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FRONTISPIECE 

The bright spot that illumines the floor 
from 9.30 to 10 most mornings 
is some sapling's hope 
of becoming a tree. 
From above you see only the glorious 
Upper Circle, not the slums beneath. 
Even parasitic festoons seem gay, 
those tons of creeper riding 
on strangled boughs. But this is like 
judging a country by its brochure. 
Rainforest is envy visible 
and justified, in its dog-shade-dog world. 
A blue quandong, emerging, shows 
no sign of the struggle that brought it up 
past the death of a thousand siblings 
through a blanket of shade the height 
of two dozen men on each other's shoulders. 

from 'The Sun Hunters', 
by Mark O'Connor, 
(The Great Forest, 1989). 
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ABSTRACT 

This thesis examines the temporal and spatial distribution of solar radiation above and 

beneath lowland, upland and montane rainforest in the wet tropics region of northeast 

Queensland. Because solar radiation or light is regarded as the major limiting resource in 

rainforests, an attempt is made to quantify light availability to tree seedlings and 

saplings growing in characteristic micro-environments, such as within the understorey 

beneath an intact canopy, within treefall gaps of varying sizes and configurations, and 

across the rainforest-open forest boundary (ecotone). 

Several hypotheses concerned with solar radiation in relation to rainforest 

structure and function are presented. Among these, it is suggested that prevalent cloud 

cover in the wet tropics region will reduce the incidence of sunflecks in the understorey, 

but a lower canopy density will facilitate higher levels of background diffuse radiation 

available to plants in the understorey. It is also hypothesised that reduction in 

photosynthetically active radiation by cloudiness decreases productive capacities of 

montane rainforests compared with lowland rainforests in the study area. Another 

hypothesis proposes that it is naive to consider only gap size and latitude as the main 

factors affecting light availability within tree fall gaps and associated vegetation 

dynamics. 

To test the various hypotheses, direct and indirect methods have been used to 

measure light availability within the characteristic rainforest micro-environments. The 

direct measurements have been made with radiometric and photometric sensors, and this 

thesis includes construction details for a purpose-built photometric sensor. The indirect 

measurements have been made with hemispherical (fisheye) canopy photographs, and 

this is considered as the first attempt to model light availability above and beneath 

rainforest canopies under a range of sky conditions. This was achieved by combining the 

well-known manual technique for determining direct and diffuse site factors beneath 

vegetation from fisheye photographs with the computerised Sky-Canopy-Gap

Irradiance (SCANGIR) Model presented in this thesis. The same model is also used to 

demonstrate the effects of latitude, topography and sky conditions on light availability 

within hypothetical rainforest gaps and clearings. 

The results of computer simulations have shown that latitude has a profound 

effect on the availability of direct light in treefall gaps and that this effect may explain 

the general decrease in regional rainforest diversity from tropical to temperate eastern 

Australia. It was shown that at 400 South, the latitude corresponding with temperate 

rainforest, there is theoretically no time of the day throughout the year when direct 

light reaches the centre of small-to-Iarge treefall gaps, except on moderately steep 

north-facing slopes. It is proposed that the combined effects of latitude and topography 



on the availability of direct light will have an enormous influence on rainforest function, 

particularly gap-phase dynamics. 

The results of field measurements within the understoreys of lowland, upland 

and montane rainforests have shown that daily solar radiation levels are 2- to 5-times 

higher than those reported for equatorial rainforests. Field surveys within upland and 

montane rainforest have shown that sunfleck activity is very limited because of the 

cloudy trade-wind coast climate, and this suggests that sunflecks play only a small role in 

the annual carbon balance of these forests. This thesis also presents the results of what is 

regarded as the first measurements of light availability in the understorey of a tropical 

rainforest before and immediately after a tropical cyclone. On the basis of 20 fisheye 

photographs it was shown that potential light levels increased by 60% following slight

to-moderate canopy damage caused by the cyclone, and that such a change would 

undoubtedly have implications for the ecophysiology and dynamics of tree seedlings and 

saplings growing in the understorey. 

It was found that seasonal changes in light availability within small and large 

treefall gaps in lowland and upland rainforests in the study area are greater than those 

found within similar treefall gaps in equatorial rainforests. Results of modelling light 

availability within several treefall gaps have shown that seasonal variations in direct 

light in small and large elliptical gaps that are orientated east-west are greater than 

those found for the exact same gaps orientated north-south. It was also found that there 

are order-of-magnitude differences in light availability across the range of small-to

large tree fall gaps, and this undoubtedly controls the microclimate and ecophysiology of 

tree seedlings and saplings growing in these gaps. 

The study of light availability within a montane tropical (cloud) forest in the 

study area has shown that reduction in photosynthetically active radiation by cloudiness 

does not appear to limit the rates of photosynthesis for plants growing in gap and 

understorey micro-environments because median light levels are much higher than known 

light compensation points reported for understorey plants elsewhere. These results lend 

support to the Transpiration Theory as the main reason for the lower primary 

productivity of cloud forests. 

The study of light availability across the rainforest-open forest boundary has 

shown that towards the rainforest end of the transition zone (ecotone), light conditions 

are similar to those experienced within small treefall gaps in rainforests, while towards 

the open forest end of the ecotone, light conditions are similar to those experienced 

within large treefall gaps. It is argued that understanding the light availability 

continuum and associated plant responses across the ecotone are essential for conservation 

and management of remaining rainforest in the study area because a substantial portion 

remains as small, isolated patches. 



The methods and results presented in this thesis have other implications for 

management of remaining rainforest and also for reforestation of degraded land formerly 

occupied by rainforest. It is suggested that the SCANGIR Model and gap theory could be 

applied by forest managers to promote the eventual dominance of disturbed sites by 

shade-tolerant (primary) tree species. The SCANGIR Model has numerous applications 

in both selective and strip clear-cut timber harvesting techniques, whereby 'ideal' light 

conditions for regeneration of useful shade-tolerant tree species could be achieved by 

felling trees in a particular direction or altering the width and orientation of the clear

cut strips in accordance with latitude, forest height and local topography. 
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CHAPTERl 

INTRODUCTION 

1.1 AIMS 

Although we are only beginning to understand in sufficient detail the light relations of 

understorey plants, it is clear that their ecological and evolutionary successes are 

largely due to their abilities to capitalise on patterns of variation in solar radiation, 

the major limiting resource in tropical rainforests (Chazdon, 1988). Spatial and 

temporal variations in the availability of solar radiation within forests are largely 

determined by the three-dimensional structure (architecture) of the forest. However, 

these variations are further complicated by constant changes in sun-earth geometry, 

atmospheric turbidity, cloudiness, and effects of leaf flutter due to wind. The main aim 

of this thesis is to examine the temporal and spatial distribution of solar radiation 

above and beneath several rainforest types in the seasonally wet tropics of northeast 

Queensland, Australia. 

The wet tropics of northeast Queensland covers an area of about 11,OOOkm2 lying 

roughly between Cooktown in the north and Townsville in the south. The detailed 

report prepared by the Australian Heritage Commission (1986) recognised this region 

as holding important and unique clues to the problems of the origin, evolution and 

migration of the flowering plants, and was unanimous in nominating this region for 

inclusion in the 'World Heritage List'. Although rainforest is the main vegetation 

type in this region, there are other important types including mixed rainforest with 

sclerophyll trees, paperbark swamps and mangrove forests, and tall, medium and low 

open woodland. 

It is believed that this is the first comprehensive study of solar radiation 

regimes within rainforest understoreys, gaps and clearings in this region and, it is 

hoped that this research will contribute to a much needed framework for existing and 

future studies on the ecophysiology and dynamics of rainforest vegetation. On these 

grounds alone, therefore, it would seem that this research may be justified. 

In addition, there is now widespread concensus among researchers that treefall 

gaps play a key role in the dynamics of rainforests, with virtually all canopy tree 

species requiring growth in a gap to reach maturity (Denslow, 1987). Until recently, 

many researchers believed that latitude and the size of treefall gaps were the main 

factors determining the availability of solar radiation in gaps and associated 

vegetation dynamics. However, if solar radiation availability is the main limiting 
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resource in rainforests, then studies of gap dynamics need to take into account the other 

factors affecting solar radiation availability within gaps. As a consequence, this is 

the first attempt to develop a universal model for the estimation of solar radiation 

availability in forest gaps and clearings which, together with latitude and gap size, 

incorporates factors such as slope inclination, slope aspect, sky conditions, height of 

the surrounding vegetation, and daily and seasonal variation in the position of the sun. 

A further consideration is the practical application of this research. The 

objectives of this thesis contribute, in part, to the call by the National Research 

Council (1980) for the establishment and continued mOnitoring of key parameters of the 

physical and biological environment throughout the tropics. The need for further 

research in ecosystem energetics is included in their list of physical parameters. This 

is concerned with quantifying the temporal and spatial distribution of energy within 

natural and modified systems, involving measurements of solar radiation as well as 

productivity of plants and organisms that feed on them (NRC, 1980). In particular, 

tropical humid forests of the world are being rapidly converted to simpler systems such 

as pasture and plantations. To be able to assess the consequences of these conversions we 

need to expand our rather limited knowledge of the temporal and spatial distribution 

of environmental resources such as solar radiation, water and nutrients (Mooney et al., 

1980). Roberts et al. (1990) argue that detailed studies of these environmental resources 

serve not only to predict effects of deforestation, but also to minimise the impact by 

planting vegetation which closely matches natural forest behaviour. This research, 

therefore, has more than just academic interest, as both forestry and agriculture could 

directly benefit from the techniques and results presented herein. 

1.2 SYNOPSIS 

This thesis is presented as nine chapters in two volumes: 

Chapter 2 reviews the extensive literature on the subject of solar radiation in relation 

to rainforest structure and function. The chapter commences by examining terminology 

and units in radiation measurement used in this thesis and techniques for defining and 

calculating solar position. The discussion then focuses, in a generalised way, on the 

effects of the atmosphere on the quantity and spectral quality of incident solar 

radiation. This is followed by a discussion on the effects of a simple plant canopy on 

the quantity and spectral quality of penetrating irradiance. Thereafter, the discussion 

reviews field and laboratory research concerned with the temporal and spatial 

distribution of solar radiation within rainforests and variations in energy- and light-
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dependent processes in rainforest plants. Finally, specific thesis aims and hypotheses 

to be evaluated in subsequent chapters are presented at the end of the literature 

review. 

In Chapter 3, the Sky-Canopy-Gap-Irradiance (SCANGIR) Model is presented. 

The chapter begins by describing a simple model for the estimation of direct and diffuse 

solar radiation on slopes inclined in any direction under cloudless and cloudy skies. The 

discussion then focuses on modelling solar radiation regimes beneath circular canopy 

gaps and clearings. Finally, computer simulation and data analysis techniques used to 

demonstrate the utility of the SCANGIR Model in Chapter 4 are presented. In 

particular, an attempt will be made to simulate gaps created by single- and multiple

treefalls and advertently-created forest clearings. 

Chapter 4 presents results of the three computer simulations performed using the 

SCANGIR Model. The simulations aim to demonstrate, respectively, the effects of 

latitude, slope orientation and sky conditions on solar radiation regimes in rainforest 

gaps and clearings of various dimensions. 

Chapter 5 describes the geographical and ecological characteristics of the Study 

Area - the Wet Tropics of northeast Queensland. This chapter also describes the 

structure and floristics of lowland, upland and montane forest sites used for field 

measurement of rainforest solar radiation regimes. 

Chapter 6 describes the methods and materials used in the field to obtain 

quantitative data on the temporal and spatial distribution of solar radiation above 

and beneath several rainforests in the study area. The chapter begins by evaluating 

the radiometric and photometric sensors used in the field and includes a critical 

analysis of a low-cost purpose-built photometric sensor constructed especially for this 

project. The discussion then describes the acquisition systems used to collect data on the 

temporal and spatial variability of solar radiation in various rainforest micro

environments. This is followed by a detailed description of the hemispherical canopy 

photography technique used to estimate seasonal changes in solar radiation within 

rainforest gaps and understoreys. This technique makes use of the solar radiation 

model presented in Chapter 3. The final section describes field sampling and data 

analysis techniques. 

Chapter 7 presents results of the various field investigations described in 

Chapter 6. The chapter is organised as follows: (1) daily irradiation and 

photosynthetic photon flux density (PPFD) at three sites in the wet tropics region; (2) 

diurnal variations in irradiance and PPFD above and beneath tropical rainforest 

canopies; and (3) seasonal variations in daily PPFD above and beneath tropical 

rainforest canopies. 
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Chapter 8 attempts to synthesise the results presented in Chapters 4 and 7 in the 

context of rainforest structure and function by critically evaluating the six research 

hypotheses described at the end of Chapter 2. The contribution of this research to our 

knowledge and understanding of tropical forest regeneration, reforestation and forest 

management is also discussed. 

After the conclusions and recommendations are presented in Chapter 9, four 

appendices are given. Appendix A describes a computer program which calculates 

solar declination, altitude and azimuth for any location on any prescribed day of the 

year. The Sky-Canopy-Gap-Irradiance (SCANGIR) Model described in Chapter 3 is 

presented as a computer program in Appendix B. Appendix C summarises descriptive 

statistics performed on the data generated by the three computer simulations described 

in Chapter 3. Finally, Appendix D describes a computer program which sorts solar 

radiation data into linear and logarithmic classes. 

Enclosed in the back of the second volume of the manuscript is a 3.5 inch floppy 

disk containing the computer programs described in Appendices A and B. The programs 

are compiled in Microsoft QuickBASIC (1988) and require a Macintosh PC for execution. 



CHAPTER 2 

SOLAR RADIATION IN RELATION TO RAINFOREST 
STRUCTURE AND FUNCTION: A REVIEW 

The primary purpose of this chapter is to review the relevant literature on the subject of 

solar radiation in relation to rainforest structure and function. The chapter will be 

presented in six main sections: (1) terminology and units in radiation measurement; (2) 

defining and calculating solar position; (3) effects of the atmosphere on the quantity and 

spectral quality of incident irradiance; (4) effects of a plant canopy on the quantity and 

spectral quality of penetrating irradiance; (5) solar radiation in relation to rainforest 

structure and function: a review of field and laboratory research; and (6) specific thesis 

aims and hypotheses. 

2.1 TERMINOLOGY AND UNITS IN RADIATION MEASUREMENT 

There are two basic types of radiation detector (Sheehy, 1985): (1) thermal detectors 

which depend on the transformation of absorbed radiation into heat; and (2) photo

detectors which depend on the quantum (or photon) activated release of electrons which 

participate in electrical current flow. It is useful therefore, to differentiate between 

thermal or radiometric measurement of radiation and photometric measurement of 

radiation. An understanding of the two is of importance when measuring radiation in 

spectrally selective media such as beneath vegetation or artificial light sources 

(Sheehy, 1985; Pearcy, 1989). The following two sections will describe radiometric and 

photometric measurement of radiation, and the Systems International (51) units of 

measurement in general use at the time of writing this thesis. However, it should be 

noted that units and definitions for radiation measurement are likely to undergo further 

modification (Pearcy, 1989). Critical comments on this subject have been published by 

Mohr and Shafer (1979), Bell and Rose (1981) and Biggs (1986). 

2.1.1 Radiometric Measurement 

Radiometry is the measurement of the properties of radiant energy, namely energy 

travelling in the form of electromagnetic waves or high-speed particles (51 unit: Joule, J). 

The rate of flow of radiant energy is called radiant flux (51 unit: Watt, W; 1 W = 1 J s-l). 
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Irradiance (51 unit: W m-2; 1 W m-2 = 1 J s-1 m-2) is the radiant flux incident on the 

receiving surface (usually horizontal) from all directions, per unit area of surface (eg. one 

square metre). Intensity, on the other hand, refers to irradiance from a particular 

direction and contained within a unit solid angle (51 unit: W steradian -1). If energy per 

unit wavelength is specified, it is termed spectral irradiance and has the 51 units W m-2 

nm-l (Pearcy, 1989). 

In summary, measurements from thermal detectors will have the following 

radiometric terms (Iqbal, 1983): (1) irradiance (51 unit: W m-2) - the rate of solar energy 

arriving at a horizontal or inclined surface per unit time per unit area; and (2) 

irradiation (51 units: kJ m-2 hr-l, MJ m-2 day-I) - the quantity of solar energy arriving at 

a horizontal or inclined surface during a given period of time. However, in general 

discussion, solar radiation can refer to any of the following terms: irradiation, insolation, 

radiation, radiance, intensity, radiant flux, radiant flux density, and flux density(Iqbal, 

1983). It is also acceptable to interchange irradiance with radiant flux density and 

irradiation with insolation. 

2.1.2 Photometric Measurement 

Photometry is the measurement of the properties of radiation evaluated according to its 

visual effect (ClE, 1970), whereby luminous flux is substituted for radiant flux, and 

illuminance replaces irradiance. Filtered photometric sensors are often used for 

measurement of photosynthetically active radiation (PAR = 0.4-0.7 ~m). These sensors, 

which give a response proportional to wavelength, are called quantum sensors (see 

Section 6.1.2) and measure photosynthetic photon flux density (PPFD) (51 unit: ~ mol 

m-2 s-I). According to McCree (1972, 1981), PPFD in the 0.4-0.7 ~m waveband can be 

considered an adequate measure of photosynthetically active radiation for all practical 

purposes. 

In summary, measurements from photo-detectors will have the following 

photometric term (Sheehy, 1985; Pearcy, 1989): photosynthetic photon flux density, 

PPFD (51 units: ~ mol m-2 s-I, m mol m-2 s-I, mol m-2 day-I) - the number of photons in 

the 0.4-0.7 ~ waverange (one mol is equal to Avogrado's number of photons, 6.02 x 1023). 

The term light is acceptable in general discussion but should not be used interchangeably 

with PPFD. 
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2.2 DEFINING AND CALCULATING SOLAR POSmON 

The study of solar radiation regimes at the earth's surface requires basic knowledge of 

the following sun-earth astronomical relationships: sun-earth distance and solar 

declination; solar position relative to horizontal and inclined surfaces; and the equation 

of time. 

2.2.1 Sun-Earth Distance and Solar Declination 

Two important factors serve to complicate what would otherwise be a relatively simple 

geometric relationship between the sun and earth. First, the earth's orbit around the sun 

is elliptical rather than circular (so-called eccentricity of the elliptic). The mean sun

earth distance (r 0) is called one astronomical unit (AU): 

1 AU = 1.496 x 108 km (Iqbal, 1983). 

At present, the earth is closest to the sun on January 3 (Perihelion, 0.983 AU) and farthest 

on July 4 (Aphelion, 1.017 AU). The earth is at its mean distance (1 AU) on 

approximately April 4 and October 5. Because the amount of solar radiation reaching 

the top of the earth's atmosphere is inversely proportional to the square of its distance 

from the sun, corrections must be made to calculations of the solar constant at different 

times of the year. For most applications the eccentricity correction factor (Eo) can be 

calculated using the following expression derived by Duffie and Beckman (1980): 

Eo = 1 + 0.033 cos [(21t dn/ 365)], (2.2.1) 

where dnis day number (January 1st = 1). 

Second, the tilt of the earth's polar axis causes seasonal changes in solar radiation 

(so-called obliquity of the ecliptic). At present, the polar axis is inclined at 

approximately 23.50 from the normal to the ecliptic plane. Thus, the angular position of 

the sun at solar noon with respect to the plane of the equator is constantly changing. This 

angle is called the solar declination (8) and is defined by Spencer (1971) as follows: 

8 = (O.006918 - 0.399912 cos 1 + 0.070257 sin 1 

- 0.006758 cos 21 + 0.000907 sin 21 

- 0.002697 cos 31 + 0.00148 sin 3[') (180/1t), (2.2.2) 
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where r is the day angle which is determined by 

r= 2 7t (dn - 1) /365. (2.2.3) 

In the northern hemisphere, at the vernal (20/21 March) and autumnal (22/23 

September) equinoxes the value for S is zero while at the summer solstice (21/22 June) S is 

+23.5° and conversely at the winter solstice (December 21/22) Sis -23.5°. 

2.2.2 Solar Position Relative to Horizontal and Inclined Surfaces 

For a known location the trigonometric relations between the centre of the solar disk and 

a particular surface are well known, being cited in definitive texts (eg. Robinson, 1966; 

Iqbal, 1983; Oke, 1987). 

The altitude of the sun (a) with respect to a horizontal surface is defined as 

follows: 

sin a = sin <I> sin S + cos <I> cos S cos co = cos 9z' (2.2.4) 

where <I> is the latitude of the site, in degrees (negative in the Southern Hemisphere); S 

is the solar declination, in degrees; co is the hour angle of the sun, in degrees (solar noon = 
0°, morning positive); and 9z is the zenith angle, in degrees (9z = 90-a). 

Having defined solar altitude (a) it is then possible to calculate the solar azimuth 

('V). The equation is as follows: 

cos 'V = (sin a sin <I> - sin S) / cos a cos <I> ; (2.2.5) 

0° $; 'V $; 90°, cos 'V;::: 0, 

90° $; 'V $; 180°, cos 'V $; 0 (Iqbal, 1983). 

The azimuth angles are measured westward from south in the Northern Hemisphere, 

and westward from north in the Southern Hemisphere. 

Solar altitude (a) and azimuth ('V) values for a given location and time of year 

may then be plotted at hourly intervals on a polar diagram for purposes of defining the 

apparent solar track from sunrise to sunset (Fig. 2.1). Appendix A describes a computer 

program, compiled in Microsoft QuickBASIC (1988), which calculates solar declination, 

altitude and azimuth for any location on any prescribed day of the year. Table 2.1 
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Figure 2.1. Polar diagram for 170 South showing solar tracks for the winter (June 
22) and summer (December 22) solstices and the equinoxes (March 21/September 
23). 

