficult to ascertain without careful investigation 

into both temporal changes in the under storey light environment and corresponding life 

cycle of the plant. This thesis examines the importance of light environment as a con

trolling factor on the occurrence of terrestrial orchids in New Zealand, and considers 

mechanisms by which the plants respond to changes in light regimes. 

1.1. Understorey Light Environments 

Light environments within a forest ecosystem are highly diverse and complex 

(Field, 1988; Turnbull, 1991; Forseth & Norman, 1993; Lawlor, 1993; Canham et 

ai., 1994), exhibiting temporal, spatial and spectral variability. 

1.1.1. Spatial Variation 

Spatial variation in the light regime occurs on large and small scales within a forest. 

Widespread variation in canopy structure is commonly caused by treefall and subse

quent regeneration (Runkle, 1981; Denslow, 1987; Brown & Parker, 1994; Frazer et 

ai., 2000). Many forest canopies exhibit mosaic characteristics (Torquebiau, 1988), 

being comprised of distinct 'eco-units' (Trichon et ai., 1998), ranging from very small 
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areas (branch loss, herbivory or disease), through to several hundred square metres (tall 

canopy treefall), each at a different regeneration or developmental stage. These mosa

ics create widespread spatial heterogeneity in understorey light levels (Canham et 

al., 1994). At a regional scale, forest structure may also vary due to gradients in geol

ogy, topography and soil characteristics (Frazer et al., 2000). 

1.1.2. Temporal Variation 

Temporal variations in understorey light regime are more complex, occurring simulta

neously on both long- and short-term scales. Seasonal variation in solar position affects 

the sun's intensity and path across the sky (Evans & Coombe, 1958; Anderson, 1964; 

Gay et al., 1971; Hart, 1988; Monteith & Unsworth, 1990; Nobel et al., 1993; Whit

more et al., 1993). Weather patterns also vary seasonally, affecting the relative propor

tions of clear and overcast days (Easter & Spies, 1994). Canopy density may also vary 

seasonally, due to partial or complete leaf fall (Zavitkovski, 1982; Baldocchi et 

al., 1984; Baldocchi et at., 1986; Brown & Parker, 1994). Additionally, understorey 

photosynthetically active radiation (PAR) levels vary in the short-term due to canopy 

movement (Pearcy, 1988; Pearcy et al., 1990), cloud cover (Ebbett & Ogden, 1998) and 

changes in the sun's position. These mechanisms combine to cause rapid fluctuations in 

PAR called sunflecks or light flecks (Gross, 1982; Chazdon, 1988; Pearcy, 1988). 

Studies of rainforests suggest that sunflecks can contribute as much as 90% of the daily 

photosynthetic photon flux density (PPFD) (Pearcy & Calkin, 1983; Chazdon & 

Fetcher, 1984; Pearcy, 1987). 

1.1.3. Spectral Variation 

Understorey light environments also have spectral variability, generally exhibiting in

creased proportions of far-red light (wavelengths> 700 nm) (Morgan & Smith, ]981; 

Woodward,1983; Hart, 1988; Mitchell & Woodward, 1988; Pearcy, 1989). This 

variation is caused by attenuation of the red spectra from light transmitted through 

leaves and reflected off plants (Endler, 1993; Lawlor, 1993; Marcuvitz & Turking

ton, 2000). It has also been shown by Shashar et at. (1998) that the polarisation char

acteristics of light are modified when transmitted or reflected by vegetation. 
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1.2. Ught and 

A prerequisite to the establishment of a species at a site is the presence of a viable seed 

source (Ackerman et at., 1990; Hof et at., 1999; Thompson et at., 1999; Meekins & 

McCarthy, 2001). Seed dispersal is not usually limiting for orchids, due to minute seed 

which is easily wind-dispersed (Moore & Edgar, 1970; Johns & Molloy, 1983; Ar

ditti, 1992). However, the availability of suitable mycorrhizae for germination and 

seedling development is important (Smith, 1966; Warcup, 1981; Clements, 1988; Ar

ditH et at., 1990; ZeImer et at., 1996). The establishment of individuals is also depend

ent on the presence of suitable micro-climatic conditions (Sowell, 1985; Woodward & 

Diament, 1991; Jones, 1993; Leathwick, 1995). It is known that light is often a limiting 

factor for species establishment (Chazdon, 1988; Poorter,2001) and growth 

(Curtis, 1983; Pearcy, 1983) under forest canopy. As a limiting factor, light environ

ment will, to some degree, affect both occurrence (Denslow, 1987; Austin et al., 1994) 

and the density of individuals (Pitelka et al., 1980; Dirzo et al., 1992; Rambo & 

Muir, 1998). 

1 Plant Adaptations to Ught Environments 

Plant competitiveness is dependent on morphological and physiological suitability to the 

prevailing conditions (Givnish & Vermeij, 1976; Givnish, 1988; McKenna & 

Houle, 1999; Poorter, 2001). In understorey environments, overall carbon gain can be 

increased through adaptations which maximise light harvest and minimise respiration 

losses. 

1 . Morphology 

A plant may maximise overall carbon gain through optimal allocation of resources to 

photosynthetic organs (McDonald et al., 1996; Pattison et al., 1998; Poorter, 2001). 

Plants growing under low-light environments typically allocate a greater proportion of 

resources to photosynthetic organs, to compensate for reduced energy availability 

(Thompson et al., 1988; Hunt & Hope-Simpson, 1990; Sims et al., 1994; Sims & 
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Pearcy, 1994; Pattison et al., 1998). Under such light environments, plants may pro

duce 'shade' leaves, which are adapted specifically for low energy conditions. These 

leaves have reduced thickness and increased chloroplast content, providing higher light 

absorption capability per unit mass and reduced fixed carbon (construction) costs 

(Chabot & Chabot, 1977; Packham & Willis, 1982; Oberbauer & Strain, 1985; Giv

nish, 1988; Lawlor, 1993). Vegetation architecture is also important under low-light 

conditions, with maximal light harvest achieved through minimal leaf overlap (Givnish 

&Vermeij, 1976; Nobel etal., 1993; Pearcy & Yang, 1998). 

1 Physiology 

Plants existing in low-light environments must maintain an appropriate balance between 

maximising photosynthetic yield and minimising respiratory costs (McKenna & 

Houle, 1999; Walters & Reich, 1999; Poorter,2001). A reduced light compensation 

point is a common strategy employed to maintain a positive carbon balance in understo

rey environments (Givnish, 1988; Walters & Reich, 1999). Photosynthetic characteris

tics are also modified to have greater apparent quantum yield, which provides quicker 

response to short sunflecks (Bazzaz, 1979). Efficient use of short bursts of sunlight is 

an important physiological trait, since sunflecks contribute a significant proportion of 

the daily PPFD under rainforest canopies (Chazdon & Pearcy (1991); Chazdon & 

Pearcy, 1986a; Chazdon & Pearcy, 1986b; Chazdon, 1988; Pearcy, 1988; Pearcy et 

al., 1990; Watling et al., 1997). 

1 Research 

Research on orchid populations in the United States, Europe and Australia is hampered 

by the protected status of many orchid species. Limitations on destructive sampling 

therefore restrict the morphological, phenological and biochemical study of below

ground organs. Borsos (1990) presented an anatomical-histochemical study on tubers of 

20 terrestrial orchid species in Hungary, but this research was restricted to a single plant 

of each species. Dry weight studies have been published on Thelymitra fuscolutea 

(Dixon, 1991), Dactylorhiza fuchsii (Leeson et al., 1991) and Tipularia discolor 

(Whigham, 1984) over a single growing season, providing an understanding of organ 
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development and plant life cycles. Biochemical analysis of Tipularia discolor organs 

(Snow & Whigham, 1989; Zimmerman & Whigham, 1992; Tissue et al., 1995) pro

vided useful information on carbohydrate accumulation, allocation and storage. Several 

other studies have been published for European orchids based on elemental analysis of 

soil and leaf samples, including Dactylorhiza majalis (SimiczY.iew, 1990), Dactylorhiza 

fuchsii (Kaminska et al., 1990) and Goodyera repens (Kolon et al., 1990). These stud

ies tried to identify the effect ofN, P, K, Mg and Ca availability on population viability 

and plant distribution. One of the few studies involving manipulation of orchid popula

tions was performed by Gillman & Dodd (2000), who examined the effect of fertiliser 

treatments on Orchis moria flowering and density over a 27 year period. 

A number of physiological studies have been undertaken on epiphytic orchids 

(Arditti, 1979; Benzing et al., 1983; Arditti, 1992; Wang, 1995; Hew & Ng, 1996; 

Murren & Ellison, 1996), but little has been published for terrestrial orchid species. 

Many of the physiological studies have been carried out under controlled conditions in 

vitro (Arditti & Ernst, 1993) studying the isolated effects of a single factor. The results 

of such studies can be difficult to relate back to field populations, since the in situ con

ditions are considerably more complex, involving the interaction of many environmental 

factors. Complex mycorrhizal associations further complicate the study of orchids and 

factors affecting populations. Research has shown that mycorrhizal fungi play a key 

role in seed germination of most orchid species (Smith, 1966; Arditti et al., 1990; 

mer et al., 1996; Zettler & Hofer, 1997). Some researchers have investigated the role of 

mycorrhizae during in situ seed germination (Rasmussen & Whigham, 1993; Van der 

Kinderen, 1995). These studies have confirmed in vitro results showing that seed ger

mination is not always limited to a single species of mycorrhizal fungi. Mycorrhizal 

interactions are also known to occur at later stages of plant development, with studies by 

McKendrick et al. (2000) and Alexander & Hadley (1985) identifying carbon transfer 

between orchids and fungi. Such relationships complicate biochemical studies examin

ing carbohydrate and nutrient uptake and distribution within orchid individuals. 

A number of long-term population monitoring studies have been carried out on orchid 

populations (for example Hutchings, 1987a; Tamm, 1991; Whigham & ONeill, 1991; 

Willems & Bik, 1991; Gillman & Dodd, 1998; Hutchings et al., 1998; Willems & Mel-
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ser, 1998). These have examined patterns in population density and reproduction over 

several generations of plants. The response of orchid populations to environmental 

conditions has also been studied by several researchers (Waite, 1989; Wells & 

Cox, 1989; Gregg, 1991; Whigham & O'Neill, 1991; Carey, 1998) in an effort to de

velop suitable statistical models for the effects of different land management strategies. 

Ultimately, such studies can be used as the basis of conservation plans for existing or

chid populations, as demonstrated by Farrell (1991) and Bradburn (1996). 

1.5. New Zealand Orchids 

New Zealand's orchids are predominantly terrestrial, with only four of the twenty-four 

genera being epiphytic (Moore & Edgar, 1970; Johns & Molloy, 1983). The greatest 

number are the less conspicuous, ground-dwelling species. Thelymitra and Pterostylis 

are the most abundant and prevalent of the terrestrial genera, comprised of 24 and 26 

species respectively (St George et al., 1996). Orchids are widely distributed across New 

Zealand and its outer reaches, with the exception of the Kermadec Islands (Moore & 

Edgar, 1970; Forest, 1978; Johns & Molloy, 1983; Gibbs, 1990; St George et 

al., 1996). Orchids can be found in most natural forest communities except for the 

darkest, densest stands of understorey. However existence is not confmed to indigenous 

forest and grasslands, with thriving populations observed in exotic plantations (Johns & 

Molloy, 1983; Molloy & Johns, 1983; Gibbs, 1988; Molloy, 1992). A considerable 

proportion (18 %) of New Zealand's orchids hold conservation status as rare or threat

ened (Cameron et al., 1995; de Lange, 2000), half are endemic, and the remainder are 

vagrants from Australia and are not endangered (de Lange & Molloy, 1995). 

Previous investigations involving New Zealand orchids have been restricted to their my

corrhizal associations (Campbell, 1962; Campbell, 1964; Campbell, 1970; Camp

bell, 1971), in vitro seed germination (Bicknell & Campbell, 1982; Cohen & 

Payne, 1986; Mullins et al., 1986; Wilms, 1992) and reproductive biology 

(Molloy (1990); St George, 1994; St George, 1995). The majority of publications are 

taxonomy-based, with the main contributors being Irwin, Hatch, Molloy, St George and 

Cooper. Several formal studies have been undertaken on orchid populations, including 

Thelymitra 'Ahipara' (de Lange et al., 1991), Corybas carsei (Clarkson & Stan-
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way, 1994; Norton & de Lange, 2001) and Caleana minor (Ecroyd, 1995). A study by 

Duguid (1994) presented observations on tuber development of three terrestrial orchids 

(Acianthus sinclairii, Corybas trilobus and Pterostylis alobula) , based on specimens 

collected during the 1950's. Hatch (1999) also presented a broad review of structural 

development in New Zealand terrestrial orchids, based on personal observations. There 

has been no literature published examining the effect of environmental conditions on 

New Zealand orchid populations. 

1.6. Rationale and Overview 

It is only possible to fully consider the significance of light environment on the occur

rence of an understorey plant species when physiological and morphological data are 

considered in conjunction with light environment surveys. The broad aim of this thesis 

is to examine the significance of understorey light environment as a control on the oc

currence of terrestrial orchids, and the mechanisms by which this occurs. Such an un

derstanding can then be used in the development of management and conservation 

strategies for terrestrial orchid populations. 

Chapter 2 

Before determining the significance of light environment on under storey populations, it 

is first necessary to characterise and define the prevailing understorey light regimes. 

Understorey light environment is typically expressed in terms of canopy characteristics 

such as canopy cover (Jennings et al., 1999), as well as direct and indirect (Evans & 

Coombe, 1958; Anderson, 1964; Chazdon & Field, 1987) and global (Canham, 1988a; 

Easter & Spies, 1994; Clark et al., 1996) solar contributions. These standard parame

ters, along with several others, are calculated from hemispherical canopy photographs 

taken under Broadleaf, Manuka, Podocarp and Nothofagus forests and used to identify 

the understorey light environments. It has been suggested by Canham et al. (1994) that 

species diversity may be related to the degree of heterogeneity in the understorey light 

regime. The degree of variation in the understorey light environment of each forest type 

is examined. The primary aims of this chapter are: 

" Define the canopy characteristics and prevailing light environment under four forest 

types known to be associated with terrestrial orchid populations. 
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€!I Determine the degree of similarity between the four forest types 

• Ascertain the heterogeneity of the canopy and light environment of each forest type 

• Identify the 'key' light parameters representing the understorey light environment 

Chapter 3 

It is commonly stated that distribution of under storey species is affected by light regime 

(Denslow, 1987; Rambo & Muir, 1998; Valverde & Silvertown, 1998; Poorter, 2001). 

This chapter examines whether understorey light environment has a similar significance 

for terrestrial orchid colonies under the Broadleaf, Manuka, Podocarp and Nothofagus 

forests surveyed in Chapter 2. The relative importance of climatic factors (such as light 

environment) and biotic factors (such as mycorrhizal and seed availability) and consid

ered. Relationships between light environment, heterogeneity and species richness are 

also examined. The primary aims of this chapter are: 

• Identify the relationship between occurrence and understorey light environment 

• Determine the significance of light regime as a controlling factor on colony density 

• Quantify the preferred light environment of identified terrestrial orchid species 

• Develop a classification model for preferred understorey light environments 

Chapter 4 

The ability of a species to successfully compete and survive under a range of conditions 

is dependent on its morphological and physiological plasticity (Curtis, 1983; Oberbauer 

& Strain, 1985; Osmond et al., 1988; Stuefer & Huber, 1998). This chapter examines 

morphological and physiological responses of Pterostylis banks ii, Pterostylis graminea, 

Thelymitra longifolia and Thelymitra pauciflora in the field, and under a range of con

trolled light environments. Breadth of fundamental niche is considered, and related to 

realised niches identified in the Chapter 3 field survey. The primary aims ofthis chapter 

are: 

• Identify morphological and physiological adaptations of trialled terrestrial orchid 

species to different light environments 

.. Compare morphology and physiology of enclosure trial and field individuals, and re

late to prevailing light environments 

(I Identify the fundamental niche of each trial species 
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Chapter 5 

Terrestrial orchids are typically seasonal (Tamm, 1972; Whigham, 1984; Dixon, 1991; 

Kindlmann, 1999), being emergent for a limited period each year. To successfully sur

vive and sexually reproduce, individuals must accumulate sufficient carbohydrate re

serves during the emergent period. Consequently, colonies will only be present in 

situations where the understorey light regime is compatible with the physiological and 

phenological characteristics of the species. The phenology of four orchid species are 

examined; P. banksii and P. graminea present under low-light conditions, and T. longi

folia and T. pauciflora present under a high-light regime. The phenology, resource allo

cation strategies and rates of carbon acquisition of each species are considered with re

spect to the light environment experienced by each colony. The primary aims of this 

chapter are: 

• Identify the phenology of the four studied species 

@ Consider how the phenological characteristics of each species relate to the understo

rey light environment 

• Examine the relationship between resource partitioning and light environment 

• Investigate the impact of herbivory and its timing on the long-term survival of each 

population 

Chapter 6 

The final chapter presents a general discussion of results from each chapter, and draws 

overall conclusions about the role of under storey light environments for terrestrial or

chids. Suggestions for further investigations are also presented. 
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1 Introduction 

Light environments underneath forest canopies are temporally and spatially diverse, due 

to interactions between the sun's changing position (both hourly and seasonally), 

weather conditions and the location of canopy gaps (Salminen et ai., 1983a; 

Pearcy, 1989; Canham et al., 1990; Monteith & Unsworth, 1990; Pearcy et al., 1990; 

Forseth & Norman, 1993). Variation in understorey light environments is most com

monly caused by forest development (Runkle, 1981; Denslow, 1987; Brown & 

Parker, 1994; Frazer et al., 2000) and disturbance regimes (Chazdon & Fetcher, 1984; 

Canham, 1988b; Norman & Campbell, 1989; Whitmore et al., 1993; Canham et 

al., 1994; Bellingham et al., 1996). Many forest canopies can be considered as mosaics 

of patches at different stages, contributing to a heterogeneous distribution of light avail

ability in the understorey (Torquebiau, 1988; Trichon et al., 1998). This heterogeneity 

plays an important role in determining regeneration patterns and the composition of un

derstorey plant communities (Zavitkovski, 1982; Dirzo et ai., 1992; Canham et 

al., 1994; Clark et al., 1996). 

Characterisation of a heterogeneous light environment typically requires long-term di

rect measurements of photosynthetic photon flux density (PPFD). A number of such 

studies have been undertaken (Hutchinson & Matt, 1976; Zavitkovski, 1982; Baldocchi 

et al., 1984; Chazdon & Fetcher, 1984; Pitelka et ai., 1985; Baldocchi et al., 1986; 

Vales & Bunnell, 1988; Fernandez & Fetcher, 1991; Whitmore et al., 1993; Easter & 

Spies, 1994) but considerable time and resources are required. 
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Hemispherical canopy photographs offer an alternative method of quantifying light cli

mates, whereby both direct and indirect radiation levels can be estimated for different 

times of the year (Evans & Coombe, 1958; Anderson, 1964; Chazdon & Field, 1987). 

This method makes it possible to gather large amounts of data quickly and relatively 

easily, and has been widely used (e.g. Pearcy, 1983; Chazdon & Fetcher, 1984; 

Chazdon, 1985; Chazdon & Field,1987; Canham, 1988a; Whitmore et ai., 1993; 

Easter & Spies, 1994; Bellingham et al., 1996; Clark et ai., 1996; Kabakoff & 

Chazdon, 1996; Walter & Himmler, 1996; Comeau et ai., 1998; Frazer et ai., 2000). 

Comparative studies have shown a high degree of correlation with PPFD measurements 

(Chazdon & Field, 1987; Easter & Spies, 1994; Walter & Himmler, 1996; Comeau et 

ai., 1998), although the technique is known to be sensitive to sky conditions, with light 

scattering and reflection effects more significant under clear-sky conditions (Salminen et 

ai., 1983b; Welles & Cohen, 1996). 

Although New Zealand has considerable amounts of undisturbed and regenerating for

ests, only a few studies of forest canopy and understorey light characteristics have been 

undertaken. Turton (1985), Hollinger (1987) and Van Gardingen (1987) have presented 

results from studies of Nothofagus-dominated forests, with a single paper by 

Bieleski (1959) discussing the light environment under a Leptospermum shrubland. 

These studies all utilised electronic or chemical measurement methods to determine the 

interior PPFD of these forests types. McDonald & Norton (1992) recorded the understo

rey light environment oftwo West Coast Podocarp sites using quantum sensors. Hemi

spherical photographs were also taken at each site, but these were only used to deter

mine the canopy cover above each sensor. No published studies have formally esti

mated the light environments under New Zealand native forests from hemispherical 

photographs. 

In this chapter, the canopy and understorey light environments are characterised in four 

common native forest types in the South and Stewart Islands of New Zealand, under 

which woodland orchids have been identified. Differences within and between each 

forest type will be examined, and the heterogeneity of the understorey light environment 

assessed. Comparisons will be made with forest types studied elsewhere. This study 
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also aims to identify a small number of 'key' parameters that best describe light charac

teristics in these forests. 

ispherical 

The Hill equi-angular fisheye lens, with 1800 field of view has a directly proportional 

relationship between angular altitude and radial distance (Pearcy, 1989). This allows 

the calculated position of the sun, S to be projected from the hemisphere onto a planar 

image surface using Pythagorean theory (Figure 2-1). 

The exact position of the sun along a calculated solar track, expressed as an hour angle 

ll, is dependent on the specified time H and rotational velocity of the earth a 

(Pearcy, 1989): 

77 (H -12)0-
(2-1) 

For a specific latitude and date, the path of the sun can described by the solar altitude a 

and the solar azimuth f3 (Pearcy, 1989). The solar altitude is calculated using Equation 

2-2 based on latitude lfI, solar declination 0 and hour angle 7]. 

a = sin -1 (sin If' sin b + cos If' cos b cos 77) 

Z 

, S 

! 

P 

Z= zenith 

P = centre point 
S = solar position 

S'= Hill's projection 
of solar position 

h = HilI's projection 
on the horizon 

a = solar elevation 
~=azimuth 

Figure 2-1 Geometric relationships between Hill's hemispheric projection and photographic image 
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Solar azimuth fJ is calculated using: 

(2-3) 
Symbols used in these and subsequent equations are defined in Table 2-1. 

Table 2-1 Symbols and definitions for the calculations used in the light analysis program. 

Symbol Definition Units Symbol Definition Units 
-<~------~ .. , 

Ad days between solar tracks [days) Elmoo/h indirect energy received under a [MJ.m-2] 
UOC sky during a given month 

At time between pOints on a solar [s) EITola! total indirect energy received [MJ.m-2] 

track under a UOC sky during a given 
period 

WI indirect solar energy intensity [Wm-2j EI'Tolel total indirect energy received [MJ.m-2) 
from a point on UOC sky under a clear sky during a given 

period 

WISF indirect solar energy intensity [Wm-2j EOday direct energy received under a [MJ.m-2] 

received from entire UOC sky clear sky during a given day 

W/ indirect solar energy intensity [Wm-2] EOmonlh direct energy received under a [MJ.m-2] 

from a point in clear sky clear sky during a given month 

WD 
direct solar energy intensity [Wm-2] EOrola! total direct energy received [MJ.m-2] 

from sun in clear sky under a clear sky during a given 
period 

r sky diffusion factor [-I H mean solar time [hr] 

K cloud obscuration factor [-J P atmospheric pressure at altitude [Pal 

a solar altitude [radians] Po atmospheric pressure at sea [Pal 
level 

~ solar azimuth [radians] Z zenith [-] 

0 solar declination at a set date [radians] c canopy cover weighting [-I 

11 hour angle [radians hr] 9 gravitational constant [ms-Zj 

'V latitude n h altitude [m] 

p atmospheric density [kgm-3] m number of points sampled on a [-I 
radius 

7:A atmospheric transmissivity [-I n number of radii sampled H 

cr rotational velocity of the Earth [radians] 0 number of points sampled on a [-J 
hr1] solar track 

0Jv proportion of time it is sunny, for [-) p number of solar tracks sampled H 
month j 

Elday indirect energy received under a [MJ.m-2] w intensity weighting H 
UOC sky during a given day 
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Estimation Canopy 

Many studies have demonstrated that the analysis of hemispherical photographs can 

yield accurate estimations of understorey light environment, including mean monthly 

radiation (Anderson, 1964) and fraction of available radiation (Salminen et ai., 1983b). 

These derived parameters have been closely correlated with plant performance, includ

ing growth (Pearcy, 1983) and photosynthetic capacity (Walter & Rimmler, 1996; 

Chazdon & Field, 1987). In addition to light environment, hemispherical photographs 

can yield values describing the canopy structure, such as leaf area index (Frazer et 

al.,2000; Welles & Cohen, 1996; Canham, 1988a) and gap frequency (Walter & 

Rimmler, 1996). 

Whilst hemispherical photography is widely used to investigate understorey light envi

ronments, it does have some limitations. Unlike direct PPFD measurement techniques, 

hemispherical photography only records light directly received from the sky, conse

quently light reflected and/or transmitted by the canopy leaves is not taken into account. 

Additionally, hemispherical photographs only record the presence (or absence) of white 

light, and do not differentiate between differing wavelengths. Therefore, it is not possi

ble to directly estimate light quantity in the PAR range. 

The four factors presented in this section quantifY the attributes of a specific forest can

opy. These calculated parameters are independent of climatic conditions. The parame

ters provide an estimate of the canopy characteristics at a given point in time, so are best 

applied to forest canopies which are seasonally invariant. All four forest types sampled 

in this study were evergreen. Calculated values will cease to provide an accurate as

sessment of the canopy characteristics following significant changes in canopy archi

tecture (e.g. wind-throw events or severe storms). 

Canopy Cover - CC [%] 

The canopy cover is the percentage of a defined area that is obscured by vegetation, di

rectly above a point on the forest floor. This factor provides a quantitative estimate of 

canopy density directly above a region on the forest floor. On a digital image this de

fined area contains n pixels. Each pixel is sampled and defined as either canopy (cj 1) 

or open sky (c; = 0). The calculation used to determine the canopy cover of a defined 
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area in a digital image is given in Equation 2-4. Implementation details for this calcula

tion are presented in Section 2.3.3. 

(2-4) 

Indirect Site Factor - ISF [%] 

The indirect site factor is the percentage of indirect terrestrial radiation received at the 

top of the canopy, which reaches a point on the forest floor (Anderson, 1964). This pa

rameter provides an estimate of the overall canopy openness to light. The ISF is the 

overall angular canopy openness, with weightings based on the uniform overcast cloud 

(UOC) model (Easter & Spies, 1994). Unlike canopy cover, this term is evaluated over 

the complete hemisphere, and so is calculated from the entire image. The projected 

hemisphere is systematically sampled at m points on n equally-spaced radii (see Section 

2.3.3 for implementation details). Each selected pixel is defined as either canopy (Cjk = 

1) or open sky (Cjk = 0), using the criterion specified in Section 2.3.3. The ISF of a digi

tal hemispherical canopy image is calculated as: 

ISF 

(2-5) 

Each radius is assigned an intensity weighting w based on its zenith angle, z 

(Canham, 1988a). The weighting is determined by the cosine law (Monteith & Un

sworth, 1990): 

w cosz 
(2-6) 

Direct Site Factor - DSF [%] 

The direct site factor is defined as the percentage of direct terrestrial radiation received 

at the top of the canopy that passes through the canopy to a point on the forest floor 

(Anderson, 1964). This can also be considered as the angular openness along the sun 

track weighted by the UOC model (Easter & Spies, 1994). This factor provides a quan

titative estimate of the canopy openness along the solar path. In order to evaluate this 
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parameter, it is necessary to determine the solar path across the hemispherical image 

using Equations 2-1 to 2-3. Seasonal variation means that this path moves over time, 

hence the calculated DSF is actually an average value over the period between the speci

fied start and end time of analysis. The DSF is calculated over a points along each solar 

track, with the path of the sun evaluated p times over the specified period. The DSF can 

be calculated for a digital image using Equation 2-7. This parameter is evaluated under 

the assumption of continuous clear sky conditions. 

DSF :::: 
p 1 

°LWk 
k=l 

(2-7) 

Solar Track Canopy Cover - STCC [%] 

The mean solar track canopy cover along the sun's path can also be calculated over a 

defined period of time. This factor provides a quantitative estimate of canopy density 

along the solar path. The solar trajectory can be estimated in the same manner as· for 

DSF using Equations 2-1 to 2-3. Seasonal variation means that the estimated STCC for 

any image is actually an average of individual values calculated between the specified 

start and end time of analysis. The STCC for a digital hemispherical image can be cal

culated using Equation 2-8, for a points on each of p solar paths. Unlike the DSF factor, 

this parameter does not include weightings for solar angle. 

STCC 

(2-8) 

of Understorey light 

Digitised hemispherical canopy images can also be used to quantify different aspects of 

the forest floor light environment. The complex nature of such environments means 

that a single parameter cannot be used to fully describe a forest floor light regime. Each 

parameter presented in this section quantifies one aspect of under storey light conditions, 

based on a hemispherical image and local sunshine data (expressed as monthly clear sky 
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proportions %, for a sampled site). In equations for each light factor presented in this 

section, symbols are as defined in Table 2-1. 

Sun fleck Time - SFT [min.day"l] 

The amount of direct sunlight reaching the forest floor is an important aspect of the un

derstorey light environment (Canham et al., 1994). The SFT represents the average for

est floor sunfleck time per day. The SFT (Equation 2-8) is determined by repeatedly 

calculating the solar path across the digitised image using Equations 2-1 to 2-3 over the 

specified analysis period. The maximum possible sunfleck time for a specific solar 

track can be estimated by integrating the open sky durations over 0 intervals of duration 

L1t. Each sampled pixel is either classified as canopy (cj = 1) or open sky (cj = 0) based 

on the criterion defined in Section 2.3.2. The likely sunfleck time can be calculated by 

multiplying this number by the appropriate clear sky proportion (1)D' An average SFT 

value can be calculated by repeating this analysis p times between the specified start and 

end month of analysis 

8FT = 

lit ~(t(l- el,) }OD" 
p 

(2-9) 

Total Site Factor - TSF [%] 

The total site factor represents the percentage of total solar radiation (both indirect and 

direct) received at the top of the canopy, that passes through the canopy to a given point 

on the forest floor (Whitmore et ai., 1993). This is calculated as a weighted combina

tion of the ISF and DSF factors for each hemispherical image. It is possible to use fixed 

weightings for the indirect and direct contributions, based on the prevailing climatic 

conditions at a study site. This approach was used by Canham (1988a) when studying a 

southeastern New York forest site. However, the variable nature of New Zealand 

weather patterns makes the use of fixed weightings undesirable. In this work, the TSF is 

evaluated using DSF values calculated at p intervals throughout the specified analysis 

period, using the relevant monthly clear sky proportions (1)D (Table 2-3). A TSF evalu

ated between specified start and end months is calculated by: 
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TSF = 
p 

(2~10) 

The term TSF is equivalent to the global site factor (GSF) used by Easter & 

Spies (1994) and Clark et al. (1996), as well as the gap light index (GU) discussed by 

Canham (1988a) and Canham et al. (1994). 

Seasonal Energy - ES [MJ.m-2
] 

The seasonal energy parameter represents the total amount of visible incident solar en

ergy received at a particular point on the forest floor between a specified start and end 

date. This parameter includes contributions from both direct and indirect sources 

(Equation 2-11). 

EI Tolal + EDToial + EI~olal 
(2-11) 

The estimated direct energy EDI'o1a1 [MJ.m-2
] received over the specified period is de-

pendent on the incident visible light, calculated DSF values and monthly clear sky pro

portions. Full details of the calculation method for EDToial are presented in Appendix A. 