-------------------------------------------------------------
Date <j> Day No. 0 0)=45 0 0)=90 0 

(day, mth) (degrees) (dn) (degrees) ex \jI ex \jI 

5, 11 
21, 12 
21, 6 
21, 3 

45 309 -15.61 16.94 45.39 -10.97 78.83 
-45 355 -23.42 47.72 74.68 16.33 107.03 

90 172 23.45 23.45 45.00 23.45 45.00 
0 80 0.19 45.00 90.27 0.00 90.19 

Table 2.1. Values for solar declination (0) at selected latitudes (<j» on specified 
days of the year (dn). Solar altitude (ex) and azimuth (\jI) for two specified hour 
angles (0» are also shown. Calculations were performed using the computer 
program described in Appendix A (Volume 2). 
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provides values generated by the program for selected latitudes, times of the year and 

hour angles. 

While solar altitude and azimuth are essential considerations in the evaluation of 

solar radiation regimes above and within forests, day length (N d) is another important 

parameter because of its marked influence on some forest processes particularly in higher 

latitudes. It is first necessary to define the sunrise angle (cosr) which may be solved for 

Eqn 2.2.4 as follows (Iqbal, 1983): 

COsr = cos-1 (-tan <p tan 0). (2.2.6) 

The sunrise hour angle is equal to the sunset hour angle except for the sign difference. 

Given cosr' day length (Nd ), in hours, may be defined simply as 

(2.2.7) 

According to Iqbal (1983:20) in order to determine the position of the sun with 

respect to an inclined surface, it is necessary to prescribe the slope of the surface with 

respect to the horizontal (or vertical) position and its orientation in relation to the local 

meridian as shown in Fig. 2.2. Thus, the angle of incidence for a surface orientated in any 

direction (9) with respect to the local meridian may be defined as follows: 

cos 9 = (sin <p cos p -cos <p sin p cos y) sin 0 

+ (cos <p cos P + sin <p sin p cos y) cos 0 cos co 

+ cos 8 sin P sin y sin co, (2.2.8) 

where P is the inclination of a surface from the horizontal, in degrees; y is the surface 

azimuth angle, in degrees (ie. the deviation of the normal to the surface with respect to 

the local meridian, south zero, east positive); and <p is the latitude, 8 is the solar 

declination and co is the hour angle, as defined previously. 

2.2.3 The Equation of Time 

It is useful to distinguish between three types of time: local apparent time (LAT) or solar 

time, local mean time (LMT), and zone mean time (ZMT). It is standard practice to 

present all micro-meteorological measurements in LAT and the following discussion will 

outline the procedure for converting ZMT to LAT. 
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Figure 2.2. Position of the sun relative to an inclined plane (adapted from Iqbal, 
1983). The symbols are as follows: ~ = inclination of a surface from the 
horizontal, in degrees; 'V = solar azimuth angle, in degrees; y= surface azimuth 
angle, in degrees; and e = the angle of incidence for a surface inclined in any 
direction, in degrees. 
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ZMT is that time normally shown by clocks throughout a region, and generally 

changes one hour at each 15° of longitude east or west of the Greenwich Meridian (00). In 

northeast Queensland the ZMT is Eastern Australian Time (10 hours ahead of Greenwich 

time). To convert ZMT to LMT 4 minutes must be added or subtracted for each degree west 

or east of the standard meridian. It is also necessary to allow for daylight saving time in 

summer months. 

As noted in Section 2.2.1, variations in the eccentricity of the elliptic and obliquity 

of the ecliptic complicate what would otherwise be a simple sun-earth geometric 

relationship. Because of these two factors, we cannot expect a clock set to LAT on a 

particular day to remain in solar time throughout the year; in fact the difference 

between LAT and LMT may be as much as 16 minutes. This discrepancy is called the 

equation of time (E t ) and has been defined mathematically by Spencer (1971) as follows: 

Et = (0.000075 + 0.001868 cos r - 0.032077 sin r 

- 0.014615 cos 2r - 0.04089 sin 20 (229.18), 

where r is the day angle defined in Eqn. 2.2.3. 

In summary, LAT for a given standard time can be written as 

LAT = LMT + equation of time 

= ZMT + longitude correction + equation of time 

= ZMT + 4 (Ls - Le) + Et, 

(2.2.9) 

(2.2.10) 

where Ls is the standard longitude and Le is the local longitude. The value for Et may be 

positive or negative. Computer-based solar almanacs are recommended for long-term 

studies (eg. Blackadar, 1984). 

2.3 EFFECTS OF THE ATMOSPHERE ON THE QUANTITY AND SPECTRAL 

QUAUTY OF INCIDENT IRRADIANCE 

Before describing the effects of the atmosphere on the quantity and quality of solar 

radiation at the surface of the earth it is necessary to evaluate the quantity and quality 

of the extraterrestrial radiation. 
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2.3.1 Extraterrestrial Radiation and the Solar Constant 

The examination of radiation emitted by black bodies led to the development of two 

fundamental radiation laws. First, the Stefan-Boltzmann Law which states the total 

amount of radiant energy emitted per unit area per time (I) by a body is strongly 

dependent on temperature and is given by: 

1= e 0' T 4, (2.3.1) 

where 0' is the Stefan-Boltzmann constant (5.67 x 10-8 W m-2 K-4) and T is the Kelvin 

temperature. For a black body £=1. Second, Planck's Distribution Law, which 

demonstrates the energy distribution for emission from a true black body (£=1 at all 

wavelengths). The peak wavelength O"m' J..Illl) of the Planck Distribution is a function of 

temperature and is given by Wien's Law: 

A,m = 2897 IT. (2.3.2) 

Equations 2.3.1 and 2.3.2 are combined in Fig. 2.3 to show the spectral distributions for 

black bodies at 6000 K (approximately equivalent to the sun) and 300 K (approximately 

equivalent to the earth). The Stefan-Boltzmann Law (Eqn 2.3.1) gives the total area 

under the curves in Fig. 2.3, while Wien's Law (Eqn 2.3.2) indicates that the peak 

wavelength (A,m) for the sun is within the visible region of the spectrum at 0.5 J..Illl, while 

A,m for the earth is 9.65 ~m which is well into infrared. Because there is negligible 

overlap between the two curves, it is convenient to distinguish between short-wave 

radiation that falls between 0.3 and 3.0 J..Illl and mainly comprises radiation originating 

from the sun, and long-wave radiation between 3.0 and 100 J..Illl that is terrestrial in 

origin. About half the extraterrestrial radiation lies in the visible region (0.4-0.77 ~m) 

and almost the same amount in the infrared (> 0.77 J..Illl), while about 8% is found in the 

violet-ultraviolet region «0.4 J..Illl) (Iqbal, 1983). 

The sun emits an almost constant radiant flux. The mean flux density on a surface 

normal to the sun's rays above the earth's atmosphere is known as the solar constant; 

more specifically, the rate of total solar energy at all wavelengths on a unit area 

exposed normally to rays of the sun at one astronomical unit (1 AU) (Iqbal, 1983). The 

eccentricity of the elliptic will cause this value to vary throughout the year but may be 

easily corrected for by using Eqn. 2.2.1. 

Since the early 1900's the solar constant (Isc) has been estimated between 1350 and 

1400 W m-2. The earliest measurements were ground-based and therefore required 

corrections for the effects of the earth's atmosphere. More recently, measurements have 
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Figure 2.3. Spectral distribution of radiation emitted from black bodies at 
temperatures approximately equivalent to the sun (6000 K) and the earth (300 K) 
(after Jones, 1983). EA, = spectral emittance for the given black body temperatures. 
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been made by high-altitude balloons and aircraft, and also by space probes. As a result 

of these more recent measurements the NASA Standard (Drummond & Thekaekara, 

1973) was developed. The weighted value of several averages is 

Since 1975, a number of measurements of the solar constant have been made by 

increasingly sophisticated instruments. In the late 1970's, the World Meteorological 

Organization adopted a new world radiometric reference scale. In response to this, 

Frohlick and Brusa (1981) examined eight solar constant measurements recorded from 

1969 to 1980 (Iqbal, 1983). Their recommended mean value and its standard deviation is 

This value is referred to as the World Radiation Centre (WRC) Standard and is used in 

this thesis in preference to the NASA Standard. 

After entering the earth's protective atmosphere solar radiation is reduced in 

quantity and altered spectrally due to the presence of various atmospheric constituents 

(Fig. 2.4). On reaching the earth's surface solar radiation has two components: (1) 

direct-beam irradiance (Ib) which is radiation emitted directly from the sun's disk 

arriving as a parallel beam, and may thus be considered as a point source because it 

originates from a restricted area of the sky with an angular diameter of approximately 

0.5°; and (2) diffuse-sky irradiance (Id) which is radiation originating from all parts of 

the sky due to atmospheric scattering. Total or global irradiance (I) is equal to the sum 

of Ib and Id. The ratio of Ib to Id will vary over space and time due to factors such as 

cloudiness, turbidity, latitude, height above sea level and time of the day. For purposes 

of discussion it is better to present separate evaluations for cloudless and cloudy skies. 

2.3.2 Irradiance Under Cloudless Skies 

Under cloudless skies direct-beam irradiance (Ib) makes up the greatest component of the 

total irradiance and can be considered in terms of two well-known atmospheric 

attenuation laws (Rosenberg et al., 1983). First, Lamberts's Cosine Law which states the 

radiant intensity emitted in any direction from a unit radiating surface varies as the 

cosine of the angle between the normal to the surface and the direction of radiation. This 
is demonstrated in Fig. 2.5. If 10 is the flux density of the beam received on a unit surface 
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Figure 2.5. An illustration of Lambert's Cosine Law. The symbols are as follows: 
10 = the flux density of the beam received on a unit surface normal to the source 
(Sn); I = the flux density on a unit horizontal surface (S); 9z = the solar zenith 
angle, in degrees; and a. = the solar altitude, in degrees. 
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normal to the source (Sn)' and I is the flux density on a unit horizontal surface (S), then 

by Lambert's Law: 

(2.3.3) 

As shown in Eqn 2.2.4, 9z is the complement of the solar altitude (ex). Thus Eqn 2.3.3 may 

be expressed in terms of ex as follows: 

1=1
0 

sin ex. (2.3.4) 

Lamberts's Cosine Law demonstrates the more the beam (I) is at an angle to the surface, 

the larger the area it is spread over, so the irradiance decreases. 

Second, the Beer-Bouguer Law which describes the reduction in flux density of a 

light beam as a function of the depth into a homogeneous absorbing medium (K x). The 

Beer-Bouguer Law is written as follows: 

1/10 = exp (-K x ), (2.3.5) 

where 10 is the initial flux density of the beam, I is the flux density after passage 

through a depth x of a medium of extinction coefficient K. Another form of Eqn 2.3.5 can 

be used to describe the attenuation of solar radiation in the atmosphere: 

1= Isc exp (-Ka x ), (2.3.6) 

where Isc is the solar constant and Ka is the atmospheric extinction coefficient. 

Both laws explain the depletion of solar radiation within the earth's 

atmosphere, namely the path-length through the atmosphere which depends on the 

solar altitude (Eqn 2.2.4) and azimuth (Eqn 2.2.5), and the extinction effects (Ka) due to 

atmospheric constituents such as gas, water and dust. The discussion will now focus in 

more detail on the effects of these constituents on the quantity and quality of solar 

radiation passing through the cloudless atmosphere. 

Three main factors are responsible for depleting and altering the spectral 

composition of the solar beam as it passes through the cloudless atmosphere (Fig. 2.4). 

First, Rayleigh scattering by molecules of air and other particles less than one-tenth 

diameter compared with the wavelength of the radiation. Scattering is inversely 

proportional to the fourth power of the wavelength. Hence blue light is scattered much 

more than red; this is the basis of Rayleigh's theory which is dependent on very clear 

conditions. 
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Second, Mie scattering and diffuse reflection from larger particles, such as water 

vapour, dust and smoke. In this case, particle size is larger than the wavelength of the 

radiation. These solid or liquid particles dispersed and suspended in the air are 

collectively called aerosols. There is a direct relationship between suspended aerosols 

and atmospheric turbidity which may be defined as "any condition of the atmosphere 

which reduces its transparency to radiation, especially visible radiation" (Rosenberg et 

al., 1983:24). There are numerous natural and anthropogenic sources of aerosols that 

influence turbidity, and for this reason turbidity varies greatly over space and time. 

Visibility is a useful measure of turbidity and Iqbal (1983:119) has derived the following 

empirical relations between the two: clean, visibility = 40 km; clear, visibility = 28 km; 

turbid, visibility = 11 km; and very turbid, visibility < 5 km. Attenuation of direct-beam 

irradiance by aerosols will therefore be greater under very turbid conditions (refer to Eqn 

2.3.6) and when the path-length is long (refer to Eqn 2.3.4), compared with clean 

conditions and when the path-length is short. Conversely, there will be more diffuse

sky irradiance under very turbid conditions and when the path-length is long, and 

considerably less under clean conditions and when the path-length is short. When the 

atmosphere is very turbid there is a reduction in the proportion of blue light (near 0.45 

J..lm) and an increase in the proportion of red light (near 0.66 J..lm) in the daylight spectrum 

(Smith and Morgan, 1981). 

And third, selective absorption by gases and water vapour in the atmosphere. 

Much of the ultra-violet « 0.3 J..Lm) is absorbed by ozone and oxygen. These gases have 

other absorption peaks with a major one due to ozone at 9.6 J..Lm. Qualitative changes in 

the visible part of the spectrum (0.4-0.77 J..lm) are few except at the end of the red where 

there is some absorption due to water vapour and CO2. However, the influence of these 

two constituents is greatest in the far red and infra red where CO2 has important 

absorption peaks at about 2.3 J..lm and 4 J..Lm and a major peak at about 15 J..lffi. On the other 

hand, water vapour has a major absorption peak between 5 and 8 J..lm. The so-called 

'atmospheric window', where there is virtually no absorption, occurs between 8 and 14 

J..lm and is especially important in the energy-balance of the earth (Rosenberg et al., 

1983). 

The discussion so far has focused mainly on the effects of the atmosphere on the 

quantity and quality of direct-beam irradiance reaching the earth's surface without the 

presence of clouds. It is also necessary to consider the diffuse-sky component which is 

that portion that reaches the earth's surface after having been scattered from the direct

beam by molecules or suspensoids in the atmosphere (Rosenberg et al., 1983). Apart from 

early morning and late afternoon, diffuse-sky irradiance is less important in tropical 

regions because of the almost perpendicular angle of the direct-beam throughout the 

year, but is more important in high latitudes where solar angles are consistently lower 
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(or the path-lengths are longer). In mid-latitudes diffuse-sky irradiance may contribute 

30 to 40% of the total irradiance under cloudless skies (Iqbal, 1983). Values are greater in 

winter when solar altitudes are low or at any time when turbidities are high. Cloudiness 

greatly increases the amount of diffuse-sky irradiance and has a drastic effect on direct

beam irradiance. For this reason, it is also necessary to evaluate irradiance under cloudy 

skies. 

2.3.3 Irradiance Under Cloudy Skies 

The direct-beam irradiance is attenuated by the presence of clouds in its path, as well as 

by the various constituents of the cloudless atmosphere described above. Thus, under 

cloudy skies the diffuse-sky irradiance consists of several parts (Fig. 2.4). There is the 

part due to scattering by air molecules and aerosols within the cloudless atmosphere 

which remains the same. In addition, there is the interaction of direct-beam irradiance 

with the clouds, resulting in reflected diffuse radiation (Iqbal, 1983). A smaller portion 

is the total irradiance reaching the earth's surface (or plant canopy) after the first pass 

through the atmosphere which is reflected back to the sky (Ir) and contributes to the 

multiple reflected irradiance. When the sky is completely overcast the diffuse-sky 

irradiance is almost isotropic, but when the directional intensity of the diffuse 

irradiance is not uniform over the sky hemisphere, such as shown in Fig. 2.4, it is 

anisotropic (Oke, 1987). According to Iqbal (1983) theoretical determination of direct, 

diffuse and directional intensity of diffuse irradiance is quite difficult requiring data on 

the type and optical properties of clouds, cloud amount, thickness, position and the 

number of layers. Such data is rarely collected on a routine basis so only generalisations 

about the effects of clouds on solar radiation will be considered here. 

High cirrus clouds obviously have the least influence on the direct solar beam 

compared with middle clouds (altostratus, altocumulus) and low stratus clouds which 

strongly reduce the beam. Broken cumulus clouds in summer often concentrate irradiance 

because of multiple reflections to the ground. Under such conditions the total irradiance 

at the surface may exceed the solar constant! The primary mechanisms by which clouds 

reduce irradiance at the earth's surface are reflection and absorption. Actual 

observations from aircraft have shown that clouds may absorb as much as 30 to 40% of 

the total irradiance incident upon them (Liou, 1976). Clouds such as thick nimbostratus 

and cumulonimbus may reflect 80 to 90% and absorb 10 to 20% of the total irradiance 

incident upon them (Rosenberg et al., 1983). In summary then, reflection, absorption and 

transmission of irradiance depends on the type of cloud and its thickness. 
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There has been some research into the effects of cloud on the quality of irradiance 

reaching the earth's surface. Clouds appear to act as non-selective diffusing filters, 

which reflect a proportion of the blue wavelengths, but cause very little change at the 

0.6 to 0.8 11m end of the spectrum (Smith and Morgan, 1981). One researcher noted a 

decrease in the proportion of red light and an increase in the proportion of blue for 

overcast skies, compared with clear skies in Assam (Hadfield, 1974). 

In Chapter 3 a simple sky-irradiance model for the estimation of direct and 

diffuse irradiance on surfaces inclined in any direction under cloudless and seven cloud 

types is presented. The following discussion on the effects of a plant canopy on the 

quantity and spectral quality of penetrating irradiance will be confined to 

generalisations about these effects on horizontal surfaces. 

2.4 EFFECTS OF A PLANT CANOPY ON THE QUANTITY AND SPECTRAL 

QUALITY OF PENETRATING IRRADIANCE 

There is little doubt that solar radiation is the driving force for all biotic and abiotic 

processes occurring within ecosystems. It is therefore necessary to understand how 

irradiance penetrates and is distributed within plant canopies and how plants respond to 

irradiance. The radiation regime within a plant canopy is a function of three 

parameters (Ross, 1975; 1981): (1) the conditions of incident radiation, as described in the 

previous section; (2) the optical properties of the canopy and ground surface; and (3) the 

structure or architecture of the plant canopy. It is theoretically possible to give a fairly 

accurate and precise definition of the quantity and spectral quality of irradiance within 

a green plant canopy if these three physical parameters are known. However, as 

Holmes (1981:147) argues "in practice the variations in the quantity and quality of the 

incident radiation are so large and rapid, and canopy architecture is so variable and 

inhomogeneous, that such attempts would be futile and pointless." A more simplistic 

approach is adopted here by considering the following factors: the importance of 

radiation wavebands to plant life, the effects of canopy phyto-elements on the quantity 

and spectral quality of penetrating irradiance, and the temporal and spatial variability 

of irradiance in plant canopies. 

2.4.1 Radiation Wavebands and their Significance for Plant Life 

If we are to understand the range of physiological and ecological processes affected by 

light we first need to assess both the temporal and spatial scales of light variation 
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(Chazdon, 1987). The main biological processes affected by light at different temporal 

and spatial scales are summarised in Figs. 2.6 and 2.7, respectively. At the temporal 

scale patches of direct light (sunflecks), lasting from a few seconds to several minutes, 

may affect photosynthesis rates, stomatal responses, leaf temperature and 

morphogenesis; while plant growth, morphology, survivorship and reproduction are 

affected by changes in light availability at the scale of weeks to months (Fig. 2.6). At 

any temporal scale, changes in light availability at the spatial scale also influence 

these light-dependent processes. 

Although the biological processes summarised in Figs. 2.6 and 2.7 are dependent on 

light availability, they are also dependent on different wavelengths within the 

radiation spectrum. Table 2.2 provides a summary of the various spectral regions of 

radiation and their significance for plant life. These may be separated into three broad 

categories: (1) thermal effects, whereby the temperature of a plant is largely controlled 

by rates of absorption and emission of radiation; (2) photosynthesis, whereby the 

photosynthetic rate of a plant is related to the quantity of photosynthetically active 

radiation absorbed by the plant; and (3) photomorphogenesis and photoperiodism, 

whereby the non-photosynthetic responses of a plant are determined by the absorption 

of radiant energy in specific wavelengths and the day length. In Section 2.5.3 the 

discussion will focus on these energy- and light-dependent processes in rainforest plants. 

2.4.2 Quantitative Effects 

Irradiance incident on a horizontal plane beneath a dense canopy has two main 

components(Fig. 2.4). First, there is the unintercepted direct (lbp) and diffuse (ldp) 

irradiance, which has passed unmodified through holes or gaps in the canopy. Ibp is 

represented by 'sunflecks' and has the spectral characteristics of direct irradiance above 

the canopy (lb)' except where penumbral effects occur (Smith et al., 1989). The duration 

of a sunfleck is very variable depending upon canopy rigidity and gap size with respect 

to the sun (pOint source). For a relatively rigid forest canopy with gaps of comparable 

size to the solar disk (~ 0.5°) a sunfleck will traverse a particular point on the forest floor 

in approximately 5-mins, but may last up to 20-mins (Smith and Morgan, 1981). Under a 

non-rigid canopy such as wheat, wind flutter can produce sunflecks of 0.01 to 15-secs 

duration (Smith and Morgan, 1981). I dp is the diffuse (skylight, I d) counterpart of the 

sunfleck, except it arrives from all parts of the sky. 

Second, there is the filtered or attenuated irradiance; the spectrum of which has 

been altered by the canopy by the processes of absorption, reflection and transmission 

(Fig. 2.4). Ross (1975) refers to this component as complementary direct (lbc) and diffuse 
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Ultra-violet 

Photosynthetically 
Active Radiation 
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Near infra-red 
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Long-wave radiation 

Red : far-red (R:FR) 

Blue light 

25 

Spectral Processes affected 

0.3-80.0 Ilm Energy balance 

0.3-4.0 Ilm Leaf energy balance, 
transpiration, leaf 
temperature 

0.3-0.4 Ilm Photomorphogenesis 

0.4-0.7 Ilm Photosynthesis 

0.7-3.0 Ilm Energy balance 

3.0-100.0 Ilm Energy balance 

658-660 nm: 728-732 nm Seed germination, 
photoperiodism, 
photomorphogenesis 

425-490 nm Phototropism, stomatal 
movements, leaf movements 

Table 2.2. Various spectral regions of radiation and their significance for plant 
life (adapted from Ross, 1975; and Chazdon, 1988). 100 nm = 1.0 Ilm. 
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(Ide) irradiance, and unlike Ibp and Idp ' it is strongly influenced by the optical 

properties of leaves and its distribution is therefore wavelength-dependent. Spectral 

characteristics of irradiance within plant canopies are examined in detail in the next 

section (Qualitative Effects). 

Given these two components (Fig. 2.4), total irradiance on a horizontal surface 

(Ipe) beneath a plant canopy may be defined as follows: 

(2.4.1) 

On a cloudless day the value of Ide for PAR wavelengths (0.4 - 0.7 11m) is about two orders 

of magnitude less than Ibp and can therefore be neglected (Ross, 1975). When the sky is 

overcast Ibp = Ibe = o. 
The amount of irradiance absorbed by a plant canopy (Ia) may also be defined: 

(2.4.2) 

where Ib and Id are the direct and diffuse irradiance respectively incident on a 

horizontal surface above the canopy, Ipe is the total irradiance beneath the plant 

canopy as defined in Eqn 2.4.1, and Ir is the amount reflected from the canopy due to 

reflection and multiple scattering by phyto-elements and by the ground surface (Fig. 2.4). 

Ia is the fundamental quantity available for processes such as evapotranspiration and 

photosynthesis. A dense and well-developed canopy is known to absorb from 60 to 90% of 

incident direct and diffuse short-wave radiation (0.3-3.0 11m) and allow only 5 to 10% to 

pass through and be absorbed by the ground (Ross, 1981). 

The amount of reflected irradiance is dependent on the following factors (Ross, 

1975): the absorption coefficient and scattering function of leaves; leaf orientation; the 

architecture and depth of the canopy; the reflection coefficient of the ground surface; and 

the geometry and spectral distribution of incident irradiance. Dense plant canopies 

typically reflect between 2 to 5% of the incident PAR irradiance (0.4-0.7 11m), between 20 

to 35% for short-wave irradiance (0.3-3.0 11m) and between 40 to 60% for near infra-red 

(0.7-4.0 Ilffi) (Ross, 1981). 

The vertical distributions of the five fluxes defined algebraically in Eqn 2.4.1 

within a dense homogeneous crop canopy are shown in Fig. 2.8. A vertical profile for 
reflected irradiance (Ir) is also shown. It is clear that the vertical profiles for the 

complementary fluxes (Ibe and Ide) are very different from the unintercepted and 

reflected fluxes (Ibp' Idp and Ir). Ibp decreases exponentially with depth into the canopy 

to a certain depth (usually the base of the living canopy), after which it decreases 

monotonically towards the ground surface. Idp and Ir exhibit similar profiles; both 
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decrease semi-exponentially with depth into the canopy to a similar depth as Ibp' after 

which they decrease monotonically towards the ground surface. Despite their similar 

vertical profiles, it is important to remember that Ir is an upward flux and Id p is a 

downward flux. On the other hand, Ibe and Ide are zero at the top of the canopy and 

increase to a maximum value at a certain depth depending on the wavelength and stand 

architecture, and then decrease monotonically towards the ground surface. It should be 

noted that the complementary fluxes cannot be directly measured and are consequently 

measured in the field together with the unmodified direct and diffuse fluxes. In practice 

then, it is usual to refer to direct, diffuse and total irradiance within a plant canopy. 

The relative contribution of the direct and diffuse fluxes, and hence the depth and 

nature of the shade, depends upon the number, thickness and types of leaves in the 

canopy (Fitter and Hay, 1981). The number of leaves is usually expressed as the leaf 

area index (L), a dimensionless parameter representing the area of leaf surface over unit 

area of ground (Watson, 1958). It is theoretically possible to relate the rate of absorption 

of isotropic diffuse irradiance through a homogeneous canopy to L. The basic exponential 

theory, based on Beer's Law (Eqn 2.3.5), was first devised by Monsi and Saeki (1953) and 

is described by the formula: 

I I -K L L=oexp e, (2.4.3) 

where 10 and IL are the diffuse irradiance respectively above the canopy and at a point 

above which there are L layers of leaf, and Ke is the extinction coefficient for the 

canopy, which varies between species due to differences in leaf geometry, arrangement 
and thickness (Fitter and Hay, 1981). A plot of In ILlIo against L, therefore, should 

produce a straight line of slope Ke (Fig. 2.9). Values for Ke range from 0.3 to 0.5 in vertical 

(erectophile) canopies and from 0.7 to 1.0 in horizontal (planophile) canopies (Kira et 

al., 1969). 

According to Rosenberg et al. (1983) there are a number of facts overlooked in the 

Monsi-Saeki Model (Eqn 2.4.3) and these are summarised as follows: (1) plant canopies 

are frequently heterogeneous; (2) irradiance is reflected and scattered as well as 

absorbed; (3) the sky is not isotropic (even under heavily overcast conditions true 

isotropy does not prevail); (4) the quality of irradiance changes; (5) sun flecks occur in 

all plant canopies; and (6) it is likely that Ke varies with geometry and with leaf age 

and turgidity. Obviously no single model can account for all these facts and some 

simplification is required. 

Since the pioneering work of Monsi and Saeki (1953) increasingly sophisticated 

models concerned with this problem have been developed by Ross (1981) and others 

which incorporate parameters such as: transmission factors for specific leaves and 
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wavelengths (Chartier, 1966); leaf orientation and distribution (Lang, 1973; Shell and 

Lang, 1976); leaf angle distributions with respect to solar altitude (Lemeur, 1973); and 

anisotropy of diffuse irradiance and sunfleck intensity and duration (Norman and Tanner, 

1969; Miller and Norman, 1971). Some of these models are very complex and highly 

theoretical. Moreover, they have been largely tested in homogeneous crop canopies, such 

as sorghum, cotton and sunflowers, and are difficult, if not impossible, to apply 

adequately in complex heterogeneous canopies such as forests. 

2.4.3 Qualitative Effects 

Plant canopies not only reduce the quantity of irradiance penetrating to ground level, but 

also produce large modifications in the spectral quality of the irradiance. In fact, the 

largest spectral changes to which terrestrial plants are subjected are found within plant 

canopies (Holmes, 1981). As noted in Section 2.3, the spectral distribution of irradiance 

above a plant canopy is essentially stable at high solar angles with major spectral 

changes only observed at the low solar angles of sunrise and sunset. Similarly, clouds are 

non-selective diffusing filters being largely responsible for reducing the intensity of 

irradiance rather than changing its spectral distribution. However, cloud cover affects 

the ratio of direct to diffuse irradiance above the canopy, and because these components 

interact differently with phyto-elements, this has implications for the spectral quality 

of irradiance beneath dense canopies; the main reason being that diffuse irradiance 

above the canopy is less selectively attenuated than direct irradiance. Thus, a 

relatively large proportion of diffuse irradiance enters through gaps in the canopy. As 

noted earlier, direct irradiance comes from a small area of the sky (angular diameter '" 

0.5°) and the gaps in the canopy which permit it to reach the same measurement position 

are fewer than for diffuse irradiance which originates from all parts of the sky (Holmes, 

1981; Smith et al., 1989). 

Before examining the effects of a dense canopy on the quality of penetrating 

irradiance, it is first necessary to consider the optical properties of a 'typical' green leaf 

(Fig. 2.10). Irradiance incident on a leaf is absorbed selectively with the remaining 

wavelengths being scattered (ie reflected and transmitted). The blue (0.4-0.5 J.1m) and 

red (0.6-0.68 J.lffi) wavebands are absorbed strongly by chlorophyll in the leaf, the green 

waveband (0.5-0.6 J.1m) is less strongly absorbed (1-20% is scattered), and the far-red 

(0.68-0.8 J.lffi) is almost entirely scattered because chlorophyll is transparent to these 

wavelengths (Holmes, 1981; Fitter and Hay, 1981). These generalizations about optical 

properties for a single leaf can now be extended to a simple canopy, which consists of 

many layers of leaves with similar optical properties. 



30 

100 
TRANSMISSION 

80 
~ 0 

c: 60 
.Q 
t5 
<J.) 

;;::: 
40 <J.) 

a: 

20 

~~------~----~----~----~~~100 

0.4 0.5 0.6 0.7 0.8 

Wavelength (A), Jlm 

Figure 2.10. Optical properties of a typical green leaf showing reflection, 
absorption and transmission for various wavelengths (adapted from Holmes, 
1981). 



31 

As stated in the previous section on quantitative effects, if penumbral effects are 

neglected, the spectral composition of penetrated direct (Ibp) and diffuse (Id p) 

irradiance does not change with depth and is the same as for irradiance incident upon 

the canopy. However, the spectral composition of complementary irradiance (reflected 

and transmitted Ibe and Ide) depends strongly on the scattering coefficient of leaves and 

on the degree of multiple scattering within the canopy (Ross, 1975). Given the optical 

properties of a typical green leaf (Fig. 2.10) it follows that the proportion of green 

(especially at 0.55 J.Ul1) and near infra-red (0.7-4.0 J.Ul1) in the complementary fluxes will 

increase with an increase in the degree of scattering and this phenomenon will produce 

changes in the spectral composition of the complementary fluxes with depth into the 

canopy. 

Beneath dense canopies, therefore, there are two spectral changes which are of 

obvious physiological significance (Federer and Tanner, 1966; Ross, 1975; Holmes, 1981). 

First, the quantity of photosynthetically active radiation (PAR=0.4-0.7 !lm) is 

drastically reduced beneath dense vegetation, with the most notable effect being the 

depletion in the blue and red wavebands. And second, the fraction of near infra-red 

(NIR=0.7-4.0 J.Ul1) increases considerably. 

Because total irradiance (Ip) beneath a plant canopy is composed of modified and 

unmodified fluxes (Fig. 2.4), its spectral composition will differ in sunflecks and shaded 

areas. In sunflecks the proportion of blue wavelengths is lower and the proportion of red 

wavelengths is higher than in shade light (Holmes and Smith, 1977). This is because a 

sunfleck is largely composed of direct irradiance which arrived through the canopy 

unmodified, while only a very small proportion of the sunfleck consists of complementary 

irradiance due to scattering within the canopy. In comparison, in shaded areas NIR 

predominates with another submaximum in the green waveband (Ross, 1975). 

One of the most interesting aspects about the complementary fluxes is the large 

differences in absorption (or attenuation) between the far-red and PAR (visible) 

wavelengths (Fig. 2.10). The degree of shading may, therefore, be described numerically 

by taking the ratio of two wavelengths, one in the far-red (0.73 !lm) and one in the PAR 

waveband - typically red (0.66 J.Ul1) (Smith and Morgan, 1981). The so-called red to far

red ratio (R:FR) or zeta (C) varies according to the degree of canopy density and is also 

sensitive to atmospheric conditions and solar zenith angles. Beneath dense canopies C is 
generally less than 0.5 and in the open daylight it is usually greater than 1.0 (Smith and 

Morgan, 1981). 

During overcast skies the ratio of red to far-red (C) within canopies is less 

markedly reduced compared to the same positions under clear or bright conditions 

(Holmes and Smith, 1977). This is attributed to the fact that diffuse irradiance enters 

the canopy from all parts of the sky compared to direct irradiance which comes from a 
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point source. During clear conditions much of the penetrating direct irradiance is 

scattered (reflected and transmitted) within the canopy thereby increasing the 

complementary fluxes which are enriched in the far-red and depleted in the red. Hence 

values for ~ .are usually low. During overcast conditions there is no direct irradiance and 

therefore scattering (and hence depletion of red wavelengths) is limited to diffuse 

irradiance only. However, because the contribution of complementary diffuse irradiance 

is very small compared to unmodified diffuse irradiance, which penetrates the canopy 

from all parts of the sky, the red to far-red ratio approaches that above the canopy. 

During partIy cloudy conditions one would expect values for ~ to be intermediate to those 

under heavy cloud and clear conditions. 

Cloud cover not only affects the uniformity of the intensity of irradiance across any 

horizontal plane within a plant canopy, but also affects the uniformity of the spectral 

distribution of irradiance. As stated above, under heavy overcast skies the resultant 

diffuse irradiance penetrates the canopy from the entire sky, producing a relatively 

uniform distribution in the intensity and spectral composition of the irradiance across a 

horizontal plane. Under clear skies the diffuse irradiance is only a minor component of 

the total irradiance within a canopy, the major component being direct irradiance. Thus, 

enormous variations in the intensity and spectral composition of the irradiance are 

likely across a horizontal plane. 

2.4.4 Temporal and Spatial Variability 

From the above discussion on quantitative and qualitative effects it is evident that 

irradiance is perhaps the most difficult environmental variable to predict within a 

canopy. The canopy exerts profound influences on both the quantity and spectral quality 

of penetrating irradiance. In addition, irradiance has both direct and diffuse 

components, and these interact differently with canopy phyto-elements. 

For these reasons, irradiance within plant canopies is characterised by enormous 

temporal and spatial variability. According to Ross (1975), the time frequency spectrum 

of fluctuations of irradiance may be divided into four intervals: (1) fluctuations with a 

period of about I-sec due to leaf flutter in wind; (2) fluctuations with a period of about 10-

mins caused by the movement of the sun's disk or broken clouds and occurring as an 

alternation of sunflecks and shaded areas; (3) the diurnal change of irradiance; and (4) 

the annual (or seasonal) change of irradiance. This thesis is primarily concerned with 

accounting for the last three intervals in rainforests 
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The spatial variability of irradiance in a canopy is mainly due to its architecture 

and partly to the conditions of incident irradiance (Ross. 1981). Fluctuations are greatest 

for uninterceped direct irradiance which has a maximum value in sunflecks (Fig. 2.4) and 

zero in shade (Ross, 1975), with any intermediate values being caused by the penumbra 

effects (Fitter and Hay, 1981). In a homogeneous plant canopy the only changes in 

irradiance occur within the vertical, corresponding with depth into the canopy (Fig. 

2.10). However, in heterogeneous canopies, there is the addition of changes in irradiance 

across horizontal planes within the canopy. 

Under clear sky conditions the distribution of total irradiance (Ipe) at a particular 

point beneath a plant canopy over a day (Fig. 2.4) is bimodal (Anderson and Miller, 

1974), with one peak for sunflecks (Ibp) and another for unintercepted diffuse (Idp) and 

complementary (Ibe and Ide) fluxes. In comparison, under overcast skies the distribution 

of Ipe is unimodal and similar to the normal distribution (Ross, 1975). 

2.5 SOLAR RADIATION IN RELATION TO RAINFOREST STRUCTURE 

AND FUNCTION: A REVIEW OF FIELD AND LABORATORY RESEARCH 

It has already been demonstrated with respect to a simple plant canopy that numerous 

biotic and abiotic processes are either directly or indirectly dependent on solar radiation 

entering the system. The discussion noted that the quantity and spectral quality of solar 

radiation within plant canopies is closely related to the structure or architecture of the 

canopy. Likewise the response of canopy phyto-elements is closely linked to the 

quantity and quality of irradiance received at different positions within the canopy. 

Solar radiation can therefore be considered in relation to vegetation structure and 

function - in this section the emphasis is on rainforests. 

Structure is a static term, referring to the distribution of forest biomass (ie its 

energy and chemical elements) in space at one point in time. The spatial distribution of 

above-ground biomass determines the spatial distribution of irradiance within the 

rainforest, and in turn, influences numerous biotic and abiotic processes. Function, on the 

other hand, is a dynamic term referring to temporal processes occurring within 

rainforests. The main functional or dynamic processes are energy flow, nutrient cycling 

and ecological succession. These occur in response to changes in the structure of the 

rainforest over time. 

Because the temporal and spatial distribution of solar radiation or light within 

rainforests is controlled by the vertical and horizontal distribution of phytomass, it is 

necessary to examine the three-dimensional structure of rainforests before reviewing 

research on aspects of the rainforest light environment. 
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2.5.1 The Spatial and Temporal Distribution of Phytomass in Rainforests 

While it is clear that patterns of vertical and horizontal rainforest structure and their 

variations at several scales are interdependent and thus affected by the same growth 

factors and processes, for discussion purposes the vertical and horizontal distribution of 

above-ground phytomass (or architecture) will be evaluated separately. 

2.5.1.1 The Vertical Distribution of Phytomass 

The vertical profile of a mature humid tropical rainforest is characterised by the 

predominance of phanerophytes and the relative rarity or absence of other life-forms 

such as hemi-cryptophytes (Fig. 2.11). Bourgeron (1983) claims that three 

characteristics of the tropical rainforests make the study of vertical patterns more 

important in these forests than in temperate forests. First, the high diversity of species 

of any size; for example, a 10 ha plot in Amazonia can yield up to 400 tree species 

(Bourgeron,1983). Second, the generally impressive number of individuals, regardless of 

the species at any level beneath the canopy. And third, the average height of the 

emerging trees in tropical rainforests makes these ecosystems among the world's tallest. 

One of the long-running debates in studies of rainforest vertical structure is 

whether 'stratification' exists or not. Richards (1952) recognised five strata of erect 

plants in most types of mixed and single-dominant rainforests (Fig. 2.11). The A stratum 

corresponds with emerging trees which usually have hemispherical crowns (ie low 

height to diameter ratios) with sympodial branching; the leaves are generally 

notophyll in size and commonly of sclerophyllous, coriaceous and pachyphyllous form, 

while exhibiting bunched, upright or pendulous arrangements (Brunig, 1983). The B 

stratum consists of a continuous canopy of trees, below which occur the C (under-canopy 

trees), D (shrubs) and E (ground flora) strata. Unlike the A stratum the trees in these 

strata are noted for having narrower crowns (ie high height to diameter ratios) ; the 

leaves are commonly mesophyll in size and more mesophytic in form (Brunig, 1983). The 

A, Band C strata combined produce the characteristic ragged or uneven canopy. The 

height of a typical humid tropical rainforest averages about 50 m, with emergent trees 

reaching 70 to 80 m height in some locations (Leigh, 1975; Whitmore, 1984; Longman and 

Jenik, 1987). 

Since the pioneering work of Richards (1952) a number of researchers have 

questioned the existence of stratification in tropical forest (eg. Leigh, 1975; Bourgeron, 

1983; Popma et al., 1988). Even Richards (1983) has conceded that in most types of mixed 
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rainforest the boundaries between stata are more or less arbitrary and cannot be 

objectively defined. Thus, there are two schools of thought, those who do not see any 

evidence of stratification, under any definition, and those who describe and find a 

regular pattern of vertical distribution. Despite this, it is possible to make 

generalisations which find agreement with both viewpoints. Most agree that although 

the number of possible strata increases with forest height and species richness, the 

'distinctiveness' of the strata usually increases with decreasing species richness (Brunig, 

1983; Whitmore, 1984; Richards, 1983). For this reason, rainforests dominated by one tree 

species show clearly-defined strata, but mixed forests usually do not. Stratification is 

generally more recognizable on less favourable sites (eg water-logged soils), and at sites 

in very early and very late phases of development (Brunig, 1983). 

However, one of the main criticisms of the concept of stratification is that it is a 

'static' typological concept of forest structure which gives no recognition to the 'dynamic' 

nature of the canopy, which is in fact growing up in patches all the time (Bourgeron, 

1983; Whitmore, 1984). A model described by Bourgeron and Guillamet (1981) assumes 

that a given stratification pattern is inevitable regardless of local factors and 

unexpected disturbances. Their model is dynamic because it considers sets of trees of the 

present as the backbone of the forest, and the trees of the future as merely growing when 

it is possible to replace a dead tree of the present. Hom (1971) presents a similar model 

for several North American forests. 

The need for a dynamic perspective is also advocated by Richards (1983) who 

argues that what matters is not whether the total heights of the trees are stratified or 

not, but how the density of foliage, including leaves of the lianes, varies at different 

levels. He goes on to explain that profile diagrams, such as Fig. 2.11, provide inaccurate 

information on the spatial and temporal distribution of above-ground biomass. 