Indirect energy is most obviously associated with overcast conditions, when the sun is 

not visible. However, according to Monteith & Unsworth (1990), significant amounts 

of indirect radiation are also received from the sky on clear days. In this and following 

chapters, it is assumed that the indirect energy EITo,al [MJ.m-2
] received on non-clear days 

can be calculated using standard UOC relations. Details of these calculations are pre

sented in Appendix A. Indirect energy EFToial [MJ.m-2
] from the clear sky surrounding 

the solar disk on clear days is estimated using the relations of Monteith & Un

sworth (1990). Details of these calculations are presented in Appendix A. 

Direct Energy Percentage - EDP [%] 

The relative importance of direct energy in the under storey light environment is defined 

by the EDP (Equation 2-12). This parameter provides an estimation of the percentage 

of energy received from sunflecks over the specified analysis period. 

EDP 
EDToial 100 , x 

ED Talal + EI TOlal + EI TOlal 1 

(2-12) 
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2.3 Methods 

2.3.1 Study Sites and Sampling 

The twenty study sites selected in the South and Stewart Islands were classified into four 

categories; Nothofagus and Podocarp (primary forests), and Broadleaf and Manuka 

(secondary regrowth forests). Forest classifications were made based on the dominant 

canopy species. Nothofagus forest canopy was dominated by Nothofagus solandri var. 

cliffortioides. Podocarp forests were dominated by Dacrydium cupressinum and Wein

mannia racemosa. Broadleaf canopy species were Melicytus ramiflorus and Pseu

dopanax arboreus. Leptospermum scoparium dominated Manuka stands. Details of the 

survey sites are given in Table 2-2. Each site was visited one, with twelve randomly 

located 5 m x 5 m quadrats sampled at each site. 

2.3.2 Photographs and Image Processing 

Three hemispherical photographs were taken at the centre of each quadrat, at different 

lens aperture settings. All photographs were taken using a fisheye lens (Nikor® 8mm 

fl2.8) on a Nikon® FG-20 camera, tripod-mounted 0.5 m above the ground. The camera 

was positioned with the lens axis vertical and camera body aligned with north (as de

scribed by Bellingham et al., 1996). Camera inclination was set using two spirit levels, 

one in the tripod and the other on the camera. No optical filters were used. llford HP5 

Plus 400 black and white film was used and developed to manufacturer's recommenda

tions. Canopy height [m] was determined using an inclinometer. 

Photographic images were scanned directly from the developed proof sheets using a 

Hewlett Packard Scanjet 6100c at 600 dpi (the maximum optical resolution of the scan

ner), giving an image 550 pixels in diameter. The photographic images were scanned at 

16 levels of greyscale. For each quadrat, the image with greatest contrast was selected 

for analysis. A Tukey-Kramer test showed that the two palest shades of grey were rep

resentative of the sky, with the remaining darker shades considered to represent canopy. 
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Table 2-2 Descriptions of survey sites in South and Stewart Islands. Site co-ordinates sourced from New 
Zealand Map Service. 

Forest Type location Site Number Ecological Region Site co-ordinates 

Broadleaf Whites Bay 2 14 Sounds-Wellington 174°05'00"E; 41°20'30"S 

Broadleaf Picton 1 2 Sounds-Wellington 174°00'00"E; 41 °20'00"S 

Broadleaf Picton 2 22 Sounds-Wellington 174°00'00"E; 41 °20'00"S 

Broadleaf Kennedys Bush 1 5 Banks 172°37'00"E; 43°41 '50"S 

Broadleaf Peel Forest 15 Pareora 171 °05'00"E; 43°50'30"S 

Manuka Whites Bay 1 13 Sounds-Wellington 174°05'00"E; 41 °20'30"S 

Manuka Lake Sumner Forest Park 1 20 Puketeraki 172° 40'00"E; 42° 45'00"S 

Manuka Lake Sumner Forest Park 2 21 Puketeraki 172° 40'00"E; 42° 45'00"S 

Manuka Kennedys Bush 2 6 Banks 172°37'00"E; 43°41'50"S 

Manuka Sawdust Bay 2 10 Rakiura 168°20'00"E; 4r50'00"S 

Nothofagus Pine Valley 3 Richmond 173°31 'OO"E; 41 °31'20"S 

Nothofagus Lake Sumner Forest Park 3 19 Puketeraki 172° 40'00"E; 42° 45'00"S 

Nothofagus Glentui 16 Canterbury Foothills 172° 1 0'50"E; 43° 1 O'OO"S 

Nothofagus Arthurs Pass 17 D'Archaic 171 °30'30"E; 42°50'00"S 

Nothofagus Staveley 18 Heron 171 °15'00"E; 43°40'00"S 

Podocarp Pelorus 4 Richmond 173°50'00"E; 41 °20'00"S 

Podocarp Sawdust Bay 1 7 Rakiura 168°20'00"E; 4r50'00"S 

Podocarp Sawdust Bay 3 11 Rakiura 168°20'00"E; 4r50'00"S 

Podocarp Abrahams Bosom 8 Rakiura 168°10'50'E; 4r50'00"S 

Podocarp Oban 12 Rakiura 168°09'00"E; 46°54'30"S 

2.3.3 light Analysis Program 

An analysis program (Appendix D) was written in Delphi v2.0 (Borland, 1996), which 

calculated ee, STeeb ISF, DSFJ, TSFb ESb EDPJ and SFTf parameters for each digitised 

canopy image. Subscripted parameters are time-dependent, and for the forest analysis 

were evaluated over a complete 12 month period for each image. Monteith & Un

sworth (1990) and Evans & Coombe (1958) all state that light intensities are negligible 

for solar altitudes below 100. For this reason, solar track analysis was only performed 

for solar altitudes greater than 100. The distribution of sampled points for the ISF cal

culation followed the method of Chazdon & Field (1987). This 'spider web' pattern 

consisted of 80 concentric rings, each corresponding to one degree of arc, covering ze

nith angles ranging from 0 to 800
• Thirty points were sampled on each concentric ring. 
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Following the recommendations of Chazdon & Field (1987), the sun's position was cal

culated at 60 second intervals along the solar track for the DSFJ, ESJ and SFTJ parame

ters. Solar tracks were calculated at seven-day intervals for the specified analysis period 

(12 months for forest analysis). 

Historical weather data obtained from automated MetService (Wellington) weather sta

tions (Table 2-3) were used to calculate sun proportions for each site using: 

Mean monthly sunshine hours 

Mean daylength for month 

(2-13) 

The indirect radiation intensity factor K (Appendix A) was calculated from solar inten

sity data recorded hourly by an automated weather station situated at the University of 

Canterbury field station at Cass over the period 1998-1999. Positioning of the solar 

track on the digital images incorporated a 22° 00' 00" E correction factor which ac

counted for deviations between magnetic and true north. Constants used in the analysis 

program are given in Table 2-4. 
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Table 2-3 Mean monthly sun proportions WD for each sampled site. Data derived from MetService auto-
mated weather stations and averaged over a ten year period (1988 - 1998). 

Forest type Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Broadleaf Picton 1 0.51 0.51 0.46 0.47 0.37 0.27 0.33 0.36 0.38 0.43 0.40 0.42 

Broadleaf Picton 2 0.51 0.51 0.46 0.47 0.37 0.27 0.33 0.36 0.38 0.43 0.40 0.42 

Broadleaf Kennedys Bush 1 0.53 0.56 0.56 0.49 0.36 0.30 0.35 0.44 0.49 0.53 0.52 0.55 

Broadleaf Peel Forest 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Broadleaf Whites Bay 2 0.51 0.51 0.46 0.47 0.37 0.27 0.33 0.36 0.38 0.43 0.40 0.42 

Manuka Kennedys Bush 2 0.53 0.56 0.56 0.49 0.36 0.30 0.35 0.44 0.49 0.53 0.52 0.55 

Manuka Lake Sumner Forest Park 1 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Manuka Lake Sumner Forest Park 2 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Manuka Sawdust Bay 1 0.40 0.44 0.38 0.37 0.33 0.31 0.39 0.42 0.43 0.42 0.43 0.42 

Manuka Whites Bay 1 0.51 0.51 0.46 0.47 0.37 0.27 0.33 0.36 0.38 0.43 0.40 0.42 

Nothofagus Arthurs Pass 0.49 0.46 0.51 0.48 0.42 0.34 0.41 0.39 0.46 0.43 0.40 0.41 

Nothofagus Glentui 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Nothofagus Lake Sumner Forest Park 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Nothofagus Pine Valley 0.53 0.58 0.56 0.49 0.35 0.30 0.34 0.43 0.49 0.53 0.52 0.55 

Nothofagus Staveley 0.49 0.46 0.51 0.48 0.43 0.34 0.41 0.40 0.46 0.43 0.40 0.41 

Podocarp Abrahams Bosom 0.40 0.44 0.38 0.37 0.33 0.31 0.39 0.42 0.43 0.42 0.43· 0.42 

Podocarp Oban 0.40 0.44 0.38 0.37 0.33 0.31 0.39 0.42 0.43 0.42 0.43 0.42 

Podocarp Pelorus 0.53 0.58 0.56 0.49 0.35 0.30 0.34 0.43 0.49 0.53 0.52 0.55 

Podocarp Sawdust Bay 2 0.40 0.44 0.38 0.37 0.33 0.31 0.39 0.42 0.43 0.42 0.43 0.42 

Podocarp Sawdust Bay 3 0.40 0.44 0.38 0.37 0.33 0.31 0.39 0.42 0.43 0.42 0.43 0.42 

Table 2-4 Constants used in the light analysis program 

Constant Description Value Units Source 

<Dc Solar constant 600 [Wm-2] Forseth & Norman (1993) 

TA Atmospheric transmissivity 0.8 H Forseth & Norman (1993) 

9 Gravitational constant 9.81 [ms-2] Atkins (1990) 

p Atmospheric density at sea level 1.224 [kgm-3] Atkins (1990) 

Po Atmospheric pressure at sea level 101 325 [Pal Perry & Green (1984) 

r Sky diffusion factor 0.1 [-] Monteith & Unsworth (1990) 

K Cloud obscuration factor 0.6 [-] Cass Weather Station Data 
( 1999-1999) 
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2.3.4 

Light regime values calculated by the light analysis program were transformed to mini

mise non-normality. Calculated CC, ISF, DSF[, STCC[, TSF[, and EDPfparameters were 

arcsine transformed (Sokal & Rohlf, 1981). Calculated SFT[ and ES[ values were IOglO 

transformed. All statistical analysis was performed using S-plus 4.5 (MathSoft Inc, Se

attle, USA). 

The parameters CC, ISF, DSF[, STCC[, SFr;., TSF[, ES[ and EDP[ were used to charac

terise the canopy density for each forest type. For each parameter, a nested ANOVA 

was used to determine variation within and between sampled forest sites. Box-and

whisker plots were used to distinguish significantly different sites within each forest 

type. Groupings of similar forest types were identified for each calculated parameter 

using a Multiple Comparison Analysis based on the method of Tukey, for a = 0.01. 

Given the large number of light environment descriptors, it is possible that some may be 

highly correlated, and consequently redundant. Principle Component Analysis (PCA) 

was used to examine relationships between the eight descriptors calculated from each 

digitised canopy image to identify the 'key' parameters which best described the forest 

canopy and light characteristics. Key parameters identified by this method are used in 

subsequent chapters for further light environment analyses. 

Results 

Observations of Indigenous Forests Types 

Photographs presented in Figure 2-2 provide a comparison of structure in the four forest 

types studied in this chapter. All four types were evergreen; hence the canopy structure 

did not vary seasonally. Broadleaf forests (Figure 2-2-A) typically had an even, m 

high canopy layer comprised of Melicytus ram iflorus , Corynocarpus laevigatus and 

Pseudopanax arboreus. Beneath the canopy, there was a single shrub layer, primarily 

consisting of canopy juveniles. The forest floor vegetation was dominated by ferns, 

mosses and liverworts. Manuka (Leptospermum scoparium) forests (Figure 2-2B) had 

an even canopy which was 4-5 m high. Leaves shed from the canopy formed a fine 
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mulch layer on the forest floor, which tended to support little other vegetation. The 

canopy of the five Nothofagus sites (Figure 2-2-C) was dominated by Nothofagus so

landri var. cliffortioides (mountain beech). The canopy of these forests averaged 15 m. 

Beneath the canopy there was a single shrub layer, mostly comprised of Coprosma spe

cies. The forest floor was carpeted with ferns, mainly Blechnum discolor and Poly

stichum vestitum, along with various mosses and liverworts. The Podocarp sites (Figure 

2-2-D) had the tallest canopy of the four forest types, reaching in excess of 25-30 m. 

These forests had complex stratification of the sub-canopy layer. Below the sub-canopy 

was a layer of small trees, tall shrubs and tree ferns. Beneath this were smaller shrubs, 

juvenile trees, fern, mosses and liverworts, with numerous climbing plants bridging all 

of these layers. 

2.4.2 Forest Canopy Characteristics 

Forest canopy parameters derived from hemispherical photographs using the light analy

sis program are given in Table 2-5. Broadleaf forests exhibited the lowest level of can

opy openness both overall (CC and ISF) and along the solar path (STCCI and DSFI ). 

The CC, ISF and DSFI parameters showed the sampled Manuka forests to have a lower 

canopy density. The large STCCI value was attributable to the high plant density which 

increased the apparent canopy cover at low solar altitudes. Sampled Nothofagus forests 

were shown to have canopy density midway between Broadleaf and Manuka. The 

STCCI values were again higher then the calculated CC parameters. The calculated pa

rameters in Table 2-5 show the canopy density of a Podocarp forest to be remarkably 

similar to the Manuka site. 

Table 2-5 Derived parameters describing the canopy for each forest type. Data shown are the mean and 
standard error for transformed data from randomly located quadrats. 

Broadleaf Manuka Nothofagus Podocarp 

n 54 51 57 57 

ee 95.35 (94.15 - 96.42) 63.80 (59.33 - 68.15) 83.34 (79.51 - 86.85) 64.58 (58.91 - 70.05) 

ISF 4.16 (3.40 - 4.99) 28.75 (25.73 - 31.87) 13.42 (11.75 - 15.19) 26.37 (23.05 - 29.83) 

DSF, 1.91 (1.50 - 2.39) 8.00 (6.94 - 9.13) 6.7 (5.92 - 7.53) 9.72 (8.40 -11.13) 

STee, 97.93 (97.44 - 98.37) 90.91 (89.67 - 92.08) 92.74 (91.83 - 93.60) 89.5 (88.00 - 90.91) 
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Figure 2-2 Forest structure of sampled forest types A: BroadleafB: Manuka C: Nothofagus, D: Podocarp 



Figure 2-2 Continued 



Nested ANOV A showed there to be significant variation between some of the forest 

types for each of the calculated parameters (p = 0.0000). Tukey multiple comparison 

methods were used to assign groupings for alike forest types, based on each canopy pa

rameter (Table 2-6). The presence of multiple groupings (a, band c) are consistent with 

the ANOVA which suggested differences between some forest types. Podocarp and 

Manuka forests were consistently considered to have equivalent canopy characteristics. 

Broadleaf canopy characteristics were significantly different to the three other forest 

types studied. Sampled Nothofagus forests were either grouped with Podocarp and 

Manuka (on the basis of DSFj, and STCCj), or were assigned an individual grouping (on 

the basis of CC and ISF). 

Table 2-6 Forest type grouping based on canopy parameters 
using multiple comparison analysis. Groupings 
assigned based on Tukey method analysis with 95 % 
confidence intervals. 

ee 
ISF 

DSFr 

STeer 

Podocarp Manuka Nothofagus Broadleaf 

a a 

a a 

a a 

a a 

b 

b 

a 

a 

c 

c 

b 

b 

The nested ANOV A also showed there to be significant differences between some sites 

of the same forest type (p = 0.0000). Box plots (Figure 2-3) were used to determine 

sites which differed notably within each forest type. Broadleaf box plots showed that 

the Peel Forest site had a considerably more open canopy structure than the other four 

sampled sites. The five Manuka sites exhibited considerable variation, with the Saw

dust 2 site differing markedly from the other four. The Nothofagus sites also exhibited 

considerable variation. Box plots for the Podocarp forests (Figure 2-3) showed the Pe

lorus site to have considerably higher canopy density than the others, which were all 

sampled on Stewart Island. 
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Figure 2-3 Box-and-whisker plots summarising the distribution of transformed canopy parameters CC, 
ISF, DSFI and STCCI parameters for Broadleaf, Manuka, Nothofagus and Podocarp forest 
sites. Horizontal white line represents the median, the hinges signify the interquartile range 
(25th and 75 th percentiles). Outliers are signified by horizontal bars outside the hinges. 
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Forest Environment 

Light environment parameters derived from hemispherical photographs using the light 

analysis program are given in Table The forest floor of a Broadleaf forest had the 

lowest light regime (ESJ, SFTJ and TSFJ), whereas the Manuka forests had the highest 

light environment. A Nothofagus forest floor received approximately half the energy of 

a Manuka forest annually. Podocarp and Manuka forests had comparable SFTj and 

TSFf, but dissimilar ESf, due to differing levels of cloud cover at their respective sites. 

The relatively low EDPJ value for all the forest types studied shows that the forest floor 

light environment is dominated by indirect radiation. 

Table 2-7 Derived parameters describing the forest floor light environment for each forest type. Data 
shown are the mean and standard error fOf transformed data from randomly located quadrats. 

n 

SFT, 

TSF, 

Broad/eaf 

54 

9.10 (7.40 11.19) 

3.39 (2.80 - 4.04) 

Manuka 

51 

50.05 (43.89 - 57.07) 

20.07 (18.52 - 22.35) 

Nothofagus Podocarp 

57 57 

36.09 (31.40 - 41.48) 45.09 (36.73 - 55.36) 

10.81 (9.61 - 12.07) 19.94 (17.47 - 22.53) 

ES, 71.16 (55.78 - 90.62) 611.31 (542.14 - 689.31) 329.61 (289.05 - 375.86) 416.34 (325.72 532.17) 

EDP, 27.52 (23.50 31.73) 21.38 (20.15 - 22,64) 34,64 (31.69 - 37.66) 27.76 (25.05 - 30.55) 

Grouping using a Tukey method showed clearly that Podocarp and Manuka forest sites 

have equivalent understorey light environments. Nothofagus forests could generally be 

grouped with Podocarp and Manuka, except on the basis of TSFJ• The light environment 

under Broadleaf was consistently different to the other three forest types, except on the 

basis of EDPJ (Table 2-8). 

Table 2-8 Forest type grouping based on light environment 
parameters using multiple comparison analysis. 
Groupings assigned based on Tukey method analysis 
with 95 % confidence intervals. 

Podocarp Manuka Nothofagus Broad/eaf 

SFTJ a a a b 

TSFJ a a b c 

ESJ a a a b 

EDPJ a a a a 
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Nested ANOV A showed that SFT/) TSFJ" ESj and EDPj parameters all varied signifi~ 

cantly between forest types (p = 0.0000, p 0.0000, p = 0.0000, p = 0.0176 respec~ 

tively). There was also significant difference between sites of the same forest type for 

SFTj , TSFJ, and ESj (p = 0.0000, p 0.0000, p = 0.0000 respectively) but not for EDPj 

(p = 0.1107). Box plots for Broadleaf (Figure 2-4) showed that the Peel Forest site had 

a higher forest floor light environment than the other sampled Broadleafsites. Of the 

five Manuka forests sampled, the Sawdust 2 site received considerable more light below 

the canopy, consistent with the canopy density characteristics. No clear pattern was evi

dent for the Nothofagus sites. Box plots for the Podocarp forests (Figure 2-4) again 

showed the Pelorus site to have a considerably lower understorey light environment than 

the Stewart Island Podocarp forests. The EDPj values calculated for Pelorus exhibited 

considerable variation. 
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Principle Component Analysis 

ronments 

Forest light 

Similarities between the Principle Component Analyses (PCA) for each of the four for-

est types (Figure 2-5) suggests that there were consistent relationships between the pa

rameters of all sampled forest types. The first two axes of the plots all represent in ex

cess of 93 % of the variance in the data. Equivalent vector lengths for the parameters 

shows that no single factor can be used as a sole predictor of forest light environments. 

Placement of the STCCr vector opposite DSFr shows that these two factors are strongly 

negatively correlated. Both terms were dependent on solar position. STCCr provides 

negligible additional information to the calculated DSFr parameter, and can be discarded 

as a forest descriptor. A strong negative correlation between CC and ISF is evident in 

all four forest types, due to ISF representing a canopy openness calculated over the en

tire hemispherical image. The strong correlation between these parameters suggests that 

there was little difference between canopy structure directly above the sample area and 

the overall canopy architecture visible over the entire hemispherical image, i.e. the 

canopies of these four forest types were largely homogenous. Therefore CC can be dis

carded in favour of ISF as a descriptor of the understorey light environment. DSFr and 

SFT;- also show a high degree of correlation, particularly for Broadleaf and Nothofagus 

forests where the axes for these factors are overlaid. The correlation is not as strong for 

Manuka or Podocarp forests sites, but their generally close proximity shows that retain

ing both parameters would provide little additional information. On this basis, SFT;- can 

be discarded as a forest descriptor. A similar degree of correlation also exists between 

ESr and TSFr. ESr is the preferred factor as it provides a quantitative estimate of avail

able energy, which is a useful descriptor in both forest analysis and carbon acquisition 

modelling. The positioning of ESr and EDPr at close to right angles indicates a high 

level of orthogonality between these parameters, meaning that they are least correlated 

and should both be retained as descriptors of forest light environments. 
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Forest Light Characteristics 
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Figure 2-5 Principal component analysis. Data points shown correspond to transfonned data from 
randomly located quadrats. Correlation axes have been scaled by 500%. 
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Forest 

The canopy architecture and understorey light environment of the four sampled forest 

types were successfully characterised from hemispherical images collected at each site. 

Multiple comparison (Tukey) analysis showed that the canopy density and understorey 

light environments of the Broadleaf forests were consistently different to the other sam

pled forest types, with high canopy density and very low understorey light regime. 

Podocarp (primary) and Manuka (secondary) canopy density and forest floor light envi

ronments were indistinguishable, despite significant differences in canopy architecture. 

The Nothofagus forests were not consistently grouped with any other sampled forest 

type. 

Light environment parameters for Broadleaf sites show that this forest type had a highly 

dense canopy, and low understorey light regime. Despite differences in canopy archi

tecture and successional status, strong similarities exist between the sampled Broadleaf 

sites, rainforests and closed deciduous forest canopies. ISF values calculated for the 

sampled Broadleaf sites were equivalent to results reported for rainforests in Indonesia 

(Trichon et al., 1998), Borneo (Whitmore et al., 1993), Mexico (Dirzo et al., 1992) and 

Canada (Frazer et al., 2000), as well as closed deciduous canopy in USA (Hutchinson & 

Matt, 1977). ISF values 2-3 times greater than Broadleaf have been measured under 

Costa Rican rainforest (Kabakoff & Chazdon, 1996), however this was for forest regen

erating from abandoned farmland. This suggests that ISF is strongly affected by stand 

structure, and the dominant canopy species. As regeneration of the Costa Rican rainfor

est continues, it is likely that the early successional canopy species will be replaced with 

late successional species, and the understorey ISF may well reduce. 

Pearcy (1983) reported DSF values for a Hawaiian rainforest calculated for selected 

months, the mean value of which agreed with those calculated for the Broadleaf forests. 

DSF values reported by Poorter & Werger (1999) under Bolivian rainforest were also 

comparable to Broadleaf results. In contrast, DSF values for Bornean rainforest were 

four times higher (Whitmore et al., 1993), and values for Mexican rainforest were 1.5 -
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6 times greater (Dirzo et al., 1992), whilst values for Australian rainforest were four 

times lower (Bjorkman & Ludlow, 1972; cited in Pearcy, 1983) than the sampled 

Broadleaf forests. TSF values reported for rainforests in Costa Rica (Clark et at., 1996) 

and Borneo (Whitmore et al., 1993) were generally consistent with results gathered for 

the Broadleaf forests. Comparable TSF values have also been reported under deciduous 

forests in USA (Hutchinson & Matt,1977; Brown & Parker,1994; Canham et 

al., 1994) during canopy closure. However, given the deciduous canopy, these values 

are not representative of an annual total site factor. 

The sampled Manuka forests had low canopy density, and consequently a high understo

rey light environment A study by Bieleski (1959) of a Leptospermum shrubland near 

Auckland showed that the measured understorey light intensity ranged from 1 - 40 % of 

incident radiation. None of the five sites sampled in this study exhibited as much varia

tion, i.e. they were considerably more homogenous that the Auckland shrubland. De

spite Manuka and Broadleaf both being successional forest types of equivalent canopy 

height and architecture, they had markedly different canopy density and understorey 

light environments. Comparisons between Manuka and coniferous forest types are more 

useful, due to similarities in leaf structure of the canopy species. ISF values reported for 

Canadian (Vales & Bunnell, 1988) and French (Walter & Himmler, 1996) Pinus forests 

were highly variable, but encompassed values calculated for the Manuka forests. DSF 

values reported for these same Pinus forests were generally higher than Manuka. Gay et 

al. (1971) reported TSF values slightly lower than Manuka, however these only repre

sented an 8 day period during October (Autumn), and the annual TSFf may well be 

higher. Longer-term TSF values determined by Turton (1985) using diazo papers under 

coniferous plantations in the central South Island of New Zealand were significantly 

lower than Manuka. It is believed that this is most likely due to differences in planting 

density, since Craigieburn Range (Turton, 1985) and Lake Sumner Forest Park sites 1 & 

2 had similar latitudes. 

Hollinger (1987) measured light levels under a Nothofagus truncata forest in northern 

South Island, estimating a TSF of 1.9 % during autumn months, based on readings of 

incident PPFD reaching the forest floor. Van Gardingen (1987) performed a similar 

study, using PPFD sensors and diazo papers under N. fusca and N. menziesii forests in 
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central South Island. He concluded that approximately 5% of the incident PPFD 

reached the forest floor. Turton (1985) reported even lower TSF values using diazo pa

pers under N solandri var. clifJortioides forest in central South Island. The results of 

these studies were all lower that the TSFr values calculated in this chapter for Notho

fagus in northern and central South Island. McDonald & Norton (1992) reported under

storey TSF values at West Coast Podocarp rainforest sites ranging between 2.6 - 5.2 % 

ofincident PPFD in summer, dropping to 1.0 - 1.9 % for the same sites in autumn. TSFr 

values reported by these studies did not follow any clear trend with latitude, suggesting 

that differences may be due to topographical variations between the study sites or site 

specific factors (e.g. soil chemistry and disturbance history) (Trichon et al., 1998; Frazer 

et al., 2000), or limitations in the suitability of available weather data used to calculate 

the TSFr values in this chapter. 

Successional Changes 

Temporal changes in canopy structure mean that the understorey light environment of a 

successional forest is usually dependent on its developmental stage (Bazzaz, 1979; 

Brown & Parker, 1994; Canham et at., 1994; Frazer et at., 2000). Consequently it can 

be difficult to identify a 'typical' light environment of a successional forest type. The 

age of each sampled stand was not known, however similarities in the canopy and un

derstorey light characteristics of the five Broadleaf forests suggest that these sites were 

all at a similar developmental stage. There was notable variation in the canopy charac

teristics of the Manuka sites, with Sawdust 2 on Stewart Island having significantly 

lower canopy density and higher understorey light environment than the other four sites 

in the South Island. In this circumstance, it is believed that site differences were not 

solely attributable to latitudinal effects, but rather Sawdust 2 was at a different succes

sional stage than the other sampled Manuka sites. The presence of Podocarp juveniles 

at the Sawdust 2 site provided evidence that this stand was in the final successional 

stages of regeneration to Podocarp forest. 
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There was considerably less variation in the CC values calculated for the each succes

sional forest site (Broad leaf and Manuka) compared to the primary forests (Nothofagus 

and Podocarp). This was consistent with the findings of Frazer et al. (2000) that varia

tion in canopy density increased dramatically with the age of a temperate rainforest. 

Older stands were characterised by larger, relatively unevenly spaced canopy openings, 

and exhibited substantial spatial variation. Differences were evident between some suc

cessional forest sites, possibly due to climatic or geographic variation (Trichon et 

al., 1998; Frazer et al., 2000), but there was a relatively high degree of consistency 

within each sampled location. These forests did not exhibit the mosaic or patchy char

acteristics (Torquebiau, 1988) usually associated with treefall gaps and subsequent re

generation in primary forests (Whitmore et al., 1993; Bellingham et al., 1996; Clark et 

al., 1996; Trichon et al., 1998). Greater variation in the CC values within each Podo

carp and Nothofagus site implied that the primary forests displayed more heterogeneity 

within each location. This trend was consistent with the statement by 

Torquebiau (1988) that primary forests typically have a heterogeneous canopy structure. 

2.5.4 Sunflecks 

Sunflecks provide a considerable proportion of the solar energy reaching the forest floor 

(Pearcy, 1987; Chazdon, 1988), particularly under dense canopy (Pearcy & Cal

kin, 1983; Chazdon & Fetcher, 1984). It was estimated that, on average, sampled sites 

under Broadleaf canopy experienced only 9 minutes of direct sunlight per day, but rep

resenting a quarter of the total energy received. Estimated EPDj values were considera

bly lower than measurements made by Zavitkovski (1982) under a Broadleaf forest in 

the USA, but those reported values related specifically to clear days, and so would have 

been lower on average when cloudy weather was included. Quadrats under Manuka 

forests received approximately 50 minutes of direct sunlight per day, representing one

fifth of all solar energy transmitted through the canopy. 8FT values reported by Young 

& Smith (1979) for subalpine coniferous forests in USA were considerably greater than 

calculated for any forest type sampled in this study. Direct radiation played an impor

tant role in the understorey light environment of Nothofagus forests, as evidenced by the 

high EDPj values. A high light regime existed on the floor of the sampled Podocarp 
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forest sites, with similar SFTj characteristics to Manuka. Canham et al. (1994) sug

gested that sunflecks had a greater importance under secondary forests, and only pro

vided a small «10 %) proportion of the total PPPD received under primary forests. The 

lack of differentiation in the EDP! values, combined with significant differences be

tween sunfleck times of the secondary Broadleaf and Manuka forests suggests that clas

sifying understorey light environment by successional status may be overly simplistic. 

Canopy movement due to wind will create dynamic sunflecks on the forest floor, which 

are not predicted by hemispherical photography. The degree to which this occurs will 

be dependent on climatic conditions (sunshine hours and wind patterns), as well as the 

canopy architecture. It was observed that Broadleaf canopy was most affected by wind 

movement, which created large numbers of dynamic sunflecks. This was primarily due 

to the short, dense, mono-layered canopy architecture of this forest type. Hemispherical 

photography was unable to identify such sunflecks, and consequently underestimated the 

contribution of sunflecks to the understorey light environment. It is believed that the 

true EDP! values for Broadleaf were greater than estimated by the photographic tech

mque. 

2.5.5 Identification of 'Key' Parameters 

When trying to determine the preferred light environment of herbs growing on the forest 

floor, it is preferable to have only a small number of 'key' descriptors in order reduce 

the dimensionality of the analysis. The similarities of the individual forest PCAs 

showed that there were consistent correlations between the individual descriptors re

gardless of forest type. Persistent alignment of the TSF! and ES! axes in the PCA plots 

showed that these two factors were strongly correlated, and one could be discarded 

without notable loss of information. The same was also true for SFTj and DSF! axes. 

The consistent negative correlation between STCC! and DSF! was not surprising given 

that they were both calculated over the same solar tracks, and were conceptually related. 