Unfortunately, exact data on foliage density in forests can only be obtained by 

'destructive' sampling. For example, Kira et al. (1969) investigated the vertical 

distribution and density of foliage in some Southeast Asian forests. In a mixed forest at 

Khao Chong in Thailand they found that the leaf area index was highest in the B 

stratum between 20 to 25 m (Fig. 2.11). In a mixed Dipterocarp forest at Pasoh in 

Malaysia they measured leaf area density and the leaf biomass density of the trees and 

lianes at different levels in a clear-felled plot (0.2 ha). Accordingly, they found there 

were two maxima of leaf area and biomass density: one at 20-35 m above ground in the B 

stratum and another below 5 m in the E stratum (Fig. 2.11). Klinge et al. (1975) measured 

the above-ground phytomass on a 0.2 ha plot in mixed rainforest near Manaus in 

Amazonia. They also found that 58% of the total phytomass and nearly 40% of the leaf 

phytomass was in the B stratum which they defined between 16-26 m above ground level. 

On the basis of these and similar studies Richards (1983) has concluded that in mixed 
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tropical rainforest the crowns of the B stratum trees at about 20-30 m (Fig. 2.11) represent 

the densest layer. However, this only applies to the mature phase of primary forest but 

is not necessarily true of the building phase or of secondary forest (Whitmore, 1984). 

As a result of these phytomass observations and studies of vertical light gradients 

(refer to Section 2.5.2.2), Richards (1983) has defined what he calls an 'inversion' surface 

that undulates through the lowest branches of the B stratum trees (Fig. 2.11). The 

canopy light regime forms the basis of his argument as the inversion surface separates 

the tree crowns which are more or less fully exposed to direct light from those which, 

apart from sun flecks, receive mainly diffuse (scattered) light. Above the inversion 

surface, the microclimate is typified by greater air flow and more variable temperature 

and humidity regimes, while below the air flow is generally slight and temperature and 

humidity much more constant. He refers to the region above the inversion surface as the 

'euphotic' zone and the shaded region below is the 'oligophotic' zone (Fig. 2.11). 

The two zones identified by Richards (1983) have obvious ecological significance; 

the euphotic zone is the most productive part of the ecosystem because it receives the 

most energy. Studies have shown that canopy emergents (A stratum) are responsible for 

more than half the total productivity of the whole stand (Kira et al., 1969). Thus, the A 

and B strata may account for perhaps 80% of the total stand productivity. Richards 

(1983) draws attention to the fact that the euphotic zone provides food in the form of 

leaves, flowers and fruits for an abundant herbivory which in turn have ample space to 

move between emergents. Conversely, in the oligophotic zone, flowers and fruits are 

fairly scarce and the main animal foods are wood and decaying plant materials. 

Another useful measure of the ecological conditions in a forest ecosystem is its 

aerodynamic canopy surface roughness (Brunig, 1983). The roughness parameter is 

related to the height and surface architecture of the forest canopy which can be 

expressed in terms of the tree top height above the closed canopy (h), crown diameter 

(d), and distance between these and other roughness elements (Fig. 2.11). According to 

Brunig (1970), a tall, irregularly broken, aerodynamically rough and multi-layered 

canopy produces greater air turbulence and more rapid heat and vapour transfers both 

within the canopy and between canopy and atmosphere. Rough canopies, such as that 

shown in Fig. 2.11, also intercept and absorb irradiance more effectively than smooth 

canopies. The irregular canopy surface and associated aerodynamic roughness result in 

greater turbulence from free and forced convection. Increased turbulence in turn reduces 

atmospheric resistance to heat and vapour fluxes from the plant surface (Oke, 1987). 

Consequently, a greater amount of sensible and latent heat can be dissipated per unit area 

and time. 

Conversely, a closed, homogeneous, aerodynamically smooth canopy has lower 

absorption and exchange intensities and the individual trees are less exposed to 
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irradiance and wind. Typically, such forests exhibit smaller tree stature and 

sclerophyllous, pendulous and highly reflective leaves (Brunig, 1983). These factors 

help reduce radiation and heat load and the likelihood of damaging water deficiency 

and overheating. The energy-balance characteristics of tropical rainforest canopies are 

considered in more detail in Section 2.5.3.1. 

2.5.1.2 The Horizontal Distribution of Phytomass 

The study of the horizontal distribution of rainforest phytomass over time can be 

conducted at three spatial scales. First, at the interregional level where differences 

between major rainforest units are compared such as American rainforest and African 

rainforest. Second, at the regional level (eg Tracey, 1982) where variations within a 

geographical region are studied. And third, variations within a particular forest type 

(eg Bourgeron, 1981). This thesis is only concerned with the last two spatial scales. 

Ecologists and biogeographers have generally agreed that there is some 

relationship between the horizontal distribution of vegetation and environmental 

factors such as climate and soil (Leigh, 1975). For example, Grubb and Whitmore (1966) 

noted that the distribution of lowland, lower- and upper-montane forest in Ecuador is 

controlled by the frequency of fog, exposure to high wind and soil factors. Webb et al. 

(1970) demonstrated physiognomic-structural features of forests along an altitudinal 

gradient in eastern Australia showing changes in tree branching and bark characteristics. 

Leigh (1975) argues that forest height decreases with increasing altitude due to nutrient 

starvation which occurs in response to low transpiration rates during periods of persistent 

fogs. 

Bourgeron (1983) has extensively reviewed the many studies on the horizontal 

distribution of rainforests and has drawn the following tentative conclusions. First, on a 

large scale, vegetation is influenced by the effect of altitude and this may be compared to 

the effect of latitude. The main factors controlling the altitudinal distribution are 

temperature and moisture (Leigh, 1975), although no clear hierarchy among 

environmental factors has been established. Second, on a small scale, the local gentle 

topography seems to control at least partly the horizontal distribution, although not all 

the studies reviewed by Bourgeron (1983) reach this conclusion. And third, some forest 

areas are distinctly different from adjacent areas and this is related to obvious 

environmental conditions, such as swampy or regularly flooded areas. 

Bourgeron (1983) advocates the adoption of Webb et aI's. (1972) conclusion that 

rainforest must be considered on two levels of organisation: (1) vegetation occurs in a 

framework, which can be a geographical or ecological unit; and (2) within this 
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framework, the vegetation is considered as a series of patches composed of species 

occurring stochastically (the so-called community mosaic). The discussion will now focus 

on the latter. 

According to Richards (1952), the idea that tropical forest is a structural or 

floristic mosaic can be traced to Aubreville (1937). Since then, a number of authors have 

depicted tropical rainforests as a mosaic of treefall-created patches differing in age, size 

and species composition (eg Schulz, 1960; Halle et al., 1978; Oldemann, 1978; Denslow, 

1980; Whitmore, 1984; Brokaw, 1985, 1987; Longman and Jenik, 1987; Swaine and Hall, 

1988; Popma et al., 1988; Brandani et al., 1988; Lawton and Putz, 1988; Martinez-Ramos et 

al., 1988; Brokaw and Scheiner, 1989; Schupp et al., 1989). 

The most widely cited theory to explain tropical forest structure and function is the 

forest growth or regeneration cycle proposed by Whitmore (1975, 1984). The forest 

growth cycle has three phases: gap, building and mature. Whitmore (1984) argues that 

these phases are abstractions and not separate entities, implying that each of the 

phases has a different structure which develops from, and into, the other phases. Thus, 

if the forest is viewed at one point in time it will be a mosaic of different structural 

phases. One may enter the forest growth cycle at any phase but for convenience it is 

easier to begin with the creation of a gap due to a single or multiple treefall. The gap 

phase is quickly followed by the building phase. This phase can commence with existing 

seedlings or saplings producing upward growth or with the establishment of new trees 

from seeds germinating within the gap. Eventually the gap is filled-in by the upward 

growth and spreading of crowns of the mature forest surrounding the gap. When this is 

complete the mature phase is reached and the cycle begins again. 

Over the past 20 years or so there have been numerous studies on tropical rainforest 

dynamics at different scales and durations. There is now widespread concensus among 

researchers that the most important disturbance event in a tropical forest is the creation 

of a gap as a result of either the death or forced toppling of a single tree or several trees. 

Hartshorn (1980) claims that the majority of canopy trees depend on growth in a gap to 

reach maturity, while Brokaw (1985) concludes that endogeneous disturbance by treefalls 

is central to the function and structure of tropical rainforests. Several reviews (Denslow, 

1987; Swaine et al., 1987; Whitmore, 1988) have found that on average about 1-2% of the 

canopy area is disturbed each year in both tropical and temperate forests. 

Disturbances of various kinds are responsible for creating gaps in rainforests, and it 

is therefore necessary to account for the frequency of these disturbance types, the recovery 

time and the likely gap sizes and configurations. Brokaw (1985) has reviewed the 

literature on gap size and turnover rates for a number of lowland tropical rainforests. 

Mean gap size varies from 86 to 628 m2; mean number of gaps per hectare varies from 3 to 

13; mean percent gap expressed as a percentage of forest area varies from 3 to 25; and 
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turnover rates vary from 60 to 416 years. Because of the large range in some of these 

measures it is difficult to make generalisations. 

Despite these differences, most authors agree that established seedlings and 

saplings most often grow to maturity in small gaps but cannot survive the marked 

microclimate changes that occur in the centre of large gaps. Generally, these large gaps 

are colonised by shade intolerant or pioneer species that are adaptable to open or near

open conditions. However, pioneer tree species constitute only a small portion of the 

total rainforest plant community. For example, Thompson et al. (1988) have estimated 

that of the 700 or more tree species in the wet tropics of northeast Queensland (Tracey, 

1982) only 20 or so can rapidly colonise open situations under full sun and strong advection. 

Typically, the pioneers produce large quantities of small, dispersable seeds and 

are only capable of regeneration in gaps. Studies have shown that these may be 

transported to the gap as seed rain or may be lying dormant in a seed bank (Hartshorn, 

1978; Chele et al., 1979; Augspurger and Frawson, 1988). Germination is likely to be 

triggered by the high soil temperatures resulting from lengthy exposure to strong sunlight 

in these larger gaps (Bazzaz and Pickett, 1980). After recruitment and establishment, 

the pioneers have rapid growth with characteristic large leaf areas and high leaf 

production rates. Conversely, the shade-tolerants produce big seeds with substantial 

food reserves. The seedlings are large with deep roots and they often persist in the 

shaded understorey, growing slowly or not at all, but requiring canopy openings to reach 

maturity (Longman and Jenik, 1987). Schupp et al. (1989) have questioned these differing 

growth strategies for pioneers and shade-tolerants arguing that the dichotomy limits 

views of gap dynamics by implying that each strategist is constrained to a specific 

pathway to the forest canopy. For example, Martinez-Ramos et al. (1989) have shown 

that all species recruit to varying degrees from dispersal into new gaps and from release 

of dormant seed or juvenile banks beneath the canopy. Schupp et al. (1989) emphasise 

three factors that determine the probable regeneration of any species at a given site: (1) 

pattern of seed arrival in gaps and understorey; (2) proportion of forest area in gap versus 

closed canopy; and (3) survival to reproductive maturity of seeds landing in gaps and 

beneath the closed canopy. It would appear, therefore, that the timing of gap occurrence 

and the closeness of gaps to seed sources will have important implications for vegetation 

dynamics in tropical rainforests. 

The critical gap sizes for pioneer species ranges from 200 to 1000 m2 (Brokaw, 1985). 

The large range cited above is not particularly helpful but Schulz (1960) has suggested 

that pioneers (or large-gap strategists) require in excess of 10-20% full sunlight for 

establishment. However, most gap sizes are small. Brokaw (1985) examined 66 gaps in a 

lowland rainforest in Panama and found over 50% of gaps were less than 100 m2 in size, 

claiming these small gaps result from fallen lianes, limbs, or the gradual breakdown of a 
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standing dead tree. The larger gaps, preferred by pioneers, result from multiple 

treefalls. More recently, Popma et al. (1988) have critically discussed Brokaw's (1982) 

attempts to define treefall gaps. His original definition of gaps being the vertical 

projection of a canopy opening is criticised because Popma et aI. (1988) have observed 

pioneer species growing in a deep zone around the gap area defined by Brokaw (1982). 

They recognise that the size of the canopy gap is just one factor affecting gap dynamics, 

and argue strongly that the effective gap also depends on surface inclination, slope 

aspect, height of the surrounding vegetation, daily and seasonal variation in the 

position of the sun, and gap origin. To date no one has attempted to develop a model for 

estimating gap light regimes which incorporates some or all of these factors. 

Although treefall gaps are the most common and important small-scale 

disturbance in tropical forests there are occasional catastrophic disturbances. The 

largest windfall gaps in the tropics have been recorded after squall events in the peat 

forests of Sarawak where they reach up to 80 ha in area (Whitmore, 1978). Likewise, 

extensive forest gaps are known to be produced by tropical cyclones in northeast 

Queensland (Webb, 1958) and Solomon Islands (Whitmore, 1974) and by hurricanes in the 

Caribbean (Crow, 1980). In northeast Queensland, for example, the recurrence interval 

for severe or general cyclone damage is between 3 and 40 years (Webb, 1958). Sometimes 

fire occurs after cyclones thereby adding to the complexity of the disturbance regime 

(Stocker and Mott, 1981). The abovementioned researchers suggest that 'cyclone 

vegetation' is a rather coarse (or open) mosaic compared with regions that do not 

experience cyclones where the canopy is less disturbed and confined to gaps produced by 

the death of an individual or small group of trees. 

In tectonically active regions such as Hawaii, Panama and New Guinea 

earthquake-released landslides are known to cause catastrophic disturbances to the 

forest from time to time (Simonett, 1967; Scott and Street, 1976; Garwood et aI., 1979). 

While the rate of disturbance from landslides is low compared with treefalls, the 

recovery time is conSiderably longer, in the range of 200 to 500 years compared with 20 to 

50 years for treefalls (Garwood et al., 1979). 

In summary, the three-dimensional structure of tropical rainforest is undoubtedly 

heterogeneous over space. The rainforest growth cycle adds a temporal component as 

well. In this regard, a rainforest should be viewed as a dynamic ecosystem with gaps 

being constantly created by disturbances and filled-in by competing seedlings and 

saplings. Given the complex architecture of rainforests, their associated light 

environments are equally complex over space and time. It therefore makes sense to 

consider light availability at the canopy surface, within gaps of various sizes and 

configurations, and within the shaded understorey beneath an intact canopy. 
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Attempting to quantify this light availability continuum provides a valuable insight 

into explaining vegetation dynamics in tropical rainforests. 

2.5.2 The Spatial and Temporal Distribution of Irradiance Within Forests 

It was concluded in Section 2.4, that light is perhaps the most difficult environmental 

variable to predict within a canopy as the canopy exerts profound influences on both the 

quantity and spectral quality of penetrating light. Over the years foresters, ecologists 

and others have attempted to characterise the complex light environment within forests 

using a number of techniques. 

However, a detailed examination of the literature on the subject of solar radiation 

in relation to forests reveals that caution must be exercised in interpreting the results of 

some studies. A number of questions must be asked: (1) Are the instruments used to obtain 

data on solar radiation within forests spectrally selective or not? If so, what are the 

likely spectral errors? (2) What part of the spectrum is being measured (eg . short-wave, 

PAR, NIR)? (3) Do the data refer to the penetration of direct, diffuse or total 

irradiance? (4) What were the sky conditions at the time of measurement? (5) What 

were the solar angles? (6) Is the percentage or mean value given representative of that 

position in the forest as a whole? If not, what are the likely temporal and spatial 

errors? (7) Is the data skewed? If so, what is the distribution of irradiance over the 

measurement interval? 

Unfortunately, few studies have taken these questions into account, and this makes 

it difficult, if not impossible, to make comparative evaluations. However, as Anderson 

(1964b) argues: "All light measurement involves some compromise between accuracy and 

possibility." It is also important to keep in mind technological developments in 

instruments and data acquisition and processing systems in recent years. Early workers in 

this field simply did not have access to the technology that is readily available today. 

For this reason, the following literature review will focus on research undertaken since 

about 1965 with only a cursory examination of earlier work. 

2.5.2.1 The Forest Canopy Albedo 

The amount of irradiance absorbed by a plant canopy (fa) was defined in Eqn 2.4.2. One of 

the most important factors determining Ia is the amount of irradiance reflected from the 

canopy (Ir) due to reflection and multiple scattering by phyto-elements and by the ground 

surface. For convenience Ir will hereafter be referred to as the canopy albedo. 



43 

The major factors that regulate the albedo of forests are the solar zenith angle 

(Eqn 2.2.4), cloudiness, canopy wetness, spectral properties of the foliage, and stand 

density and height (Molion, 1987). Many of these factors are difficult, if not impossible, 

to assess accurately in forests and only generalisations can be made based on field 

observations. 

The albedo of coniferous forests ranges from 6 to 14% under overcast conditions and 

from 4 to 19% under sunny conditions (Jarvis et al., 1976). The mean daily albedo for pine 

species and Douglas fir (Pseudotsuga menziesii) lie in the range 8 to 14%, while values 

for spruce species are more widely spread and range from 4 to 15% (Jarvis et al., 1976). 

Differences among coniferous species are attributed to differences in needle reflectivity 

and stand height and density. For example, Stanhill (1970) found that the albedo of tall 

vegetation was systematically less than that of short vegetation. 

In comparison, a fully-leafed deciduous forest reflects between 15 to 20% of the 

incident irradiance under a variety of sky conditions (Rosenberg et al., 1983). Olson and 

Good (1961) examined seasonal changes in albedo over several forest types. They found 

that broad-leaf deciduous forests reflected more freely at almost all wavelengths than 

did coniferous forests, particularly in the near infra-red (0.7-4.0 11m). In the spring the 

albedo of deciduous foliage declined as the leaves matured, then remained almost 

constant until the autumn, when the albedo increased as the leaves turned yellow. 

Baldocchi et al. (1984) also studied the albedo of a broad-leaf deciduous forest in 

Tennessee. During the winter leafless period the albedo ranged from 28 to 40% under a 

variety of sky conditions. However, during the late-summer, fully-leafed period the 

albedo only ranged from 8 to 12% under a similar range of sky conditions. Montieth (1959) 

has pointed out that deciduous broadleaf forests usually contain more horizontal 

(planophile) parts than coniferous forests, which would increase the albedo of deciduous 

forests for an oblique angle of incidence. Thus, albedo is higher in the morning and 

afternoon than at midday because at low angles the sun's rays do not penetrate as deep 

into the forest as they do about solar noon. 

A few researchers have measured the albedo of tropical rainforests and results are 

remarkably similar among forests. According to Molion (1987) for an ideal rough surface, 

such as a typical tropical forest canopy, the albedo should be independent of the 

direction of the solar beam. However, not all researchers agree with this observation. 

Pinker et al. (1980) have completed the most detailed study so far on the albedo of a 

tropical evergreen forest in Thailand. They found an average albedo of 13% with a 

strong diurnal variation during clear days. Under clear skies, the albedo ranged from 

11 % at solar noon to 19% in early morning or late afternoon, thereby confirming 

Montieth's (1959) observations for planophile broadleaf species. Pinker et al. (1980) 

also noted that the diurnal variation is reduced considerably on overcast days because 
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the incident irradiance is all diffuse and hence independent of·solar altitude. 

Shuttleworth et al. (1984a) reported an average albedo of about 12% for an 

Amazonian rainforest site near Manaus. However, unlike Pinker et al. (980), they found 

less diurnal variation in albedo and this result may be attributed to the uneven nature of 

the canopy at the measurement site. In a less extensive experiment, Oguntoyinbo (1970) 

reported an average albedo of 13% for a tropical rainforest in Nigeria adding further to 

the constancy of <.llbedo among tropical forests. 

In summary, the albedo of the forest is an important parameter in determining the 

net radiation or energy-balance of the forest (Eqn 2.4.2). The properties of the canopy 

itself influence the exchanges of energy by reflection and emission and hence affect the 

amount of energy available for canopy processes (Ross, 1975). The net radiation is the 

fundamental quantity of energy available to drive the processes of evapotranspiration, 

and air and soil heat fluxes as well as other, smaller energy-consuming processes such as 

photosynthesis (Rosenberg et al., 1983). As a first-order approximation the average 

albedo for evergreen tropical forest can be assumed to lie between 12 to 13%. The 

dependence of albedo on solar altitude is not a serious problem here because it is common 

practice to present daily energy budget calculations using the average albedo for the 

forest canopy (Molion, 1987). 

Having considered forest albedo it is now necessary to examine how light 

penetrates and is distributed within forests and how canopy phyto-elements affect the 

intensity (quantity) and spectral characteristics (quality) of the light. 

2.5.2.2 Light Quantity in Forests 

Because forests are complex three-dimensional structures, their associated light climates 

vary considerably over horizontal and vertical space. Most researchers have measured 

light across the forest floor beneath intact canopies and canopy openings with only a few 

examining the vertical distribution of light within the actual canopy. For discussion 

purposes understorey, gap and canopy light environments will be evaluated separately. 

0) Understorey Light Environments 

The earliest measurements of forest light environments were made using photoelectric 

cells with colour filters, connected to a galvanometer (Anderson, 1964b). However, 

because of profound differences in the spectral composition of direct and diffuse light 

beneath forests (refer to Section 2.4.3), only relative light intensities could be measured. 

Nonetheless, these early studies clearly demonstrated that relative illuminance in the 
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understorey of a number of tropical rainforests lies between 0.2 and 2.0% of that in the 

open (Allee, 1926; Carter, 1934; Evans, 1939; Bunning, 1947). 

In comparison, the relative illuminance beneath temperate broadleaf and 

coniferous forests is higher. For example, Trapp (1938) found about 5% of the light in the 

open beneath a dense fully-leafed beech (Fagus sylvatica) forest, and Shirley (1945) 

reported a range of 7 to 15% for the understoreys of several Pinus spp. Another researcher 

(Nageli, 1940) demonstrated for two distinct forest types that light levels in the 

understorey decrease as the growing season proceeds. In a 70 year-old spruce (Picea abies) 

stand at the end of April (spring) the light level was 8% of that in the open; by the end 

of May (early summer) it was 7%, and by September (late summer) it was 4%. Relative 

values for a deciduous hardwood stand were 51, 23 and 5%, respectively. However, these 

figures apply only to the visible range and do not take into account the infra-red 

radiation. 

Vezina (1961) examined total daily solar radiation (visible and infra-red) 

beneath three Norway spruce (Picea abies) stands in Switzerland, using an integrating 

pyranometer. Over a period of 18 weeks mean radiation under the three stands was found 

to be 2.4, 2.6 and 7.3% of that in the open. In a later study, using the same integrating 

pyranometer, Vezina and Pech (1964) measured daily solar radiation below three 

coniferous forests in Quebec. The results illustrate the effects of crown closure and the 

degree of cloudiness on the amount of solar radiation received in the understorey. The 

mean radiation below an unthinned Abies balsamea stand ranged from 5.9 to 7.6% of that 

in the open, compared with 8.7 to 10.7% for a heavily thinned stand of the same species 

(Vezina and Pech, 1964). They also found that relative radiation levels in the 

understorey were higher on overcast days than on sunny days. 

As discussed in Section 2.3, irradiance or light incident on the forest canopy is 

composed of two forms: direct-beam irradiance, and diffuse-sky irradiance. Because 

these two forms interact differently with vegetation elements (Fig. 2.4), it is necessary to 

treat them separately in field measurement. During the 1930's some researchers began to 

realise the importance of direct light (sunflecks) to forest processes in the understorey 

(eg. Evans, 1939). At the same time, a number of researchers chose to ignore sunflecks, 

concentrating exclusively on diffuse (shade) light in forests (eg. Atkins et al., 1937). This 

difference in approach continued through the 1940's and 1950's. 

Despite the necessary relative light measurements, early research provided 

valuable quantitative data on the contribution of sunflecks to the total light energy 

reaching the understoreys of tropical rainforests. Evans (1939) examined the daily 

march of intensity of light in the understorey of primary rainforest in Southern Nigeria 

and found that sunflecks were generally small in size and of lower intensity thim direct 

light in the open. In particular, he noted that 5% of the total number of observations 
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during the day were twice the mean intensity of shade light, and about 2% were five 

times shade intensity. He estimated that sunflecks contributed about 10% of the total 

light energy (irradiance) on the forest floor. However, in an adjacent 14-year old 

secondary forest, both the incidence of high intensity sunflecks and diffuse light 

intensity were lower than in the primary forest (Evans, 1939). 

Evans (1956) went on to develop the 'area-survey' technique for evaluating spatial 

distributions of sunfleck activity in forests. The technique was based on a continuous 

sampling of irradiance at points on a pre-determined grid within study plots. This 

permitted the evaluation of the areas of sun flecks of different intensity, as measured by 

a galvanometer connected to a photocell. The area scale was then converted to an 

appropriate time scale to estimate the incidence of sunflecks of different intensities over 

a typical day (Evans, 1956). 

Making use of the area-survey method in another Nigerian rainforest, Evans 

(1956) determined that sunflecks occupied 20 to 25% of the area on the forest floor at 

midday. From this he extrapolated that sunflecks contributed about 70% of the total 

irradiance reaching the forest floor over a three month period (January-March). Over 

the same period, unfiltered diffuse-sky irradiance represented about 17% of the total 

irradiance at the forest floor (Evans, 1956). 

Whitmore and Wong (1959) subsequently used Evans' area-survey apparatus to 

measure patterns of sunfleck and shadelight in a rainforest near Singapore. They 

estimated that over an entire year about 50% of the total light energy in the understorey 

was derived from sunflecks, and about 13% was unfiltered sky light. However, around 

the middle of the day under sunny conditions, sunflecks contributed about 65% of the total 

light energy at the forest floor (Whitmore and Wong, 1959). In a lowland rainforest in 

Ecuador, Grubb and Whitmore (1967) found that sunflecks contributed 60% of the light 

energy in the understorey on a sunny day. They also found that the frequency of sunflecks 

is higher around the middle of the day, as 70% of the light energy from 1000- to 1400-h 

was contributed by sunflecks. 

The percentage contribution of sunflecks to the total energy in the understorey of 

coniferous and temperate forests is slightly lower than figures published for tropical 

forests. On the floor of a 25-year-old Scots pine (Pinus sylvestrls) forest, Czarnowski and 

Sloma (1959) found that unintercepted direct light and scattered direct light made up not 

more than 50% of the total in the understorey. Reifsnyder et al. (1971) found that 

sunflecks accounted for 53% of the total solar radiation beneath a Pinus resinosa forest in 

Connecticut in summer. However, for an adjacent mixed deciduous forest sunflecks 

contributed only 21 % over the same period. On the other hand, Hutchison and Matt 

(1976, 1977) found that sunflecks contributed over 50% of the total irradiance in a 

Tennessee deciduous forest understorey during the summer. 
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Along with area-survey techniques and instantaneous sensor measurements, some 

researchers have made use of hemispherical (fish eye) photographs as a means of 

indirectly assessing light availability at the forest floor. By superimposing solar tracks 

over a fisheye photograph of a forest canopy, Evans and Coombe (1959) were able to 

predict the amount of direct light reaching the understorey at representative times of 

the year. Anderson (1964 a) was the first person to estimate quantitatively the direct 

and diffuse light components under forest canopies using fisheye photographs. She 

proposed a method for estimating the percentage of diffuse light under the canopy, 

relative to that in the open (the diffuse site factor). She also estimated the percentage 

of (potential) direct light under the canopy, relative to that in the open (the direct site 

factor). The total site factor was then determined by combining the diffuse and direct 

site factors for the site. The strengths and weaknesses of this technique are discussed in 

Chapter 6 (Section 6.3). 

Given the complexity of forest structure it is hardly surprising that diffuse and 

direct site factors are highly variable over space and time. In a deciduous forest near 

Cambridge, Anderson (1964 a) found large differences in diffuse and direct si te factors 

between summer (fully-leafed) and winter (leafless). In the understorey in summer, 

diffuse site factors ranged from 1.9 to 2.5%, and direct site factors from 0 to 3%. At the 

same sites in winter, diffuse site factors ranged from 28.7 to 30.2%, and direct site factors 

from 3 to 19%. It would appear that in general, a greater proportion of direct irradiance 

reaches the understorey of coniferous forests compared with deciduous forests in full-leaf. 

Anderson (1966) examined site factors in a Scots pine (Pinus sylvestris) stand and found an 

average diffuse site factor of 16.4%, while direct site factors ranged from 0% in January 

(mid-winter) to 30% in June and July (mid-summer). 

Site factors are very much dependent on canopy density and solar altitude. Diffuse 

site factors for an open eucalypt forest in south-east Australia ranged from 28 to 56% 

(Anderson, 1981), while at the other extreme, Bjorkman and Ludlow (1972) found a 

diffuse site factor of 1.5% for a deeply shaded subtropical rainforest understorey site in 

Queensland. In a tropical evergreen forest understorey in Hawaii, direct site factors 

ranged from 0 to 17% over a year, and were considerably less during the lower solar 

angles in the winter (Pearcy, 1983). 

Towards the end of the 1960's and into the 1970's there were several advances in 

technology which permitted more reliable measurement of radiant flux (irradiance) and 

photon flux in forests. Perhaps the greatest advance came in 1971 when Biggs et al. 

developed the quantum sensor which directly measures photon flux density in the 0.4-0.7 

~ range (refer to Section 2.1.2). Before this time, measurements were limited to either 

spectrally selective silicon photocells or spectrally non-selective pyranometers 

(radiometers). The main problem with the latter being their slow response times and 
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large receiving surfaces. On the other hand, quantum sensors have rapid response rates, 

are spectrally non-selective, and are sufficiently small to measure the photon flux 

density of small sunflecks. 

The first people to use a quantum sensor to measure absolute light intensities in a 

rainforest understorey were Bjorkman and Ludlow (1972). Based on measurements of 

photosynthetic photon flux density (PPFD) in a deeply shaded rainforest microsite in 

southeast Queensland, they found that sunflecks contributed about 62% of the daily 

PPFD in the understorey under sunny conditions. The flux density of sunflecks at their 

site reached a maximum of 350 Il mol m-2 s-l, equivalent to 20% of PPFD above the 

canopy, with most sunflecks lasting less than 2-min. In comparison, the radiant flux 

density (irradiance) at the same micro-site reached a maximum of 50 W m-2, equivalent 

to 7% of the irradiance above the canopy. During overcast conditions PPFD and 

irradiance reached a maximum of 151l mol m-2 s-l and 23 W m-2, respectively. The lower 

flux density of irradiance during sunny conditions may be attributed to the larger 

receiving surface and slow response rate of the pyranometer used to measure irradiance. 

This has the effect of averaging sunflecks and the areas of shade surrounding them, 

while the quantum sensor is small enough to measure the photon flux density of 

individual sunflecks. 

Their pioneering study also demonstrated that more irradiance than PPFD 

penetrates through a rainforest canopy under both sunny and cloudy conditions. Under 

sunny conditions total irradiance in the understorey represented about 2.5% of that above 

the canopy, compared with 0.4% for PPFD. Likewise under overcast conditions, the 

relative values were 3.2% and 1.1 %, respectively. 

Subsequently, several other researchers have measured PPFD in rainforest 

understoreys using quantum sensors. Pearcy (1983) analysed the light environment in the 

understorey of an evergreen forest in Hawaii. Over a period of about five weeks in 

summer, he found that sunflecks contributed about 40% of the total PPFD in the 

understorey. However, on relatively clear days, sunflecks contributed as much as 80% of 

daily total PPFD in the understorey. These data confirm earlier measurements of 

sunflecks made using Evans' area survey apparatus, showing how they contributed 50 to 

70% of the total light energy in tropical rainforest understoreys (Evans, 1956; Whitmore 

and Wong, 1959; Grubb and Whitmore, 1967). 

Pearcy (1983) estimated that over the five week period, total PPFD in the 

understorey represented about 2.4% of that above the canopy which is somewhat higher 

than the very low values given by Bjorkman and Ludlow (1972) for sunny and overcast 

conditions. In the Hawaiian forest understorey, Pearcy (1983) found that the photon flux 

density of most sunflecks peaked somewhere over 250 Il mol m-2 s-l, but two-thirds of all 

sunflecks lasted less than 3D-sec. Over the five week period diffuse PPFD ranged from 10 
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to 30 Il mol m-2 s-l, again much higher than values of 2 to 15 Il.mol m-2 s-l reported by 

Bjorkman and Ludlow (1972) for their understorey site. Daily PPFD in the Hawaiian 

forest understorey ranged from 0.55 to 1.38 mol m-2 (Pearcy, 1983) compared with 0.21 mol 

m-2 in the Queensland rainforest understorey (Bjorkman and Ludlow, 1972). A recent 

study has shown that 0.20 mol m-2 is close to the minimum daily total required for 

positive carbon gain in several understorey palm species (Chazdon, 1986). The 

photosynthetic characteristics of understorey rainforest plants will be discussed in 

Section 2.5.3.2. 

Perhaps the most important conclusion to be drawn from Pearcy's study is that the 

number of minutes of sunflecks received per day at any site in the understorey of 

rainforests is highly variable, depending on cloudiness and overstorey canopy structure. 

For example, on a relatively clear day he found a 10-fold difference in the number of 

minutes of sunflecks observed among nine sample sites (Pearcy, 1983). 

In the understorey of a Costa Rican rainforest, readings of PPFD during sunflecks 

were generally between 100 and 500 Il mol m-2 s-l, but over 70% of all PPFDs (averaged 

over 10-min) were below 10 Il mol m-2 s-1 (Chazdon and Fetcher, 1984). During the wet 

season daily PPFD ranged from 0.23 to 0.55 mol m-2, compared with 0.18 to 0.50 mol m-2 in 

the dry, representing for both seasons about 1 to 2% of the total PPFD above the forest 

(Chazdon and Fetcher, 1984). Like Bjorkman and Ludlow (1972), they found that the 

percentage of available PPFD reaching the understorey is higher on overcast days. 

Measurements by Chazdon (1986) in the understorey of the same Costa Rican 

rainforest, indicated that sunflecks contributed from 10 to 78% of daily total PPFD on 

clear days. However, the relative proportion of daily PPFD contributed by sunflecks 

increased as the PPFD of background diffuse radiation decreased. In close agreement 

with the earlier study (Chazdon and Fetcher, 1984), more than 80% of readings in the 

understorey (averaged over 5-min) were below 10 Il mol m-2 s-l, and median daily total 

PPFD ranged from 0.26 to 0.33 mol m-2(Chazdon, 1986). In the understorey diffuse PPFD 

never exceeded 20 Il mol m-2 s-1 (Chazdon, 1986), which is within the range found by 

Pearcy (1983) for the Hawaiian forest understorey. 

Detailed evaluations of rainforest understorey light environments have since been 

completed by a number of researchers throughout the tropics. In a northeast Queensland 

rainforest understorey, Pearcy (1987, 1988) found a two-fold variation in daily PPFD and 

the number of sunflecks among sites only 0.5 metres apart. Within a 5 metre radius, daily 

total PPFD ranged from 0.47 to 1.5 mol m-2, with the contribution from sunflecks ranging 

from 12 to 65% (mean = 38%). This mean is quite low compared with the other tropical 

rainforests described above, and he attributed this result to the open-nature of the 

canopy and the cloudy trade-wind coast climate. However, except during sunflecks, 

PPFD was generally between 10 and 20 Il mol m-2 s-l (Pearcy, 1987), which is similar to 
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diffuse PPFDs reported for other tropical rainforests. It would seem, therefore, that 

cloudiness is the main reason for the low frequency of sunflecks experienced at this site. 

Pearcy (1987, 1988) found that most sunflecks were less than 250 ~ mol m-2 s-l, and only 

1 % exceeded 1200 ~ mol m-2 s-l. Daily total PPFD in the understorey was about 3% of 

that at the top of the canopy (Pearcy, 1987, 1988), which is similar to the Hawaiian 

rainforest (2.4%; Pearcy, 1983), but somewhat higher than the southeast Queensland 

rainforest (0.4-1.1%; Bjorkman and Ludlow, 1972) and Costa Rican rainforest (1-2%; 

Chazdon and Fetcher, 1984). 

Lee (1987) examined understorey light availability at two rainforest sites in 

Central America, La Selva in Costa Rica and Barro Colorado Island in Panama. In the 

shade mean diffuse PPFDs were 11.4 ~mol m-2 s-l and 18.7 ~ mol m-2 s-l at the two sites, 

respectively. Sunflecks at the two sites exhibited large ranges: 24.2-468.8 ~ mol m-2 s-l 

at La Selva, and 17.0-307.2 ~ mol m-2 s-l at Barro Colorado Island (Lee, 1987). These 

results compare well with the studies cited above. Lee (1989) also measured light 

availability within a tropical moist deciduous forest in India, with particular emphasis 

on pre- and post-monsoon light environments. In March (pre-monsoon), mean daily PPFD 

for six understorey sites was 25.3 mol m-2, compared with 3.6 mol m-2 in November (post

monsoon). In March all PPFDs, with the exception of very early and late hours, were 

greater than 80 ~ mol m-2 s-l. However in November, sunflecks, on average, represented 

44% of the total PPFD in the understorey over a full day (Lee, 1989). This study also 

emphasises the extreme differences in the mid-day PPFDs experienced in the 

understorey during March (leafless) and November (fully-leafed): the mean PPFD and 

its standard deviation for March was 175±171 ~ mol m-2 s-l, and for November it was 

1068±249 ~mol m-2 s-l. 

Some researchers have examined the spatial distribution of PPFD among leaves 

within understorey plants using leaf-mounted sensors and estimates from fisheye 

photographs. In a Mexican rainforest, mean sunfleck duration (defined as intensities 

greater than 50 ~ mol m-2 s-l) over a full day ranged from 0- to 42-min among 16 leaves 

within the same understorey plant (Chazdon et al., 1988). They also measured mean 

minutes of sunflecks per day in four understorey plants and found values ranged from 4- to 

22-min per day. In comparison, potential sunfleck duration for the same plants, 

estimated from fisheye photographs, ranged from 11- to 64-min (Chazdon et al., 1988). 

Crown light environments experienced by saplings of two rainforest canopy tree 

species, one shade-intolerant (Dipteryx panamensis) and one shade-tolerant (Lecythis 

ampla), were examined by Oberbauer et al. (1988) in a Costa Rican rainforest 

understorey. Quantum sensors were placed throughout the crowns of both saplings which 

were up to 2.5 metres tall. The shade-intolerant species had total PPFDs 35% larger 

than those of the shade-tolerant species, but daily total PPFD for both species was less 
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than 2% of that above the forest. In close agreement with other researchers (eg. 

Chazdon and Fetcher, 1984; Pearcy, 1987,1988) more than 90% of PPFDs measured within 

the crowns of both saplings in the understorey were less than 25 Jl mol m-2 s-l. For both 

species, total sunfleck exposure per day averaged 18- to 20-min (Oberbauer et ai., 1988). 

Thus far, little mention has been made about absolute PPFDs in temperate 

broadleaf and coniferous forests. It would appear that broadleaf forests in summer (full 

leaf) experience similar understorey PPFDs to tropical rainforests. Weber et ai. (1985) 

found that 45 to 55% of daily total PPFD in the understorey of a Michigan hardwood 

forest in summer was contributed by sunflecks exceeding 100 Jl mol m-2 s-l. They also found 

that PPFDs were below 50 Jl mol m-2 s-l for more than 75% of the time (Weber et ai., 

1985). In comparison, Powles and Bjorkman (1981) examined PPFD in the understorey of a 

Californian redwood forest. In a deep shade site they found little sunfleck activity with 

daily total PPFD being only 0.73 mol m-2. However, in several red fir (Abies magnifica) 

forests, Us tin et al. (1984) noted considerable variability in sunfleck activity among 

understorey sites over a six week period. Mean daytime PPFD from 0600- to 1800-h was 

consistently greater on study plots with few seedlings, averaging 311 Il mol m-2 s-l over 

the measurement period, which was 2.1 times that for study plots with many seedlings. 

The frequency of PPFD readings below 75 Jl mol m-2 s-l did not vary significantly among 

study plots, but the frequency of readings above 1025 Jl mol m-2 s-l varied 3.5-fold. Along 

a line transect sunflecks rarely occurred before 0900-h and after 160O-h. However, in 

between those times sunfleck intensities varied from a low of 31 Il mol m-2 s-l to a high of 

624 Jl mol m-2 s-l (Ustin et al., 1984). 

As stated earlier, Bjorkman and Ludlow (1972) were the first researchers to 

measure the absolute flux density of irradiance (energy or radiant flux) in a rainforest 

understorey. Since that time, only a very limited body of knowledge has been gained 

about irradiance (energy flux) in tropical rainforests. Shuttleworth et al. (1984a) 

examined irradiance over a six day period at one site below an Amazonian rainforest 

canopy, near Manaus. Their paper is therefore restricted to an evaluation of the 

temporal variability of irradiance at one point on the forest floor. They found that 

irradiance reaches a peak before midday, probably because of sunlight penetration at 

low solar angles, while a second peak in the afternoon does not occur because of cloudiness 

(Shuttleworth et al., 1984a). A more likely explanation for the pre-midday peak would 

be the structure of the overstorey above the sensor. This highlights the problem of only 

measuring irradiance at one site in a complex forest ecosystem. Over the six day 

measurement period, the mean percentage of irradiance in the understorey, relative to 

that above the canopy, was 1.2%; this represents a mean radiant flux of about 4 W m-2. 

Because their paper only presents hourly means it is not possible to extract information 



52 

about the radiant flux density of sunflecks. However, the standard deviation error bars 

indicate quite low variability at the one understorey site over the six days. 

Ghuman and Lal (1987) also measured irradiance at one site in the understorey of a 

Nigerian rainforest. On average, 0.34 MJ m-2 per day was received in the understorey 

over two dry seasons, representing about 3% of that measured in a nearby clearing. On a 

clear day, radiant flux densities reached a maximum of 58 W m-2 in the understorey 

(averaged out over I-min). In comparison, on a cloudy day flux densities did not exceed 20 

W m-2 (Ghuman and Lal, 1987). 

In a more comprehensive study, Lee (1987) examined the distribution of irradiance 

within Costa Rican and Panamanian rainforests. In the shaded understorey, irradiance 

ranged from 5.1 to 30.1 W m-2 (mean=13.3 W m-2) in the Costa Rican forest and from 7.1 to 

43.0 W m-2 (mean=21.3 W m-2) in the Panamanian forest. Radiant flux densities for 

sunflecks in the understorey were 15.6 to 171.2 W m-2 (mean=61.2 W m-2) and 16.8 to 142.5 

W m-2 (mean=66.7 W m-2), respectively. Like Bjorkman and Ludlow (1972), Lee (1987) 

found a higher transmission for irradiance than PPFD. For both forests combined, mean 

irradiance in the shaded understorey represented about 3.4% of that above the canopy. 

This compares with 1.2% for PPFD. The mean irradiance to PPFD ratio in the shaded 

understorey of 0.17 (Lee, 1987) is similar to that measured by Bjorkman and Ludlow (1972) 

for a shaded understorey site in southeast Queensland, of 0.19. Typically irradiance to 

PPFD ratios above the forest are within the range of 0.49 to 0.57 (Lee, 1987). 