A similar situation also existed for CC and ISF. On this basis ISF, DSF!, ES! and EDP! 

were considered to most fully describe the understorey light environment experienced 

by herbs growing under the four sampled forest types. The parameters CC, STCC!, TSF!, 

SFT! provided little unique information, so are not used in any further analyses. 
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2.6 mary 

The hemispherical photograph survey presented in this chapter has provided an under

standing of the canopy characteristics and forest floor light environments of the four 

dominant forest types in South and Stewart Islands. The sampled Broadleaf forests had 

considerably lower light environment than the other successional forest type (Manuka) 

and the two primary forests (Nothofagus and Podocarp). There were clear similarities 

between sampled Broadleaf forest and rainforest environments. The results suggest that 

the Broadleaf understorey environment is only suitable for a limited number of species 

able to survive in very low light regimes. Manuka and Podocarp forests exhibited 

similar canopy characteristics and understorey light levels, and were generally similar to 

coniferous forests. The sampled Nothofagus sites typically had a higher understorey 

light environment than reported for previous studies carried out at other locations within 

New Zealand. Multiple discriminant analysis identified gradients in canopy architecture 

and understorey light regimes which were aligned with latitude. 

Little heterogeneity was evident within either successional forest, although some differ

ences did exist between locations of the same forest type. It was concluded that the 

sampled Broadleaf forests were at an equivalent developmental stage, due to similarities 

in the understorey light environments. However, differences in the successional stages 

of some Manuka sites were reflected in the variable estimated light environments. A 

greater level of variation was evident in the canopy and light environment parameters 

calculated for each primary forest site, although differences between locations were less 

notable. In the next chapter, we will examine whether differences in the understorey 

light environments are reflected in the measured distributions of terrestrial native or

chids. 

Forest characteristics can be successfully described using only the four 'key' parameters 

ISF, DSFj, ESJ and EDPJ• The remaining four parameters calculated in this chapter (ee, 

STeel> TSFr, SFTj) were all strongly correlated and provided little additional informa

tion about the forest canopy and understorey light environment. Reducing the number 

of descriptors required to classifY a forest environment makes it easier to identifY factors 
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detennining the distribution of understorey vegetation. It is these four key parameters 

which are used in subsequent chapters to characterise the light environments experi

enced hy terrestrial native orchids. 
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3.1. Introduction 

In the previous chapter, the understorey light environments of Broadleaf, Manuka, No

thofagus and Podocarp forests in the South and Stewart Islands were characterised. This 

chapter examines the relationship between understorey light environment and terrestrial 

orchid occurrence and density at the same forest sites. By studying the light regimes 

under which an orchid occurs, it becomes possible to identifY both the range of condi

tions over which a species can exist (fundamental niche), as well as the preferred light 

environment (realised niche) on the forest floor. 

Within a forest ecosystem, the majority of plant species are not canopy trees, but instead 

herbs and shrubs (Ogden et at., 1997; Pabst & Spies, 1998; Thomas et al., 1999). The 

light environment experienced by these understorey species is strongly related the can

opy architecture (Chazdon, 1988; Torquebiau, 1988; Norman & Campbell, 1989; 

Pearcy, 1989; Nobel et al., 1993). The quantity and quality of light reaching the forest 

floor site can be highly heterogeneous in space and time (Morgan & Smith, 1981; Turn

bull, 1991; Forseth & Norman, 1993; Canham et al., 1994), and can be a significant 

factor determining understorey species diversity and abundance (Dirzo et al., 1992; 

Canham et al., 1994; Clark et al., 1996; Svenning, 2000). Two microsites, one receiv

ing sustained low-light intensities and the other subjected to short periods of high PAR, 

may receive the same daily energy, but will provide very different light regimes which 

may support different understorey species (Chazdon & Pearcy, 1986a; Chazdon & 

Pearcy, 1986b; Walters & Field, 1987). Studies of both temperate and tropical forests 

have identified that sunflecks typically contribute more than 50 % of the total daily solar 

energy reaching the forest floor (Chazdon, 1988). It is widely accepted that the distri-
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bution and growth of understorey species is affected by understorey light environment 

(Denslow, 1987; Dirzo et al., 1992; Rambo & Muir, 1998; Valverde & Silver

town, 1998; Svenning, 2000; Poorter, 2001). 

Orchid colony establishment is dependent on a combination of climatic and biotic fac

tors. The availability of a viable seed source is an obvious requirement, along with the 

presence of suitable mycorrhizae (Smith, 1966; Warcup, 1981; Clements, 1988; Arditti 

et al., 1990; ZeImer et al., 1996). The maintenance of colonies in new regions can be 

pollinator-constrained, for species with specific pollination requirements (Bower, 1996; 

Stephenson, 2000), especially for species near the limits of their distribution (Willems 

& Lahtinen, 1997). Such situations have been reported in New Zealand, where colonies 

of vagrant Australian orchid species have been identified, but have failed to subse

quently spread due to the absence of a suitable pollinator (Molloy, 1990; de 

Lange, 2000) or mycorrhizae (de Lange & Molloy, 1995). Climatic conditions such as 

precipitation (lnghe & Tamm, 1988; Dixon, 1991; Vanhecke, 1991), temperature 

(Willems & Bik, 1991) and light (Tissue et al., 1995) are also known to be controlling 

factors on orchid population dynamics. Studies on various other plant species has also 

identified climatic conditions as controlling plant distribution (Sowell, 1985; Wood

ward & Diament, 1991; Jones, 1993; Leathwick, 1995). There have been no published 

studies looking at the significance of light as a controlling factor, or preferred light envi

ronments of New Zealand terrestrial orchids. 

This chapter aims to quantify the light environments (expressed in terms of ISF, DSF" 

E$, and EDPJ of 13 'common' orchid species identified under the four South and Stew

art Island forest types as surveyed in Chapter 2. Grouping of identified orchid species 

preferring similar light environments is investigated, as is the relationship between ter

restrial orchid richness and forest light environment. The significance of light environ

ment as a controlling factor on orchid occurrence and density is also examined. 
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Methods 

3.2.1. Study and Sampling 

The sample sites and sampling methods described in Chapter 2 were also used in this 

study. Details of the survey sites are given in Table Twenty-four 5 m x 5 m 

quadrats were sampled at each site, twelve of which were located over observed orchid 

populations. The remaining, randomly located quadrats, were identical to those used in 

Chapter 2. In each quadrat, terrestrial orchid species were identified and plant density 

were recorded. Species frequency at each site was also calculated. 

Photographs and Image Processing 

Hemispherical photographs were taken at each quadrat, as described in Chapter 2. 

These images were digitised and analysed using the Light Analysis Program as de

scribed in Chapter 2. The following parameters were calculated for each image: Indirect 

Site Factor ([SF), Direct Site Factor (DSFs), Seasonal Energy (ES,), Energy Direct Pro

portion (EDP.), Subscripted parameters are time-dependent, and evaluated over the es

timated emergent time of each species. 

3.2.3. Data Analysis 

Parameters calculated by the light analysis program were transformed to minimise non

normality in the data. Standard transformations were trialed for each parameter, and the 

one achieving greatest normality was selected. Calculated ISF, DSF" and EDPs pa

rameters were arcsine transformed (Sokal & Rohlf, 1981). Calculated ESs values and 

record species quadrat densities were [agIo transformed for statistical analysis. Geomet

ric means were determined by back-transforming the arithmetic mean of the transformed 

data (Sokal & Rohlf, 1981). No distinction was made between data collected from ran

dom and non-randomly located quadrats. All statistical analysis was performed using S

plus 4.5 (MathSoft Inc, Seattle, USA). 
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Frequency of occurrence in each forest type was calculated for each terrestrial orchid 

species. A group of thirteen 'common' species was identified for further analysis, based 

on both the following criteria: 

III Orchids present under two or more forest types 

• Orchids present in a total of 15 or more quadrats 

Wilcox tests were used to compare parameters from random and non-random plots for 

each species. 

The 'common' orchid species were also clustered into statistically similar groups, based 

on calculated ISF, DSFs, ESs and EDPs parameters using the function 'diana' (MathSoft 

Inc., Seattle, USA). This is a divisive hierarchical clustering method which uses a 

Euclidean metric to calculate dissimilarities between observations, successively splitting 

the data set until each species was separate (Kaufman & Rousseeuw, 1990). 

Multiple Discriminant Analysis (MDA) was used to quantify niche separation of 'com

mon' species according to light environment in terms of ISF, DSFs, ESs and EDPs' Pear

son's correlation coefficients were calculated between the discriminant axes and the 

light environment parameters (ISF, DSF" ESs and EDPs) to examine which factors had 

the greatest influence on differentiating between different species' light environments. 

A quadratic model was used to represent species richness of each site as a function of 

the corresponding light environment, represented using mean values of each light pa

rameter calculated over a 12 month period. The model was constructed with intercept 

fixed at zero. The relationship between the light environment parameters calculated for 

the appropriate emergent time and the occurrence of each 'common' orchid species was 

tested using a generalised linear model (GLM). Linear and quadratic GLMs were con

structed with intercept set at zero, using a binomial error and logit link function. Mod

els were compared using ANOV A methods, to identify the superior form. Additional 

linear and quadratic models were used to examine the effect of light environment on 

measured orchid density per quadrat for each 'common' species. Quadrats not contain

ing the species of interest were excluded from the regressions. For all LMs and GLMs, 

the individual contribution of each factor, and joint contribution of all factors was de-
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termined from sums of squared errors, estimated using analysis of variance (ANOV A). 

Models were compared using ANOV A methods, to identify the superior form. 

Results 

Table 3-1 presents parameters describing the light environments of thirteen 'common' 

terrestrial orchid species identified from the four sampled forest types (as defined in 

Section 3.2.3). The mean ISF, DSF and ES values calculated for each species varied by 

more than one order of magnitude. P. alobula, P. areolata, P. banksii and P. graminea 

were present under very low-light conditions. P. 'aff. montana' was found under the 

highest light regime, receiving between 8 and 25 times the ESs of the other Pterostylis 

species. Caladenia 'aff. carnea' also occurred under high ESs conditions. The mean 

EDP, values calculated for each species showed considerably less variability than the 

other parameters. All EDP, values were below 40 %, suggesting that these light envi

ronments were not sunfleck-dominated. EDP, did not show any clear correlation with 

the other three parameters. Wilcox tests were used to compare parameters from random 

and non-random plots. Non-significant results (p > 0.05) found for all parameters for 

each species, meaning that the identified light environment for each species was not af

fected by sampling technique (either random or non-random quadrat placement). 

Table 3-1 Preferred light environment conditions for 13 'common' terrestrial orchid species found un-
der Broadleaf, Manuka, Nothofagus and Podocarp forests in the South and Stewart Islands. 
Data shown are the geometric mean and range (± one standard error). 

Species Name ISF DSFs fSs fDPs 

Aporostylis bifolia 35,05 (32.52 - 37.63) 15.55 (13.75 - 17.44) 695 (637 - 759) 26.1 (24.6 - 26.4) 

Caladenia 'aft, carnea' 36.45 (34.37 - 38.55) 11,97 (10,76 12,23) 964 (900 -1033) 22,5 (21.2 - 23.8) 

Caladenia nothofageti 28,85 (26.32 - 31.45) 11.60 (10.28 12.99) 708 (634 - 791) 27,3 (25.1 29.5) 

Chiloglottis corn uta 29.15 (26,96 - 31.39) 12.00 (10.87 13.18) 708 (651 - 770) 27,0 (25,6 28.4) 

Corybas oblongus 42.43 (28,33 - 46,53) 22,16 (19,96 24.44) 790 (679 - 919) 32,2 (30,0 34,0) 

Corybas trilobus 22.56 (20,36 - 24.83) 8,02(7,19 8,90) 387 (348 - 431) 27,1 (25,2 -29,1) 

Microtis unifolia 18.05 (13,90 - 22.61) 12,05 (9,16 - 15.27) 338 (238 - 479) 36,8 (31,9 - 41,8) 

Pterostylis 'aft montana' 44.0 (39.74 - 44.30) 23.36 (21.07 - 25.73) 973 (868 - 1090) 32,9 (30,6 - 37.5) 

Pterosty/is alobu/a 8.68 (7.37 - 10,08) 2.09 (1.66 - 2.57) 115 (92 - 144) 18,5 (15,0 - 22,3) 

Pterostylis areo/ala 3.63 (3.06 - 4.46) 1.10 (0.78 1.47) 39 (30 - 51) 22.7(18.2 27,5) 

Pterostylis banksii 8.41 (6.70 -10.29) 4.78 (3,78 - 5.90) 114 (89 - 146) 35.4 (30.7 - 40,2) 

Pterostylis graminea 4.38 (3.45 - 5.42) 1.69 (1.26 - 2.18) 43 (34 - 53) 27,2 (23.3 - 31.3) 

Thelyrnitra /ongifolia 14.07(11.19 -17,22) 8,38 (5.85 - 11.31) 294 (200 - 431) 29,5 (24.4 - 34,9) 
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The results of the divisive clustering analysis (Figure 3-1) suggests that these 'common' 

orchid species can be split into four groups, with highest light (light demanding) species 

on the right hand side of the diagram and lowest light (shade-tolerant) species on the 

left. All members of the two lowest light groups belonged to the genus Pterostylis. 
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Figure 3-1 Tree diagram showing clustering of terrestrial orchid species based on [SF, DSFs, ESs and EDP" 

parameters. 

The multiple discriminant analysis (MDA) shown in Figure 3-2 identifies the preferred 

light environment niche of each species. The results show the 'common' species can 

grouped as occurring most often under either high, medium, low or very low-light envi

ronments. These groupings closely reflect the structure of the divisive clustering shown 

in Figure 3-1. Although the divisive clustering and MDA methods partitioned the four 

low-light Pterostylis species into two separate groups, these are considered as a single 

shade-tolerant (low-light) group in this and subsequent chapters (as indicated by the 

dashed ellipse on Figure 3-2). These species are not confined to low light conditions, 

but are considered to be well suited to this light environment, and able to out-compete 

other species in this niche. Corybas trilobus, Microtis unifolia and Thelymitra longifo

lia were classified as preferring a medium-light environment, with the remaining six 
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species assigned to the high-light group. The first discriminant axis of the MDA was 

strongly correlated with the ISF, DSF" and ES~ parameters. The second axis was less 

strongly correlated with the light parameters, but did show differentiation between the 

high-light species. Calculated EDPs was not influential on either axis. 
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Figure 3-2 Multiple Discriminant Analysis (MDA) showing the centroids of 13 'common' orchid species 
plotted along the first two canonical axes. Insert shows contributions of [SF, DSF" ESs and 
EDPs to the formation of the canonical axes. Grey ellipsoids represent light environment 
groupings from divisive clustering analysis. Low and Very Low groups are combined, as 
shown by the dashed ellipsoid. 

Aporostylis bifolia 4, Caladenia 'aff. carnea' = 112, Caladenia nothofageti 114, Chiloglottis 
cornuta = 17, COlybas oblongus = 25, Corybas trilobus = 29, Microtis unifolia = SO, Pterostylis 'aff 
montana' 78, Pterostylis alobula = 54, Pterostylis areolata 55, Pterostylis banksii 57, Pterostylis 
graminea 61, Thelymitra longifolia = 87. 

Species richness and light parameters at each site were highly correlated, with a quad

ratic regression giving R2 = 0.9502 (Figure 3-3). The regression successfully predicted 

both the high species richness at the Whites Bay 2 Broadleaf site (Site 14), as well as the 

low richness at the Peel Forest (Broadleaf site 15) and Peloms (Podocarp site 4) sites. 

Each individual factor only predicted a small amount of the variance in measured site 

richness; ISF= 0.78 %, ISY = 0.44 %, DSFs 0.41 %, DSF/ = 0.78 %, ES, 7.74 %, 

ES} = 4.12 %, EDP, = 4.22 %, EDP/ = 4.19 %. The joint contribution ofthese factors 

3-7 



described 77.32 % of the variance in the recorded site species richness. The magnitude 

of this joint term suggests there is a 'complimentary' relationship between the eight 

model parameters, where several terms vary simultaneously. This does not necessarily 

indicate strong correlation between the parameters, since they may not vary in a consis

tent manner. PCA analysis in Chapter 2 showed that the four key parameters used in 

this analysis were not highly correlated. 
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Figure 3-3 Recorded vs fitted species richness for each site, modelled as a 
function of transformed light parameters using a quadratic re
gression. See Table 2-2 for site descriptions. 

Regression: Richness = 68.93 ISF 34.75 ISF - 102.68 DSF, + 
154.83 DSF} + 32.75 ES, - 8.79 2 + 104.69 EDPs + 97.17 
EDP/ 

A total of 12 orchid species were identified under the sampled Broadleaf forest sites, 

eight of which were classed as 'common' (as defined in Section 3.2.3). Pterostylis spe

cies were dominant at the Broadleaf sites, having greater frequency than all other spe

cies. The four 'common' low-light Pterostylis species occurred in particularly high fre

quency (Figure 3-4). Terrestrial orchid richness was greatest under the Manuka forests 

with a total of 18 species identified (Figure 3-4), 10 of which were classified as 'com

mon'. P. alobula was particularly frequent at the Whites Bay 1 site, occurring in all of 

the sampled quadrats, both random and non-random (Appendix B). No specific genus 

was predominant under Manuka forest type. 
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All four of the low-light species (as defined in Figure 3-2) were identified under both 

Broadleaf (classified in Chapter 2 as a low-light environment) and Manuka forests (clas

sified in Chapter 2 as a high-light environment). All six of the high-light species were 

identified at Manuka sites, but only two species of these were identified at Broadleaf 

sites, both in low frequencies. Low-light species were able to survive under both low

and high-light conditions, but high-light species were not often identified under the low

light Broadleaf forest type. 

A total of 11 orchid species were identified at the Nothofagus sites, 8 of which were 

'common'. Within the Nothofagus sites, Corybas trilobus occurred in greater frequency 

than any other species (Figure 3-5). Twelve species were identified under the Podocarp 

forests, 10 of which were 'common', with overall terrestrial orchid frequency notably 

lower under this forest type (Figure 3-5). Although orchid frequency was lower, species 

richness was comparable with the Broadleaf and Nothofagus forests. Of the 23 identi

fied terrestrial orchid species, five were present in at least one site of all four forest 

types. Two of these species belonged to the high-light group (Chiloglottis cornuta, 

Caladenia nothofageti), one was a medium-light group member (Microtis unifolia) and 

the remaining two were low-light species (Pterostylis banks ii, P. graminea). 
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The linear and quadratic GLMs both had similar quality of fit (R2) when predicting or

chid occurrence. The more simple, four term (linear) model was consequently used for 

further analysis (Table 3-2). Terrestrial orchid occurrence was strongly correlated with 

light environment for all species except Chi/oglottis corn uta, Corybas trilobus and 

Caladenia nothofageti which were only moderately correlated. ISF was negatively cor

related with occurrence for all species except Aporostylis bi/olia, Caladenia nothofageti 

and COlybas ablangus which all belonged to the high light grouping. In contrast, occur

rence was positively correlated with DSF, with the exception of Pterastylis arealata and 

P. graminea which were members of the very low light group. Orchid occurrence was 

negatively correlated with ESs and EDPs for all species except Pterostylis arealata and 

P. graminea. The negative correlation with ESs may reflect increased levels of competi

tion from other plant species under higher light conditions. 

The four light parameters only directly accounted for a very small percentage of the 

variation in orchid occurrence, with majority of the variance described by the joint term. 

Linear models using fewer factors gave significantly weaker correlations, showing that 

all four 'key' light parameters identified in Chapter 2 are necessary to uniquely describe 

the canopy architecture and light environment of a site. 
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Table 3-2 Prediction of species presence from light environment parameters using GLMs on transformed data. ISF only, DSFs only, ESs only and EDPs only terms the 
% variation in measured orchid occurrence that is attributable to each individual factor. The Joint term represents the % variation in orchid occurrence described by 
the light environment that cannot be individually attributed to any factor. R2 terms indicate the ability of each model to predict species presence. Intercept, ISF coef-
ficient, DSFs coefficient, coefficient and EDPs coefficient terms are GLM regression parameters. 

Species Name ISF DSF.only ES.only EDPsonly Joint R2 Intercept ISF DSF. ESs 

coefficient coefficient coefficient coefficient 

Aporostylis bifolia 0.14 0.24 0.51 1.69 62.91 0.6550 0.00 2.33 3.11 -0.97 -4.38 

Ca/adenia 'aft. carnea' 0.08 DAD OA9 2.09 64.55 0.6762 0.00 1.83 4.34 -0.98 -4.85 

Ca/adenia nothofageti 0.01 1.23 0.33 2.11 42.31 0.4599 0.00 -0.51 4.99 -0.60 -3.16 

Chi/og/ottis corn uta 0.01 0.92 0.08 2.70 34.79 0.3851 0.00 -OA1 4.36 -0.26 -3.74 

Corybas ob/ongus 0.04 3.16 1.54 1.41 65.79 0.7193 0.00 1.12 10.63 -2.05 -3.44 

Corybas trilobus 0.01 OA1 0.59 1.05 34.66 0.3671 0.00 -0.03 2.67 -0.60 -1.69 

Microtis unifolia 0.61 3.08 0.86 1.12 66.28 0.7196 0.00 -4.05 9.92 -1.21 -2.14 

Pterostylis 'aff montana' 0.06 2.75 1A1 1.21 66.92 0.7236 0.00 1.51 9.62 -1.85 -3.63 

Pterosty/is a/obula 0.68 0.01 0.01 1.11 56.24 0.5803 0.00 -3.68 0.19 -0.04 -1.69 

Pterosty/is areo/ata 0.19 1.16 0.03 0.13 65.20 0.6671 0.00 -2.78 -8.14 0.17 -0.50 

Pterostylis banksii 0.70 0.33 0.35 0.35 56.64 0.5837 0.00 -3.89 3.08 -0.53 -0.81 

Pterosty/is graminea 0.12 1A2 0.01 0.09 51.69 0.5331 0.00 -1.64 -6.72 -0.02 0.37 

Thelymitra longifolia 0.98 2.73 0.19 1.86 68.50 0.7425 0.00 -5.79 10.15 -0.59 -3.49 
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The R2 values from linear models predicting quadrat density from light environment are 

presented in Table 3-3. Again, quadratic GLMs gave similar quality of fit despite hav

ing greater complexity. All species had strong correlations between the light parameters 

and species density, showing light to be a controlling factor on the 13 'common' terres

trial orchid species. The correlations for orchid density were generally stronger than for 

orchid occurrence, with the exception of Thelymitra longifolia which had similar R2 

values for occurrence and density. Orchid density was positively correlated with ESs for 

all species. However, this trend is confined to the realised niche of each species, since 

orchid density did not increase outright with increasing light availability, i.e. the quadrat 

receiving the most solar energy did not consistently contain the greatest numbers of or

chid individuals. 

Compared to orchid occurrence, some of the individual light parameters explained a 

greater percentage of variance, particularly for Aporostylis bifolia, Pterostylis alobula, 

Pterostylis areolata and Pterostylis graminea. However the joint terms were still domi

nant, meaning that most of the. variation in orchid density could not be attributed to any 

specific light parameter. Reduced linear models again represented significantly less of 

the variance in orchid density. 
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Table 3-3 Prediction of species density from light environment parameters using LMs on transformed data. ISF only, DSFs only, ESs only and EDPs only terms represent the % 
variation in measured orchid density that is attributable to each individual factor. The Joint term represents the % variation in orchid density described by the light 
environment that cannot be individually attributed to any factor. terms indicate the ability of each model to predict species density. Intercept, ISF coefficient, 

coefficient, coefficient and EDPs coefficient terms are GLM regression parameters. 

Species Name ISFonly DSFsonly ESsonly only Joint R2 Intercept ISF DSF. EDP. 

coefficient coefficient coefficient coefficient 

Aporosty/is bifolia 4.69 4.09 5.39 3.84 67.60 0.8561 0.00 -12.72 11.91 3.86 -12.43 

Ca/adenia 'aft. carnea' 2.62 0.91 2.32 0.46 71.57 0.7788 0.00 -4.96 3.90 1.29 -2.76 

Ca/adenia nothofageti 0.94 0.95 0.02 2.91 75.44 0.8062 0.00 1.12 -1.12 0.03 1.26 

Chiloglottis com uta 0.26 0.57 0.68 0.26 79.32 0.8119 0.00 -1.64 2.56 0.73 -1.55 

Corybas oblongus 1.96 0.11 4.19 0.49 86.46 0.9321 0.00 -3.38 0.88 1.59 -1.70 

Corybas trilobus 0.03 0.14 0.84 0.59 86.53 0.8812 0.00 -0.37 -0.92 0.59 1.35 

Microtis unifolia 0.78 0.04 3.76 0.44 76.30 0.8131 0.00 -0.63 -0.13 0.35 0.28 

Pferostylis 'aft montana' 0.14 1.45 0.49 0.12 81.49 0.8365 0.00 0.72 -2.44 0.43 0.78 

Pferostylis a/obula 0.44 2.73 2.39 2.42 79.33 0.8731 0.00 1.72 -4.90 0.69 1.15 

Pferostylis areo/ala 0.44 4.49 2.53 6.92 70.38 0.8477 0.00 1.93 -5.28 0.56 1.03 

Pferostylis banksii 0.03 0.01 2.82 1.68 76.63 0.8116 0.00 -0.18 -0.08 0.35 0.43 

Pferostylis graminea 0.70 2.46 2.65 8.17 66.30 0.8028 0.00 1.42 -3.03 0.33 0.93 

Thelymitra longifolia 0.05 0.21 0.64 0.65 71.10 0.7265 0.00 -0.33 -0.38 0.26 0.57 
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Discussion 

3.4.1. Classification 

Environment 

Orchid Species According to Light 

Classification of the 'common' orchid species according to measured parameters 

showed that they could be divided into three groups corresponding to high-, medium-

and low-light environments. The low-light group of P. alobula, P. areo/ata, P. banksii 

and P. graminea were most abundant under the Broadleaf forests, which had considera

bly lower understorey light levels than the other forest types (Chapter 2). Although 

abundant, no Pterostylis species was found at all five Broadleaf sites, suggesting that 

some Broadleaf forests were better suited to certain low-light species. These four spe

cies are able to tolerate low-light conditions better than other species, but are not neces

sarily specialised to these conditions, since they also occurred under the higher light en

vironments of the Podocarp, Nothofagus and Manuka forests. P. alobula for example, 

was present in all quadrats sampled at the high-light Manuka site, Whites Bay 1. The 

high-light group was taxonomically much more diverse, consisting of six species be

longing to five different genera. Species in this group were generally most frequent at 

the Manuka forest sites, but were also found under the Nothofagus and Podocarp forests. 

Only two of the six high-light species were identified at a Broadleaf site, suggesting that 

these species had limited ability to successfully adapt to, or compete under, low-light 

conditions. 

The lVIDA analysis only examined the light environment of quadrats containing the 

'common' species, and suggested that preferred light environment niches could be clas

sified solely in terms of a ESs' However, when considering orchid occurrence, density 

and diversity a single factor is no longer able to represent all aspects of the understorey 

light environment; two quadrats may have the same ESs .but differing species diversity 

and density. For this reason, all four parameters describing both light quantity (ESs) and 

quality (ISF, DSF" and EDPs) were retained when developing linear regression models 

for orchid occurrence, density and diversity. 
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The Effect light Environment on Orchid Occur-

rence and 

There was a strong correlation between light environment and terrestrial orchid occur

rence, with a considerable amount of variation in orchid distribution explained by the 

four light parameters. The large joint term in each regression highlights the complex 

multidimensional characteristics of under storey light regimes (Torquebiau, 1988; Pearcy 

& Yang, 1998; Jennings et al., 1999; Rijkers et at., 2000b). For this reason, it is not 

possible to fully represent the understorey light environment using only one or two fac

tors. However, studies using more simple representations of understorey light environ

ment have still identified relationships between light regime and plant occurrence. 

Pabst & Spies (1998) identified shade tolerance (determined from canopy cover meas

urements) as one of the five major factors affecting the distribution of herbs and shrubs 

within riparian forests. A study by Denslow (1987) showed that plant occurrence and 

survival under rainforest canopy was highly dependent on light availability. Using can

opy gaps as a measure of light availability, Svenning (2000) concluded that understorey 

plants occurred preferentially in higher light sites in the understorey of an Ecuadorian 

tropical rainforest. Ashmun & Pitelka (1984) concluded that available light had consid

erable importance in explaining population patterns and dynamics of Aster acuminatus 

colonies under mixed-conifer hardwood forests. GLM analysis by Austin et at. (1994) 

on environmental data for Eucalyptus species in Western Australia showed that monthly 

solar radiation was a significant factor in determining the occurrence of six out of nine 

species studied. 

The ability of a species to occur in a specific understorey light environment (assuming 

the presence of a seed source) is dependent on its ability to modify its photosynthetic 

characteristics and architecture to maintain a positive carbon balance (Langenheim et 

at., 1984; Oberbauer & Strain, 1985; Turnbull et al., 1993; Poorter & Werger, 1999). 

A species with limited phenotypic plasticity will only be able to exist within a narrow 

range of conditions on the forest floor, and may be unable survive if the understorey 

light environment changes. Species exhibiting greater levels of plasticity will be able to 

occur under a wider range of environment conditions (Curtis, 1983; Ashmun & Pi

telka, 1984; Pitelka & Curtis, 1986), and have greater ability to survive following 

changes in light regime. In such situations, plant occurrence may be poorly correlated 
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with current environment, since the conditions initially conductive to population estab

lishment no longer exist. The large 'joint' term identified in the regressions highlights 

the 'complimentary' nature of under storey light environments; it is unlikely that anyone 

parameter will change in isolation, without corresponding changes occurring in other 

parameters. Thus, an understorey species must be able to express a suitable phenotypic 

response to complex changes in light environment. 

It is believed that the strong correlation between orchid occurrence and light environ

ment identified in this study is due, in part, to a phenology which provides limited abil

ity for vegetative persistence. Most terrestrial orchids rely on stored energy reserves 

during dormancy and emergence in the following season (Tamm, 1972; Dixon, 1991; 

Tissue et al. , 1995; Kindlmann, 1999). Under unfavourable conditions, individuals will 

struggle to acquire sufficient energy reserves to survive, hence populations will respond 

quickly to changes in understorey light regime, producing in a clearer correlation be

tween colony presence and suitable light environment. 

The inability of the regressions to explain all variation in orchid occurrence shows that 

terrestrial orchid presence is not solely determined by the light environment. Clearly, 

colonisation is dependent on the availability of a viable seed source, even when site 

conditions are favourable (Meekins & McCarthy, 2001). fu the case of terrestrial or

chids, seed dispersal is not usually limiting, since seeds are minute and easily wind

dispersed (Moore & Edgar, 1970; Johns & Molloy, 1983; Arditti, 1992). Several ter

restrial orchid species identified in New Zealand are lmown to have arrived from Aus

tralia in prevailing winds (de Lange & Molloy, 1995), so it is unlikely that seed disper

sal is a significant limitation to terrestrial orchid colonisation. For terrestrial orchids, 

the presence of a suitable mycorrhizal fungi is also necessary to enable seed germination 

(Smith, 1966; Warcup, 1981; Clements, 1988; Arditti et al., 1990; Zelmer et al., 1996) 

and growth (Arditti & Ernst, 1972; Alexander & Hadley, 1985; Newman, 1988; 

McKendrick et al., 2000). It is likely that orchid occurrence is also determined by other 

environmental factors such as soil nutrients (Stuckey, 1967), available moisture and 

temperature (Forest, 1978). 
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The field survey showed understorey light environment to be the dominant factor influ

encing terrestrial orchid density. Strong correlations were apparent for all of the 'com

mon' orchid species. The light parameters individually accounted for little of the den

sity variation, but removal of any term from the linear regressions resulted in a signifi

cant reduction in model fit. This was due to the large 'joint' term in each regression, 

and highlighted the complex nature of the understorey light environments. Quadratic 

regressions were trialed for each species, as it was expected that plant density would be 

a unimodal function of environment parameters (Thomas et al., 1999), with lower den

sities at more extreme values. However such regressions did not give improved quality 

of fit, most likely due to dominance ofthe 'joint' term. Factors such as mycorrhizal and 

seed availability affect plant occurrence, but once the population is established, these 

factors playa lesser role in determining plant density. Few studies have examined the 

role of light environment in determining plant density under forest canopies. Pitelka et 

al. (1980) suggested that understorey light played an important role in determining the 

density of Aster acuminatus under a mixed conifer-deciduous forest in United States. 