It is evident that there is a lack of quantitative data on the temporal and spatial 

variability of irradiance (radiant flux) within tropical rainforest understoreys. This is 

rather surprising given the considerable amount of research on PPFDs in rainforest 

understoreys, as reviewed above. To date most research on the availability of irradiance 

beneath forests has been conducted in temperate broad leaf and coniferous forests. The 

most notable studies will be reviewed here and also in the section on canopy light 

environments. 

Gay et al. (1971) examined solar radiation variability on the floor of a pine (Pinus 

taeda) plantation in North Carolina. Using five pyranometers spaced in a 'grid', with 

about 8 metres between sample points, they attempted to assess spatial as well as 

temporal variability in irradiance across the forest floor. The grid was randomly moved 

to establish a new plot every other day during an 8-day sampling period in autumn. 

Data were recorded at 5-min intervals, thus providing instantaneous observations from 

the five pyranometers and a tower-mounted pyranometer placed to sense irradiance 

above the forest. Over a cloudless 8-hr day, at one point on the forest floor, the total 

irradiance was 2.85 MJ m-2, representing about 17% of that incident above the forest over 

the same interval. Diffuse irradiance was estimated to be 1.3 MJ m-2 per day or 46% of 

the transmitted total. The range of flux densities of sunflecks at the forest floor was 70 to 
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540 W m-2, with most sunflecks attaining 200 W m-2. The main conclusion of their paper 

is that observations from a single pyranometer (sensor) would be inadequate to 

characterise the total irradiance on the floor of a pine forest. They recommend at least 

five pyranometers for a study seeking to define means of transmitted irradiance over 

periods of less than a day in length (Gay et ai, 1971). 

Perhaps the most important piece of research to be published on the subject of 

spatial and temporal variability of irradiance beneath forest canopies is that of 

Reifsnyder et ai. (1971). While their paper is primarily a technique paper, it does 

include some useful results of measurements of irradiance beneath a red pine (Pinus 

resinosa) forest and a mixed deciduous hardwood forest. Both forests are located in New 

Haven, Connecticut. Within each forest, pyranometers were exposed in pairs just above 

the forest floor, with one of each pair being shielded from the direct rays of the sun by 

means of a shadow band. Their study is probably the first to actually separate the direct 

and diffuse radiation components in field measurement. These components were measured 

at 15 randomly distributed locations across the floor of each forest. Measurements were 

made in late summer when the hardwood forest was in full-leaf. Over a 12-hr period, 

centred around local noon, mean direct irradiance (sunflecks) beneath the hardwood 

forest was 55 W m-2, while diffuse irradiance was only 24 W m-2. In comparison, beneath 

the pine forest the mean flux density for direct was 142 W m-2 and diffuse, 68 W m-2. 

One of the main aims of their paper was to determine statistical guidelines for the 

measurement of irradiance beneath forest canopies (Reifsnyder et ai., 1971). To this end, 

they suggest the number of sensors required to measure below-canopy direct and diffuse 

irradiance with a standard error of the mean of 10 milli Langleys per min (± 7 W m-2). 

For instantaneous measurements of direct irradiance beneath a red pine forest at least 412 

sensors would be required for the direct component, and two for the diffuse component. In 

comparison, only 18 are required for measuring direct irradiance beneath a hardwood 

forest, and two for diffuse irradiance. Over a I-h averaging period, 234 sensors are 

needed for measurement of direct irradiance beneath a red pine forest, and only eight 

beneath a hardwood forest. Clearly, the greatest variability occurs beneath pine forests 

and this challenges the suggestion of five pyranometers for averaging periods of less· 

than one day recommended by Gay et ai. (1971). 

In summary, it would appear that both PPFD and irradiance within forest 

understoreys are highly variable over time and space. Total PPFD in the understorey of 

most tropical rainforests is 0.5 to 3% of that above the forest, with total irradiance 

(radiant flux) being slightly higher at 1 to 5%. A few generalisations can also be made 

with respect to the duration and intensity of sunflecks in tropical rainforests. Most 

sunflecks last less than 2-min and their intensity varies from 50 to 500 Il rrd rrf2 s-1, 

depending on sky conditions and overstorey canopy structure. On the other hand, diffuse 
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irradiance and PPFD are considerably more uniform over time and space. In most 

understoreys sunflecks appear to contribute 40 to 80% of the daily total PPFD under sunny 

conditions, yet their duration often totals less than 30-min per day. There is little doubt 

that sunflecks are important to the energy and carbon balances of understorey plants and 

research on this subject will be reviewed later. 

(2) Gap Li~ht Environments 

Most research on light environments within forests has examined light availability in 

the heavily-shaded understorey, with only a limited number studies measuring light in 

gaps and small clearings. As reviewed in Section 2.5.1.2, tree fall gaps are regarded as 

being central to the function and structure of tropical rainforests. In response to this 

evidence, a few researchers have begun to examine light environments in treefall gaps of 

varying sizes and configurations. 

It is somewhat of a puzzle why earlier researchers neglected to quantify light 

availability in treefall gaps. An explanation could be the practice of either measuring 

sunflecks or shade light in the closed understorey, and perhaps an assumption that gaps 

had similar light climates to those in the open. Whatever the reason, the first detailed 

study of gap light environments in a tropical rainforest was that of Chazdon and Fetcher 

(1984) in Costa Rica. They examined PPFD in a 0.5 ha clearing, a 400 m2 gap, a 200 m2 

gap, and in the adjacent understorey. The results of the latter have already been 

discussed in the previous section, but will be referred to here for comparative purposes. 

Median PPFDs for combined wet and dry season measurements were 6.54 j.l. mol m-2 s-l in 

the understorey, 59.3 j.l. mol m-2 s-l in the 200 m2 gap, 147.5 j.l. mol m-2 s-l in the 400 m2 gap, 

and 586.5 j.l. mol m-2 s-l in the large clearing. This represents a daily median of 0.3, 2.6, 

6.4, and 25.4 mol m-2 per day, respectively. Daily total PPFD in the understorey, 200 m2 

gap, and 400 m2 gap were 1-2%, 9%, and 20-35%, respectively, of total PPFD in the 

clearing during both seasons. On a clear day, PPFD in the clearing exceeded 1000 j.l.rrd rrf2 

s-l for about 5-hours, while in the large gap (400 m2), the period of direct PPFD 

represented only 2-h. In the small gap (200 m2) relatively little direct PPFD reached 

the forest floor with flux densities rarely exceeding 200 j.l. mol m-2 s-l (Chazdon and 

Fetcher, 1984). Their paper also demonstrates important differences in the frequency 

distribution of 10-min averages for PPFD in the four micro-environments. Typically, in 

the clearing, most PPFDs were greater than 500 j.l. mol m-2 s-l; in the 400 m2 gap, most 

PPFDs were between 100 and 500 j.l. mol m-2 s-l; in the 200 m2 gap, PPFDs were evenly 

distributed among several class intervals, notably 25-50 j.l. mol m-2 s-l, 50-100 j.l.rrd m-2 s-l, 

and 100-500 j.l. mol m-2 s-l; and in the understorey, over 70% of the PPFDs were below 10 j.l. 

molm-2 s-1. 
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In the same Costa Rican forest, Chazdon (1986) examined PPFD in the centre, edge, 

and adjacent understorey of three treefall gaps. The gaps were less than one year old 

when measurements were takeri. In agreement with the other study (Chazdon and 

Fetcher, 1984), median daily PPFD was found to increase with gap size. Daily PPFD in a 

150 m2 gap was 2.86 mol m-2 compared with 5.79 mol m-2 in the centre of a 400m2 gap 

(Chazdon, 1986). Median daily PPFDs at the edges of gaps ranged from 1 to 1.5 mol m-2, 

compared with 0.33 mol m-2 per day in the adjacent understorey. 

The frequency distribution of 5-min average PPFD readings in the same forest, 

illustrate important differences among micro-environments. More than 80% of the PPFDs 

in the understorey were less than 10 /J. mol m-2 s-l; in comparison 30% of the PPFDs in the 

centre of the 150 m2 gap were between 50 and 100 /J. mol m-2 s-l, and along the gap edge, 

the majority of PPFDs were between 20 and 50 /J. mol m-2 s-l (Chazdon, 1986). In 

particular, it was found that in the gap-edge site diffuse PPFD was higher than in the 

adjacent understorey, but direct PPFD was lower than in the centre of the 150 m2 gap. 

Pearcy (1987) measured PPFD in a 300 m2 treefall gap within an upland rainforest 

in northeast Queensland. On a mostly sunny day in October, PPFD in the gap reached a 

maximum of 2000 /J. mol m-2 s-l between 1130- and 1300-h, when direct sunlight penetrated 

through the canopy opening. Daily total PPFD was 12.6 mol m-2, representing 36.5% of 

that above the forest. This compares with only 1.17 mol m-2 per day (or 3.4% full sun) in 

the adjacent understorey over the same period. Outside the midday period of almost full 

sunlight, PPFDs in the gap varied in much the same way as the understorey, except for 

the higher background diffuse radiation. Sun flecks ranged from 100 to 800 /J. mol m-2 s-l, 

with most being less than 250 /J. mol m-2 s-l (Pearcy, 1987). 

Lee (1987) presents PPFD and radiant flux density (irradiance) data for treefall 

gaps in two neotropical rainforests - La Selva in Costa Rica and Barro Colorado Island in 

Panama. Unfortunately, he does not describe the size of the gaps which· makes it 

difficult to put his data into context. Nonetheless, the results provide a valuable insight 

into gap light environments. PPFD within forest gaps at La Selva ranged from 44.4 to 

1603.0 /J. mol m-2 s-l (mean=368.0 /J. mol m-2 s-l) and from 347.0 to 1730.0 /J. mol m-2s-1 

(mean=994.8 /J. mol m-2 s-l) at Barro Colorado Island (Lee, 1987). In comparison, 

irradiance ranged from 29.5 to 770.0 W m-2 (mean=175.1 W m-2) and from 158.6 to 702.0 W 

m-2 (mean 192.3 W m-2) at the two forest sites, respectively. 

Overall, about 32% of the PPFD above the canopy reached the centre of the gaps in 

the Costa Rican rainforest, compared with about 70% in the Panamanian forest (Lee, 

1987). Relative irradiance levels for the same forest sites were 37.5% and 75.5%, 

respectively. These results, therefore, confirm the fact that the percentage of irradiance 

beneath forests is always higher than the percentage of PPFD, although differences are 
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less marked in gaps than those found in the understorey of both forests: La Selva, PPFD 

1.0%, irradiance 2.8%; Barro Colorado Island, PPFD 1.3%, irradiance 3.8% (Lee, 1987). 

In a lowland rainforest in Sumatra, Torquebiau (1988) monitored PPFD over a two 

day period in the centre of a 320 m2 treefall gap and in the transition zone between the 

gap and the shaded understorey. Mean PPFDs in the gap centre, transition zone, and 

understorey were 167.7,25.3, and 6.9 J..L mol m-2 s-l, respectively. The mean daily totals at 

the respective sites were 7.2, 1.1, and 0.3 mol m-2 . The mean daily totals for the three 

micro-environments compare well with similar locations in the Costa Rican rainforest, 

already described (Chazdon and Fetcher, 1984; Chazdon, 1986). 

Working in a lowland dipterocarp forest in Malaysia, Raich (1989) monitored 

PPFD for almost one year in two gaps (100 m2 and 15 m2) and the adjacent understorey. 

He used line quantum sensors which provide a spatially and temporally integrated 

measure of the total incident PPFD. From March 1985 to January 1986, mean daily PPFD 

in the open was 31.3 mol m-2, with no apparent seasonal variation. Over the period of 

investigation, mean PPFD in the understorey, 15 m2 gap and 100 m2 gap, averaged 1.9,8.3 

and 37%, respectively, of the mean PPFD in the open (Raich, 1989). 

In the same paper, Raich (1989) presents a linear correlation between canopy 

coverage, as measured with a spherical densiometer, and mean daily PPFD. The 

relationship is as follows: 

PPFD = -23 C + 30, (r2 = 95.0%, P < 0.02), 

where PPFD is given in mol m-2 per day, and C is the arcsine transformation of canopy 

coverage, expressed as a proportion, in radians (Raich, 1989). He suggests that useful 

comparisons of light environments in different locations within a forest can be obtained 

by measuring canopy coverage alone, but cautions the use of the above regression equation 

as a means of predicting PPFD in other forests. 

Barton et al. (1989) emphasise the fact that apart from one other researcher 

(Minckler, 1961), there are no studies examining light availability over a representative 

range of gap sizes, including large and the more common small gaps. With this aim in 

mind, they present total daily PPFD data for seven consecutive days for the centre of six 

tree fall gaps and a large human-made clearing in a Costa Rican rainforest. The gap sizes 

were as follows: 71,86,96,268,424 and 615 m2. Four integrating quantum sensors were 

placed in the centre of each gap, from which daily averages were then derived. Mean 

daily PPFD ranged from 1.92 mol m-2 in the 96 m2 gap to 10.63 mol m-2 in the 615 m2 gap, 

to 30.81 mol m-2 in the large clearing (Barton et al., 1989). More importantly, they found 

a strongly significant linear relationship between gap size and daily PPFD (F-test, P < 

0.0001), and conclude that gap size may be a good predictor of the spatial distribution of 
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plant species that normally regenerate within a narrow range of light availability. 

Once again, their result is limited to the forest where the data was collected. As stated 

earlier, the size of gaps is only one of many factors controlling light availability within 

treefall gaps. 

In summary, unlike understoreys, it is difficult to compare light measurements 

among treefall gaps because of the pronounced effects of factors such as latitude, time of 

year, topography and forest height. It is also evident from the literature review, that 

there is a shortage of research on light environments in tropical rainforest gaps, 

particularly measurements of radiant flux density (irradiance). While there is 

increasing knowledge about PPFDs in treefall gaps of varying sizes, there is still a need 

for more research into within-gap light availability.- The fact that most treefall gaps 

are elliptical in shape emphasises the need for quantification of PPFD and irradiance 

levels at representative times of the year at different positions within gaps. 

On the theoretical side, it has already been mooted that a universal model for the 

estimation of light regimes in forest gaps and clearings, that incorporates gap size, forest 

height, slope angle and aspect, sky conditions, and daily and seasonal variation in the 

position of the sun, would greatly benefit other studies concerned with ecophysiology and 

dynamics of rainforest vegetation. 

(3) Canopy Light Environments 

Over the years a number of researchers have measured the penetration or transmission of 

light through forest canopies. As stated previously, these early investigations were 

made with spectrally selective photocells and thus only relative light intensities could 

be measured. One of the earliest detailed studies was that of Trapp (1938) who 

measured light in the interior of a dense 120-150 year old beech (Fagus sylvatica) stand. 

His study demonstrated that about 80% of the light on an overcast day and more than 

90% on a sunny day was intercepted in the top 10 m of the 30 m tall forest. Similar results 

were reported by Atkins (1957) in a red pine (Pinus resinosa) forest, and by Miller (1959), 

who measured the penetration of solar radiation as a function of stem density and canopy 

closure in a number of forest types. These studies also showed that light intensity 

decreases rapidly from the top of the forest canopy to base of the living crown, after 

which it decreases less rapidly through the trunk space. 

In a more recent study, Turton (1985) examined the relative distribution of light 

within four tree canopies in New Zealand. Using ammonia diazo paper sensors, exposed 

over weekly periods, he found that two coniferous tree species (Larix decidua and Pinus 

contorta) experienced a logarithmically linear (exponential) decline in light through 

their canopies, while another coniferous species (Pseudotsuga menziesii) and a broadleaf 
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species (Nothofagus soiandri) experienced a logarithmically non-linear decline in light 

through their canopies. The mean distances from the top of the canopy to where the 

relative light level was 5% of that in the open were 4.7 m in L. decidua, 4.3 m in P. 

contorta, 1.6 m in Ps. menziesii, and 1.5 m in N. soiandri. In the same study, he reported a 

marked seasonal change in the transmission of light through the L. decidua canopy due 

to its deciduous habit. In February (late summer), relative light levels in the upper, 

middle and lower crown were: 23, 10, and 5.2%, respectively. At the same crown 

positions in May (early winter), respective values were: 42.8, 24.0, and 21.6% (Turton, 

1985). However, light attenuation changes in the other evergreen tree species over the 5-

month period were found to be insignificant. 

A few researchers have measured relative light intensity at different heights 

within tropical rainforests and the patterns observed are quite different to those found in 

mono-layered forests. In a Panamanian rainforest, Allee (1926) was probably the first to 

show an abrupt rise in light intensity between the lower tree tops and the upper canopy. 

This corresponds with the A stratum shown in Fig. 2.11. Similarly, in a Brazilian 

rainforest, Ashton (1958) found that light received at the forest floor was controlled by 

the dense second storey or B stratum and was influenced little by the upper or lower 

strata. 

Cachan and Duval (1963) also examined vertical light gradients of illuminance in 

an entire profile of a tropical rainforest in West Africa. Using a steel tower they were 

able to measure the light intensity from the top of the emergent trees down to the forest 

floor. Light intensity was measured above the forest (46 m), at the top of the B stratum 

(33 m), and at the forest floor (1 m). At selected times of the day and year, relative 

illuminance at 33 m averaged 24.6% of that above the forest, declining to less than 1 % 

full sun at 1 m (Cachan and Duval, 1963). 

In a more detailed study, Yoda (1974) found a similar vertical light penetration 

profile through an undisturbed West Malaysian rainforest. Although he presents 

absolute photosynthetically active radiation (PAR) measurements in his paper, the 

sensors used were spectrally selective selenium photocells, and for this reason, only 

relative light intensities should be discussed. The vertical structure of the forest is very 

similar to the profile diagram shown in Fig. 2.11. Light decreased exponentially with 

decreasing height in each of the four layers between 0 m and 4 m (E stratum), 4 m to 32 m 

(0 and C strata), 32 m and 48 m (B stratum) and over 48 m (A stratum) above the ground. 

Mean light values relative to those above the forest for the four layers were: B stratum, 

30%; 0 and C strata, 1%; and E stratum, 0.4% (Yoda, 1974). 

Aoki et ai. (1975) examined the vertical transmission of irradiance through the 

same West Malaysian rainforest. Irradiance was measured at six levels within the 

canopy and at one level above the forest. Over a five day period, they found 50% of 
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incoming irradiance was attenuated in the upper 5 m layer. of the 48 m tall forest; 

relative values were 48% at 40 m, 36% at 30 m, 18% at 20 m, 15% at 10 m, and 3% at the 

forest floor. Their profile was similar to that measured by Yoda (1974). In particular, it 

showed a relatively small decrease in irradiance between 30 to 40 m and 10 to 20 m above 

the ground, corresponding with small leaf area densities in these layers (Aoki et al., 

1975). However, not all tropical rainforests exhibit such a vertical light penetration 

profile. In an upper montane rainforest in Jamaica, Aylett (1985) found irradiance 

declined exponentially through the entire canopy at two contrasting times of the year. 

Relative levels of irradiance in the 12 m tall forest were 50% at 10 m, 10% at 5 m, and 5% 

at the forest floor. 

Absolute measurements of irradiance and PPFD within forest canopies have been 

made by a number of researchers in both temperate and tropical forests. The most 

comprehensive research to-date is that of Hutchison and Matt (1976, 1977) and 

Baldocchi et al. (1984 a, b, 1986) in a Tennessee oak-hickory (deciduous) forest. 

In the initial study (Hutchison and Matt, 1976, 1977), solar radiation was 

measured over a 2-year period within and above the deciduous forest using spectrally 

non-selective pyranometers. Their research had two main aims: (1) to illustrate the 

effects of the earth's daily rotation upon forest radiation regimes; and (2) to illustrate 

the effects of seasonal changes in sun-earth geometry and of phenological changes in 

forest structure. To achieve these aims, they measured direct and diffuse irradiance 

separately at three levels in the forest. Replicate sensors were used for both components 

to reduce likely spatial errors. Sensors were mounted at four different levels: 30 m 

(above the forest), 16 m, 3 m, and ground level. Solar radiation budgets were 

approximated for the above forest and three forest levels for the winter (leafless), spring 

(leafless), summer (fully-leafed) and autumn (fully-leafed) forest phenoseasons. It was 

found that direct-beam irradiance dominates these budgets throughout the year and 

varies directly with solar altitude. In the winter phenoseason, direct irradiance at 30 m, 

16 m, 3 m, and ground level at solar noon was 587, 280,157, and 130 W m-2, respectively. In 

early autumn, the phenoseason of minimal beam penetration, solar noon irradiance at the 

same positions was 682, 93, 45, and 21 W m-2, respectively (Hutchison and Matt, 1976). 

Thus, the greatest attenuation of direct-beam irradiance occurred in the overstorey 

canopy in all phenoseasons with decreasing attenuation in the lower forest strata. On 

the other hand, they found that diffuse irradiance was less attenuated by the forest 

biomass and its attenuation was more uniform throughout the leafless forest than the 

direct component (Hutchison and Matt, 1977). However, in the fully-leafed forest the 

attenuation of diffuse irradiance was greatest in the overstorey canopy as well. 

Furthermore, their study found that beam enrichment of diffuse irradiance, due to 

scattering within the forest, was also very dependent upon solar altitude and canopy 
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biomass density. Maximum beam enrichment occurred in summer with the high solar 

angles of that season and the fully-leafed forest, while minimum enrichment occurred in 

the leafless winter forest when solar angles are lowest and canopy biomass density is 

minimal (Hutchison and Matt, 1976, 1977). 

Subsequently, Baldocchi et al. (1984 a, b) have continued research in the same 

forest with the objective of measuring within-canopy vertical profiles of total (1), direct 

(Ib), and diffuse (Id) shortwave radiation, net radiation (Rn) and photosynthetic photon 

flux density (PPFD) during the fully-leafed and leafless phases. Radiation 

measurements were made with instruments mounted on a moving tram system at seven 

levels within, and at one level above the canopy. This technique considers only the 

combined temporal and spatial variation in the radiation, but is very useful for obtaining 

data on vertical penetration profiles for these components. Vertical profiles of these 

radiation components were then quantified using extinction coefficients based on the 

Beer-Bouguer Law (Eqns. 2.3.5 and 2.4.3). Eqn. 2.4.3 may be re-defined as follows: 

I =1 exp-KL 
L 0 ' 

(2.5.1) 

where IL is the flux density of a given radiation component below a cumulative plant 

area (or leaf area) index, L; 10 is the radiation flux density incident upon the canopy, 

and K is the extinction coefficient for the radiation component of interest. Values of K 

decrease as the canopy's ability to attenuate radiation decreases (Fig. 2.9). Eqn. 2.5.1 

may then be re-arranged to solve for K 

(2.5.2) 

and for L 

(2.5.3) 

According to Reifsnyder et al. (1971), K values for light penetration are different 

in kind for pine and hardwood canopies. In pine, an exponential decline is appropriate, 

while in hardwood, a constant-law ratio is applicable. However, Baldocchi et al. (1984 

a) question the applicability of the constant-law ratio in the case of their hardwood 

(oak-hickory) forest. During the fully-leafed phenoseason, they plotted (I110) against 

cumulative L, as in Fig. 2.9, and found the solar radiation components were attenuated 

exponentially in the following order: PPFD > Rn "" 1 > all wave radiation. At the time of 

measurement, the plant area index (L) was 5.5 m2 m-2. Mean K values for PPFD, Rn, 1 and 

allwave radiation were 0.655, 0.536, 0.506 and 0.115, respectively (Baldocchi et al., 1984 
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a). PPFD attenuation was greater than that for the other components because leaves 

preferentially absorb photosynthetically active wavelengths (Fig. 2.10). Conversely, 

allwave radiation (0.30-100.0 llm) has a very low extinction coefficient because a 

substantial proportion of this radiation component consists of incoming longwave 

radiation, which is not attenuated by the canopy because the leaves are almost black 

bodies (Baldocchi et al., 1984 a). This near-black body characteristic of leaves also 

explains why K values for total shortwave radiation (1) and net radiation (Rn) are 

almost identical; only the shortwave component of Rn is significantly attenuated by the 

fully-leafed canopy. 

In comparison, during the leafless phenoseason, the solar radiation components 

were attenuated exponentially in the following order: Rn > I '" PPFD > all wave 

radiation. At the time of measurement, the plant area index (L) was only 0.6 m2 m-2. 

Mean K values for Rn, I, PPFD and all wave radiation were 1.75, 1.12, 1.06 and 0.15, 

respectively (Baldocchi et al. 1984 a). They attribute the greater attenuation of Rn than 

I, at this time, to the fact that the leafless forest does not trap reflected and radiated 

energy as efficiently as its fully-leafed counterpart (Baldocchi et al., 1984 b). However, 

K values for I and PPFD are similar, because no leaves were present to preferentially 

absorb the latter. 

In agreement with several other researchers, cited above, Baldocchi et al. (1984 a) 

also found a decreasing I to PPFD ratio from the top to the bottom of the canopy: above 

the fully-leafed forest, I: PPFD = 0.49; and at the forest floor, I: PPFD = 0.27. However, 

the ratios are apparently lower beneath tropical rainforests. Bjorkman and Ludlow 

(1972) give a value of 0.19 for a subtropical rainforest understorey in southeast 

Queensland, and Lee (1987) gives a mean value of 0.17 for two Central American 

rainforest understoreys. The lower I: PPFD ratios beneath rainforests can be attributed to 

the generally higher leaf area indices found in these forests compared with fully-leafed 

temperate deciduous forests. For example, Ogawa et al. (1965) found a leaf area index of 

12.3 m2 m-2 for a mixed rainforest in Thailand; this value is more than twice the amount 

found in the abovementioned deciduous forest in full-leaf. Within the same vertical 

profile, Ogawa et al. (1965) measured a mean extinction coefficient of 0.4 for visible 

radiation. This value is somewhat lower than the mean of 0.66, reported by Baldocchi et 

al. (1984 a) for PPFD within the fully-leafed deciduous forest. 

Using a similar system of tram lines at different positions in the canopy, several 

researchers have measured radiation fluxes within coniferous forests. Norman and Jarvis 

(1974) examined mean transmittance and the distribution of transmitted visible (0.47-

0.64 Jlffi) and near infra-red (0.7-1.18 llm) radiation at four levels in a Sitka spruce (Picea 

sitchensis) canopy in Scotland. The total leaf area index was 10 m2 m-2. Using Eqn. 2.5.2, 

their mean extinction coefficients (K) under several sky conditions were 0.5 to 0.6 for 
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visible radiation and 0.3 to 0.5 for near infra-red radiation. Hence, in agreement with 

the observations in a fully-leafed deciduous forest (Baldocchi et al., 1984 a), lower K 

values were found for near infra-red radiation. 

Sinclair and Knoerr (1982) also made use of the tram line system in a study 

examining the distribution of PPFD in the canopy of a loblolly pine (Pinus taeda) 

plantation in North Carolina. They also found an exponential extinction in PPFD with 

cumulative leaf area index (Fig. 2.9), and that rates of extinction were dependent on solar 

altitude. Unfortunately, they do not provide actual K values in their paper to compare 

with other studies. However, given their leaf area index (L) of 4 m2 m-2, K may be 

calculated using Eqn. 2.5.2. At 0900-h, 1100-h and 1300-h (standard time), K values for 

the entire canopy were 0.83, 0.58 and 0.35, respectively. Thus, more light penetrated 

through the canopy in the middle of that day than during the morning. 

Little mention has been made thus far about the frequency distribution of solar 

radiation within forest canopies. It would appear that this is an area requiring further. 

study. Baldocchi et ai. (1986) describe seasonal variation in the statistics of PPFD 

within the oak-hickory forest, described in detail above. This is perhaps the first 

detailed evaluation of higher-order moments (ie standard deviation, skewness and 

kurtosis) of PPFD penetration in any forest. In the leafless forest, they found the 

frequency distribution of PPFD was unimodal and skewed. The skewness in the upper 

canopy and below crown closure was negative (ie towards lower values), while the 

skewness in the subcanopy trunkspace was positive (ie towards higher values). Kurtosis 

was positive at all levels, indicating that the frequency distributions were more peaked 

than those of the normal distribution. On the other hand, in the fully-leafed forest, 

they found the frequency distribution of PPFD was unimodal in the upper canopy, 

bimodal below crown closure and unimodal in the subcanopy trunkspace (Baldocchi et ai., 

1986). In the upper canopy, the frequency distribution was negatively skewed, as in the 

leafless phenoseason, and highly kurtotic. They claim that several factors account for 

the bimodality of the frequency distribution below crown closure. The higher of the two 

modes is due to direct radiation (sunflecks) penetrating deep into the canopy, while the 

second lower mode consists of unintercepted diffuse radiation and a small portion of 

scattered green radiation. In the subcanopy trunkspace, the frequency distribution was 

positively skewed and highly variable; this pattern was attributed to the penetration 

of sunflecks deep into the canopy and the penumbral shade. 

In a less rigorous investigation in a pine canopy, Sinclair and Knoerr (1982) found 

that under sunny conditions, the distribution of light was bimodal, with one peak for 

scattered and unintercepted diffuse light and the other for sunflecks. However, under 

overcast conditions, the distribution was unimodal and similar to the normal 
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distribution. Their observations compare well with a study by Anderson and Miller 

(1974), which considered theoretical distributions of light within dense plant canopies. 

From the above discussion, it is evident that few K values have been reported for 

forests becau.se of the difficulties in obtaining reliable estimates of leaf area index and in 

adequately sampling to determine mean irradiance. Furthermore, these problems are 

even encountered within homogeneous plantation forests. This makes the task of 

measuring leaf area index and light interception within tropical rainforests an even more 

daunting prospect. 

A few researchers have measured absolute irradiance and PPFD profiles through 

tropical rainforests. However, no one has yet attempted to measure solar radiation 

across the horizontal at different heights within rainforests, thereby accounting for the 

likely spatial variability. The studies completed so far, are therefore limited to 

measurements at a single sample site, usually a tower within the forest. Nonetheless, 

these few studies have demonstrated the effect of various strata (Fig. 2.11) on irradiance 

and PPFD fluxes from the canopy top to the forest floor. 

Doley et ai. (1988) measured PPFD within and above a tropical rainforest in 

northeast Queensland. Using a steel tower for access, quantum sensors were placed at 36 m 

(above the canopy), 22 m and 10 m above the forest floor and PPFDs were recorded every 

10-mins. They found a strong attenuation of PPFD in the first six metres of the canopy, 

whereby almost 70% was intercepted. On two selected days, total PPFD above the forest 

was 54.6 and 58.7 mol m-2 per day, declining to 5.6 and 6.2 mol m-2 per day at 22 m, and 

then increasing to 13.0 and 7.3 mol m-2 per day at 10 m. They attributed the increase in 

PPFD between 22 and 10 m to the lack of foliage below 20 m, and the occurrence of gaps in 

the upper canopy which allowed the penetration of direct light into the understorey 

(Doley et al., 1988). In other words, they acknowledge the sampling difficulties 

associated with measuring light at only one point at different heights within a complex 

forest. 

Torquebiau (1988) measured vertical PPFD profiles at two sites within a tropical 

rainforest in Sumatra. Both sites were located in mature forest patches; one showed a 

layered structure, while the other had a continuous vertical distribution of foliage. 

PPFD was measured at five levels within and one level above each forest using gallium 

arsenide photocells which are regarded as an adequate substitute for quantum sensors 

(Pearcy, 1989). PPFDs were averaged over 5- and 10-min intervals over six days at the 

layered site and five days at the unlayered site. In the layered forest site mean PPFDs 

at the various levels ranged from 679.8 to 1144.3 ~ mol m-2 s-1 at 43 m(above the forest); 

from 276.6 to 435.4 ~ mol m-2 s-1 at 35 m; from 313.6 to 530.1 ~ mol m-2 s-1 at 28 m; from 12.8 

to 16.8 ~ mol m-2 s-1 at 12 m; from 13.3 to 17.5 ~ mol m-2 s-1 at 3 m; and from 3.5 to 7.3 ~ mol 

m-2 s-1 at 0.3 m (Torquebiau, 1988). Over the six days, relative PPFD levels at 35,28, 12, 
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3, and 0.3 m were 40.7, 46.7, 1.7, 1.8, and 0.8%, respectively. He attributed the source of 

the increase in PPFD with depth between 40 and 20 m to scattering of radiation by the 

different surfaces bordering the empty layers. This explanation is untenable, given the 

fact that photosynthetically active wavelengths (0.4-0.7 fJ.m) are almost entirely 

absorbed by leaves (Fig. 2.10). The most likely explanation for his so-called 'PAR 

inversion' is simply the position of the 28 m sensor in relation to the overstorey. As 

previously argued, a single sensor located at one height within the forest does not account 

for the spatial variability in light at that position in the canopy (Reifsnyder et al., 

1971). 

In the layered forest, Torquebiau (1988) did not find an increase in PPFD between 

any levels in the forest. Mean PPFDs at the various levels ranged from 458.6 to 1098.8 fJ. 

mol m-2 s-l at 40 m (above the forest); from 116.1 to 416.1 fJ. mol m-2 s-l at 31 m; from 45.3 to 

165.6 fJ. mol m-2 s-l at 18 m; from 9.7 to 15.4 fJ. mol m-2 s-l at 13 m; from 6.0 to 24.4 fJ. mol m-2 

s-l at 3 m; and from 1.1 to 8.5 fJ. mol m-2 s-l at 0.3 m (Torquebiau, 1988). Over the five 

days, relative PPFD levels at 31, 18, 13, 3, and 0.3 m were 34.2, 12.9, 1.7, 1.6, and 0.6%, 

respectively. 

In summary, there is much to be learnt about the temporal and spatial variability 

of light within forest canopies. Apart from a few detailed studies in temperate 

hardwood (deciduous) and coniferous forests, research has been limited to measurements 

made with single sensors located at different heights within the canopy. These studies 

fail to account for the spatial variability in light at various levels within the forest 

canopy. Nonetheless, there are enormous logistical problems in measuring light within 

forest canopies; these problems are particularly severe in tropical rainforests because of 

their obvious structural heterogeneity. Perhaps the most important conclusion reached is 

that light attenuation is not exponential through all forest canopies. Thus, serious errors 

could occur in energy and carbon balance models which are based on irradiance and PPFD 

measurements made only above and below the canopy. 

Referring again to Richard's (1983) euphotic and oligophotic zones in a tropical 

rainforest (Fig. 2.11), it can be generalised that the euphotic zone receives from 25 to 

100% full sun and corresponds with the upper tree layer (A stratum), notably the fully 

exposed emergent trees and their associated epiphytes and animal life. On the other 

hand, lower down, the relative illuminance decreases markedly as the oligophotic zone 

is reached at a point below the B stratum where light is only 1 to 3% full sun. 
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2.5.2.3 Light Quality in Forests 

As discussed in Section 2.4, the spectral composition of light within plant canopies 

consists of two components: (1) unfiltered direct and diffuse light; and (2) filtered 

daylight, the spectrum of which has been transformed by scattering processes within the 

canopy (Fig. 2.4). Because the spectral composition of unfiltered direct light is similar to 

that above the canopy (if prenumbral effects are ignored), most research has focussed on 

the spectral distribution of the scattered direct and diffuse light within forests; this, 

together with unintercepted sky light, is more commonly known as shadelight. 

Several researchers have noted differences in spectral properties among deciduous 

broadleaf and coniferous forests. Egle (1937) showed that a spruce stand (Picea abies) 

was less spectrally selective than an oak stand (Quercus robur) in the PAR (0.4-0.7 Ilm) 

waverange, but that spruce also transmitted NIR (0.7-4.0 Ilm) much more freely than 

PAR. On the other hand, Atkins et al. (1937) found that the leathery evergreen leaves 

of another oak species (Q. itex) were much less spectrally selective in the PAR than 

those of beech (Fagus sylvatica). 

Coombe (1957) gives comparative data for the spectral composition of diffuse 

(shade) light in deciduous (Castenea sativa) and coniferous (Picea abies) forests. The 

results also showed that the deciduous forest was a much more selective filter than the 

coniferous forest. However, both forests transmitted slightly more freely in the green 

(0.5-0.6 Ilm) than in the blue (0.4-0.5 Ilm) and then absorbed strongly in the red region 

(0.6-0.68 Ilm). At longer wavelengths the deciduous forest transmitted much more freely 

than the coniferous forest. For example, the ratio of transmission of 0.7 Ilm to that at 0.37 

Ilm was 15:1 for the deciduous forest, but only 2:1 for the coniferous forest (Coombe, 1957). 

Baumgartner (1956) obtained similar results in an earlier study examining transmission 

coefficients for specific wavelengths through a fully-leafed deciduous forest. In the PAR 

region the transmission coefficients ranged from 3 to 14% due to selective absorption by 

chlorophyll in the leaves, while in the NIR region values ranged from 21 to 58%. 

Subsequently, several other researchers (Vezina and Boulter, 1966; Federer and 

Tanner, 1966; Freyman, 1968) have also shown that forest canopies are responsible for a 

marked depletion in the blue (0.4-0.5 Ilm) and red (0.6-0.68 Ilm), a slight enrichment in 

the far-red (0.68-0.8 Ilm) and a pronounced enrichment in the NIR (0.7-4.0 Ilm) relative to 

the spectral distribution of diffuse light above the forest. 

A few researchers have examined the spectral composition of light in tropical 

forests. Carter (1934), Evans (1939), Orth (1939), Bunning (1947) and Schulz (1960) 

investigated the spectral properties of tropical rainforest in Guyana, Nigeria, Central 

Africa, Sumatra, and Surinam, respectively. The research agrees in most details, 

showing greater transmission of short wavelengths between 0.37 and 0.4 Ilm (violet) and 
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between 0.68 and 0.8 ~ (far-red) compared with the blue (0.4-0.5 ~) and the red (0.6-

0.68 11m). Stoutjesdijk (1972) noted a similar spectral distribution in a montane rainforest 

on Java. However, the red to far-red ratio (R:FR) was somewhat higher than in 

temperate oak woodland and he attributed this to the more irregular canopy structure of 

the rainforest. 

More recently, Lee (1987) studied the spectral distribution of radiation at two 

neotropical rainforest sites at La Selva in Costa Rica and Barro Colorado Island in 

Panama. Lee reminds us that early documentation of light quality in forests, as reviewed 

above, suffered from the limitation of using low-resolution, band-pass filters and silicon 

cells. In Lee's study, measurements were made with a high-resolution spectro

radiometer which measures a spectral range of 0.3 to 11.0~, at 2 nanometer intervals. 

The results of this study illustrate very well the profound changes in the spectral quality 

of light that may occur within tropical rainforests. Understorey light regimes in both 

forests exhibited similar spectral characteristics, with the greatest changes in spectral 

quality occurring at low flux densities as in the transition from extreme shade to small 

sunflecks (Lee, 1987). 

The R:FR ratio or zeta (~) was assessed for several plant canopies in Section 2.4.3. 

Lee (1987) provides mean values for ~ for a number of micro-environments in the tropical 

rainforests described above: full sunlight in a large clearing, ~ ranged from 1.22 to 1.33; 

treefall gaps, ~ ranged from 0.90 to 1.15; large sunflecks, ~ ranged from 0.87 to 0.95; and 

heavily shaded understorey, ~ ranged from 0.35 to 0.40. Lee's paper is a valuable 

contribution to the literature as it permits reliable estimation of R:FR ratios within 

rainforest micro-environments on the basis of measurements of PPFD made with an 

ordinary quantum sensor, provided measurements are also made above the forest. The 

relationships between log percentage of full sun PPFD (Y) and R:FR (X) of measurements 

at the two rainforest sites described by Lee (1987) were as follows: 

For Barro Colorado Island, Y = -2.760 + 2.000 X (r = 0.967), 

and for La selva, Y = -3.126 + 2.521 X (r = 0.953). 

Subsequently, Lee and Paliwal (1988) have reported similar R:FR ratios for a 

number of micro-environments in an Indian tropical evergreen forest. However, Lee (1989) 

also examined the spectral distribution of light in an Indian tropical deciduous (monsoon) 

forest. This interesting study emphasises the profound effects of foliage on the spectral 

composition of light reaching the floor of a monsoon forest. At the end of the dry season 

(March) the R:FR ratios (~) in the understorey were identical to those of full sunlight, at 

1.10, compared with 0.30 at the end of the wet season (November). 
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In summary, the spectral distribution of light in tropical rainforests is more or less 

the same as for any dense plant canopy (refer to Section 2.4.3). Rainforests typically 

scatter (transmit and reflect) little PAR wavelengths (0.4-0.7 j.lm), and do the opposite 

for NIR wavelengths (0.7-4.0 j.lm). Such profound changes are of obvious ecological and 

physiological significance to plants growing and reproducing in rainforests. In 

particular, the reduction in light intensity combined with the marked depletion of blue 

and red wavelengths results in a photosynthetically inactive light regime within most 

rainforest understoreys. There are also numerous non-photosynthetic effects associated 

with the altered light spectrum on the floor of tropical rainforests. In particular, the 

R:FR ratio (Table 2.2) is becoming regarded as one of the key factors controlling plant 

growth and development in understorey plants. The growing body of literature on this 

topic will be reviewed in the next section. 

2.5.3 Spatial and Temporal Variations in Energy- and Light-Dependent Processes 

in Tropical Rainforest Plants. 

The main ecological and physiological processes affected by energy and light at 

different temporal and spatial scales were summarised in Figs. 2.6 and 2.7, respectively. 

The wavelengths important to these biological processes were described in Table 2.2. For 

discussion purposes, the various spectral regions and their significance for plant life may 

be separated into three categories: energy-balance processes (thermal effects), 

photosynthetic processes, and photomorphogenetic processes. In addition to the spectral 

quality and energy content, the thermal, photosynthetic and photomorphogenetic effects 

of radiation depend upon periodical variations of radiation in time (Ross, 1981). Hence, 

photoperiodism or day length needs to be evaluated as well. Because the main aim of 

this thesis is to examine the temporal and spatial distribution of solar radiation within 

several northeast Queensland rainforests, the following literature review will focus on 

energy- and light-dependent processes in tropical rainforests. 

2.5.3.1 Energy-Balance Processes 

As shown in Table 2.2, energy-balance (thermal effects) of radiation in plants are 

significant for all wavelengths longer than 0.4 j.lm. Plants are unable to control their own 

temperature directly (Campbell, 1981) which means their temperature tends to 

approach that of their surrounds. However, plants exchange energy with their 

surroundings and hence the temperature of plant parts (leaves, stems and bark) above 
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ground can exceed the temperature of the surrounding air by as much as 200 C (Larcher, 

1980). For this reason, the temperature of the surrounds of a plant (air and soil) cannot be 

assumed to be equal to the plant itself, and therefore the heat exchange of a plant (or 

plant canopy) must always be considered with regard to the energy-balance of the plant 

(or plant canopy) (Campbell, 1977). 