However, Dirzo et al. (1992) concluded that neither fSF nor DSF were significantly cor

related with understorey plant density within canopy gaps in Mexican tropical rainforest. 

3.4.3. Species Richness and Niches 

Ecological studies have identified species richness as being a complex function of envi

ronmental conditions, species recruitment and extinction, plant abundance, species 

pools, spatial heterogeneity and ecosystem disturbances (Dirzo et al., 1992; Pabst & 

Spies, 1998; Valverde & Silvertown, 1998; Thomas et al., 1999; Grace et al.,2000; 

Svenning, 2000; Chave, 2001; Legare et al., 2001). It has been suggested that species 

richness is a unimodal function of the total amount of light reaching the forest floor 

(Grime, 1973). The quadratic regression developed in this chapter suggests that orchid 

species richness is also a unimodel function of the multidimensional light environment. 

The large joint term present in this regression suggests that the understorey light envi

ronment present in the sampled forests cannot be fully represented by a single factor. In 

sites with low species richness, the overall light environment only intersects a small 

number of species light niches. Sites with high richness intersect a large number of 

niches. Linear relationships between species richness and light have also been identi-
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fied, such as the weak positive correlation between light availability and species rich

ness reported by Thomas et al. (1999), when studying the effect of canopy thinning on 

managed coniferous plantations in the United States. Rambo & Muir (1998) also re

ported a positive correlation between bryophyte density and diversity, and light avail

ability under mixed conifer-hemlock forest in the United States. It is possible that the 

linear relationships reported by these authors were actually a subset of a unimodel re

sponse. 

3.5. Summary 

This chapter examined the light environments of woodland orchid species identified un

der four forest types sampled in the South and Stewart Islands. It was found that com

monly occurring orchid species could be divided into three groups based on light envi

ronment; low, medium and high-light. Although each species was assigned to a specific 

group, individuals still occurred under a range of light conditions. The low-light group 

consisted of four Pterostylis species that were dominant under the Broadleaf forests, yet 

these species were also present under high-light conditions. High-light species were 

dominant under Manuka forests, and seldom appeared in the low-light Broadleaf envi

ronments. 

Orchid occurrence showed surprisingly strong correlation with measured under storey 

light environment. The regressions suggest that biotic factors such as seed and mycor

rhizal availability do not play the dominant role in determining orchid occurrence. Cor

relations between plant density and understorey light environment were highly signifi

cant, showing each orchid species to have a clearly defined realised niche. Large 'joint' 

terms in the regressions showed that light environment cannot be considered in terms of 

individual parameters, but must instead be considered in its entirety. Niche limitations 

for four of the 'common' species are further investigated in Chapter 4. Species richness 

and understorey light environment at each sampled site were also highly correlated. It is 

believed that the strong correlations with under storey light environment were partly due 

to a limited ability to maintain vegetative persistence under unfavourable conditions. 

The phenology of four orchid species are investigated in detail in Chapter 5, and com

pared with seasonal changes in the local understorey light environment. 
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4.1. Introduction 

The realised niches of 13 'common' terrestrial orchid species were examined in detail in 

Chapter 3. These species were grouped into high, medium and low-light groups. The 

fundamental niches of two low-light and two high-light species are examined in this 

chapter, and compared to the realised niches identified in the field. The likely response 

of these species to light disturbances such as windthrow events is considered. 

Plants are known to have the genetic potential to modify their development and meta

bolic pathways to accommodate minor changes in the aerial environment (Jones, 1983; 

Sims & Pearcy, 1991; Chazdon & Kaufmann, 1993). Adaptation can occur at both 

morphological and physiological levels (Curtis, 1983; Oberbauer & Strain, 1985; Os

mond et al., 1988; Stuefer & Huber, 1998). Common morphological changes are the 

alteration of leaf area, thickness and leaf number (Chabot & Chabot, 1977; Mitchell & 

Woodward, 1988; Hunt & Hope-Simpson, 1990; Chazdon & Kaufmann, 1993; 

Poorter, 2001), with physiological adaptations including alteration of photo-irradiance 

response characteristics (Langenheim et al., 1984; Chazdon, 1992; Rijkers et 

al., 2000b) and resource allocation within the whole plant (Pitelka et al., 1980; Pattison 

et al., 1998; McConnaughay & Coleman, 1999; Poorter,2001). Species with a high 

degree of phenotypic plasticity are able to survive under a wide range of micro-climatic 

conditions (Curtis, 1983; Ashmun & Pitelka, 1984; Pitelka & Curtis, 1986; 

Chazdon, 1992; Chazdon & Kaufmann, 1993). 
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Within a forest ecosystem, understorey plants are exposed to short but intense periods of 

radiation, called "sunflecks"(Chazdon, 1988). The ability of a plant to survive in a for

est understorey is dependent on its ability to utilise available PAR efficiently and re

spond rapidly to fluctuations in radiation levels (Chazdon & Pearcy, 1986a; Chazdon & 

Pearcy, 1986b; Pearcy, 1988; Pearcy et ai., 1990; Chazdon & Pearcy, 1991). Plants 

which have adapted to this light environment are generally called 'shade-tolerant'. 

Shade-tolerant plants are usually late-successional species, only becoming established 

under existing forests (Bazzaz, 1979; Chave, 2001). These species have adapted to un

derstorey environments through increased leaf efficiency and resource allocation to 

photosynthetic tissue, so as to maintain a positive carbon balance under low irradiance 

conditions (Givnish, 1988; Walters & Reich, 1999). The effect of canopy disturbances 

such as treefall or windthrow events on shade-tolerant populations will depend on the 

ability of individual species to subsequently adapt to the resulting higher energyenvi

ronment (Oberbauer & Strain, 1985; Rijkers et ai., 2000b; Tani et ai., 2001). If a spe

cies fails to make sufficient morphological and physiological changes, it may not be able 

to survive under the new conditions. 

Plants that have adapted to a continuously high-intensity light environment are generally 

called 'sun-tolerant' (Lawlor, 1993). These species are able to utilise high irradiance 

levels without suffering photoinhibition. Plants generally have thicker leaves (Sims & 

Pearcy, 1994), higher photosynthetic and respiration rates, but lower overall leaf effi

ciency (Givnish, 1988). However such individuals are unable to maintain a positive 

carbon balance under low PAR environments (Chazdon, 1988). Sun-tolerant plants are 

early-successional species populating open areas (Bazzaz, 1979) such as grasslands, or 

forest clearings caused by significant canopy disturbances. Greater irradiance availabil

ity means that sun-tolerant plants are able to allocate a greater proportion of resources to 

reproductive effort (Givnish, 1988). The proportion of resources allocated to photo

synthetic tissue is typically lower (Oberbauer & Strain, 1985), but greater resources 

must be allocated to roots to maintain a sufficient supply of water and nutrients to sus

tain an elevated photosynthetic rate (Sims et ai., 1994). 

The majority of New Zealand's photosynthetic terrestrial orchids can be termed shade

tolerant, since their occurrence is restricted to a forest ecosystem. Genera such as Pter-

4-2 



ostylis, Corybas and Chiloglottis are examples of shade-tolerant species commonly in

habiting forests in New Zealand. Members of Pterostylis and Chiloglottis have been 

observed to occur in open forest edges, but only in southern ecological regions such as 

Rakiura (Pterostylis banks ii, St George, 1992) and Auckland Islands (Chiloglottis cor

nuta, Abernethy, 2001). Genera such as Prasophyllum, Microtis, and Calochilus, as 

well as selected members of Thelymitra, are sun-tolerant, inhabiting grasslands (Moore 

& Edgar, 1970; Johns & Molloy, 1983). 

This chapter aims to examine the ability of two shade-tolerant orchid species to survive 

under a range of high-light regimes. The ability of two sun-tolerant orchid species to 

adapt to both lower and higher light, sunfleck-free environments is also investigated. It 

is intended to assess the morphological and physiological adaptations exhibited by the 

trial species, in order to determine orchid adaptability to a more extreme environmental 

condition. 

4.2. Methods 

4.2.1. Trial Orchid Species 

Two Pterostylis and two Thelymitra species of terrestrial orchids were studied in this 

experiment. 

Pterostylis banksii 

This species is approximately 10-30 cm (sometimes up to 50 cm) tall at flowering. The 

stem is erect, smooth, and the internode interval is less than the leaf length. There are 

four to six leaves, which are linear-1anceolate and a pale green, with a paler midrib and 

keel beneath. Leaves usually overtop the inflorescence (Moore & Edgar, 1970). 

Pterostylis graminea 

Plants are usually 5-25 cm (sometimes up to 30 cm) tall at flowering. The stem is erect, 

smooth, and the internode interval is less than the leaf length. There are three to six 

leaves, linear-Ianceolate, which are a dark green, with a deep set white midrib and keel 

beneath. Leaves usually overtop the inflorescence (Moore & Edgar, 1970). 
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The(vmitra longifolia 

This species at flowering is about 5-50 cm tall. The leaf is about 10-20 mm wide, strap

shaped, often approximately ridged, especially abaxially, thick but flaccid. Flowers on 

the inflorescence number between one and ten (sometimes up to 20) (Moore & Ed

gar, 1970). 

Thelymitra paucijlora 

Plants are approximately 5-40 cm tall when flowering. The leaf is about 10-15 mm 

wide, channelled, fleshy, keeled, usually without longitudinal ribs. Flowers on the inflo

rescence number between one and ten (usually less) (Moore & Edgar, 1970). 

Sixty-three individuals of each species were removed from sampled sites (see below) 

during October 1997, with permission from the Department of Conservation (Collecting 

Permit No. 09-1997). Each specimen was repotted in an individual polythene planter 

bag (size: PBS, diameter 5 inches), with University of Canterbury standard potting mix 

(63 % bark, 20 % peat, 8.5 % sterile soil and 8.5 % sand). 

Species were collected from the following sites: 

• Pterostylis banksii from White's Bay (NZMS 174°05'00"E; 4P20'30"S, Ecological 

regIOn: Sounds-Wellington), a south-facing Leptospermum scoparium (Manuka) 

stand. 

e Pterostylis graminea from Kennedy's Bush (NZMS 172°37'00"E; 43°41 '50"S, 

Ecological region: Banks), an area of regenerating Broadleafforest. 

• Thelymitra longifolia and Thelymitra pauciflora from McLeans Island (NZMS 

172°25'50"E; 43°27'30"S, Ecological region: Canterbury plains), under a Pinus ni

gra plantation situated on an alluvial flood plain. 

Enclosure Environments 

Nine rectangular enclosures were constructed (height: 1.2 m x width: 1.2 m x length: 

1.6 m) allowing three repetitions of each of three light regimes. The enclosures were 

placed outside, near the Department of Plant and Microbial Sciences' glasshouses in the 
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grounds of the University of Canterbury. Each light regime was created using a differ

ent grade of green shade cloth (Double-weave shade cloth, Donaghys Ltd, Christ

church): 

(j High-light 30 % weave 

Ell Medium-light 50 % weave 

(j Low-light - 80 % weave 

Enclosures were constructed to simulate the reduced light environments present under 

forest canopy. The use of shade cloth created a diffuse. light regime rather than the sun

fleck-based environment of a forest understorey, however few practical alternatives ex

ist for creating reduced light conditions. This approach has been widely employed for 

manipulated light experiments (for example Chazdon & Pearcy, 1986a; Sims & 

Pearcy, 1991; Turnbull, 1991; Turnbull et al., 1993; Stuefer & Huber, 1998). 

The light conditions within each enclosure were determined using a Li-180 quantum 

sensor measuring photosynthetic available radiation (Li-Cor Inc., Lincoln, USA) and a 

Li-Cor 1000 datalogger. Multiple light measurements were made inside and outside 

each enclosure under blue sky and uniform overcast cloud (UOC) conditions. The per

centages of direct (DSFs) and indirect (ISF) PAR passing through each enclosure were 

calculated using readings collected under blue sky and UOC conditions respectively. 

The seasonal energy (ESs) received under each treatment was estimated over the emer

gent time of each species, using the light analysis program outlined in Chapter 3. 

Twenty-eight orchids (seven of each species) were placed in each enclosure, arranged in 

four rows aligned east-west. Individual plants were randomly assigned to enclosures. 

Each row of plants contained a single species, with row positions randomly assigned for 

each enclosure. 

4.2.3. Collection and 

Measurements of plant morphology were undertaken annually in November (1997-

1999). Each plant with one or more leaves was recorded as 'present', with leaf number, 

length and width (at the widest point) also noted. The presence or absence of inflores

cence induction and flower number was also recorded. Empty pots were recorded as a 
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plant 'absence' but remained in the trial, as dormancy is known to occur in terrestrial 

orchids (Dixon, 1991). 

The effect of light treatment and year on plant presence was tested using a generalised 

linear model (GLM). The GLM was constructed using a binomial error and logit link 

function. All statistical analysis was performed using S-plus 4.5 (MathSoft Inc, Seattle, 

USA). 

The 'costs' associated with sexual reproduction for a population can be ascertained by 

examining the flowering-between-flowering-years (FBF) percentage (Inghe & 

Tamm, 1988): 

FBF = Number of plants which flowered in 1997,1998 and 1999 seasons x 100 % 

Number of plants which flowered in 1997 and 1999 seasons 

FBF values were calculated for each species using inflorescence data collected across all 

treatments. 

The leaf shape of each species was assumed to be approximately triangular, and area 

estimated from width and length measurements using: 

Leaf area = Yz (leaf length x leaf width) x number of leaves 

Change in leaf area [%] was calculated for each plant relative to the estimated 1997 leaf 

area. Percentage change in leaf area for a given year was only calculated for orchids 

with measurable leaf area. 

For each light treatment, the estimated leaf area of vegetative and sexually reproducing 

plants were compared by a Wilcox test. The leaf area ratio (LAR) was calculated for 

each individual harvested in 1999, as described by McKenna Houle (1999). A linear 

regression was used to determine the relationship between LAR and estimated seasonal 

energy. Estimated seasonal energy values were calculated using the Light Analysis Pro

gram for each light regime (Chapter 3). The data did not require transformation. 
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In December 1999 all surviving plants were harvested, washed and separated into com

ponent parts (based on definitions adapted from Dixon, 1991): 

~ Tuber I: underground storage organ, the origin of roots and leaves, formed during 

prevlOUS season 

• Tuber 2: underground storage organ, formed during current season 

• Roots: underground white adventitious growths, emanating from the top of Tuber 1 

• Leaves: photosynthetically active organs, connected to top of Tuber 1 or stem 

• Stem: inflorescence stalk connecting flowers to leaves and Tuber 1 

• Inflorescence: complete reproductive structure including ovary, excluding stem 

• Fruits: mature swollen ovaries 

Plant material was oven-dried at 50°C for 48 hours. Each organ was weighed and 

ground, with 10-15 mg of ground material used for analysis of total non-structural car

bohydrate (soluble sugar and starch) according to the method outlined by Tissue & 

Wright (1995). All biomass and soluble carbohydrate data were square-root trans

formed prior to statistical analysis. 

The effect of light treatment on total plant biomass [mg] was tested for each species by 

means of one-way ANOV As. A two-way split-plot ANOV A was applied to below- and 

above-ground organ biomass, to compare the effects of light treatment on plant dry 

weight distribution. Inflorescence and seed pod dry weights were not included in the 

total above-ground biomass of flowering individuals. Below/above-ground biomass ra

tios were calculated for individual plants of each species under the light treatments. The 

effect of light treatment was determined using one-way ANOVA. Field plants collected 

in December 1998 (Chapter 5) were used as a control to this trial. Comparisons were 

made between enclosure and field plants using Wilcox tests for total plant biomass, be

low- and above-ground biomass and below/above ratios. For each light treatment, the 

total below- and above-ground biomass of vegetative and sexually reproducing plants of 

each species were also compared using a Wilcox test. Inflorescence and seed pod dry 

weights were not included in the total biomass of flowering individuals. 

For each light treatment, the total non-structural carbohydrate content of vegetative and 

sexually reproducing plants was compared by a Wilcox test. Carbohydrate content of 
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inflorescence and seed pods were not included for flowering individuals. Further Wil

cox tests were performed comparing the total non-structural carbohydrate content of 

below-and above-ground organs, for vegetative and sexually reproducing plants. Analy

sis was repeated for each light treatment. Carbohydrate content of inflorescence and 

seed pods were not included for flowering individuals. Two-way split-plot ANOV As 

were performed on the enclosure data to determine the effect of light treatment on the 

soluble sugar and starch concentrations in below- and above-ground organs. Soluble 

sugar and starch concentrations from the enclosure trials were compared with data for 

plants collected from the field during December 1998 (Chapter 5) using Wilcox tests. 

Photosynthetic-irradiance response curves were determined using aLi-Cor 6400 port

able photosynthesis system (Li-Cor, Lincoln, Nebraska, USA) at 20 DC. Eleven meas

urements were made for each plant in November 1998, across the irradiance range of 0 -

1000 /lmol quanta m-2 S-l using a fully expanded leaf at ambient CO2 (35 Pa). For P. 

banksii and P. graminea, measurements were made on the second pair of leaves from 

the base, whilst for T. longifolia and T. paucijlora measurements were sampled half way 

down the solitary leaf. Six plants were analysed for each treatment. 

The relation of Evans et al. (2000) was fitted to the assimilation-irradiance response 

data set for each plant using Equation 4-1: 

1> I + (Pmax + Rdark ) 

P = 

where 

P net CO2 assimilation rate [/lmol CO2 m-2 S-l] 

I = incident irradiance [/lmol quanta m-2 s-l] 

maximum yield [/lmol CO2//lmol quanta] 

e convexity of the curve [-] 

Pmox = photosynthetic rate at saturating irradiance [/lmol CO2 m-2 sol] 

Rdark = respiration rate [/lmol CO2 m-2 S-l] 
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The light compensation point Qcomp [Jlmol quanta m-2 
S-l] was estimated using the rela

tion described by Thompson et al. (1988): 

Qcomp 

( 4-2) 

where R,'ark was determined from the fitted relation (Equation 4-1) at zero irradiance and 

¢ at limiting irradiance. 

For the estimated parameters P mtU, Rdarb ¢, Qcomp and PmaxlRdorh a one-way ANOVA was 

performed to examine the effect of light treatment for each species. Estimated parame

ters for plants grown under each light treatment were compared with parameters calcu

lated for field plants sampled at 20 °C in December 2000 (Chapter 5) using Wilcox 

tests. 

4.3. Results 

4.3.1. Light Environments 

Light measurements made inside and outside each enclosure showed that the plants re

ceived approximately 70 % (high-light), 45 % (medium-light) and 35 % (low-light) of 

full sunlight intensity. Calculated indirect site factors (ISF), direct site factors (DSFs) 

and seasonal energies (ESs) within each enclosure type are given in Table 4-1. A one

way analysis of variance showed there to be no significant difference between repeti

tions of each light treatment. 

Table 4-1 Enclosure light environments. Data shown are mean ± standard error. Uniformity between 
repetitions of each enclosure type tested using a one-way ANOV A. P-values in bold are 
significant (p < 0.05). 

~ 

Treatment ISF [%] p·value DSF,. [%] p-value ESs [MJ] p-value 

Low-light 23.72 ± 0.43 0.9137 35.49 ± 0.65 0.9478 789 ± 24 0.9321 

Medium-light 34.41 ± 0.99 0.9792 45.76 ± 1.13 0.9385 1062 ± 47 0.9138 

High-light 51.18±0,95 0.9872 65,54 ± 0.56 0.9127 1586 ± 68 0,9167 
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Table 4-2 Light environments of collection sites. Data shown are the geometric mean and range (± one 
standard error). 

Forest type ISF [%] DSF. [%] ES. [MJ] 

P. banksii Manuka 6.90 (5.52 - 8.43) 3.59 (2.86 - 4.40) 102 (78 -134) 

P. graminea Broadleaf 2.99 (2.19 3.92) 0.91 (0.62 - 1.26) 28 (20 - 39) 

T. /ongifolia Plantation 47.67 (44.07 - 51.28) 23.26 (20.69 - 25.83) 1153 (1061 - 1253) 

T. pauciflora Plantation 44.76 (40.87 - 48.68) 19.52 (17.15 - 22.00) 1045 (946 - 1154) 

Both P. banksii and P. graminea were identified under all four forest types surveyed, 

showing these species to be adaptable to a range of forest environments, although these 

species typically preferred lower light regimes. Light environments at the specimen 

collection sites (Table 4-2) were similar to those identified in the forest survey of 

Chapter 3 (Table 4-3). The ISF, DSFs and ESs received under all three enclosure treat

ments (Table 4-1) were considerably higher than at either Pterostylis collection site. 

Table 4-3 Light environments identified from forest survey of Chapter 3. Data shown are the geometric 
mean and range (± one standard error). 

Forest types ISF [%] DSFs [%] ESs [MJ] 

P. banks;; Broadleaf, Manuka, 
8.41 (6.70 - 10.29) 4.78 (3.78 - 5.90) 114 (89 -146) 

Nothofagus, Podocarp 

P. graminea Broadleaf, Manuka, 
4.38 (3.45 - 5.42) 1.69 (1.26 - 2.18) 43(34 53) 

Nothofagus, Podocarp 

T. /ongifolia Broadleaf, Nothofagus, 14.07 (11.19 -17.22) 8.38 (5.85 - 11.31) 294 (200 - 431) 
Podocarp 

T. pauciflora 8roadleaf, Nothofagus 20.35 - 28.95) 9.95 (6.65 -10.53) 554 (398 - 772) 

Neither T. longifolia nor T. pauciflora was identified under all four forest types sur

veyed in Chapter 3 (Table 4-3), but both were present under the low-light Broadleaf for

ests. Thelymitra specimens used in this trial were collected from a plantation environ

ment, which provided significantly higher light regimes (Table 4-2). The ISF and ESs of 

the two Thelymitra plantation populations were intermediate to those received under the 

high- and medium-light treatments (Table 4-1). The DSFs under all enclosures exceeded 

the values calculated for the field populations present under the plantation. 
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4.3.2. Morphology 

The morphological response of P. banksii and T. longifolia is shown in Figure 4-1, fol

lowing two seasons of cultivation under different light treatments. Figure 4-1A shows a 

P. banksii individual exhibiting vegetative reproduction via the production of a 'sinker'. 

The sinker is a secondary replacement tuber (Tuber 2), formed at the tip of a lateral root 

(stolon) generating from the plant stem (unlike normal roots which emanate from the 

top of Tuber 1). Sinker production was observed for specimens cultivated under all 

treatments, but was particularly common under the medium-light condition. Most 

specimens exhibiting vegetative reproduction also produced an inflorescence. Follow

ing oven-drying of each sinker-producing plant, the stolon was no longer discernible, 

and was therefore classed as a root for all subsequent non-structural carbohydrate analy

ses. 

T. longifolia also exhibited vegetative reproduction (Figure 4-1B), via the production of 

multiple replacement tubers (Tuber 2). Each replacement tuber was connected to the 

top of Tuber 1 (Figure 4-2). Multiple replacement tuber formation was observed under 

all three treatments, although generally more common under the medium-light condi

tions. Most specimens exhibiting vegetative reproduction also produced an inflores

cence spike. During all following non-structural carbohydrate analyses, multiple re

placement tubers were considered a single Tuber 2 organ. 

Both P. graminea and T. pauciflora exhibited high mortality rates during the two-year 

trial. Surviving specimens in 1999 were unable to be harvested for non-structural car

bohydrate analyses since the plants had undergone senescence and the replacement tu

bers (Tuber 2) were unable to be located within each pot. 
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Figure 4-1 Morphological response of P. banksii (A) and T longifolia (8) to the three light treatments 
(H=high, M=medium, L=low). 



Figure 4-2 Multiple replacement tuber production in T longi{olia 



4.3.3. Orchid Occurrence 

The occurrence of above-ground organs by each species is presented in Table 4-4. All 

four orchid species showed considerable reduction in occurrence after the first year. 

Analysis of variance for the GLMs showed that for all four species, orchid occurrence 

was significantly affected by year (p < 0.0001 for all species). P. banksii occurrence 

under the low-light regime increased from 1998 to 1999, showing that some individuals 

exhibited dormancy, being absent in 1998 but reoccurring in 1999. The occurrence of T. 

pauciflora approximately halved each year, with 1999 presence the lowest of the four 

species trialled. P. graminea also had comparatively low occurrence at end oftrial, with 

zero presence recorded in two of the three high-light enclosures in 1999. P. banksii oc

currence was significantly affected by light treatment (p = 0.0062). Light regime was 

not significant for the remaining three species (P. graminea, p = 0.1542; T. longifolia, 

p = 0.5657; T. pauciflora, p = 0.9338). Interaction between the year and treatment fac

tors was not significant either (p = 0.2196; P = 0.6349; P = 0.9998; P = 0.9628 respec

tively). 

Table 4-4 The occurrence of above-ground organs as a percentage of 
the twenty-one initial replicates for: P. banksii, P. graminea, 
T. longifolia and T. pauciflora. 

Treatment 

Year Low-light Medium-light High-light 

P. banksii 1997 100 100 100 

1998 57 100 85 

1999 71 86 76 

P. graminea 1997 100 100 100 

1998 52 52 43 

1999 43 52 14 

T. /ongifolia 1997 100 100 100 

1998 76 67 71 

1999 67 52 62 

T. pauciflora 1997 100 100 100 

1998 52 57 57 

1999 29 29 19 
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Table 4-5 Number of individuals which reoccurred 
in 1999 after an absent year in 1998. To-
tal numbers of absences in 1998 are shown 
in brackets. 

Treatment 

Low-light Medium-light High-
light 

P. banksii 3 (9) 0(0) 1 (3) 

P. graminea 2 (10) 1 (10) 0(12) 

T. /ongifolia 1 (5) 1 (7) 1 (6) 

T. pauciflora 0(10) 0(9) 0(9) 

In three of the four trial species, individuals reoccurred in 1999 following absence in 

1998 (Table 4-5). All T. pauciflora plants which were absent in 1998 remained absent 

in 1999, showing that this species was not able to reoccur following a year of absence 

under the trial conditions. No patterns were apparent in orchid reoccurrence under dif

ferent light treatments. 

4.3.4. Sexual Reproduction 

Inflorescence initiation rates for plants present in a season are given in Table 4-6. The 

1999 results show a clear trend of inflorescence production declining with increasing 

light level for all four trial species. This trend was inconsistent with the concept of flo

ral induction being triggered by the availability of excess carbohydrates. It was also 

surprising that the effect of light environment on P. banksii reversed during the trial, 

with floral induction rates increasing with light level in 1998 then decreasing in 1999. 

Physiological reasons for this are unclear. 

4-15 



Table 4-6 Production of inflorescence as a percentage of plants 
present: P. banksii, P. graminea, T. longifolia and 
T. pauciflora. 

Year Low-light Medium-light High-light 

P. banksii 1998 58 71 78 

1999 80 67 56 

P. graminea 1998 18 64 33 

1999 89 82 33 

T. /ongifolia 1998 25 50 20 

1999 86 55 39 

T. paucinora 1998 55 25 33 

1999 83 50 50 

Annual inflorescence production was relatively common in Pterostylis, but few Thely

mitra showed an ability to reproduce sexually for three consecutive years (Table 4-7). 

All P. graminea, T. longifolia and T. paucijlora individuals were flowering when the 

trial commenced, but only 41 of the 63 P. banksii individuals were flowering initially. 

The majority of these non-flowering specimens underwent sexual reproduction in the 

subsequent two years. Calculated FBF-values provide an indication of flowering con

sistency by individuals, which is related to the 'cost' of sexual reproduction. P. banksii 

had the highest flowering consistency of the four species. T. longifolia specimens had 

the lowest FBF and greatest mean floret count, suggesting that flowering cost was high 

for this species. 

Table 4-7 Sexual reproduction patterns ofP. banks ii, P. graminea, T. longifolia and T. pauci
flora. Data shown are percentages summed across all treatments (11 63). Repro
duction cost is indicated by calculated FBF. 

Number of flowering years FBF Mean flower 
count per 

inflorescence 

3 2 1 [%] 

P. banksii 20 35 35 76 1.00 ± 0.00 

P. graminea 16 16 

T. /ongifolia 6 40 

T. pauciflora 8 21 
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4.3.5. Leaf Area 

The estimated changes in leaf area for P. banks ii, P. graminea, T. longifolia and T. pau

ciflora are given in Table 4-8. Decreased leaf areas were recorded for all trial individu

als in 1998, possibly due to transplanting effects. Sustained reductions in leaf area for 

the low light species (P. banksii and P. graminea) in 1999 under all three treatments 

were a morphological response to light levels which were significantly higher than the 

field conditions from which specimens were removed. In contrast, both T. longifolia 

and T. pauciflora showed increased leaf areas in 1999 relative to initial measurements 

made in 1997. It is suggests the individuals encountered favourable growing conditions 

during the 1998 season, which allowed large amounts of carbohydrates to be accumu

lated, and consequently permitting increased leaf growth in 1999. 

Table 4-8 Estimated change in leaf area [%] from 1997 for: P. banksii, P. 
graminea, T longifolia and T pauciflora. Data shown are mean ± 
standard error of surviving plants. 

Treatment 

Year n Low-light n Medium-light n High-light 

P. banksii 1998 11 -54.40 ± 11.37 21 -55.63 ± 5.80 15 -40.20 ± 7.80 

1999 12 -43.89 ± 12.94 14 -29.82 ± 12.94 11 -66.59 ± 6.20 

P. graminea 1998 11 -63.92 ± 6.68 7 -77.87 ± 4.34 8 -80.41 ± 5.25 

1999 9 -68.51 ± 5.66 7 -78.52 ± 4.19 2 -80.17 ± 13.5 

T. /ongifolia 1998 12 -35.49 ± 11.17 10 -25.10 ± 12.56 15 -10.51 ± 20.86 

1999 12 23.34 ± 36.48 10 32.83 ± 42.33 14 27.74 ± 35.98 

T. pauciflora 1998 10 -13.84 ± 15.35 7 -45.24 ± 16.51 7 -35.80 ± 7.94 

1999 5 57.52 ± 34.98 4 37.26 ± 79.50 33.33 ± 0.00 

The mean leaf area of flowering and non-flowering individuals recorded in 1998 and 

1999 are given in Table 4-9. In all cases, inflorescence-producing plants had larger leaf 

areas, although this difference was only significant for P. banksii and P. graminea 

grown under the medium and high-light treatments, and T. longifolia cultivated under 

the low-light regime. 
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Table 4-9 Leaf area [mm2
] of flowering and non-flowering orchids for P. banksii, 

P. graminea, T. longifolia and T. pauciflora. Data shown are mean ± 
standard error. P-values generated using a Wilcox comparison of leaf 
area with inflorescence initiation for individual plants in 1998 and 
1999. P-va1ues in bold are significant (p < 0.05). 

Species Treatment Flowering Non-flowering Pvalue 

P. banksii Low-light 1389.44 ± 183 829.58 ± 200.86 0.0929 

Medium-light 1767.94 ± 203.58 888.44 ± 200.92 0.0183 

High-light 1311.31 ± 147.3 552.00 ± 120.76 0.0092 

P. gram/nea Low-light 441.00 ± 71.70 370.40 ± 57.29 0.5669 

Medium-light 355.31 ± 42.25 165.00 ± 31.22 0.0215 

High-light 322.50 ± 44.79 120.67 ± 14.03 0.0139 

T. long/folia Low-light 1147.13 ± 126.30 455.04 ± 70.75 0.0001 

Medium-light 1046.38 ± 136.39 727.89 ± 97.02 0.1505 

High-light 1043.75 ± 300.37 442.88 ± 93.22 0.0509 

T. pauciflora Low-light 607.20 ± 96.97 389.00 ± 111.96 0.1582 

Medium-light 358.25 ± 115.34 228.50 ± 26.10 0.3132 

High-light 418.00 ± 77.92 265.06 ± 82.44 0.1274 

A linear regression was used to determine the correlation between leaf area ratio (LAR) 

[mm2.mg-1
] and seasonal energy [MJ] for P. banksii and T. longifolia. The fitted rela-

tionship for P. banksii had R2 0.1789 with a slope of -0.0021 mm2.mg-1.Mr1
. 

ANOV A analysis showed the regression fit to be significant (p 0.0222). T. longifolia 

had a fitted relationship of R2 0.2405 with a slope of -0.0008 mm2.mg-1.Mr1
• 

ANOVA analysis showed the regression fit to be significant (p = 0.0044). The negative 

slope of the regressions shows that both species produced larger leaves under lower light 

levels. 

Biomass 

The effect of light treatment on total plant biomass was significant for P. banksii 

(p = 0.0029) with the heaviest plants recorded under the medium-light regime. Total 

plant biomass of T. longifolia did not differ significantly with light treatment 

(p = 0.7677). Wilcox tests were used to determine the significance of differences be

tween whole plant biomass of specimens collected from the field in December 1998, 

and individuals harvested from enclosures in December 1999. For P. banks ii, the high-
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light culture condition produced plants with biomass similar to the field specimens 

(p = 0.1317), whereas plants grown under the medium and low-light conditions were 

significantly heavier than in the field (p = 0.0048 and p = 0.0320 respectively). T. lon

gifolia plants grown under the high-light conditions were not significantly different from 

the field plants (p = 0.2721), but both medium and low-light treatments produced sig

nificantly heavier specimens (p = 0.0202 and p = 0.0001 respectively). 

Dry weights of below- and above-ground organs of P. banksii and T. longifolia are 

given in Table 4-10. The two-way split-plot ANOV A showed P. banksii biomass was 

significantly affected by treatment (p = 0.0001) with the heaviest plants recorded in the 

medium-light treatment. This result was consistent with the total plant biomass analy

sis. Differences between the below- and above-ground biomass were also significant (p 

< 0.0001) with below-ground organs having greater dry weights. Treatmentbiomass 

interaction was not significant (p = 0.1877). Analysis for T. longifolia showed treatment 

did not significantly affect biomass (p = 0.6768), the same as found for total plant bio

mass. Differences between the biomass of the below- and above-ground organs were 

also not significant (p = 0.7006), nor was treatmentbiomass interaction (p = 0.1585). 

Table 4-10 Below- and above-ground dry weight [mg] of P. banksii and T. lon
gifolia harvested from enclosure trials. Data shown are mean ± stan
dard error of all surviving plants in 1999. 

Treatment 

Organs low-light Medium-light High-light 

P. banksii Below-ground 257.59 ± 55.61 581.82 ± 102.60 215.04 ± 53.32 

Above-ground 108.83 ± 19.51 223.39 ± 60.94 127.65 ± 25.26 

T. longifolia Below-ground 229.32 ± 38.61 332.72 ± 66.19 297.71 ± 81.38 

Above-ground 320.90 ± 38.68 263.35 ± 40.74 201.85 ± 73.63 

Wilcox tests were used to determine the significance of differences between below- and 

above-ground biomass of plants collected from the field in December 1998, and speci

mens harvested from enclosures in December 1999 (Table 4-11). Analysis showed that 

the below-ground organ biomass of P. banksii plants collected from the field were con

sistently lower than specimens cultivated under the low and medium-light treatment. 

Above-ground organs of plants cultivated under the medium-light condition were sig-
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nificantly heavier than those collected from the field. Plants cultivated under the high

light treatment were not significantly different to field specimens. Both the below- and 

above-ground organ biomass of T longifolia plants collected from the field were sig

nificantly lower than those recorded for the medium and low-light regimes. P. banksii 

and T. longifolia individuals grown under the high-light treatment were not significantly 

heavier than field plants, despite growing in rich soil and receiving regular watering. 

This suggests that the high-light level received by the plants limited growth, even 

though moisture and nutrient conditions remained favourable. 

Table 4-11 Below- and above-ground biomass [mg] of P. banksii and T. longifolia 
collected from field, December 1998. Data shown are mean ± standard er
ror of surviving plants. P-values generated using a Wilcox comparison be
tween square root transformed field and enclosure data. P-values in bold are 
significant (p < 0.05). 

Field Low-light Medium-light High-light 

Organ (December) p-value p-value p-value 

P. banksii Below-ground 84.96 ± 31.93 0.0052 0.0008 0.0668 

Above-ground 91.70 ± 6.92 0.2365 0.0235 0.1802 

T. /ongifolia Below-ground 149.30 ± 25.54 0.0415 0.0273 0.1447 

Above-ground 103.21 ± 15.24 0.0020 0.0066 0.4559 

A Wilcox test was applied to the biomass of below-and above-ground vegetative organs 

for flowering and non-flowering orchids cultivated under three light regimes (Table 4-

12). Differences between the flowering and non-flowering biomass values were only 

significant for the above-ground organs of P. banksii and T. longifolia cultivated under 

high-light conditions. In both situations, vegetative plants had lower dry weights than 

sexually reproducing individuals. Below-ground biomass of flowering and non

flowering individuals did not differ significantly for either species under any treatment. 
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Table 4-12 Below-and above-ground organ biomass [mg] of flowering and non-flowering plants of P. 
banksii and T. longifolia. Dry weights of inflorescence and seed pods were not included in the 
above ground biomass values. Data shown are mean ± standard error of surviving plants. P-
values generated using a Wilcox comparison between square root transformed biomass of sexu-
ally reproducing and vegetative plants. P-values in bold are significant (p < 0.05). Biomass 
was not determined for non-flowering T. longifolia specimens in the low-light enclosures due to 
grazing. 

Species Treatment Organ Flowering Non·flowering p value 

P. banksii Low-light Below-ground 266.92 ± 66.60 230.61 ± 126.95 0.7273 

Above-ground 110.04 ± 16.12 44.81 ± 18.51 0.0636 

Medium-light Below-ground 694.77 ± 78.92 329.58 ± 237.58 0.1939 

Above-ground 273.26 ± 48.75 65.50 ± 78.40 0.0849 

High-light Below-ground 254.03 ± 79.36 162.65 ± 71.55 0.4090 

Above-ground 156.95 ± 29.17 60.04 ± 14.58 0.0048 

T. /ongifolia Low-light Below-ground 229.32 ± 38.61 

Above-ground 284.56 ± 32.40 

Medium-light Below-ground 270.46 ± 73.76 415.94 ± 121.01 0.2468 

Above-ground 291.31 ± 55.34 194.45 ± 44.98 0.3290 

High-light Below-ground 474.93 ± 107.95 185.60 ± 78.78 0.0635 

Above-ground 372.30 ± 62.17 77.08 ± 30.46 0.0159 

4.3.7. Carbohydrates 

Soluble sugar and starch concentrations of below- and above-ground organs for P. bank

sii and T. longifolia are given in Table 4-13. A two-way split-plot ANOV A showed P. 

banksii soluble sugar concentration was significantly affected by treatment (p = 0.0001), 

with concentrations greatest under the medium-light treatment. Concentration was also 

significantly affected by organ type (p = 0.0088) and treatment organ type interaction (p 

< 0.0001). ANOVA analysis showed that the starch concentration of P. banksii was not 

affected by light treatment (p = 0.0642), but was significantly higher in below-ground 

organs (p = 0.0005). Treatmentorgan type interaction was not significant (p = 0.3870). 

A two-way split-plot ANOV A showed that the soluble sugar concentration of T. longi

folia plants was not significantly affected by treatment (p = 0.8261), but soluble sugar 

concentration in above-ground organs was significantly greater (p = 0.0001). Treat

mentorgan interaction was not significant (p = 0.11 0 1). Analysis showed T. longifolia 

starch concentration was significantly affected by treatment (p = 0.0114), but not organ 

type (p = 0.5632). Treatment:organ interaction was significant (p = 0.0190). 
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Comparisons of soluble sugar and starch concentrations of below- and above-ground 

organs collected from the field (December 1998) and specimens harvested from enclo

sures are given in Table 4-14. The soluble sugar and starch concentration of P. banksii 

and T. longifolia organs collected from the field were significantly higher than individu

als plants harvested from the enclosure trials. This suggests that carbon allocation 

strategies employed by the enclosure and field plants were different, with a greater pro

portion of carbon assimilated by the enclosure individuals converted to structural form 

for growth. 

The mean total non-structural carbohydrate contents of below- and above-ground organs 

for flowering and non-flowering orchids are given in Table 4-15. The non-structural 

carbohydrate content of flowering P. banksii plants was not significantly different to 

vegetative specimens, except for the above-ground organs of the high and low-light 

treatments. Flowering T. longifolia plants growing under the high-light treatment had 

significantly greater levels of non-structural carbohydrate in above-ground organs. 
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Table 4-13 Soluble sugar and starch concentration [wt %] of below- and above-ground organs for P. banksii 
and T. longifolia. Data shown are mean ± standard error of surviving plants. 

Soluble Sugars Starch 

Treatment Treatment 

Organ Low-light Medium-light High-light Low-light Medium-light High-light 

P. banksii Below-ground 5.89 ± 1.34 14.12 ± 1.00 5.80 ± 0.51 7.94 ± 1.20 7.86 ± 0.38 10.00 ± 0.57 

Above-ground 9.80 ± 0.67 8.71 ± 0.43 9.39 ± 0.53 6.43 ± 0.38 6.81 ± 0.37 7.12 ± 0.58 

T. /ongifolia Below-ground 5.11±0.77 4.63 ± 0.52 5.11 ± 0.77 6.45 ± 0.60 6.93 ± 0.29 8.33 ± 1.01 

Above-ground 8.20 ± 0.69 9.46 ± 0.54 8.20 ± 0.69 7.78 ± 1.54 6.90 ± 0.56 8.19 ± 0.97 

Table 4-14 Soluble sugar and starch concentration (wt %] of each organ for P. banksii and T. longifolia collected from field, Dec 1998. Data 
shown are mean ± standard error. P-values generated using a Wilcox test between square root transformed field and enclosure 
data. P-values in bold are significant (p < 0.05). 

Soluble Sugars Starch 

Field Low-light Medium-light High-light Field Low-light Medium-light High-light 

Organ (December) p-value p-value p-value (December) p-value p-value p-value 

P. banksii Below-ground 27.93 ± 6.93 0.0002 0.0031 < 0.0001 16.85 ± 1.54 0.0003 0.0002 0.0011 

Above-ground 40.65 ± 6.40 0.0001 0.0002 < 0.0001 20.24 ± 1.53 0.0009 0.0002 < 0.0001 

T. /ongifo/ia Below-ground 18.79 ± 7.12 0.0496 0.0202 0.0496 24.05 ± 1.64 0.0004 0.0002 0.0004 

Above-ground 26.86 ± 3.86 0.0004 0.0002 0.0004 21.38 ± 1.58 0.0004 0.0002 0.0004 
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Table 4-15 Total non-structural carbohydrate content [mg] of selected plant organs of flowering and 
non-flowering plants for P. banksii and T. longifolia. Carbohydrate content of inflorescence 
and seed pods were not included in the above ground values. Data shown are mean ± stan
dard error of surviving plants. P-values generated using a Wilcox test between inflorescence 
and non-inflorescence producing plants. P-values in bold are significant (p < 0.05). Carbo
hydrate content was not determined for non-flowering T. longifolia specimens in the low
light enclosures due to grazing. 

Species Treatment Organ Flowering Non-flowering p-value 

P.banksii Low-light Below-ground 39.70 ± 13.49 37.92 ± 34.77 0.8733 

Above-ground 18.25 ± 2.04 7.36 ± 3.09 0.0364 

Medium-light Below-ground 148.11 ± 17.02 74.83 ± 45.02 0.0848 

Above-ground 42.23 ± 7.80 10.22 ± 11.13 0.0848 

High-light Below-ground 39.50 ± 11.42 25.79 ± 11.17 0.6070 

Above-ground 27.30 ± 4.82 9.59 ± 2.89 0.0120 

T. /ongifolia Low-light Below-ground 23.76 ± 4.60 

Above-ground 40.28 ± 4.00 

Medium-light Below-ground 34.84 ± 10.97 43.46 ± 12.58 0.6623 

Above-ground 50.01 ± 12.09 30.96 ± 6.59 0.2468 

High-light Below-ground 65.69 ± 21.80 23.97 ± 8.05 0,0635 

Above-ground 78.19 ± 16.52 11.74 ± 4.69 0.0159 

4.3.8. Photosynthetic Responses 

Photosynthetic responses of P. banksii and T longifolia are illustrated in Figure 4-3 and 

Figure 4-4. Derived parameters from the light response curves are presented in Table 4-

16 for P. banksii and T longifolia. One-way ANOV A analysis of derived parameters 

for P. banksii showed that Pmax,(saturated photosynthetic rate) ¢ and P",a/Rdark (physio

logical leaf efficiency) were significantly affected by the light environment. Both Pmox 

and P",a/Rdark increased with decreasing light levels. Qcamp (light compensation point) and 

Rdal'k (respiration rate) did not significantly differ with treatment. Analysis of variance 

for T. longifolia showed that both Pmux and Pma/Rdark were significantly affected by light 

treatment, increasing with decreasing light levels. The calculated parameters ¢, Qcomp 

and Rdark did not significantly differ with treatment. 

Wilcox analysis showed the calculated photosynthetic parameters for P. banksii field 

plants (December 2000,20 DC) to be significantly different to the parameters calculated 

for all enclosure plants, except for ¢ for plants grown under the low-light treatment 
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(Table 4-17). The parameters Pma" and Pma/Rdark for the field plants were significantly 

greater than under any treatment. R dark and Qcomp values were significantly lower for field 

plants. 

Wilcox comparison of field and enclosure parameters for T. longifolia showed that the 

calculate Pma:< values for field plants did not significantly differ from the high and me

dium-light conditions (Table 4-17). PI/tax values for the low-light treatment were signifi

cantly greater than the field plants. Calculated values of rjJ did not significantly differ 

between field and enclosure plants. The parameters Rdarh and Qcomp were significantly 

lower for the field plants than under any culture condition. The ratio Pma/Rdark for the 

field plants was significantly greater than under any treatment. 
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Figure 4-3 The response of leaf photosynthesis in air (35 Pa CO2) to photon flux density for P. banksii at 
three irradiance levels. Data for each of the six replicates are shown, except where data 

points coincide. Derived parameters are given in Table 4-16. 
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4-4 The response of leaf photosynthesis in air (35 Pa CO2) to photon flux density for T. longifolia 
at three irradiance levels. Data for each of the six replicates are shown, except where data 

points coincide. Derived parameters are given in Table 4-16. 

4-27 



Table 4-16 Leaf gas exchange parameters by mature foliage of P. banksii and T. longifolia. Data shmvn are mean ± standard error. P-values generated 
using a Wilcox comparison. P-values in bold are significant (p < 0.05). 

P. banks;; T. longifolia 

Low-light Medium-light High-light p-value Low-light Medium-light High-light p-value 
_"_~"' ~~~" ~ ___ ,_._ •• _ •. "_,_._.'~'~H" 

Pmax [umol C02 m·2s·1j 6.91 ± 0.27 5.57 ± 0.33 3.99 ± 0.41 0.0001 9.71 ± 0.23 7.55 ± 0.61 6.83 ± 0.42 0.0014 

Rdark [umol C02 m·2s·1j 1.39 ± 0.07 1.67 ± 0.19 1.25 ± 0.10 0.1012 1.81 ± 0.21 2.27 ± 0.21 2.26 ± 0.34 0.3769 

¢ [umol C021.umoi quanta] 0.06 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.0313 0.07 ± 0.01 0.07 ± 0.01 0.08 ± 0.01 0.4178 

Qcomp [umol quanta m-2s-1j 25±2 32 ±4 31 ± 2 0.1398 29 ±4 35± 3 29 ±2 0.2298 

PmaJRdark 
5.03 ± .30 3.54 ± 0.41 3.20 ± 0.25 0.0026 5.79 ± 0.78 3.52 ± 0.52 3.37 ± 0.51 0.0240 

Table 4-17 Field comparison of leaf gas exchange parameters by mature foliage of P. banksii and T. longifolia. Data shown are mean ± standard error. 
P-values a Wilcox P-values in bold are 

P.banksii T. longifolia 

Field Low-light Medium-light High-light Field Low-light Medium-light High-light 
P-value P-value 

Pmax [,umol C02 m-2s-1] 8.84 ± 0.31 0.0238 0.0238 0.0238 6.01 ± 0.47 0.0238 0.2619 0.2619 

Rdark [,umol C02 m-2s-1] 0.59 ± 0.06 0.0238 0.0238 0.0238 0.57 ± 0.12 0.0238 0.0238 0.0238 

¢ [umol COv',umol quanta] 0.07 ± 0.01 0.1667 0.0238 0.0238 0.07 ± 0.01 0.9048 0.9048 1.000 

Qcomp [,umol quanta m-2s-1j 8±1 0.0238 0.0238 0.0238 9±2 0.0238 0.0238 0.0238 

PmaJRdark 
15.30 ± 2.19 0.0238 0.0238 0.0238 11.00 ± 1.23 0.0238 0.0238 0.0238 
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Discussion 

4.4.1. Orchid 

The above-ground occurrences of all trial species were found to decline over time, but 

did not respond significantly to differing light conditions within the different enclosures. 

The reoccurrence of P. banks ii, P. graminea and T. longifolia specimens in 1999 fol

lowing absence in 1998 provides evidence that some individuals are able to remain 

dormant for a season. No clear relationship between light treatment and orchid reoccur

rence could be determined. The lack of reoccurring T. pauciflora individuals in these 

trials does not imply that such an event cannot or does not occur in the field. 

The observed reoccurrence of individuals following dormancy in 1998 is consistent with 

the findings of Dixon (1991) who states that a replacement tuber of a terrestrial orchid 

contains sufficient reserves to remain dormant for two to three seasons. Tuber dor

mancy is a common phenomenon in terrestrial orchid population and has been observed 

in many species including: Dactylorchis incarnata and Orchis mascula (Tamm, 1972), 

Epipactis ablensis (Kindlmann, 1999), Epipactis helleborine (Salmia, 1986), Isotria 

medeoloides (Mehrhoff, 1989), Ophrys sphegodes (Hutchings, 1987b), Orchis militaris 

(Hutchings et aI., 1998; Waite & Farrell, 1998), Orchis simia (Willems, 1982; Willems 

& Bik, 1991), Spiranthes spiralis (Willems, 1989) and Tipularia discolor 

(Whigham, 1984). 

The pattern of tuber dormancy in native terrestrial orchids has not previously been 

studied in New Zealand. The cause of tuber dormancy is therefore unknown, but may 

occur when the available energy levels within a tuber are insufficient to allow regrowth 

in the following season. Wells (1967) also observed plant dormancy during a popula

tion study of Spiranthes spiralis. He speculated that mycorrhizal association may play 

an important role replenishing energy reserves allowing individuals to regrow following 

an absent year. If an individual is dormant for a season, tuber regrowth must be reliant 

on an external factor to trigger the metabolic release of sufficient stored energy. My

corrhizae may playa role in triggering the regrowth of orchids, by assisting the meta

bolic release of soluble carbohydrate. The role of mycorrhizae in the metabolisation of 
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starch reserves was investigated by Purves & Hadley (1976), who infected starch-rich 

Goodyera repens protocorms with a compatible mycorrhizal fungi. They observed in

creased plant growth and depletion of starch reserves, and concluded that the mycorrhi

zae assisted with the metabolic release of stored energy. Alternatively, orchid regrowth 

would be possible if mycorrhizae directly supplied the necessary soluble carbohydrates. 

Benzing et at. (1983) studied the cellular root structures of several infected epiphytic 

orchids species, and identified evidence of digestion of endophytic fungi cells by the 

epiphytes. A histological study of four terrestrial and one epiphytic orchid species by 

Clements (1988) identified evidence of fungal hyphae being 'digested' in the cortical 

cells of the orchids. He concurred with the hypothesis that the orchids gain nutrients by 

parasitising the fungi that infect them. Nutrient transfer between mycorrhizae and or

chid may be possible if this degradation process occurs at sufficient rate within tubers of 

the dormant terrestrial orchids. Alternatively, mycorrhizae may play no significant role, 

and orchid reoccurrence is instead determined by other environmental or biochemical 

factors. 

The decline in above-ground occurrence from 1997 to 1998 was primarily due to diffi

culties of successfully transplanting and cultivating terrestrial orchids. As a result, plant 

adaptability can only be determined by comparing above-ground occurrence data be

tween 1998 and 1999. In practice, non-occurrence of orchids in 1999 corresponded to 

plant death, since no tubers were found in any of these pots. A field study by 

Wells (1967) on a Spiranthes spiralis population also found that individuals rarely reoc

curred following an absence of two consecutive years. Survival rates for P. graminea in 

1999 were greater than T. pauciflora under the medium and low-light treatments. P. 

graminea occurrence was lower than T. pauciflora under the high-light regime, with no 

P. graminea survival recorded for two of the three enclosures in the final year. 

The ability P. banksii to survive under all three treatments meant that the limits of its 

fundamental niche were not found. It is evident that the fundamental niche of P. banlrsii 

is very broad, extending from low-light Broadleaf forests (Chapter 3) through to high

light regimes under culture conditions. The realised niche of this species encompasses 

not only the four surveyed forest types, but also higher light environments such as forest 

edges in cloudy regions (St George, 1992). The enclosure trials successfully identified 
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the upper limit of the fundamental niche of P. graminea. Very low survival rates and 

light damage to the leaves of individuals (yellowing) indicated that long-term survival 

of P. graminea was unlikely under the high-light treatment. Similar yellowing of leaves 

under high-light conditions has also been observed by other researchers during shading 

experiments (e.g. Packham & Willis, 1982; Hunt & Hope-Simpson, 1990; Turnbull et 

al., 1993; McKenna & Houle, 1999), and generally concluded to be photobleaching 

caused by the high energy light environment rather than nutrient deficiency. It is be

lieved that P. graminea experienced similar photobleaching under the high light treat

ment. P. graminea individuals cultivated under the medium-light regimes had improved 

survival rates, but the plants still exhibited signs of stress. Under less favourable condi

tions, e.g. a less regular watering regime, it is believed that the individuals under the 

medium-light treatments would have also been unable to maintain long-term survival. 

The true upper limit to the fundamental niche of P. graminea is therefore believed to be 

the low-light treatment. 

Limits to the fundamental niche of T. longifolia were also not identified, with individu

als successfully surviving under all three light regimes, which spanned the realised niche 

of the plantation light environment. From the forest survey (Chapter 3) it is known that 

this species was able to grow under considerably lower light regimes than the plantation 

environment, including low-light Broadleaf forests. T. longifolia displayed a similar 

range of fundamental niche as P. banksii. T. longifolia has been observed to grow in 

roadside locations (Johns & Molloy, 1983), suggesting that the fundamental niche of 

this species includes direct light environments. It is believed that the realised niches of 

P. banksii and T. longifolia differ, since these two species were never identified in the 

same quadrat during the forest survey. T. pauciflora exhibited poor survival under all 

three enclosure treatments, despite these regimes spanning the light environment of the 

p. nigra plantation. It was not possible to clearly identifY the fundamental niche ofthis 

species, although the realised niche is known to range from low-light Broadleaf forests 

through to high-light plantations conditions. 

The limited ability of P. graminea to survive under the higher light regimes present in 

the enclosures suggests the likely demise of an under storey population if there was a 

major increase in the light environment, such as a windthrow event. P. banksii and T. 
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longifolia both showed much smaller declines in occurrence between 1998 and 1999, 

suggesting that these species could more successfully adapt to the enclosure light envi

ronments. The fundamental niches of P. banksii and T. longifolia are known to be con

siderably broader than the realised niches identified in the forest survey (Chapter 3). 

Therefore, it is likely that P. banksii and T. longifolia colonies growing under natural 

forests would survive canopy disturbances which increased available light levels. 

The realised niche of T. pauciflora is known to include natural forests (Chapter 3), but 

the fundamental niche of this species was not clearly identified by the enclosure trials. 

It is therefore difficult to predict the response of T. pauciflora to windthrow events, for 

colonies growing under natural forests. Given that this species inhabits higher light 

plantation environments, it is conceivable that colonies would continue to survive fol

lowing a windthrow event. 

4.4.2. Sexual Reproduction 

As a general trend the proportion of plants present and flowering in 1998 was lower than 

1997, with inflorescence initiation occurring in a greater percentage of plants in 1999 

than 1998. Rates of initiation in 1999 were lower under the lightest treatment, and 

highest under the darkest enclosures. P. banksii had the highest FBF-value (76 %), rep

resenting a 'moderate' cost (as defined by Tamm, 1991), with the majority of mature 

individuals likely to flower every year. Lower values for P. graminea (56 %) and T. 

pauciflora (50 %) indicated a 'higher' cost for reproduction. The FBF value (20%) for 

T. longifolia was considerably lower than those reported by Tamm (1991) suggesting 

that sexual reproduction represented an extremely high cost, with inflorescence produc

tion typically restricted to every second year. This suggests that there exists a minimum 

total non-structural carbohydrate (TNC) content for T. longifolia below which flowering 

does not occur. An investigation by Tamm (1991) reported that Orchis mascula (FBF 

58 %) had a 'high' reproductive cost whereas Listera ovata (FBF 74 %) had a 'mod

erate' cost associated with sexual reproduction. A study of Dactylorhiza sambucina re

ported FBF-values altering with site condition, 67 % for a drier site and 75 % for a me

sic site (Tamm, 1991). 
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4.4.3. 

All P. banksii and P. graminea individuals exhibited a considerable reduction in leaf 

area (1998 and 1999) after being transferred to the enclosures. The reduction in leaf 

area is a typical response to an increase in available light energy (Packham & 

Willis, 1982; McKendrick, 1996; Poorter, 2001). The leaf area ratio (LAR) provides a 

clear indication of resource allocation to photosynthetic material, since it is not corre

lated to total plant biomass (unlike total plant leaf area). This ratio is usually higher un

der lower light regimes as plants try to compensate for reduced energy availability 

(Thompson et al., 1988; Hunt & Hope-Simpson, 1990; Sims et al., 1994; Sims & 

Pearcy, 1994; Pattison et al., 1998), although the herb Floerkea proserpinacoides is 

known to be an exception (McKenna & Houle, 1999). A linear regression showed the 

LAR of P. banksii individuals to significantly increase with decreasing light level. 

Fewer resources were allocated to energy capture under conditions where PAR was 

more abundant. This change in resource allocation was indicative of plant acclimation 

to the enclosure environments. 

Following an initial decrease in leaf area in 1998, both T. pauciflora and T. longifolia 

exhibited increased leaf area in 1999, relative to initial measurement made in 1997. 

Such a result suggests that once the transplanted individuals became established, the 

growth conditions within the enclosures were favourable for leaf growth. This may 

have been related to the regular watering regime applied to the enclosures. According to 

Dixon (1991), many terrestrial orchids arrest leaf development until sufficient rain has 

occurred to sustain leaf expansion. Leeson et al. (1991) also report maximal leaf expan

sion in Dactylorhiza fuchsii during months of highest rainfall. A linear regression fitted 

for T. longifolia showed that the leaf area ratio (LAR) was significantly affected by light 

level. As with P. banks ii, fewer resources were allocated to energy capture under con

ditions where PAR was more abundant. 

The leaf area of flowering and non-flowering individuals was significantly different for 

p. banksii and P. graminea under the medium and high treatments, whereas differences 

were only significant for T. longifolia under the low-light regime. Correlations between 

leaf area and sexual reproduction have been reported for terrestrial orchid populations. 

A field study by Whigham & O'Neill (1991) concluded that sexually reproducing Tipu-
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laria discolor individuals had significantly larger leaves than vegetative plants. Leeson 

et ai. (1991) found a significant relationship between leaf number and inflorescence 

production in a population of Dactyiorhiza fuchsii, with flowering plants having greater 

number ofleaves than vegetative individuals. Wells & Cox (1989) also identified a sig

nificant relationship between leaf number and flower production during a six year study 

of a Ophrys apifera colony, with flowering individuals having a greater number of 

leaves. Willems & Bik (1991) reported flower initiation in a population of Orchis simia 

to be related to leaf area, with inflorescence production only occurring in plants with a 

leaf area exceeding 65 cm2
• It is possible that reported correlations between leaf area 

and flowering may actually be due to an underlying relationship between plant TNC 

content and sexual reproduction. It is not possible to determine this absolutely since 

none of these papers reported plant TNC. However Tissue & Nobel (1990) found that 

flowering did not occur in Agave deserti specimens unless individuals had accumulated 

a minimum carbohydrate content 

The existence of a single minimum leaf area was not found for any of the four trialspe

cies. This was not surprising, since the LAR regressions showed that resource alloca

tion to leaves is dependent on the light environment. Thus, if there was a minimum leaf 

area for a species, it should be dependent on light treatment, and theoretically decline 

under increasing light levels. Murren & Ellison (1996) developed a more sophisticated 

model for predicting flowering of the epiphytic orchid Brassavoia nodosa, which incor

porated both leaf area and light environment This model correctly predicted floral ini

tiation in 72 % of the studied plants. This study did not determine the TNC content of 

studied plants. 

4.4.4. Biomass 

Analysis showed total plant biomass of P. banksii specimens to be significantly affected 

by light regime, with the heaviest individuals found under the medium-light treatment. 

A study by McKenna & Houle (1999) using Fioerkea proserpinacoides (a forest herb) 

cultivated under five light levels also identified an optimal PAR for plant growth. The 

total plant biomass of P. banksii individuals collected from the field was significantly 

less than specimens cultivated under the low and medium-light regimes. This suggests 
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that plant growth under the high-light treatment was inhibited, relative to the medium 

and low-light conditions, hence the high-light conditions were close to the upper limit of 

the fundamental niche of P. banksii. 

Total T longifolia plant biomass was found to be independent of light regime, but the 

total plant biomass of specimens in the low and medium-light environments was signifi

cantly greater than specimens sampled from the field population. The estimated sea

sonal energy [MJ] of both the field and culture conditions were of approximately the 

same magnitude, hence differences in plant biomass were due to the relaxation of some 

other limiting factor in the low and medium culture conditions. Cultivation of plants 

within planter bags most likely affected soil temperature, influencing both leaf emer

gence time and mycorrhizal activity within the pot Regular watering regimes meant 

that plants in the enclosures were not subject to water stresses. 

Vegetative reproduction greater than the minimum single replacement tuber necessary 

for maintenance was evident in P. banksii with the production of 'sinkers' and in T. lon

gifoUa with the formation of multiple replacement tubers (Tuber 2). Vegetative repro

duction beyond single tuber replacement also occurs commonly in West Australian ter

restrial orchids, with Dixon (1991) reporting the phenomenon in 64 species. The ob

served vegetative response occurred simultaneously with sexual reproduction, suggest

ing that these orchids had abundant carbohydrate reserves. Such a response allows these 

species to become quickly established once at a new site, provided the plant can produce 

excess photosynthates. Within the forest environment P. banksii tends to be solitary, 

but on the forest edge, clumps of fifty or more individuals can be found, supporting the 

idea that abundant photosynthates can promote vegetative and sexual reproduction si

multaneously. A field survey by Pitelka et al. (1980) of the woodland herb Aster acu

minatus identified plant colonies which simultaneously underwent sexual and vegetative 

reproduction. It was concluded that sexual reproductive effort increased with light 

level, but not at the expense of vegetative reproduction, i.e. overall reproductive effort 

increased with light energy, rather than there being a trade off mediated by light. 

The relationship between flowering and organ dry weight was investigated for P. bank

sii and longifolia plants. Analysis showed that the total above-ground biomass of 
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sexually reproducing plants was significantly greater than vegetative plants only under 

the high-light regime. The calculated above-ground biomass did not include the inflo

rescence dry weight. For P. banksii this significance was linked to a change in mor

phology; with sexually reproducing plants having six leaves and vegetative plants pro

ducing only three. The results for P. banksii and T. longifolia suggest that factors other 

than plant biomass impact on floral induction. Both Whigham & ONeill (1991) and 

Snow & Whigham (1989) reported equivalent findings for Tipularia discolor, where 

sexual reproduction was not solely dependent on biomass, since large specimens did not 

always develop an inflorescence. All these findings are in contrast to Wells & 

Cox (1989) who identified a significant difference in the total biomass of flowering and 

non-flowering individuals of Ophrys apifera following a three year population study. 

They suggested that flowering may actually be related to the total carbohydrate content 

of a plant, with larger plants probably having greater energy reserves and being more 

likely to respond to flowering cues. This was not found for any of the trialed orchid 

species. 

4.4.5. Non-Structural Carbohydrates 

The non-structural carbohydrate content of the enclosure plants was investigated by ex

amining the soluble sugar and starch concentrations within below- and above-ground 

organs of individuals. Soluble sugar and starch concentration differed significantly be

tween above- and below-ground organs. Plants cultivated under the high and low-light 

treatments had greater soluble sugar concentrations in above-ground organs, and higher 

starch concentrations below-ground. This result is consistent with the concept of solu

ble sugar production occurring within photosynthetically active (above-ground) tissue, 

followed by translocation to (below-ground) storage organs, and subsequent conversion 

to starch (Leidreiter et al., 1995). However, the results for P. banksii plants grown in 

the medium-light treatment were inconsistent with this conceptual model. Data from 

individual organs revealed that the new tuber concentrations were approximately four 

times greater than the old tuber and roots. This result suggests that there were still high 

levels of cellular activity and development within the new tuber. Starch concentrations 

of T. longifolia individuals increased with available PAR, showing that the ability of a 

plant to accumulate energy reserves is dependent on the light environment. Soluble 
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sugar concentrations were significantly greater in the above-ground organs of T. longi

folia, but starch concentrations did not differ between above- and below-ground organs. 

Overall, it is still believed that below-ground organs function as the primary storage 

bodies for nutrients (Whigham, 1984) and carbohydrate reserves (Zimmerman & 

Whigham, 1992) for terrestrial orchid species. 

Below-ground carbohydrate storage is an effective strategy for shade-tolerant plants in 

reducing susceptibility to environmental stresses such as herbivory, pathogen attack or 

varying environmental conditions (Wargo, 1972; Matson & Waring, 1984; Dunn et 

al., 1987; Dunn et al., 1990). The significance of herbivory on four terrestrial orchids 

species is investigated in Chapter 5. These species are relatively short-lived, and gener

ally found in an environment which varies considerably. It is known from life cycle 

studies (Chapter 5) that all organs of an individual are replaced each year. Thus, if in

sufficient reserves are stored, individuals will not regrow in subsequent seasons. In

creased allocation of carbohydrates to storage increases the likelihood of survival, but 

reduces the amount of resources available for tissue formation, leading to a trade-off 

between storage and growth (Chapin et al., 1990). The susceptibility of these species to 

unfavourable growing conditions can be alleviated by maintaining a high degree of phe

notypic plasticity. Such characteristics were exhibited by P. banksii. Comparisons be

tween field and enclosure specimens of both P. banksii and T. longifolia showed field 

plants to have significantly higher non-structural carbohydrate concentrations than any 

enclosure plants. This may have been related to the higher respiration rates of the enclo

sure plants, which reduced the amount of carbohydrates available for allocation to stor

age. However, it is more likely that the result was due to a physiological response, 

whereby plants allocated fewer resources to tissue formation and retained a greater pro

portion of carbon as energy reserves. This result was consistent with the finding that 

perennial plants of seasonal environments allocate a significant fraction of photosyn

thates to long-term storage (Wyka, 1999). Given the low available PAR under the for

est environment for P. banks ii, it is likely that increased carbohydrate storage was a 

mechanism used to ensure regrowth in the following season. The importance of carbo

hydrate storage has also been identified in several studies of the woodland orchid Tipu

laria discolor (Snow & Whigham, 1989; Zimmerman & Whigham, 1992; Tissue et 

al., 1995). From the high rate of grazing observed for the T. longifolia population under 
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the plantation (Chapter 5), it is believed that reduced allocation of carbon resources to 

tissue formation was an effort to maximise potential for recovery after herbivory. 

4.4.6. Photosynthetic Response Characteristics 

Photosynthetic responses could not be generated for P. graminea or T. pauciflora, since 

stable readings could not be obtained from their leaves at any irradiance. The leaves of 

T. pauciflora were reddish-brown in colour, with blade edges turned inwards. For P. 

graminea this instability was most likely due to photobleaching, as the leaves of these 

plants were pale green/yellow under all culture conditions. 

The assimilation-irradiance responses curves expressed by P. banksii and T. longifolia 

showed characteristics representative of late-successional forest plants, with a high de

gree of shade tolerance (Bazzaz, 1979; Bazzaz & Pickett, 1980). Both P. banksii and 

T. longifolia exhibited considerable physiological plasticity, with significant variation 

evident in the irradiance-response characteristics of plants cultivated under different 

light treatments. The maximum photosynthetic rate (Plllax ) decreased with increasing ir

radiance. This result was contradictory to the findings of other enclosure trials, which 

consistently reported Pmax increasing under higher light conditions for both tree (Avery et 

al., 1979; Turnbull, 1991; Turnbull et al., 1993) and understorey herb species (Pitelka 

& Curtis, 1986; Sims & Pearcy, 1994). Plants grown under high-light environments 

produce pigments and cuticular waxes for protection from high PAR (Sims et al., 1994; 

McKenna & Houle, 1999). These compounds absorb and dissipate solar energy 

Lawlor (1993), and as a consequence may reduce the photosynthetic rate attainable by a 

leaf. Given that both P. banksii and T. longifolia are characterised as shade-tolerant 

species, it is conceivable that the observed reduction in PI/laX is due to the protective 

mechanisms employed to survive in the enclosure environments. 

The ratio of assimilation rate to dark respiration is a useful measure of physiological ef

ficiency (Sims & Pearcy, 1991). Photosynthetic efficiency of P. banksii and T. longifo

lia both increased with decreasing light and is consistent with the findings of Turnbull et 

al. (1993), who found that leaf efficiency in rainforest tree samplings declined when 

transferred from low (5 % PAR) to high (60 % PAR) light environments. The light 
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compensation point QCOIIIP and dark respiration rate Rdark of P. banksii and T. longifolia 

individuals did not vary significantly with light treatment. This result differed from 

published research (Pitelka & Curtis, 1986; Thompson et al., 1988; Turnbull, 1991; 

Pattison et al., 1998) which has concluded that QCOIIIP and Rdark typically decrease with de

creasing light levels. 

The trend of increased P lllax under reduced light levels was also reflected in the field 

population of P. banksii, with field plants exhibiting significantly higher P lllax whilst re

ceiving significantly lower ESs' Pmax may be negatively correlated with ESs for P. bank

sii, or alternatively may peak at some intermediate ESs value (midway between the field 

and enclosure light environments), in a similar manner to Flindersia brayleyana 

Thompson et al. (1988). The respiration rate of field individuals was significantly lower 

than any of the enclosure plants, suggesting that the field population of P. banlrsii was 

optimised for a low-light environment. The light compensation point QCOIIIP of field indi

viduals was also significantly lower than enclosure plants. This adaptation aids the field 

plants to maintain a positive carbon balance under low-light conditions (Pearcy & Cal

kin, 1983; Pitelka & Curtis, 1986; Sims & Pearcy, 1994). 

The estimated ESs for T. longifolia plants in the field lay between the medium and high

light enclosure treatments. Calculated P lllax values of field plants were similar to the in

dividuals grown under the high and medium enclosures, suggesting that Pmax of T. lon

gifolia is negatively correlated with ES" in a manner similar to P. banksii. The field 

plants exhibited significantly lower Rdark and QcomPJ and markedly higher leaf efficiency, 

than specimens cultivated under the sunfleck-free enclosure conditions. These charac

teristics are typical of plants growing under sunfleck-based light environments 

(Bazzaz, 1979; Pearcy & Calkin, 1983), where it is important to minimise carbon losses 

during low irradiance periods between sunflecks. It has been established that Pmax is af

fected by the amount of nitrogen available to a plant (Pitelka & Curtis, 1986; Kiippers et 

al., 1988; Thompson et al., 1988; Lawlor, 1993). Similarities of field and enclosure 

P/JIax values for T. longifolia suggests that the photosynthetic metabolism of the field 

plants was not significantly nitrogen-limited, despite the colony growing on a porous 

sandy soil under the P. nigra plantation. 
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This chapter examined the ability of four terrestrial orchid species to adapted to different 

light environments. Morphological and physiological characteristics of the trial plants 

were examined, and compared to field specimens. Comparisons focused on P. banksii 

and T. longifolia, once it became evident that P. graminea and T. pauciflora were un

able to transplant successfully from the forest to the enclosures. 

P. banksii specimens showed significant phenotypic plasticity, being able to survive and 

reproduce under light regimes considerably different to the forest environment from 

which they were collected. The fundamental niche of this species is remarkable wide, 

ranging from low-light conditions under Broadleaf forests (Chapter 3) to high energy 

sunfleck-free enclosure treatments. These orchids modified their metabolism as a result 

of the higher-energy enclosure environments. Despite this, the photosynthetic response 

curves for P. banksii specimens grown in the enclosure trials were still representative of 

late-successional herbs. The maximum photosynthetic rate and LAR of these cultivated 

plants reduced with increasing light levels, but total plant biomass of individuals were 

greater than field specimens. It was believed that the availability of excess photosyn

thates allowed specimens to simultaneously reproduce sexually and vegetatively in these 

trials. 

T. longifolia also exhibited a broad fundamental niche, the upper limit of which extends 

to higher light environments than experienced in the enclosures, and most likely exceeds 

the upper threshold of P. banksii. T. longifolia individuals have been found under low

light Broadleaf forest environments (Chapter 3), but generally in higher light quadrats 

than P. banksii. The range of ESs in the enclosure light treatments spanned the values 

measured under the Pinus nigra plantation from which T. longifolia specimens were 

collected. Changes in plant metabolism were also observed, most likely due to the ab

sence of sunflecks in the enclosure environments, which made minimisation of respira

tory costs less important. These modifications were primarily due to alteration of the 

light characteristics, rather than the quantity of PAR received. Maximum photosyn

thetic rate and LAR was negatively correlated with ESs, but total plant biomass still in

creased with light leveL However, the increase in total plant biomass in the enclosures 
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may be partly attributed to the removal of water stresses. Simultaneous sexual and 

vegetative reproduction was also observed for T. 10 ngifolia, most likely due to the fa

vourable growing conditions present in the enclosures. 

The likelihood of a P. banksii or a T. longifolia population surviving a windthrow event 

in the short term is moderately good, unlike P. graminea and T. pauciflora which based 

on enclosure mortality rates and health have poor chances. It is likely that the popula

tion will suffer an initial shock under the higher light conditions, reducing the number of 

surviving individuals. The impact of such a disturbance will depend on timing of the 

event during the annual cycle of the orchid. The significance of disturbances in light 

environment and carbohydrate acquisition at different times during the seasonal cycle 

are examined in the next chapter. The enclosure trials showed that both P. banksii and 

T. longifolia are able to adapt to higher energy, sunfleck-free light environments. How

ever, a forest ecosystem is not static and regeneration will occur in the windthrow area, 

closing and initially lowering the canopy to give a lower energy light environment. 

These new conditions are less than ideal for T. longifolia, and it is likely that this spe

cies will not be able to successfully compete for light in the medium term. 
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1. Introduction 

It was established in Chapter 3 that understorey light regime is a controlling factor on 

tenestrial orchid occunence in the field, and Chapter 4 also demonstrated that light af

fects orchid morphology and physiology. This chapter examines the phenology of four 

tenestrial orchid species, considering relationships between rates of carbon acquisi,tion, 

organ development and seasonal patterns in light environment. The likely effect of her

bivory on carbon acquisition, and hence plant survival is considered. 

Plants colonising the forest floor have adapted to the low-light environment created by 

the canopy by modifying their physiology and phenology (Curtis, 1983; Oberbauer & 

Strain, 1985; Osmond et ai., 1988). The available light energy on a forest floor is spa

tially and temporally diverse (Morgan & Smith, 1981; Chazdon, 1988; Pearcy, 1988; 

Turnbull, 1991; Forseth & Norman, 1993; Canham et at., 1994). By modifying the 

timing of leaf emergence and senescence, and matching this with physiological behav

iours, seasonal plants can maximise carbohydrate assimilation over the emergent period. 

The survival, competitive ability and performance of a single plant can also be improved 

by selective allocation of biomass, and especially carbohydrate resources, between or

gans (Whigham, 1984; Zimmerman & Whigham, 1992; McDonald et ai., 1996). The 

concept of plant carbon budgets provides a framework for linking physiological charac

teristics to light environments and phenology (Mooney, 1972; Graves, 1990; Forseth & 

Norman, 1993; Ninemets & Tenhuen, 1997; Pearcy et ai., 1997). Carbohydrate and 

biomass allocation has been examined in a large number of studies in herbs 
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(Abrahamson, 1979; Whigham, 1984; Ki1ppers et al., 1988; Tissue et al., 1995; Pearcy 

& Yang, 1998; Stuefer & Huber, 1998; Sharma et al., 1999; Tani et aI., 2001), shrubs 

(Tissue & Wright, 1995) and trees (Kobe, 1997; Pattison et al., 1998; Poorter, 2001). 

In New Zealand, terrestrial orchids are commonly found under a variety of native forest 

types (Moore & Edgar, 1970; St George et al., 1996) and plantations (Johns & Mol

loy, 1983; Molloy & Johns, 1983; Gibbs, 1988; Molloy, 1992). The light environment 

under native forest canopy is difficult to typify, often having a continuous distribution of 

mixed tree sizes and ages, although even-aged stands of Nothofagus and Dacrycarpus 

dacrydioides do exist in New Zealand (pers. comm. Sparrow, 2001). Events such as 

windthrow and herbivory can cause irregularity in the canopy structure, which may take 

many years to regenerate (Stewart & Veblen,1982; Jane & Green, 1983; Batche

ler, 1984; Wardle, 1984; White & Pickett, 1985; Jane, 1986). Plantation crops are 

characterised by a highly uniform planting distribution, height and age at anyone time. 

However during the cropping cycle of a plantation, the light environment is very dy

namic, starting from small seedlings providing no canopy, and progressing through to 

mature a plantation (typically in 20-30 years for Pinus radiata or Pseudotsuga menzie

sii). Molloy (1992) suggests that an orchid population is unlikely to maintain a long

term presence in such a dynamic ecosystem. The seasonal light environment will only 

remain suitable for a limited period ofthe cropping cycle, after which growth conditions 

. will become increasingly unfavourable for the resident species. 

The seasonality of New Zealand terrestrial native orchids is widely known (Johns & 

Molloy, 1983; Duguid, 1994), but there are no formal life cycle studies in the literature. 

As a result, the effect of climatic and light environment conditions on the timing of or

gan development is essentially unknown. This chapter examines the seasonal develop

ment of four terrestrial woodland orchid species, in order to develop a physiological un

derstanding of the annual phenological cycle. The intention of this analysis is to ascer

tain the relationship between biomass and carbohydrate partitioning within the plants, 

and the light environment and other climatic conditions present during the season. 

During field studies (Chapter 2 and 3) rabbit grazing was widely observed for Thelymi

tra individuals, but rarely evident for Pterostylis. The impact of herbivory on long-term 
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population survival is considered in this chapter, by examining the susceptibility of each 

species to partial leaf loss at different stages of the growing season. 

5.2. Methods 

5.2.1. Study Sites 

Four species of terrestrial orchids were selected for this investigation: 

® Pterostylis banksii from White's Bay (NZMS 174°05'00"E; 41°20'30"S, Ecological 

region: Sounds-Wellington), a south-facing Leptospermum scoparium (Manuka) 

stand. 

ell Pterostylis graminea from Pine Valley (NZMS 173°31 'OO"E, 41 °31 '20"S Ecological 

region: Richmond), a forest of Nothofagus solandri situated in the Richmond Forest 

Park. 

• Thelymitra longifolia and Thelymitra pauciflora from McLeans Island (NZMS 

172°25 '50"E; 43°27'30"S, Ecological region: Canterbury plains), under a Pinus ni

gra plantation situated on an alluvial flood plain. 

Fifty-six specimens of each species were marked in the field with a metal peg during 

October 1997. At each sampling interval, seven randomly chosen plants of each trial 

species were removed with permission from the Department of Conservation (Collect

ing Permit No. 09-1997). Sampling of Pterostylis species occurred in; September, Oc

tober, November, December 1998, February, March, May and July 1999. The Thelymi

tra species were sampled in; August, September, October, November, December of 

1998, and February, March, May, July of 1999. 

5.2.2. Meteorological Data 

Meteorological data for the McLeans Island study site were obtained from the auto

mated weather station at Christchurch Airport (Station number 4843). This station sup

plied total monthly rainfall [mm], total monthly sunshine [hrs], mean monthly soil tem

perature (at 10 cm) and mean monthly air temperature [0C]. Data for the White's Bay 

and Pine Valley sites were collated from three automated stations in the Blenheim re-
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gion: Blenheim Airport (Station number 4326) for total monthly rainfall [mm] and mean 

monthly air temperature [DC], Blenheim Research Station (Station number 4310) for 

total monthly sunshine [hrs] and Blenheim Research Station EWS (Station number 

12430) for mean monthly soil temperature (at 10 cm) [DC]. All these meteorological 

data were sourced from the MetService (Wellington). 

5.2.3. Data Collection and Analysis 

Hemispherical photographs taken at each study site were used to characterise the light 

environment of each orchid species. The light analysis program outlined in Chapter 3 

was used to analyse each image. This program calculated the ISF parameter, represent

ing the percentage of indirect PAR passing through the canopy and reaching the forest 

floor. The energy received by each quadrat was calculated monthly, with the total sea

sonal energy received (ESJ estimated by summing the monthly energy values over the 

emergent time. An EDPs parameter was also calculated, representing the percentage of 

energy received from sunflecks over the specified emergent time. Data calculated by the 

light analysis program were transformed to minimise non-normality. Calculated 

monthly and seasonal energy values were ZagIo transformed, whereas the ISF and EDPs 

parameters were arcsine transformed (Chapin et aZ., 1990). All statistical analysis was 

performed using S-plus 4.5 (MathSoft Inc, Seattle, USA). 

At each sampling interval, selected plants were harvested, washed and separated into 

component parts (based on definitions adapted from Dixon, 1991 and as per Chapter 4): 

" Tuber 1: underground storage organ, the origin of roots and leaves, formed during 

prevIOUS season 

ED Tuber 2: underground storage organ, formed during current season 

III Roots: underground white adventitious growths, emanating from the top of Tuber 1 

ED Leaves: photosynthetically active organs, connected to top of Tuber 1 or Stem 

" Stem: inflorescence stalk connecting flowers to leaves and Tuber 1 

" Inflorescence: complete reproductive structure including ovary, excluding Stem 

" Fruits: mature swollen ovaries 
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Plant material was oven-dried at 50°C. Each organ was weighed and ground, with 10-

15 mg of ground material used for analysis of total non-structural carbohydrate (soluble 

sugar and starch) according to the method outlined by Kobe (1997). All biomass and 

soluble carbohydrate data were square-root transformed prior to statistical analysis. 

Biomass data were analysed using an analysis of covariance (ANCOVA) to determine 

whether there were differences between plant organs, species of the same genus or 

month or their interactions. Total plant biomass was used as a covariate to eliminate 

effects due to differences in the biomass of individual plants. The same analyses were 

conducted for soluble sugar [mg] and starch [mg]. Percentage allocations of biomass 

and total soluble carbohydrates of organs were also calculated. 

One individual of each species was collected in December and dissected into component 

parts, with the total carbon concentration [wt %] determined using an automated 15N/13C 

analyser-mass spectrometer (ANCA-MS, Europa, UK). 

Photosynthetic-irradiance response curves and stomatal conductance data were deter

mined for tagged specimens at each field site using aLi-Cor 6400 portable photosynthe

sis unit (Li-Cor, Lincoln, Nebraska, USA) during August (non-flowering), October 

(flowering) and December 2000 (fruiting). This corresponded to plant ages of two, four 

and six months for P. banksii and P. graminea and six, eight and ten months for T. lon

gifolia and T. pauciflora. For each irradiance response curve, twelve measurements 

were made across the irradiance range of 0 - 1000 !lmol quanta m-2 
S-l using a fully ex

panded leaf at ambient C02 (35 Pa) and 20°C. For P. banksii and P. graminea, meas

urements were made on the second pair of leaves from the base, whilst for T. longifolia 

and T. pauciflora measurements were sampled half way down the solitary leaf. Three 

plants per species were analysed at each age interval. 

The relation of Dixon (1991) was fitted to the assimilation-irradiance response data set 

for each plant using Equation 5-1: 
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p 
¢J + (Pmax + Rdark ) 

---------!.~-~,---:-----.:.--------- Rdark 

where 

P = predicted photosynthetic rate [Ilmol CO2 m-2 
S-I] 

I = incident irradiance [Ilmol quanta m-2 
S-I] 

¢= maximum yield [Ilmol CO2/llmol quanta] 

E> = convexity of the curve [-] 

Plllax = photosynthetic rate at saturating irradiance [Ilmol CO2 m-2 
S-I] 

Rdark = respiration rate [Ilmol CO2 m-2 s-l] 

(5-1) 

The light compensation point QCOIIIP [llillol quanta m-2 s-l] was estimated using the rela

tion described by Dixon (1991): 

(5-2) 

where Rdark is the respiration rate [llm01 CO2 m-2 
S-I] determined from the fitted relation 

(Equation 5-1) at zero irradiance. One-way ANOVAs were used to identify changes in 

each estimated parameter (Pma.., Rdal'k> ¢, Qcomp, P",a,,1Rdark) across the three developmental 

stages. Separate analyses were performed for each species. 

The relative' cost' of sexual reproduction [mg C] was estimated using C the total carbon 

mass fraction [mg.mg-1
] and B the biomass [mg] of individual plant organs. The cost 

was calculated relative to vegetative plant carbon content, since this method was nu

merically more robust, and better suited to making comparisons between dissimilar 

era. For Pterostylis species, the reproduction cost was calculated using: 

C Sexual reproduction 
C Tota/,Injlorescence B Injlorescence 100 0/ 

~-------~------~--------~x 10 

[

CTotal,Tuber IBTuber 1 + CTa/al,Tuber 2 B Tuber 2 + CTalal,RoalsB RoolS + I 1 

CTotal,LeavesB Leaves + C TOlal,Stem B Stem ) 

(5-3) 

The reproductive cost for the Thelymitra species included both stern and florets, unlike 

Pterostylis where no dedicated stern was produced. For Thelymitra the reproductive 

cost was therefore calculated as: 
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C Sexual reproductioll = 
C Tota/,/nflorescence B Inflorescence + C Total,Stem B Stelll 100 01 

-:------'------"------------,:- X - 10 

[ 
C Total, Tuber 1 B Tuber 1 + C Total, Tuber 2 B Tuber 2 +) 1 

CTotal,Roots B Roots + C Total,Leaves B Leaves 

(5-4) 

The total non-structural carbohydrate content of the replacement tuber (Tuber 2) at plant 

senescence in December was estimated using results obtained from soluble carbohydrate 

(soluble sugar and starch) analyses. The average photosynthetic rate P' that must be 

sustained over the developmental period in order to obtain the measured soluble carbo

hydrate content was predicted using Equation 5-5 and Microsoft Solver (Microsoft Ex

cel v7.0). 

Tuber 1 senescence 

C Tuber 2 = P' X '" A X t L...J Leaf, i day, i 

i=Tuber 2 initiation 

(5-5) 

where: 

C Tuber 2 = total soluble carbohydrate content of Tuber 2, measured at plant senescence 

[mg] 

P' = minimum sustained net photosynthetic rate [l-lmolC02 m-2s-1
] 

Alea!.i = mean leaf area of plant during month i [m2
] 

tdaY,i = daylight time during month i [s] 

Plant leaf areas were estimated from the recorded leaf biomass using a linear regression 

whose derivation is described in Appendix B. Leaf biomass for non-sampled months 

was estimated by linear interpolation. Total monthly daylight time was estimated using 

the method of Dixon (1991). Changes in plant leaf area over time were represented by 

estimating the leaf area and daylight time at monthly intervals. The developmental time 

of Tuber 2 was estimated from the life cycle, beginning at Tuber 2 initiation and ending 

at Tuber 1 senescence. For P. banksii and P. graminea this period was three and four 

months respectively, whereas the replacement tubers of T. longifolia and T. pauciflora 

both formed over seven months. 
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The effect of leaf grazing on pI was also investigated using Equation 5-5. For both 

Pterostylis species, the effect of grazing at 'pre-flowering' (September), 'flower pro

duction' (November) and 'fruiting' (December) stages was estimated by halving the leaf 

area in the month of grazing and in each subsequent month (based on observations made 

during field studies). For both Thelymitra species, the effect of grazing at 'pre

flowering', 'flower production' and 'fruiting' was estimated at June, October and De

cember respectively. 

Results 

5.3.1. Meteorological Observations 

Climatic data for the 1998-99 study period as well as 10-year averages are presented in 

Figure 1. The total monthly rainfall for October in the Richmond region as unsea

sonably high, compared to the long-term average. Minimum monthly rainfall was re

corded during February, at the end of a summer which received considerably less pre

cipitation than the 10-year mean. Richmond rainfall remained unseasonably low 

throughout autumn, returning to typical levels from June onward. Sunshine hours, soil 

and air temperatures showed strong seasonal cycles, highest during summer and lowest 

during winter. Sunshine hours in the Richmond region were consistently higher during 

the study period than the lO-year mean, but temperatures were similar to the long-term 

mean. The recorded monthly rainfall for Canterbury Plains region was lower than long

term mean for all months except July 1999. Rainfall was generally lower during sum

mer than autumn. Total monthly sunshine hours, air and soil temperature tracked the 

long-term mean, showing a similar seasonal trend as the Richmond region. 
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Figure 5-1 Meteorological data for field sites in Richmond and Canterbury Plains ecological regions. 
Data shown are the total monthly rainfall [mm], sunshine [hrs] and mean air and soil tem
perature [QC]. Data are for Blenheim and Christchurch Airports respectively. 
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Light Environments 

The calculated indirect site factor (ISF), total seasonal energy (ESs) and percentage of 

direct energy (EDPs) are presented in Table 5-1. Both Pterostylis populations were 

growing under a low-light environment, with at least half of the available energy derived 

from sunflecks. The Thelymitra populations were found under a much higher light envi

ronment, and received considerably greater amounts of incident radiation. The high ISF 

calculated for the Thelymitra species shows the Pinus nigra plantation canopy had a 

more open structure, with the low EDPs indicating that indirect light played an important 

role. 

Table 5-1 Field light environments on the forest floor. Data shown are geometric mean and 
range (± standard error). 

ISF ESs EDPs 

P. banksii 11.52 (8.31 -15.17) 238 (189 - 299) 48.81 (42.90 - 54.74) 

P. graminea 6.70 (4.56 - 9.21) 222 (150 - 328) 68.94 (65.39 - 72.38) 

T. /ongifolia 47.67 (44.07 - 51.28) 1060 (968 -1160) 37.51 (36.04 - 38.99) 

T. pauciflora 44.76 (40.87 - 48.68) 923 (830 - 1026) 34.81 (33.32 - 36.31) 

Plots of ESs on a monthly basis are presented in Figure 5-2, where the red lines signify 

the active photosynthetic period of each orchid species and hence the energy actually 

received by individuals. These plots show how both Pterostylis species receive consid

erably less energy than either Thelymitra population on a monthly and annual basis 

(Table 5-1). The seasonal pattern of the light environment experienced by both Pter

ostylis populations is consistent with the changing solar declination over time. The 

Pterostylis species emerge above the soil at the time of increasing available energy, and 

undergo senescence when energy levels plateau during late summer. The high density 

canopy structure of the Manuka and Nothofagus forests was the primary reason for the 

low total seasonal energy ESs received by both Pterostylis species. Even if these species 

extended their emergent times to match the Thelymitra species, the total seasonal energy 

received would still be considerably lower. Considerable seasonal variation in the light 

environment was experienced by the Thelymitra populations growing under the Pinus 

nigra plantation. Such large seasonal variation was due to regular tree spacing, which is 

a typical plantation attribute. Incident solar energy was lowest in the month of June, 

corresponding to the winter solstice. Overall, the plantation provided an understorey 
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environment with substantially higher light levels than the Manuka and Nothofagus for

ests. The Thelymitra species emerged earlier, in late summer when energy levels were 

still high, and remained above the ground throughout the winter season. 
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Figure 5-2 Calculated monthly energy for P. banks ii, P. graminea, T longifolia and T pauciflora. Red 
lines represent the emergent period of each species. The sum of the monthly energies re-
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in Phenological 

Biomass and non-structural carbohydrate analysis for P. banksii and P. graminea are 

presented in Figure and Figure respectively. Total carbohydrate content shown 

in these figures is calculated from soluble sugar and starch data presented in Appen

dix D. Generalised life cycles of the two Pterostylis species are depicted in Figure 5-4 

and Figure 5-6. Data presented for July to December were based on mature specimens 

collected during this period. Both P. banksii and P. graminea exhibited similar devel

opmental trends and allocation patterns. The above-ground organs of sampled Pter

ostylis plants were prominent from April to January, with the plants below ground dur

ing February and March. Despite differences in total plant biomass, P. banksii and P. 

graminea plants exhibited almost identical allocation patterns. The allocation patterns 

of soluble carbohydrates generally mirrored those seen for biomass. This result was due 

to each organ having an equivalent non-structural carbon concentration, which remained 

constant throughout the season. 

An etiolitic shoot was produced by Pterostylis individuals during April, which remained 

within the humus layer until June. The proportion of plant biomass located below the 

ground slowly declined as the etiolitic shoot developed. During May, Tuber 1 produced 

three to six white adventitious roots, which formed between the humus layer and the 

clay-based soil. Formation of a stolon commenced in July, with the swelling of a termi

nal node of the root system. Development continued through August, by which time the 

etiolitic shoot had developed into photosynthetically active stem and leaves. The bio

mass and carbohydrate content of Tuber I continually declined during active growth pe

riod, corresponding to root and leaf development from June onward. Emergent shoots 

of the Pterostylis specimens typically produced three leaves initially. Immature plants 

did not develop any further. Mature orchid specimens become erect, with shoot height 

and leaf area increasing rapidly until maximal values were obtained in September. For 

these individuals, between 20 and 40 % of the plant dry weight was allocated to leaves. 

Both P. banksii and P. graminea specimens always allocated at least 25 % of the total 

plant biomass to below-ground storage organs. Sexual reproduction occurred between 

October and December, with the inflorescence never accounting for more than 15 % of 

total plant biomass. The development of Tuber 2 (replacement tuber) was also initiated 

during this period. Total soluble carbohydrate content of the Pterostylis plants peaked 
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in December. Leaves generally contained the greatest proportion of non-structural car-

bon during this period. Fruit dehiscence occurred in January, coinciding with the disap-

pearance of Tuber 1 and plant senescence. 

Pterostylis banksii 
400 

c; 
..s 300 

1: 
01 200 

'Qj 

~ 
~ 

100 

0 
0 

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 
1998 1999 

~ 
~ 

100 

c 
80 a 

~ 60 
.Q 
« 40 
<II 
<II 
ctI 20 E 
a 
in 0 

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 
1998 1999 

2 100 
ctI 
L.. 
"0 ~ 80 »01 
.r::. E .c ~ 
e c 60 
ro Q) 
Oc 40 
Q) a 
:nO 

20 ::J 
'0 
if) 

0 
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 
1998 1999 

2 100 
ro 
L.. ~ 

80 ~#. 
.r::.~ 

.c c 60 e 2 
ro ctI 

40 0 u 
Q) .Q 
:n « 20 
::J 
'0 

0 if) 

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 
1998 1999 

_ Tuber 1 Cl Roots Cl Stem Cl Seed Pods 
Cl Tuber 2 Cl Leaves c:::J Flowers 

Figure 5-3 Seasonal allocation patterns of P. banksii. 
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Figure 5-4 Generalised phenology of P. banksii, illustrating tuber fonnation and annual production ofleaves, roots and inflorescence. 
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Figure 5-6 Generalised phenology of P. graminea, illustrating tuber formation and annual production ofleaves, roots and inflorescence. 
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Seasonal patterns in biomass and non-structural carbohydrate characteristics for T. lon

gifolia and T. pauciflora are shown in Figure 5-7 and Figure 5-9 respectively. Total 

carbohydrate content shown in these figures is calculated from soluble sugar and starch 

data presented in Appendix D. Corresponding phenological patterns for each species 

are shown in Figure 5-8 and Figure 5-10. Both Thelymitra populations remained below 

the ground during the driest summer months of the study (January and February). Un

like the Pterostylis species, these orchids were emergent over the autumn and winter 

months, with some photosynthetically active leaves present for 10 months. The two 

Thelymitra species exhibited considerable similarity of phenology, although some dif

ferences were evident in the biomass proportions of the stem and Tuber 3. Total soluble 

carbohydrate patterns were similar to those of biomass for both species. 

Three to six white adventitious roots began to form from the ovoid Thelymitra tuber 

(Tuber 1) during February, reaching maximal size in March. An etiolitic shoot devel

oped during February, rapidly emerging as a solitary leaf which increased in size until 

May. The solitary leaf of both Thelymitra species represented up to 35 % of the plant's 

biomass and total soluble carbohydrate resources. Shoot formation for T. longifolia and 

T. pauciflora was considerably earlier than either Pterostylis species, and did not exhibit 

any delay between development and emergence. Stolon formation was observed for 

both Thelymitra species in April. The stolon distended and developed into a replace

ment tuber as photosynthates are accumulated by the plant. This replacement tuber (Tu

ber 2) rapidly increased in weight. A reduction in Tuber 1 dry weight and total soluble 

carbohydrate content corresponded to rapid leaf and root development from April on

ward. This tuber gradually declined in weight until only a husk remained in December. 

Inflorescence development in collected specimens of both Thelymitra species began in 

October. T. longifolia formed an inflorescence spike bearing 3 to 6 white florets which 

invariably opened. T. pauciflora produced an inflorescence spike bearing 2 to 4 pur

ple/mauve florets, which usually remain closed except on very hot days when they partly 

opened. Fruit formation and seed set occurred in December for both Thelymitra species. 

Fruit dehiscence occurred during January. Plant senescence OCCUlTed in the same 

month, coinciding with the lowest mean monthly rainfall in Canterbury Plans region. 

The timing of inflorescence production, fruiting, dehiscence and plant senescence were 

all similar to the two Pterostylis species studied. The inflorescence spike (stem, flowers 
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and seed pods) accounted for between 20 % (T. longifolia) and 35 % (T. pauciflora) of 

the total plant biomass and soluble carbohydrates. T. pauciflora expended a considera

bly greater proportion of its energy resources in sexual reproduction than either of Pter

ostylis species studied. 

A noticeable reduction in total plant biomass was evident in T. longifolia specimens 

collected over the growing season. The reduction in total soluble carbohydrate content 

of the collected specimens of the study period was even more significant, suggesting an 

unfavourable growing season. The absence of a replacement tuber for the 1999 season 

(Tuber 3) was also unusual, indicating that the annual development sequence occurred 

over an extended period. T. pauciflora did not exhibit such characteristics. 
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Figure 5-7 Seasonal allocation patterns of T longifolia. 
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Figure 5-8 Generalised phenology of T. longifolia, illustrating tuber formation and annual production ofleaves, roots and inflorescence. 
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5.3.4. Seasonal Trends 

Analysis of covariance was applied to the Pterostylis and Thelymitra biomass data and 

summarised in Table 5-2. Total plant biomass was used as a covariate to eliminate the 

effects due to differences in the biomass of individual plants. The significant covariate 

effect showed that total plant biomass varied markedly over the season for all species 

studied. Organ biomass of the two Pterostylis and two Thelymitra species differed sig

nificantly over time (month) and between component parts (organ). The interaction 

(month: organ) between these two factors was also significant. The patterns 

(month:species) did not differ significantly between P. banksii and P. graminea, nor 

were differences between T. longifolia and T. pauciflora significant. 

Table 5-2 P-values of covariate analysis for biomass of two Pterostylis 
and two Thelymitra species. P-values in bold are significant 
(p < 0.05). 

Factor Pterostylis The/ymitra 

Month 0.0000 0.0000 

Organ 0.0000 0.0000 

Total biomass 0.0000 0.0000 

Species 0.3841 0.6294 

Month:Organ 0.0000 0.0000 

Month:Total biomass 0.0001 0.0031 

Organ:Total biomass 0.0000 0.0000 

Month:Species 0.7099 0.8407 

Organ:Species 0.0041 0.0000 

Total biomass:Species 0.4069 0.3661 

Month:Organ:Total biomass 0.0000 0.0000 

Month:Organ:Species 0.0037 0.0000 

Month:Total biomass:Species 0.9548 0.8448 

Organ:Total biomass:Species 0.0904 0.1890 

Month:Organ:Total biomass:Species 0.4168 0.3649 

Analysis of covariance was applied to the Pterostylis and Thelymitra total soluble sugar 

data [mg] and summarised in Table 5-3. Total plant soluble sugar content was used as a 

covariate to eliminate the effects due to differences in individual plants. The significant 

covariate effect showed that plant soluble sugar content varied markedly over the season 

for all species studied. Organ soluble sugar content of the two Pterostylis and two 
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Thelymitra species differed significantly over time (month) and between component 

parts (organ). The interaction between these two factors (month:organ) was also signifi

cant. The patterns in total soluble sugar allocation (month:species) did not differ sig

nificantly between P. banksii and P. graminea, nor were differences between T. longi

folia and T. pauciflora significant. 

Table 5-3 P-values of covariate analysis for soluble sugar content of two 
Pterostylis and two Thelymitra species. P-values in bold are 
significant (p < 0.05). 

Factor Pterostylis The/ymitra 

Month 0.0000 0.0000 

Organ 0.0000 0.0000 

Total soluble sugar 0.0000 0.0000 

Species 0.2519 0.4373 

Month: Organ 0.0000 0.0000 

Month:Total soluble sugar 0.0001 0.0042 

Organ:Total soluble sugar 0.0000 0.0000 

lVIonth:Species 0.9066 0.4159 

Organ:Species 0.0807 0.0000 

Total soluble sugar:Species 0.8395 0.8594 

lVIonth:Organ:Total soluble sugar 0.0000 0.0000 

Month:Organ:Species 0.0104 0.0000 

Month:Total soluble sugar:Species 0.9680 0.2853 

Organ:Total soluble sugar:Species 0.7787 0.0002 

Month:Organ:Total soluble sugar:Species 0.6607 0.0742 

Analysis of covariance was applied to the recorded starch data [mg] for Pterostylis and 

Thelymitra, and summarised in Table 5-4. Total plant starch content was used as a co

variate to eliminate the effects due to differences in starch content of individual plants. 

The significant covariate effect showed that the total starch content of plants varied 

markedly over the season for all species studied. Organ starch content of the two Pter

ostylis and two Thelymitra species differed significantly over time (month) and between 

component parts (organ). The interaction between these two factors (month:organ) was 

also significant. The patterns in total starch allocation (month:species) did not differ 

significantly between P. banksii and P. graminea, nor were differences between T. lon

gifolia and T. pauciflora significant. 
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Table 5-4 P-values of covariate analysis for starch content of two 
Pterostylis and two Thelymitra species. P-values in 
bold are significant (p < 0.05). 

Factor Pterostylis Thelymitra 

Month 0.0000 0.0000 

Organ 0.0000 0.0000 

Total starch 0.0000 0.0000 

Species 0.8888 0.5301 

Month: Organ 0.0000 0.0000 

Month:Total starch 0.0032 0.0244 

Organ:Total starch 0.0000 0.0000 

Month:Species 0.8468 0.7507 

Organ:Species 0.6716 0.0000 

Total starch:Species 0.3387 0.8953 

Month:Organ:Total starch 0.0000 0.0000 

Month:O rg an: Species 0.6404 0.0007 

Month:Total starch:Species 0.9900 0.8844 

Organ:Total starch:Species 0.7137 0.1161 

Month: Org an: Total starch: Species 0.3197 0.0095 

5.3.5. Total Carbon 

Dry weight carbon concentration of specimens collected in December are presented in 

Table 5-5, for P. banks ii, P. graminea, T. longifolia and T. pauciflora. Total carbon 

concentrations were generally lowest in roots and highest in the inflorescence. In par

ticular, above-ground organs of the two Thelymitra species had considerably higher car

bon concentrations than the below-ground organs. The lack of repetitions in the data set 

did not allow statistical comparisons to be made. 

Table 5-5 Percentage carbon concentration [% dry weight] per component part of a 
single individual of each of the four trial species in December; P. banks ii, 
P. graminea, T. longifolia and T. pauciflora. Values were determined by 
an automated 1sN/ l3e analyser-mass spectrometer 

Organ P. banks;; P. graminea T. longifolia T. pauciflora 

Tuber 1 40.42 37.77 28.51 35.98 

Tuber 2 43.50 40.14 35.51 39.48 

Roots 25.54 33.01 30.53 29.96 

Leaves 41.50 42.53 43.28 42.81 

Stems 41.77 40.06 42.77 42.34 

Inflorescence 44.48 43.68 43.42 44.36 
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5.3.6. Photosynthetic light Response Curves 

The photosynthetic response curves of the four trial terrestrial orchid species are illus

trated in Figure 5-11. The mean derived parameters for fitted photo-irradiance response 

curves are presented in Table 5-6 for P. banksii and P. graminea. One-way analyses of 

variance showed all photo-irradiance response parameters for P. banksii to vary signifi

cantly with plant development. The greatest values of Pmax (maximum rate of photo

synthesis) and PmdRdark (leaf efficiency) were during inflorescence production. Dark 

respiration rate (Rdark) increased over the season, with highest values recorded at fruiting. 

The light compensation point (Qcomp) was significantly higher at fruiting because of the 

high respiration rate. Derived parameters for P. graminea were found to be independent 

of leaf age, with the exception of ¢ (quantum yield). The trend for PI/"jRdark closely fol

lowed that seen for P. banks ii, with greatest leaf efficiency occurring during inflores

cence production. 

Table 5-6 Derived parameters of P. banksii and P. graminea over a six month period at 20 °e. Data shown 
are the mean ± standard error. P-values generated from one-way ANVOA testing seasonal effect. 
P-values in bold are significant (p < 0.05). 

Pre-flowering Flower Fruiting P-value 
production 

P .banksii Pmax [Ilmol C02 m·2s·1j 3.47 ± 0.17 10.50 ± 0.91 8.84 ± 0.31 0.0003 

Rdark [Ilmol C02 m·2s·1] 0.26 ± 0.01 0.29 ± 0.03 0.59 ± 0.06 0.0015 

Qoomp [Ilmol quanta m·2s·1j 3.23 ± 0.53 2.32 ± 0.40 8.19 ± 0.94 0.0016 

t/J [Ilmol C0211lmoi quanta] 0.087 ± 0.018 0.129 ± 0.011 0.073 ± 0.003 0.0426 

PmariRdark 13.20 ± 0.82 37.20 ± 6.40 15.30 ± 2.19 0.0091 

P. graminea Pmax [Ilmol C02 m·2s·1] 5.74 ± 0.44 6.44 ± 0.76 7.70 ± 1.42 0.4019 

Rdark [Ilmol C02 m·2s·1] 0.81 ± 0.20 0.29 ± 0.05 0.73 ± 0.21 0.1752 

Qoomp [Ilmol quanta m·2s·1] 7.13 ± 1.49 4.62±1.19 13.50 ± 6.91 0.3602 

t/J [Ilmol C02/)lmol quanta] 0.113 ± 0.011 0.065 ± 0.005 0.050 ± 0.090 0.0049 

PmariRdark 8.12 ± 2.22 23.30 ± 3.63 10.31 ± 6.98 0.3997 

Derived photo-irradiance parameters for T. longifolia and T. pauciflora are presented in 

Table 5-7. All parameters for T. longifolia varied significantly with plant development, 

with specimens sampled at fruiting having the highest values of P max, Rdurk and QeD"'p' The 

decline in leaf efficiency over the season was particularly significant. T. pauciflora re

corded the greatest values of P",ax at fruiting, along with QcOIn' Leaf efficiency did not 

significantly vary over the growing season. 
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Light Response Curves 
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Figure 5-11 The response to leaf photosynthesis in air (35 Pa CO2 at 20 °C) to photo irradiance for P. 
banks ii, P. graminea, T longifolia and T pauctflora. Data for each of the three replicates 
are shown, except where points coincide. 
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Table 5-7 Derived parameters of T. longifolia and T. paucijlora over a six month period at 20 DC. Data 
shown are the mean ± standard error. P-values generated from one-way ANVOA testing seasonal 
effect. P-values in bold are significant (p < 0.05). 

Pre-flowering Flower Fruiting P·value 
production 

T. /ongifolia Pmax [flmol C02 m-2s-1] 12.70 ± 1.80 14.30 ± 2.42 6.01 ± 0.47 0.0337 

Rdark [flmol C02 m-2s-1] 0.19±0.03 1.00 ± 0.06 0.57±0.12 0.0009 

Qcomp [flmol quanta m-2s-1] 1.95 ± 0.22 11.10±0.73 8.97 ± 2.19 0.0067 

¢ [flmol C02/flmol quanta] 0.097 ± 0.012 0.090 ± 0.00 0.065 ± 0.004 0.0469 

PmaJRdark 68.90 ± 8.81 14.70 ± 3.05 11.00 ± 1.23 0.0005 

T. pauciflora Pmax [flmol C02 m-2s-1] 11.90 ± 1.42 15.20 ± 1.62 6.85 ± 0.27 0.0093 

Rdark [flmol C02 m-2s-1] 0.40 ± 0.21 0.89 ± 0.04 0.51 ± 0.02 0.0607 

Qcomp [flmol quanta m-2s-1] 4.25 ± 1.83 9.54 ± 0.70 8.84 ± 0.47 0.0356 

¢ [flmol C02/flmol quanta] 0.087 ± 0.008 0.094 ± 0.008 0.058 ± 0.004 0.0200 

PmaJRdark 44.50 ± 14.70 17.10±1.82 13.60 ± 0.76 0.0816 

5.3.7. Stomatal Conductance 

Stomatal conductance response curves of the four trial terrestrial orchid species are il

lustrated in Figure 5-12 for three different leaf ages. Measured conductance values gen

erally increased slightly under higher light intensities. Such increases were expected, 

since stomatal resistance typically declines during heightened photosynthetic rates (as 

shown in Figure 5-11). A clear decline in conductance was evident for leaves sampled 

at fruiting. Both Pterostylis species had notably lower conductance values than either 

sampled Thelymitra. 
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Stomatal Conductance 
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Figure 5-12 The response of stomatal conductance in air (35 Pa CO2 at 20 °C) to photo irradiance for P. 
banksii. P. graminea. T longifolia and T pauciflora. Data for each of the three replicates 
are shown, except where points coincide. 
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The cost of sexual reproduction (Table 5-8) was estimated as the percentage of total 

carbon in the plant allocated to inflorescence production. The reproductive costs for P. 

graminea and P. banksii were considerably less than for the two Thelymitra species, 

which usually produced multiple florets on each inflorescence spike. For the two Pter

ostylis species examined, the sexual reproductive cost was based solely on the total car

bon content of the inflorescence, since the stem was a support structure for the leaves 

and had been formed prior to flowering. For the two Thelymitra species studied, the 

cost also included the stem since this structure was produced during sexual reproduc

tion. Exclusion of the stem reduced the reproduction costs for T. longifolia and T. pau

cijlora to 2.4 and 6.7 % respectively, showing the int10rescence stem to be a consider

able cost to the plant. The photosynthetic characteristics of the inflorescence stems 

were not investigated. 

Table 5-8 Sexual reproduction cost in P. banksii, P. 
graminea, T. longifolia and T. pauelflora. 
Reproduction cost estimated as amount of carbon 
allocated to inflorescence as a percentage of 
vegetative plant carbon content. 

Species Sexual reproduction cost 

P. banksii 

P. graminea 

T. longifo/ia 

T. pauciflora 

CSexual reproduction [%] 

11.2 

4.2 

20.4 

37.8 

5.3.9. Carbohydrate Acquisition for Replacement Tuber 

The minimum photosynthetic rate (P' - no grazing) that must be sustained to accumulate 

the carbohydrate reserve within Tuber 2 prior to senescence is shown in Table 5-9. The 

highest absolute and relative values were calculated for P. graminea, and the lowest for 

T. longifolia. Both the Pterostylis species had to sustain a higher P' than the Thelymi

tra species, possibly due to the longer development time for replacement tuber forma

tion. Timing of the grazing event had some effect on the required photosynthetic rate 

P'. Field observations showed grazing of Thelymitra species to be very common in 

winter, meaning that pre-flowering grazing was a likely scenario for both T. longifolia 

and T. paucijlora. Grazing was generally not observed for Pterostylis species, suggest-
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ing that no grazing was a likely scenario for P. banksii and P. graminea, in which case 

there was considerably less difference between the required P' values of the species. P' 

values for pre-flowering and flowering grazing were identical for both P. banksii and 

P. graminea since replacement tuber development only began at flowering. 

Table 5-9 Estimated photosynthetic rate P' required to replace soluble carbohydrate content in the re
placement tuber (Tuber 2) for P. banks ii, P. graminea, T. longifolia and T. pauciflora. 
P '/ P max calculated using Pmax at flowering. Grazing effects were simulated at three intervals, 

by assuming a 50% loss in leaf area . 

No grazing 

• 

Grazing· Grazing· flowering Grazing· fruiting 

pre flowering 

P' P'/Pm" P' P'/PmllX P' P'/Pmax P' P'/Pmax 

[,WllOl co, c 

m-2s-1 J [%] [,Wnol CO,-
m-2s-! J [%] [,Wnol 

m-2s-1 
[%] [funol CO, ] 

m-1s- 1 
[%] 

P. banksii 1.14 10.8 1.89 18.0 1.89 18.0 1.42 13.5 

P. graminea 1.77 27.4 2.65 41.4 2.65 41.4 2.20 34.2 

T. /ongifolia 0.68 4.8 1,36 9.5 0.97 6.8 0.72 5.0 

T. pauciflora 0.98 6.4 1.95 12.8 1.37 9.0 1.08 7.1 
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5.4. 

5.4.1. 

Harvested specimens of P. banksii and P. graminea revealed that sexual reproduction 

was initiated prior to the development of a replacement tuber. Resources were only al

located to long-term storage, and hence continued plant survival once sexual reproduc

tion had been initiated. A substantial increase occurred in the Tuber 2 carbohydrate 

content during the month of November, coinciding with flower senescence and a peak in 

the available light energy. This suggests that November is a pivotal month in the life 

cycle of these Pterostylis populations. The two Pterostylis species exhibit preferential 

allocation of resources to sexual reproduction. This is an effective strategy for ensuring 

rapid colonisation of a site, but increases the risk of plant mortality in poor seasons or 

following grazing events. Analysis in Chapter 3 identified both P. banksii and P. 

graminea as species preferring low-light environments. This resource allocation strat

egy may be an adaptation to allow these species to successfully compete in low-light, 

resource-limited environments. 

In contrast to the Pterostylis species, replacement tuber development in T. longifolia and 

T. pauciflora specimens was initiated approximately three to fours months prior to floral 

initiation, coinciding with an increase in available light energy. Carbohydrate allocation 

to inflorescence development occurred during Spring, coinciding with a decrease in 

monthly rainfall. By accumulating an energy reserve soon after emergence, these spe

cies have essentially guaranteed their continued survival in the next season even if sub

jected to herbivory or unfavourable growing conditions. 

For P. banks ii, carbohydrates present in above-ground organs were primarily in soluble 

form, with below-ground organs mainly containing reserves stored as starch. These 

findings are consistent with the concept that light energy is converted by leaves into 

simple-sugar photosynthates (Taiz & Zeiger, 1991; Lawlor, 1993; Haether, 1996), 

which are in tum distributed to below-ground storage organs for conversion into more 

complex carbohydrates for next season (Mooney, 1972; Zimmerman & 

Whigham, 1992; Ross et al., 1994; Leidreiter et al., 1995). Soluble sugar and starch 
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distribution in P. graminea was not as clearly defined, with both the above- and below

ground organs containing considerable starch reserves. The total soluble carbohydrate 

content of both Pterostylis species showed a notable decline in January during plant se

nescence. Given that there was no increase in the carbohydrate content of below-ground 

organs during December - January, it would seem that minimal above-ground soluble 

sugar and starch reserves were translocated to below-ground organs prior to plant senes

cence. This behaviour was consistent with the conclusions of Chapin et at. (1990) and 

Bloom et al. (1985) who suggest that nitrogenous compounds are preferentially recycled 

from senescing organs, and recovery of polysaccharides may be minimal. Thus, all 

Pterostylis individuals, even juveniles, experience substantial carbohydrate loss during 

senescence. According to Chapin et al. (1990) approximately half the nitrogen, phos

phorus and potassium are recycled from a senescing leaf to support new growth. In the 

case of Pterostylis and Thelymitra, these compounds would be translocated to the re

placement tuber (Tuber 2) for use in the following season. 

During the photosynthetically active period, the total non-structural carbohydrate con

tent of T. longifolia and T. pauciflora plants were considerably greater than either Pter

ostylis species. This was consistent with the higher energy plantation light environment, 

and higher potential photosynthetic rates measured for the Thelymitra populations. 

However the total non-structural carbohydrate content of the replacement tuber (Tuber 

2) at plant senescence was approximately equal for all four species. Both Thelymitra 

species allocated a greater proportion of resources to growth of photosynthetic tissue. 

This strategy increased carbohydrate acquisition during the growing season, but also re

sulted in greater carbohydrate losses at senescence. The two Pterostylis species allo

cated an higher proportion of reserves to storage. This strategy incurs an 'opportunity 

cost' (Chapin et al., 1990; McPherson & Williams, 1998), but minimises respiratory 

costs and reduces losses at senescence. Such a strategy may also improve survivorship 

under low-light environments (Kobe, 1997). 

Both Pterostylis species exhibited a clear change in resource partitioning strategy during 

the season. Initially carbohydrate resources were primarily allocated to leaf develop

ment and sexual reproduction (extension growth), but later channelled to replacement 

tuber development (storage) prior to plant senescence. It is believed that the dynamic 
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resource allocation observed in Pterostylis was a low-light adaptation. Following an 

initial period of emergent growth, the two Thelymitra species more evenly allocated re

sources to leaf development and sexual reproduction (extension growth), as well as re

placement tuber development (storage). It is likely that increased rates of carbohydrate 

assimilation permitted both activities to occur simultaneously. 

The phenological development of T. longifolia and T. pauciflora was similar to the de

velopmental sequence of the Australian terrestrial orchids T. fuscolutea (Dixon, 1991) 

and T. epipactoides (Cropper, 1993). Dixon (1991) has suggested that the life cycle of 

Thelymitra fuscolutea is influenced by seasonal weather conditions, particularly rainfall 

patterns. It was hypothesised that the observed suppression of leaf development at the 

soil surface was due to a lack of available moisture required for leaf expansion. Leaf 

development of T. fuscolutea generally coincided with the arrival of monsoon rains in 

late Mayor early June. Plant senescence in T. longifolia, T. pauciflora and T. fuscolutea 

all occurred in late December. Regularity of rainfall at McLeans Island permitted emer

gence of T. longifolia and T. pauciflora considerably sooner than T. fuscolutea in west

ern Australia. A complete life cycle was not observed for T. longifolia during the study, 

with Tuber 3 not formed by the conclusion of this investigation. Considerable differ

ences in total plant biomass were also evident between T. longifolia plants harvested at 

the beginning and end of the study. Equivalent behaviour was observed by 

Dixon (1991) in his phenological study of T. fuscolutea, suggesting that the annual cycle 

of terrestrial orchids may be significantly affected by seasonal weather conditions. Sup

pression of leaf development was observed also in the P. banksii and P. graminea 

populations. It is believed that this behaviour was related to soil temperature rather than 

rainfall, with etiolitic shoots remaining within the mulch layer until late July or early 

August, when soil temperatures began to increase with the cessation of frosts. 

Photosynthetic light Response Characteristics 

The light response curves expressed by the four studied species all showed characteris

tics representative of late-successional forest-floor plants (Bazzaz, 1979; Bazzaz & 

Pickett, 1980). Equivalent characteristics were also observed by Tissue et al. (1995) for 

the winter-green woodland terrestrial orchid Tipularia discolor. The initial photosyn-
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thetic rates recorded for P. banksii (pre-flowering) were significantly lower than meas

urements taken later in the season (flowering and fruiting). It is believed that these 

measurements were recorded prior to full leaf expansion, when photosystem develop

ment is typically incomplete and photosynthetic rates are usually lower (Field & 

Mooney, 1983; Reekie & Bazzaz, 1987; Sims & Pearcy, 1991). Pmax values recorded 

during flowering were representative of the true photosynthetic capacity of P. banksii. 

The slightly lower photosynthetic rates recorded during fruiting were expected, since 

photosynthetic capacity is known to decline with leaf age (Chabot & Hicks, 1982; Field 

& Mooney, 1983; Pitelka et al., 1985; Pitelka & Curtis, 1986; Klippers et al., 1988; 

Tissue et al., 1995; Rijkers et al., 2000a). The mean light response curves measured for 

P. graminea remained remarkably consistent as the plant aged, but gathering repeatable 

data became increasingly difficult as the leaves grew older. The level of variance be

tween repetitions of measured light response curves meant that no clear trends between 

leaf age and P max could be determined. Maximum rate of photosynthesis for both Thely

mitra species studied remained generally constant before and during flowering, but de

clined significantly during fruiting. Similarity between pre-flowering and flowering 

photosynthetic rates can be attributed to pre-flowering measurements being made on 

fully developed leaves. Thelymitra leaves also exhibited a clear reduction in photosyn

thetic rate with age. Initial development of the replacement tuber (Tuber 2) coincided 

with the periods of high Pma.<' The decline in soluble sugar concentration within plants at 

fruiting corresponded to a reduction in the maximum photosynthetic rate. 

The apparent stomatal conductance of the sampled Pterostylis and Thelymitra species 

exhibited a slight positive relationship with light intensity which was generally linear. 

Unlike irradiance-response curves, stomatal conductance did not decline markedly at 

low light intensities. This suggests that the stomata typically remain open under low 

light environments, most likely in order to improve sun-fleck utilisation (Pearcy & Cal

kin, 1983; Chazdon, 1988). This strategy results in miniinal stomatal limitation to CO2 

diffusion during sunflecks and enhances daily carbon gain in dynamic light regimes 

(Hollinger, 1987). Similar characteristics have been reported for the fern Blechnum dis

color (Hollinger, 1987) which restricted to low light understorey environments. 
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5.4.3. 

The existence of energy or resource budgets in plants has been discussed by a number of 

authors (Mooney, 1972; Bloom et al., 1985; Graves, 1990; Forseth & Norman, 1993; 

Sims et at., 1994; Sims & Pearcy, 1994; Zerihun et al., 1998). In this study, the cost of 

sexual reproduction was defined as being the amount of carbon (in both structural and 

non-structural carbohydrate forms) allocated to flowering, calculated as a percentage of 

the vegetative plant carbon content. This calculation method is preferable when com

paring dissimilar genera. This cost was found to be less for the Pterostylis species, 

which produced a large solitary inflorescence, than for the Thelymitra species, which 

usually produced approximately four small flowers on a single spike. The low-light en

vironments of the Pterostylis species means that less energy is available for sexual re

production. This genus has a low cost of sexual reproduction due to bearing its inflores

cence on the same stem as the leaves, i.e. no specialised stem structure is formed. It is 

difficult to know whether this represents a low-light adaptation, or is a phenological 

characteristic of this genus. This can only be determined through further investigation 

based on phylogenetic ally independent contrasts (Burt, 1989). Both T. longifolia and T. 

pauciflora produce a specialised inflorescence spike, which aids pollination and seed 

dispersal (Molloy, 1990). Considerable biomass and carbohydrate resources were allo

cated to Thelymitra stem formation in November and December, suggesting that sexual 

reproduction has a high associated cost to individuals. Similar observations have been 

reported by Dixon (1991) for Thelymitra filscolutea, with the inflorescence stem ac

counting for 14 % of plant biomass (cf. 16 % for T. longifolia and 26 % for T. pauci

flora). Both Thelymitra species allocated a considerably greater proportion oftotal car

bon resources to sexual reproduction than either Pterostylis species. 

Mooney (1972) states that the true cost of sexual reproduction cannot be assessed solely 

in terms of biomass of the inflorescence. In addition to the respiratory costs of produc

ing and maintaining flowering structures, there are additional costs associated with 

manufacturing attractants, nectar and pollen in order to aid reproductive success. Re

productive cost was estimated for the four orchid species based on total carbon alloca

tion rather than biomass, however the argument of Mooney (1972) is still likely to be 

valid, due to the higher construction costs of complex compounds such as pollen. Con

sequently, it is likely that the overall reproductive costs for each species are higher than 
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estimated from total carbon allocations. Bloom et al. (1985) also points out that the 

plant must invest considerable amounts of nutrients in reproductive structures. The high 

sustained flowering (FBF) rate observed for P. banksii during a 3-year enclosure trial 

(Chapter 4) suggests that this species has a relatively low sexual reproduction cost, in 

terms of both carbon and nutrient requirements. Sustained flowering rates for P. 

graminea were lower, although generalisations from the enclosure trials are less obvi

ous, due to low survival rates. T. longifolia had the lowest FBF value of the four spe

cies, suggesting that sexual reproduction represents a greater relative cost to individuals. 

FBF results for T. pauciflora were affected by low survival rates, and generalisations 

were unclear. 

5.4.4. Carbohydrate Acquisition for Replacement Tuber 

Development 

The sustained net photosynthetic rate required for the two Pterostylis species to accu

mulate sufficient replacement tuber reserves was higher than either of the Thelymitra 

species. This was partly due to the shorter replacement tuber development time of Pter

ostylis (3-4 months), which meant that photosynthate accumulation had to be maintained 

at a higher mean rate. Both Thelymitra species developed a replacement tuber over a 

period of approximately seven to eight months, meaning that the plants need only accu

mulate the required carbohydrate reserves at a lower sustained rate. It was estimated 

that the Pterostylis colonies received considerably lower PPFD than either Thelymitra 

species, due to a more open Pinus nigra canopy over the latter. Consequently, both P. 

banksii and P. graminea are less likely to consistently maintain photosynthetic rates 

close to measured values. Studies have shown that sun flecks play an important role 

in carbon acquisition in low-light environments (Gross, 1982; Pearcy, 1983; Pearcy 

Calkin, 1983; Harbinson & Woodward, 1984; Chazdon & Pearcy, 1986a; Chazdon & 

Pearcy, 1991). Chazdon & Pearcy (1986b) showed that total CO2 assimilation of in

duced shade leaves exposed to short sunflecks (5 - 10 seconds) was consistently higher 

than predicted from steady state measurements. Growth cabinet trials by Watling et 

al. (1997) showed that the growth of some understorey species is enhanced by fluctuat

ing light levels. Given the high EDPs values recorded at both Pterostylis sites, it is be-
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lieved that sunflecks have a significant effect on seasonal carbon acquisition for P. 

banksii and P. graminea. 

Reduction in leaf area, due to herbivory, has a significant effect on the ability of a plant 

to accumulate carbohydrates (Whigham, 1984; Whigham, 1989; McPherson & Wil

liams, 1998; Mulder & Ruess, 1998; Wyka, 1999). Modifying the leaf areas used in the 

carbohydrate acquisition calculation provided an insight into the likely effect of grazing 

on long-term viability of the Pterostylis and Thelymitra populations. It is likely that 

grazing of individuals of either Pterostylis species will have considerable detrimental 

effect on plant survivorship. Pre-flowering grazing of Pterostylis occurred prior to ini

tiation ofthe replacement tuber, so had minimal effect on tuber development. Individu

als had the opportunity of aborting sexual reproduction, and redirecting resources to the 

replacement tuber. It is likely that plant survivorship is most negatively impacted by 

grazing during flowering, since resources have already been expended on the inflores

cence. P. graminea is particularly susceptible to herbivory prior to fruiting, with re

quired photosynthetic rates P' exceeding 40 % of Pmax• In such situations, there is a high 

probability of grazing resulting in plant death (assuming no significant mycorrhizal car

bon transfer), since replacement tuber development only occurs in subsequent months. 

P. banksii exhibited lower susceptibility to grazing, with P '/Pmax ratios less than half 

those calculated for P. graminea. Although herbivory represents a significant threat to 

plant survivorship, grazing of Pterostylis individuals was very rarely observed during 

three years of field studies, and is not considered a common event. 

Calculations of herbivory effects on T. longifolia and T. pauciflora showed that grazing 

had less impact on carbohydrate acquisition. The minimum photosynthetic rates re

quired for replacement tuber (Tuber 2) development were smaller proportions of the Pmax 

values measured during the season. Pre-flowering grazing had greatest impact on sea

sonal carbohydrate acquisition, since replacement tuber development occurred prior to 

inflorescence production. During population monitoring at McLeans Island it was ob

served that rabbit grazing was widespread, usually occurring during winter (pre

inflorescence herbivory). Many plants were observed to produce an inflorescence spike 

despite being grazed. Given the high-light environment under the Pinus nigra planta

tion and the large measured Pmax values for each species, it is believed that carbon loss 
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due to herbivory does not pose a significant threat to the continued survival of these 

populations at McLeans Island. However, because nitrogen losses due to defoliation can 

be highly significant (Chapin et al., 1990), severe herbivory in successive seasons may 

still represent a potential threat to continued plant survival. 

5.5. Summary 

Seasonal development patterns for two Pterostylis and two Thelymitra species were ex

amined in this chapter and related to the light environment experienced by each popula

tion on the forest floor. The P. banksii and P. graminea populations examined in this 

study survived under relatively low-light environments, receiving the majority of avail

able energy from sunflecks. In both Pterostylis species, flowering occurred prior to re

placement tuber (Tuber 2) initiation and development. Allocation of carbohydrate re

sources to storage occurred in November, making this a key month for continued orchid 

survival. Both Pterostylis allocated a larger proportion of photosynthates to storage than 

either Thelymitra species over the duration of the growing season. This was typical for 

a plant growing in a low energy light environment. Calculations showed grazing to be 

potentially highly significant for these two species, particularly prior to main period of 

carbohydrate accumulation (November). Such grazing is likely to have significant 

negative impact on plant survival, particularly for P. graminea, but was rarely observed 

for either Pterostylis species. The low-light environments of the two Pterostylis spe

cies, combined with the higher required photosynthetic rate for replacement tuber for

mation suggests that available energy is a potential limitation on Pterostylis colonisa

tion. 

T. longifolia and T. pauciflora life cycles observed during this study were similar to 

those reported for the western Australian orchid Thelymitrafuscolutea, although etiolitic 

shoot dormancy was not observed. Historical weather data suggests that Thelymitra 

populations at McLeans Island are not usually subjected to such significant levels of 

water stress during late summer and autumn. Unlike the two Pterostylis species, re

placement tuber initiation in Thelymitra occurred prior to sexual reproduction, with tu

ber development continuing over several months. Early development of the replace

ment tuber minimises the risks of herbivory, by ensuring sufficient reserves for contin-
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ued survival pnor to sexual reproduction. Calculations suggest that pre-flowering 

grazing does have an impact on carbohydrate assimilation, but these orchids are proba

bly still able to survive regular herbivory provided nitrogen losses are not excessive. 
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This thesis has considered the role light environment on the distribution of selected 

terrestrial orchid species, and concluded that understorey light environment was a 

dominant factor in determining terrestrial orchid occurrence and density. PCA analysis 

(Chapter 2) identified four parameters which described all significant characteristics of 

the understorey light environment. It is desirable to develop explanations for the role of 

each parameter, in the context of plant physiology and morphology. However, it is 

believed that the parameters (ISF, DSF,,, EDPs and ESs) cannot be considered in isolation 

(Chapter 3), since the actual light environment is the product of these factors and the 

prevailing weather patterns. This view is supported by the large joint terms present in 

the regressions for occurrence and density. Consequently, it is not possible to clearly 

identify the biological significance of each factor in isolation. 

Multivariable regressions developed in Chapter 3 showed light environment to be a 

dominant factor in determining terrestrial orchid occurrence and density at the studied 

sites. It has been suggested that microclimate parameters such as humidity and soil 

temperature are partially correlated with understorey light (Jennings et ai., 1999), and 

consequently the importance of light environment as a controlling factor may be 

overestimated. However it is believed that such strong correlations may be attributed, in 

part, to terrestrial orchid phenology. Complete replacement of all organs was observed 

during phenological studies of colonies of P. banks ii, P. graminea, T longifolia and T. 

pauciflora (Chapter 5). Plant survival during the dormant period was dependent on 

energy reserves stored within the replacement tuber (Tuber 2), developed during the 
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previous growing season. This phenology differs from some other terrestrial orchids, 

such as Tipularia discolor, which maintain a single corm throughout their life history 

(Whigham, 1984; Zimmerman & Whigham, 1992). Under unfavourable growing 

conditions, insufficient reserves may be stored, and the plant may not successfully grow 

in the following season. It is believed that the phenology of the studied terrestrial orchid 

species does not allow long-term vegetative persistence in unfavourable environments, 

hence individuals will only be present under a clearly defined range of suitable 

conditions. 

Published studies have identified light environment as being important (Ashmun & 

Pitelka, 1984; Denslow, 1987; Pabst & Spies, 1998; Rambo & Muir, 1998; 

Svenning, 2000), but not as dominant as identified in Chapter 3. It is believed that the 

importance of understorey light may have been underestimated due to the use of 

simplistic representations of light environment. PCA analysis (Chapter 2) showed that a 

minimum of four parameters were required to adequately describe all characteristics of 

an understorey light environment. Large joint terms in regressions (Chapter 3) 

highlighted the complexity of the light environment, showing that single parameter 

models were not adequate. It is recommended that forest sites in the North Island of 

New Zealand be surveyed and analysed in a similar manner, to develop new correlations 

and extend the existing linear models for the occurrence and density of terrestrial orchid 

species in understorey environments. 

The Impact of Light Environment 

Physiology 

Morphology and 

It is commonly suggested that the niche breadth of a plant species is determined, in part, 

by its phenotypic plasticity (Curtis, 1983; Ashmun & Piteika, 1984; Chazdon, 1992; 

Chazdon & Kaufmann, 1993). The ability of a plant to maintain a positive carbon 

balance is dependent on morphological and physiological adaptations to the prevailing 

light environment (Givnish, 1988; Walters & Reich, 1999). Reductions in LAR and 

leaf efficiency with increasing light represented a progression towards characteristics 

typically associated with sun-tolerant plants (Lawlor, 1993). Such modifications are 

considered 'typical' responses to increased light levels, and have been observed in a 
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number of under storey species (packham & Willis, 1982; Hunt & Hope-Simpson, 1990; 

Sims et al., 1994; McKendrick, 1996; Pattison et at., 1998; Poorter, 200 1). 

Low-light under storey environments have low DSFf> and typically receive the majority 

of PPFD in the form of sunflecks (Pearcy & Calkin, 1983; Chazdon & Fetcher, 1984; 

Pearcy, 1987; Chazdon & Pearcy, 1991). Endler (1993) classifies these locations as 

'forest shade' sites, with virtually all incident light transmitted or reflected from 

vegetation. These sunflecks typically occur in clusters (Chazdon, 1988; Pearcy, 1988), 

and are of yellow-green wavelengths (Endler, 1993). Such wavelengths are 

unfavourable for photosynthesis. Consequently, plants inhabiting such environments 

must employ physiological modifications which maximise carbon acquisition during 

sunfleck sequences (Chazdon, 1988). One such adaptation is to maintain a relatively 

high stomatal conductance under low light conditions, in order to minimise 

physiological constraints which restrict CO2 uptake during these brief periods of high 

light intensity (Pearcy, 1987). Despite a moderate stomatal conductance, plants are 

typically unable to efficiently utilise the first few sunflecks in a sequence. Once the 

photosynthetic system of a leaf has been sufficiently induced, the plant is able to utilise 

subsequent sunflecks with high photosynthetic efficiency, achieving apparent 

photosynthetic rates exceeding 100 % of Pmax• (Chazdon & Pearcy, 1986b). It has been 

suggested that an inducted leaf exhibits a 'capacitance', which allows the plant to 

overcome metabolic constraints usually encountered under steady-state (higher light) 

conditions (Prasad, 1997). Under transient light conditions this capacitance is 'filled' 

by faster steps of the CO2 fixation cycle, allowing slower steps to catch up during the 

low-light post-illumination period (Pearcy, 1988; Prasad, 1997). This ability most 

evident in low-light adapted plants (Chazdon & Pearcy, 1986b). Sunfleck induction 

may allow suitably adapted plants to achieve carbon gains exceeding theoretical values, 

however actual carbon fixation will be limited by the unfavourable (yellow-green) 

wavelength ofthe sunflecks. 

Locations receiving moderate DSFJ levels are classified by Endler (1993) as being 

'small gap' sites. Most of the direct sunlight received by these sites comes from small 

canopy gaps, with limited ESJ received from transmission and reflection through 

vegetation. Such sites generally receive light with 'reddish' wavelengths 

6-3 



(Endler, 1993), allowing the sunflecks to be more effectively used by plant 

photosystems. However, plants growing under such conditions typically receive fewer 

sunflecks which last for longer periods. Consequently, the sunflecks are usually less 

likely to occur in close succession, and leaf induction is not maintained as consistently 

(Chazdon & Pearcy, 1986b). Plants existing under such conditions are less likely to 

achieve the theoretical carbon gain due to low leaf induction state. Endler (1993) 

classified high DSF[ locations as being 'large gap' sites. These typically receive the 

majority of their direct sunlight from large canopy gaps. Light reaching forest floor sites 

is 'white' due to minimal transmission and reflection from vegetation. Long periods of 

continuous sunlight allow full stomatal opening and photosynthetic acclimation in high

light adapted plants. Carbon gain by individuals growing under such conditions is more 

likely to approach theoretical values. It is therefore believed that individuals growing 

under low or high DSF[ conditions are more likely to successfully utilise a larger 

proportion of the calculated ESj reaching a forest floor site. In contrast, individuals 

existing under moderate DSF[ conditions may only be able to use a reduced proportion 

of the calculated ESj for that site. 

6.3. The Importance of Sunflecks 

The role of sunflecks as a light source has been discussed by a various authors (for 

example Torquebiau, 1988; Chazdon & Pearcy, 1991; Pearcy & Pfitsch, 1991; Trichon 

et al., 1998). Such literature typically focuses on tropical forest with high canopy and 

multiple strata. In such forests, sunflecks typically occur when gaps in successive strata 

come into alignment allowing the solar rays to pass directly to the forest floor. During 

field studies it was observed that sunflecks also occurred regularly due to dynamic 

canopy movement caused by wind. Such sunflecks were highly unpredictable, and 

typically only lasted for a few seconds. Canopy movement meant that these sunfieclcs 

were not stationary, and moved in random patterns on the forest floor. Such conditions 

are likely to promote leaf induction. Sunflecks caused by static canopy gaps were 

predictable, typically lasted for longer periods, and movement was dictated by changes 

in solar angle. The occurrence of 'dynamic' gaps were most significant for low, dense, 

mono-layered forest canopy such as that of Broadleaf forests. Manuka, Nothofagus and 

Podocatp forests had lower canopy density, allowing increased levels of solar energy to 
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reach the forest floor (Chapter 2). Consequently it is believed that 'dynamic' sunflecks 

were not as significant under these forest types. 

P. banksii and P. graminea were identified under all four forest types, demonstrating the 

ability to occupy a variety of light environments. They were rarely observed in higher 

light environments such as grasslands, suggesting that their fundamental niche was 

restricted to understorey environments, with occasional exceptions in some southern 

regions (St George, 1992). Both species were classified as low light plants (Chapter 3), 

exhibiting adaptations such as low flowering cost, and high stomatal conductance at low 

PPFD (Chapters 4 and 5). These physiological attributes allowed them to maintain a 

positive carbon balance under lower light environments. P. banksii and P. graminea 

were observed to occur with greatest frequency in low light conditions, beneath 

Broadleaf canopy. It is believed that these species were dependent on the 'dynamic' 

sunflecks to maintain a positive carbon balance under Broadleaf forests. The high 

frequency of P. alobula and P. areolata under the same forests suggests that these 

species were also able to utilise 'dynamic' sunflecks, and most likely relied on these for 

long term survival. 

T. longifolia and T. pauciflora were identified under Broadleaf, Nothofagus and 

Podocarp forests (T. longifolia only), but typically only found in low frequencies 

(Chapter 3). Both species were commonly observed in grassland and open conditions 

receiving high levels of sunlight, suggesting that their fundamental niche covers high 

light forest understorey through to open grassland. High ESs conditions occurred under 

lower density canopy which had gaps, providing regular static sunflecks of longer 

duration. It is believed that when under forest canopy, T. longifolia and T. pauciflora 

rely on static canopy openings and gaps to supply sufficient direct sunlight for long term 

survival. Unlike the two Pterostylis species, they are not reliant on short duration 

sunflecks from 'dynamic' canopy gaps. 
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6.4, Predicting Population Response to light Environs 

ment Disturbances 

From the understanding of orchid phenology (Chapter 5) and adaptability (Chapter 4), 

likely orchid responses to canopy disturbances such as small-scale windthrow or treefall 

events can be hypothesised. Such localised events causing a canopy opening will result 

in an initial increase in light reaching the forest floor. For orchids restricted primarily to 

low-light regimes (Chapter 3), significant increases in direct sunlight levels is likely to 

cause photobleaching (Langenheim et al., 1984), as seen with leaf yellowing of P. 

graminea under high-light enclosure treatments (Chapter 4). Consequences of this 

disturbance will depend on the timing of the event in relation to the orchid's life cycle. 

High-light exposure soon after emergence is likely to cause damage to photosynthetic 

organs, resulting in reduced carbohydrate acquisition (similar to the pre-flowering 

grazing event simulated in Chapter 5). Sexual reproduction may still occur based on 

cues from the previous season, but replacement tuber development will most likely be 

impaired. A canopy disturbance just prior to normal plant senescence is likely to have 

little immediate effect on plant survival or carbohydrate reserves (similar to herbivory at 

fruiting simulated in Chapter 5). Significant growth of tree seedlings may mean that the 

high-light environment is only present for a short period of time, and the light 

conditions may be more conducive for orchid survival in following seasons. However 

large numbers of seedlings may also increase competition for water and nutrients, and 

have a negative impact on plant growth (Chabot, 1978). Tuber dormancy (Chapter 4) 

may also allow an orchid to avoid unsuitable conditions in the following season. It is 

likely that orchids such as P. banks ii, which are able to survive over a wide range of 

light regimes (Chapter 4), will be less adversely affected by a treefall disturbance in the 

short term. However these species may be unable to cope with increased competition 

for water and nutrients caused by rapid growth of tree seedlings. 

6,5, Conservation and Management 

Active management of reserves or areas containing vulnerable orchids has been 

undertaken in Europe for many years, and more recently, in Australia. Typical 

management actions are: 
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II removal of plants competing for light, water or nutrients (Farrell, 1991; 

Tamm,1991) 

II removal of canopy via pruning, or grazing/mowing during dormancy (Farrell, 1991; 

Tamm, 1991; Waite & Hutchings, 1991; Waite & Farrell, 1998; Willems & 

MeIser, 1998) 

II removal of plants thought to harbour animals which graze on orchids (Waite & 

Farrell, 1998) 

• propagation of seedlings and subsequent translocation to field sites (Cropper, 1993; 

Ramsay & Stewart, 1998) 

• exclusion of grazing animals usmg fences or WIre cages (Cropper, 1993; 

Nicholls, 1995) 

Such management programs are based on long-term protection strategies, developed 

from perceived requirements of the vulnerable species, and identified threats to the 

populations (Harvey, 1985; Rowan, 1989; Cropper, 1993; Molloy, 1993; Linder, 1995; 

Bradburn, 1996; Marshall, 1996). Determination of the actual requirements of 

threatened species is often difficult, and consequently decisions are made based on past 

experience with similar species. Failure to identify species-specific requirements can 

result in management actions which cause significant mortality (Marshall, 1996). 

The most significant active management program undertaken for orchids in New 

Zealand is the establishment of the Iwitahi Native Orchid Reserve in the central North 

Island (Gibbs, 1988; Gibbs, 1990). This particular reserve is a 5.9 ha block of Pinus 

nigra forest containing over 30 different terrestrial orchid species, situated within a large 

commercial plantation (Gibbs, 1990). Orchids from neighbouring areas are being 

relocated into the reserve as surrounding blocks are clear-felled (Gibbs, 1987; 

Gibbs, 1991). Within the reserve itself, the understorey light environment is being 

maintained by removal of competing understorey vegetation such as ferns 

(Nicholls, 1996), and protective planting around the reserve boundaries as adjoining 

blocks are cleared (Nicholls, 1996). The existing P. nigra canopy trees were planted in 

1933 (Gibbs, 1990). Attack by Dothistroma has caused significant needle loss, 

providing a deep mulch layer and consequent accumulation of mycorrhizal fungi. 

Significant needle loss has provided a high-light environment conducive to terrestrial 
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orchid growth. However treefall due to senescence and Dothistroma-induced mortality 

is now causing concern about progressive canopy loss and excessive increase in 

understorey light levels. 

An underplanting program has commenced at Iwitahi, for the replacement canopy trees. 

From the results of this thesis, it is clear that maintaining a suitable understorey light 

environment is a vital requirement for the continued survival of the existing orchid 

populations. From the results of this research, it is believed that underplanting should 

be carried out in a staged manner, with regular planting of canopy tree saplings. Lower 

branches should be periodically pruned as the new trees become established, in order to 

minimise heavy shading of the understorey, and maintain sufficiently high light levels 

for existing orchid populations. It is recommended that the light environment analysis 

and modelling tools developed in this thesis be incorporated into the long-term 

management strategy of this site. An initial survey of light environment and orchid 

populations could be used to establish the current status of the reserve. Subsequent 

surveys could be used to determine changes in the light environment, providing a 

systematic means for reviewing the underplanting strategy. Phenological studies 

reported in this thesis have suggested the existence of a pivotal point in the life cycle of 

some orchids, e.g. replacement tuber development in P. banksii and P. graminea 

following flowering. When implementing active management strategies, further 

investigation into the relationships between light environment, resource allocation to 

inflorescence production and reproductive biology (Sydes & Calder, 1993; Spies & 

Tepedino, 1995) are required. Species-specific information such as this is necessary for 

development of a long-term management plan for Iwitahi. 
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Appendix 

Sou 

n Indirect Energy 

The seasonal energy (ES) received on the forest floor over a specified period includes 

contributions from both direct and indirect sources (Section 2.2.2). 

Energy Direct - ED [MJ] 

Forseth & Norman (1993) presented a method of predicting the direct solar radiation 

intensity c[Jc within the PAR region perpendicular to the sun's rays, using the 

atmospheric transmissivity 'fA) atmospheric pressure at site altitude P, atmospheric 

pressure at sea level Po and zenith angle z. 

(A-I) 

where the atmospheric pressure P at the sample site is calculated from the atmospheric 

density p, gravitational constant g and altitude h: 

P = pgh 

(A-2) 

The PAR intensity at an incident plane on the earth's surface is calculated by: 

(A-3) 

'nle direct energy received on a clear sky day EDday can be estimated by integrating the 

direct light intensity passing through the canopy over the duration of a given day.). 

Each point on the solar track is defined as either canopy (ck = 1) or open sky (Ck 0), 

using the criterion specified in Section 2.3.3. lfthe integration is performed over 0 time 

intervals of duration ilt, then EDdU}, [MJ] can be calculated using: 

o 

EDday = ,1t~= (1- ck)<D D,k x 10-
6 

k=! 

A-i 

(A-4) 



The total monthly direct energy EDlllo1I11I [MJ] received at a point under the canopy can be 

estimated by integrating the daily direct energy EDday over p intervals of duration Lid: 

p 

L: EDday,kl1d 
k=! 

(A-5) 

Variations in weather can be represented by incorporating a monthly cloud proportion 

{lJD representing the proportion of time that clear sky conditions occur for a given month. 

The total direct energy EDToial [MJ] for a specified period can thus be estimated by: 

EDTotal 

Energy Indirect - E1 [MJ] 

r 

L: (f) D ,k EDlllonth ,k 

k=q 

(A-6) 

It is possible to estimate the amount of indirect terrestrial energy [MJ] which passes 

from a sky with uniform overcast cloud (UOC), through the canopy, to a point on the 

forest floor. In this work, it is assumed that the indirect solar radiation intensity C[JI from 

a UOC sky is proportional to the direct solar radiation intensity C[Jc (Equation A-I). The 

reduction in solar radiation due to the presence of cloud is represented by the cloud 

diffusion factor K Indirect solar radiation intensity at a plane incident on the earth's 

surface, emanating from a point on a radius at an angle v from zenith, can be estimated 

using: 

[(jpJ secz ] 

=: K cD eTA COS V 

(A-7) 

The projected hemisphere is systematically sampled at m points on n equally-spaced 

radii (see Section 2.2.2 for details). Each selected pixel is defined as either canopy (Cik = 

1) or open sky (Cik = 0), using the criterion specified in Section 2.3.3. It is therefore 

possible to estimate the average indirect energy intensity fl1SF received by a point under 

canopy at a given zenith angle z. 

cD]SF 
mxn 

(A-8) 

It was assumed in Equation A-7 that the light intensity of a UOC sky varies with the 

position of the sun behind the cloud. If the light intensity fl1SF under the canopy is 

A-ii 



integrated over the period of a day, the total daily indirect energy Efday [MJ] received 

under canopy over a day can be estimated. If the integration is performed over 0 time 

intervals of duration LIt, then Efday [MJ] can be calculated using: 

o 

EIday = I <D ISF,kM X 10-
6 

k=! 

(A-9) 

The total monthly indirect energy ELllo/llh [MJ] received at a point under the canopy from 

a UOC sky can be estimated by integrating the daily indirect energy Efdcry over p intervals 

of duration LId: 

p 

I EIday,kl':"d 
k=! 

(A-lO) 

Variations in weather can be represented by incorporating a monthly cloud proportion 

(1- aJ D ) representing the proportion of time that UOC conditions occur for a given 

month. The total indirect energy EfTala, [MJ] for a specified period can thus be estimated 

by: 

EITatal 

Energy Seasonal - ES [MJ] 

I' 

I (1- aJD,k )EImo/1(h,k 

k=q 

(A-H) 

The total amount of energy received at a point under a canopy may be estimated as the 

sum of the direct (Equation A-6) and indirect (Equation A-ll) values. However, 

Monteith & Unsworth (1990) state that significant amounts of indirect radiation are also 

received on clear sky days. They estimate that the indirect intensity on a clear sky day 

<D ~ represents 10 to 15 % of the total radiation. Thus, the indirect energy intensity 

received from a clear sky can be calculated by modifying Equation A-7 to incorporate a 

clear sky diffusion factor r in place of the cloud obscuration factor : 

T' [(%J secz ] 

= .1 <D eTA COS V 

(A-l2) 
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Substituting Equations A-12 into Equations A-9 and A-10, the total indirect energy 

Errola/ [MJ] received from a clear sky can be estimated over a specified period using: 

r 

EI~olal '" ' 6 L.. OJD ,k E1moJ1Ii1,k X 10-
k=q 

(A-l3) 

Thus the total seasonal energy [MJ], received over a specified seasonal period, can be 

estimated by: 

ES + EDTotal + 

(A-14) 
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Appendix B - Occurrence of all Orchid Species at all 

Sites 

Table B-1 Species richness and quadrat-based frequency (percentage occurrence) of 
identified orchids at each sampled location for Broadleaf and Manuka forest 
sites. 'Common' species are shown in bold. 

Broadleaf Manuka 

N 
..I<: ..I<: 

:a :a 
0... 0... .... .... 
VI VI 

f! f! N 
oJ:: 0 0 oJ:: 
VI u... u... VI N 

N ::::J .... .... ::::J ;., 
III .... >-

Q) Q) III '" >- VI <:: <:: III 1\1 VI Q) 1\1 E E VI 
III >- III >- .... 

N "C ::; ::::J ::::J "C VI 
<:: <:: VI Q) u... VI VI (f) Q) ::::J 

.s 0 $ <:: tV 
Q) Q) <:: ] '0 :r: <:: a:; :t::: ..I<: ..I<: <:: 

0 ..<:: 
Species Name 0::: 0::: $: 

Q) Q) 
$: 1\1 '" ~ '" ~ 0... ....I ....I (f) 

Acianfhus sinclarii 13 10 10 
Aporostylis bifolia 29 71 
Caladenia 'aff. camea' 66 26 
Caladenia Iyallii 8 
Caladenia nothofageti 5 42 58 38 
Chi/oglottis comuta 5 38 54 14 
Corybas acuminafus 5 
Corybas oblongus 33 
Corybas 'round leaf 20 
Corybas trilobus 5 
Microtis unifolia 19 6 5 10 24 
Pterostylis 'aff. montana' 24 
Pterostylis a/obula 44 44 25 100 
Pterostylis areolata 55 55 5 69 
Pterostylis banksii 50 44 15 54 5 
Plerosfylis foliafa 20 
Pterostylis graminea 25 87 75 10 
Plerosfylis monfana 
Plerosfylis oliveri 8 
Thelymifra cyanea 5 21 5 
Thelymitra longifolia 25 25 10 
Thelymifra pauciflora 25 
Thelymifra pulchel/a 75 46 
Site richness 5 5 11 3 2 4 6 8 2 8 
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Table B-2 Species richness and quadrat-based frequency (percentage occurrence) of 
identified orchids at each sampled location for Nothofagus and Podocarp forest 
sites. 'COlmnon' are shown in bold. 

Nothofagus Podocarp 

M 
d:: .... 
nI 

CI.. .... 
<II 
~ E 
0 0 u.. M <II 

lii <II >. >. 0 
<II nI nI III c nI III cc <II E CI.. - - E ::2 <II >. <II <II U) 
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Acianthus sinclarii 
Aporosty/is bito/ia 11 13 
Caladenia 'aft. carnea' 13 
Ca/adenia Iyallii 17 4 
Caladenia nothofageti 17 8 33 44 13 
Chi/og/ottis cornuta 50 14 54 11 3 52 
Corybas acuminatus 25 11 21 
Cotybas oblongus 22 44 
Corybas 'round leaf 
Cotybas tri/obus 33 33 33 38 60 56 
Microtis unifolia 4 14 19 
Pterostylis 'aft. montana' 20 11 36 7 
Pterostylis alobula 
Pterostylis areolata 
Pterostylis banksii 4 13 33 
Pteros/yJis foliata 
Pterostylis graminea 25 54 
PlerostyJis montana 8 22 
PterostyJis oliveri 
The/ym/tra cyanea 24 29 
Thelymitra longifolla 29 22 7 
The/ymitra pauciflora 13 
The}ymitra.pu/chel/a 
Site richness 6 3 6 3 3 2 3 8 7 6 
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ix -leaf and Biomass relati hi 
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Figure C-l Leaf area and biomass correlations for P. banksii and T longifolia. 
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Appendix D 

Content 
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Figure D-1 Seasonal patterns in soluble sugar content of P. banksii, P. graminea, T longifolia and 
7: pauciflora. 
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Distribution of Starch 
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Figure D-2 Seasonal patterns in starch content of P. banksii , P. graminea, T longifhlia and 
T pauciflora. 
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Appendix 

Computer files for the Light Analysis Program used in Chapter 2 and 3 are presented in 

the disk inside the back cover. This program was written and compiled in Delphi v2.0, 

and requires Windows 95 or higher. The following source code files are present on the 

disk: 

FilesDialog .dfm 
LighLenvironmenLanalaysis.dfm 
FilesDialog .pas 
LighLenvironment_analaysis.pas 
LightenvironmenUnclude_1.pas 
Light_environmenUnclude_2.pas 
Scriptingjnclude.pas 
UghLAnalysis.dpr 
LighLAnalysis.dof 
Light_Analysis.res 

All files are required in order to recompile the program. The compiled (executable) file 

is called LighLAnalysis.exe, and is also supplied on the disk. 

The following data files are also supplied: 

Sun proportion.txt - table of mean monthly sunlight proportions for South Island 

regions of New Zealand 

Forest Canopy.txt - raw data set for forest survey discussed in Chapter 

Forest Canopy DSF.txt - final output data set generated by Light Analysis program. 

Data set is output to file for statistical analysis. 

F7S6R.bmp - hemispherical canopy image file 

E-i 


	Abstract
	Acknowledgements
	Table of Contents
	Table of Figures
	Table of Tables
	Chapter 1
	1.1. Understorey Light Environments
	1.2. Light and Species Occurrence
	1.3. Plant Adaptations to Light Environments
	1.4. Orchid Research
	1.5. New Zealand Orchids
	1.6. Rationale and Overview

	Chapter 2
	2.1. Introduction
	2.2. Hemispherical Photographs - Theory
	2.3. Methods
	2.4. Results
	2.5. Discussion
	2.6. Summary

	Chapter 3
	3.1. Introduction
	3.2. Methods
	3.3. Results
	3.4. Discussion
	3.5. Summary

	Chapter 4
	4.1. Introduction
	4.2. Methods
	4.3. Results
	4.4. Discussion
	4.5. Summary

	Chapter 5
	5.1. Introduction
	5.2. Methods
	5.3. Results
	5.4. Discussion
	5.5. Summary

	Chapter 6
	6.1. The Importance of Light Environment as a Controlling Factor
	6.2. The Impact of Light Environment on Morphology and Physiology
	6.3. The Importance of Sunflecks
	6.4, Predicting Population Response to Light Environment Disturbances
	6.5. Conservation and Management

	References
	Appendices
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E