The radiation-budget of a plant canopy can be described by the following equation: 

(2.5.4) 

where Rn is the net radiation or energy-balance (0.3-100 f.lID); I is the short-wave (0.3-

3.0 ~m) incoming direct and diffuse radiation; Ir is the short-wave reflected radiation 

(albedo); and Ln is the net long-wave (3.0-100 f.lID) radiation. The energy-balance is 

positive as long as I predominates which is only during the part of the day shortly after 

sunrise and ending shortly before sunset (Barry and Chorley, 1987). Thus, Rn is negative 

as soon as the diurnal input is insufficient to compensate for the long-wave energy loss. 
During the day, the surplus energy (Rn) is used in the biosphere for photosynthesis by 

plants, in warming the phytomass, soil and air, and in phenomena associated with 

evaporation (Rosenberg et al., 1983). However, unlike I, which is measured regularly 

throughout the world, Rn is measured infrequently, usually by researchers in short-term 

studies. Despite the lack of Rn data, there is a well known empirical linear 

relationship between I and Rn which differs depending on the nature of the surface. The 

relationship is as follows: 

Rn = a I - b, (2.5.5) 

where a and b are regression constants, which vary according to the nature of the canopy 
and the units of radiation (eg W m-2, MJ m-2). Monteny et al. (1981) measured Rn and I 

over a West African rainforest and found a was 0.67 and b was 0.47. The expression 

provided an estimate of Rn in MJ m-2 per day. On the other hand, some researchers have 

considered the linear relationship between Rn and I in terms of instantaneous fluxes. On 

the basis of detailed measurements over a West Malaysian rainforest, Aoki et al. (1975) 

found a was 0.795 and b was 5.52 W m-2. The correlation coefficient for their data was 

0.99. Pinker et al. (1981) studied the energy-balance over several rainforests in 

Thailand. Over a period of 50 days, the mean value for a was 0.88 and b was 33.7 W m-2. 

In another study over an Amazonian rainforest, Shuttleworth et al. (1984 a) found a was 

0.858 and b was 35.0 W m-2. The correlation coefficient for their data was also 0.99. 

Given the amount of energy available (Rn), the thermal balance (temperature) of 

a plant canopy is affected by two other factors (Oke, 1987): (1) the amount of energy 
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consumed by processes above and within the canopy; and (2) the heat exchange between 

the canopy and its surrounds. The interplay between these three factors may be 

summarised in the well-known energy balance equation: 

~ + M + 5 + G + H + AE = 0, (2.5.6) 

where Rn is the net radiation as defined in either Eqns 2.5.4 or 2.5.5; M is the energy 

turnover in metabolic processes such as photosynthesis and respiration, which represents 

only 1-2% of the overall energy turnover; 5 is heat storage by the phytomass or canopy 

which mainly occurs when there is intense irradiance and little loss of heat by 

convection or evapotranspiration; G is heat storage in the soil, the quantity of which is 

strongly dependent on the amount of vegetation cover; H is the sensible heat exchange by 

convection, which is generally negative (away from plant parts) when Rn is positive, 

and positive (towards plant parts) when Rn is negative; and AE is the latent heat 

exchange by evaporation or condensation, which is negative when plants transpire and 

positive when dew or frost condenses on plant parts. 

In plant canopies energy exchange occurs in a narrow zone near the upper surfaces 

(Larcher, 1980). In this so-called 'active-layer' the intensity of irradiance is greatest 

and hence the temperature of plant parts generally exceeds the temperature of the 

surrounding air. Thus sensible and latent heat exchanges are greatest in the upper layers 

of a plant canopy. Beneath the plant canopy where the intensity of irradiance is less, 

the temperature of plant parts are usually similar to the surrounding air. Ross (1975) has 

estimated that more than 70% of solar radiation absorbed by plant canopies is converted 

into heat and used as energy for transpiration and for convective heat exchange with the 

surrounding air. As well as determining water loss from leaves in the canopy, this heat 

also determines the temperature of plant parts with consequences for rates of metabolic 

processes such as photosynthesis and respiration and the balance between them. 

Because sensible and latent heat exchanges are greatest in the upper layers of the 

rainforest where irradiance in most intense, pronounced vertical temperature and 

humidity gradients exist from the canopy top to the forest floor. Various studies have 

shown that diurnal changes in temperature and humidity increase as one moves up 

through the canopy with the greatest variation at the top of the forest (Richards, 1952; 

WaIter, 1971; Shuttleworth et al., 1985; and Longman and Jenik, 1987). 

It would appear from the literature that temperature and humidity regimes 

within rainforest canopies, understoreys and clearings are generally well understood. 

However, despite the importance of treefall gaps as sites for regeneration of many 

tropical trees (Denslow, 1987), very little is known about diurnal and seasonal 

temperature and humidity regimes in such habitats. 
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Fetcher et al. (1985) examined the temperature and atmDspheric humidity in a 

number of micro-environments within a Costa Rican rainforest. Two disturbed sites, a 

single treefall gap (400 m2) and a 0.5 ha clearing, were compared for periods up to two 

years after disturbance. Measurements were also made in the canopy and understorey of 

the adjacent primary forest. Their humidity data are presented as vapour pressure 

deficits (VPDs) in kPa (Campbell, 1977). They found temperatures were highest in the 

clearing, intermediate in the canopy and gap which were similar, and lowest in the 

understorey. VPDs were also highest in the clearing, followed by the canopy, the gap 

and the understorey (Fetcher et al., 1985). In particular, VPD was considerably higher 

in the canopy than in the gap, and they attribute this difference to greater air movement 

in the canopy. With regrowth of the vegetation in the gap and clearing sites, the 

temperatures and VPDs decreased significantly; after one year, the microclimate at 

seedling height in the clearing resembled that of the gap, and after two years the 

microclimate of the gap was similar to that of the understorey. From these data, they 

conclude that pioneer tree species that colonise clearings and multiple treefall gaps 

experience higher temperatures and transpirational demands than plants in the 

understorey or in single treefall gaps. Thus, plants that grow in large gaps and clearings 

must grow quickly enough to keep up with the rapidly developing canopies or they must 

tolerate or adjust physiologically to the generally changed micro-environment (Fetcher 

et al., 1985). Photosynthetic characteristics of pioneer plants are discussed later. 

In summary, incident radiant energy (irradiance) combined with the reflective and 

emissive properties of the canopy (or leaf) determine the energy-balance (net radiation) 

of the canopy (or leaf). The net radiation is the fundamental quantity controlling 

evapotranspiration rates, and the temperatures of plants parts and the air and soil 

surrounding them. The few studies completed so far above tropical rainforests have 

shown that net radiation represents about 51 to 74% (mean == 63%) of the total shortwave 

radiation incident above the canopy (Aoki et al., 1975; Shuttleworth et al., 1984 a). At 

least two detailed studies (Pinker et al., 1981; Shuttleworth et al., 1984 b) have shown 

that about 70% of the net radiation above tropical rainforests goes into evaporating 

water (latent heat flux), and the remaining 30% is used to heat the air (sensible heat 

flux). Evapotranspiration rates are undoubtedly high in the upper canopy and within 

large treefall gaps and clearings. This contrasts with the considerably lower 

evapotranspiration rates experienced within the lower canopy, understorey and small 

gaps. It is difficult to estimate transpiration rates for plants occupying gaps and the 

understorey because, as well as incident radiant energy, rates are also dependent on 

stomatal conductance, leaf size, leaf orientation and windspeed. Stomatal conductance 

also affects photosynthesis and this matter is considered in the next section. 
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Temperature, in association with other environmental factors such as photoperiod, 

light availability and water potential, is perceived by all living cells and hence affects 

numerous biological processes in tropical plants (Longman and Jenik, 1987), including bud

break and dormancy, stem elongation, leaf growth, leaf senescence and abscission, 

cambial activity, root formation and development, flowering, fruit development, and 

seed germination and dormancy. Temperature also affects major metabolic processes such 

as photosynthesis and respiration. 

2.5.3.2 Photosynthetic Processes 

(1) Light Availability and Carbon Gain 

Photosynthetic effects are Significant for wavelengths between 0.4 and 0.7 11m only 

(Table 2.2). Thus measurements of photosynthetically active radiation (PAR) are a 

useful measure of the radiation available for photosynthesis (McCree, 1981). Growth of 

autotrophic plants is directly and dramatically influenced by the intensity of PAR, 

which provides nearly all the carbon and chemical energy needed for plant growth 

(Bjorkman, 1981), and hence the main input of free energy into the biosphere. 

The process of photosynthesis (P) and the closely related process of respiration 

(R ) may be defined as follows: 

and 

(2.5.7) 

However, the growth of a plant depends on the excess of dry matter gained by the uptake 

of CO2 in gross photosynthesis (P) over the amount of CO2 lost via respiration (R). Thus, 

the net photosynthesis (P n) or net CO2 uptake may be calculated from 

Pn = P - R. (2.5.8) 

The non-linear response of photosynthesis to PAR is of major relevance to this 

thesis. Fig. 2.12 illustrates the rate of P n in a typical green leaf as a function of incident 

photosynthetic photon flux density (PPFD). The so-called light-dependence curve 

indicates that when a leaf is exposed to increasing intensities of PPFD, the CO2 uptake 

increases at first in direct proportion to PPFD and then moves slowly to a maximum 



20 

c5'" 
() 
Cl 
E 
~ 1 0 

Q) 
Cl 
c: 
C1:l 

-5 x 
Q) 

72 

Maximum rate of photosynthesis 
--------------7---------------~-~-.-------~ 

I 
I 

I 
I 

o~~----~------~------~--------~-----
\ 100 200 

~ 5 
Compensation point 

light intensity at zero 
CO

2 
exchange 

400 
PPFD, /J. mol m- 2 5- 1 

Figure 2.12. The non-linear photosynthetic response to photosynthetic photon 
flux density (PPFD) in a typical green leaf. 
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value, which is called light saturation point (Isat). At this point, even if all the other 

factors influencing P n are sufficient (ie CO2, temperature, moisture and nutrients), P n 

remains at the maximum rate even if PPFD continues to increase. As well as knowing the 

light saturation point for a leaf it is also useful to know its light compensation point 

(lcom). At this point P n= 0 (Fig. 2.12), which means the leaf fixes exactly as much CO2 

by photosynthesis as it sets free by respiration. 

Because of the non-linear response of P n to PPFD, results of measurements of PPFD 

in plant canopies must be interpreted carefully. In particular, average values provide 

only limited information about photosynthetic performance (and hence productivity) by 

leaves in the canopy (Pearcy, 1989). It makes better sense to consider the frequency 

distribution of PPFD, focusing in particular on light intensities below lsat (Fig. 2.12). 

Another factor of importance to this thesis are differences in photosynthetic 

responses to PPFDs among leaves of the same plant, among the same species in different 

habitats, and among species. In particular, the photosynthetic gas exchange 

characteristics, and hence the shape of the light-dependence curve (Fig. 2.12), differ 

greatly between sun and shade leaves of the same plant due to morphological and 

physiological adaptation to contrasting light conditions (Larcher, 1980). Hence, values 

for lcom and lsat might be expected to be higher in sun leaves and lower in shade leaves. 

One would also expect understorey (shade) species to have very different light

dependence curves than open-grown (sun) species with the former having very low values 

for both lcom and lsat in comparison to the latter. For example, Bjorkman (1981) has 

demonstrated that lsat in a sun species (Encelia californica) is twenty times higher than 

a shade species (Cordyline ruba). Responses to prevailing light conditions in sun and 

shade plants are clearly adaptive, since they permit the shade plants (or shade leaves) 

to function efficiently under the low PPFDs that prevail in their habitat and enable the 

sun plants (or sun leaves) to make efficient use of moderate and high PPFDs (Larcher, 
-

1980; Bjorkman, 1981). Hence, the very different light-dependence curves in sun and 

shade leaves of the same plant are the result of light acclimation or environmentally 

induced adaptation. Research on this topic will be reviewed later. 

Table 2.3 summarises the available data on tropical forest photosynthesis for 

leaves (plants) occupying a number of micro-environments, including understoreys, gaps, 

upper- and lower-canopies, and rainforest margins. It should be noted that different 

methods have been used to obtain these data. However, some generalisations are 

evident from these few studies (Table 2.3). First, early successional plants (pioneers) 

have high lcom points and high rates of maximum (light saturated) photosynthesis 

(P n). Second, leaves of the lower canopy and of understorey tree saplings and herbs have 

low lsat and lcom points, and their quantum efficiencies are usually high (Mooney et al., 

1983). And third, leaves of the upper canopy and of large gap seedlings and saplings 



Micro-Habitat! Geographical Location-Light Saturation-Ught CompensationMaximum Net PhotosynthetiCPercentageDaily Carbon--
Point (Isat) Point (lcom) Rate (Pn) Attributed to sunfleeks 
11 mol m-2 s-l 11 mol m-2 s-l 11 mol CO2 m-2 s-l 

Understorey herb, Malaysia 1 25-37 2.6-6.0 1.3-1.9 
Climbers, Malaysia 1 125-245 6.0-12.0 12.6-18.9 
Secondary forest, Malaysia 1 125-245 6.0-12.0 12.6-15.8 
Lower-canopy (shade), Malaysial 125 6.0-12.0 4.4-5.0 
Upper-canopy (sun), Malaysial 250-370 12.0 12.6-18.9 
Upper-canopy (shade), Malaysial 125-185 6.0-12.0 6.3-9.5 
Understorey herbs, SE Queensland2 c. 100 < 5.0 < 3.0 c.50 
Understorey tree saplings, Hawaii3 150-200 1.7-6.3 4.1-7.2 40-60 
Understorey tree saplings, NE Qld.4 c. 200 4.3 5.7 32 
300 m2 gap tree sapling, NE Qld.4 c.3oo 8.6 8.1 
Canopy emergent, NE Queensland4 c.8oo 23.6 9.4 
Understorey palms (sun), Panama5 c.25O < 15.0 3.3-5.7 
Understorey palms (shade), Panama5 c. 100 < 5.0 1.2-1.6 
Understorey palms (shade), Costa Riea6 200-400 3.0-4.0 3.0-4.0 
Primary tree spp., Costa Riea7 na na 3.9-5.3 
Pioneer tree spp., Costa Rica7 na na 16.4 
Primary tree spp., Jamaica8 500 < 6.0 5.0-6.6 
Pioneer tree spp., Puerto Rie09 na na 13.7-13.8 
Gapltransition-zone shrub, MexieolO 300 20.0 6.5 
Gap tree spp., Mexico 10 400 12.0 6.2 
Ruderal herb, Mexico 10 300 15.0 8.5 
Sun-grown shrub spp., Mexico 10 300 12.0 4.8 
Shade-grown shrub spp., Mexico 10 300 < 5.0 3.4 
Upper-canopy (sun), NE Queenslandll 500 na 11.5 
Lower-canopy (shade), NE Queenslandll 500 na 8.2 

Sources: 1. Koyama (1981); 2. Bjorkman 0/ al. (1972); 3. Poarcy & Calkin (1983); 4. Pearcy (1987); 5. Hogan (1987); 6. Chazdon (1986); 
7. Stephens & Waggoner (1975); 8. Aylett (1985); 9. lugo (1970); 10. cited in Mooney 01 al. (1984); 11. Ooley 0/ al. (1988). 

Table 2.3. Photosynthetic characteristics of rainforest plants occupying various 
habitats. 
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have moderately high lsat and lcorn points, but their P n values are usually lower than 

those found in pioneers. According to Bazzaz and Pickett (1980), the use of the sun/shade 

dichotomy is simplistic and may be misleading because the differences between shade

adapted and sun-adapted species are not clear in tropical forests. 

In a recent review, Chazdon (1988) has considered photosynthetic responses to 

sunflecks in understorey plants. As discussed earlier, sunflecks are a common and 

important aspect of the light regime in all forest understoreys. It was generally agreed 

that in most tropical forest understoreys, sun flecks contribute 40 to 80% of the daily total 

PPFD on sunny days, yet their duration over the day often totals less than 30-min. For 

this reason, Chazdon (1988) argues that sunflecks influence plant growth, reproduction 

and micro site distribution through their overall effect on leaf carbon gain in the 

understorey. 

Two general approaches have been used to evaluate the relative proportion of 

total carbon gain attributed to sunflecks in forest understorey plants: field studies and 

computer simulations. Chazdon (1988) provides further details on both techniques. Only 

a few researchers have considered this aspect of carbon gain in the understoreys of 

tropical rainforests (Table 2.3). However, most agree that, despite their limited 

duration over the course of a day, sunflecks contribute a considerable amount to the total 

daily carbon gain in understorey species. 

Chazdon (1986) has shown, for three species of understorey palms, that positive 

daily carbon gain (from 0600- to 1800-h) occurred at daily total PPFDs as low as 0.07 mol 

m-2. Based on a mean dark respiration rate of -0.14 Il mol C02 m-2 s-l, during 24-h, 

positive carbon gain occurred at PPFDs greater than 0.20 mol m-2 per day. In the studies 

reviewed earlier, daily total PPFD ranged from 0.21 to 1.5 mol m-2 per day in most 

tropical rainforest understoreys. There is a clear need for further research to determine 

minimum daily total PPFDs for understorey species to maintain positive daily carbon 

gain. 

In the same study, Chazdon (1986) demonstrated that when most of the daily 

PPFD was diffuse, total daily carbon gain was linearly related to total daily PPFD. It 

was found that these conditions apply to closed-canopies as well as gap edges. However, 

when sunflecks contributed more than 50% of the total photon flux, daily carbon gain was 

not a simple function of daily total PPFD. In the Costa Rican rainforest, the highest 

values of daily carbon gain were attained at PPFDs from 1 to 3 mol m-2 per day, which 

corresponds to total daily PPFD measured in gap-edges and small-gap habitats 

(Chazdon, 1986). 

Although sunflecks are important to daily carbon gain in understorey plants, 

background diffuse (shade) light is generally above the light compensation point of the 

understorey plants listed in Table 2.3. It was shown earlier, that diffuse PPFDs in 
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tropical rainforest understoreys are usually between 5 and 50 Jl mol m-2 s-l, depending on 

overstorey density and sky conditions. However, in deeply shaded closed-canopy sites in 

the Costa Rican rainforest, Chazdon (1986) claims that where diffuse midday PPFD is 

below 5 Jl mol m-2 s-l, sunflecks provide the light energy needed to maintain positive 

carbon balance. 

(2) Light Utilisation 

From the above discussion there is little doubt that much of the daily carbon gain in the 

understoreys of rainforests may occur during sunflecks even though they may be present 

for only a small part of the day. Because of this, we might expect understorey plants to 

utilise sunflecks efficiently. Most research on the capacity of rainforest plants to utilise 

sunflecks has been conducted in glasshouses and growth cabinets to ensure steady-state 

conditions. Further details may be found in the recent review by Chazdon (1988). 

Pearcy (1988) claims that studies of photosynthetic adaptation to shaded 

understorey conditions have concentrated on steady-state responses to light in which 

measurements are recorded after constant conditions have been achieved. Although 

these studies have demonstrated the mechanisms at the chloroplast to the whole leaf 

level that allow positive net photosynthesis in the heavily shaded understorey, he 

argues that responses to the rapid changes in light characterising sunflecks are 

inherently dynamic in nature and thus do not necessarily follow from steady-state gas 

exchange characteristics. In situations where light is fluctuating rapidly, such as in the 

forest understorey, studies of transient photosynthetic responses are required to 

determine how sunflecks of different frequency, duration, intensity and temporal 

distribution are utilised by leaves (Chazdon, 1988). Accordingly, it is useful to 

distinguish between two types of transient photosynthetic responses: induction responses 

and photosynthetic dynamics. As shown in Fig. 2.6, these transient responses occur on 

different times scales; induction responses involve relatively slow (from several minutes 

to over an hour) increases in C02 assimilation in leaves equilibrated in darkness or low 

light levels following a sudden step-wise increase in light, while photosynthetic 

dynamics involve short-term photosynthetic responses (seconds long) to light 

fluctuations, such as sunflecks (Chazdon, 1988). 

Initial field studies (Pearcy and Calkin, 1983) and later laboratory studies 

(Pearcy et ai., 1985; Chazdon and Pearcy, 1986 a) have shown that sunflecks that occur 

early in a series can increase leaf 'readiness' to respond to subsequent sunflecks. The 

photosynthetic response to simulated sunflecks (lightflecks) in Claoxylon sandwicense 

and Euphorbia forbesii was strongly dependent on the induction state of the leaf (Pearcy 

et al., 1985). In particular, total C02 uptake during a lightfleck was greater and the 
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response was faster after exposure of the leaf to high light than when the leaf had been 

exposed only to low light for the previous 2-h. They also found that during a series of 

lightflecks, induction resulted in increased C02 uptake in successive lightflecks, and 

that significant post-illumination C02 fixation was evident and contributed 

significantly to the total carbon gain, especially for lightflecks of 5- to 20-sec duration. 

Likewise, in the Australian rainforest species Alocasia macrorrhiza and Toona 

australis, leaf induction state increased 2- to 3-fold during a series of five 30- or 60-sec 

lightflecks (400 J1. mol m-2 s-l) separated by 2-min of low light (10 J1. mol m-2 s-l) 

(Chazdon and Pearcy, 1986 a). 

According to Chazdon (1988), once leaves have undergone induction, and are 

returned to low light, they do not remain indefinitely in a state of photosynthetic 

readiness. The rate of 'induction loss' is generally slower in plants grown in low light 

and faster in plants grown in high light. 

While induction processes involve relatively slow increases in C02 uptake 

following a sudden increase in light after a prolonged period of darkness or low light, 

photosynthetic dynamics involve seconds-long responses to light fluctuation, 

particularly sunflecks (Fig. 2.6). In the Hawaiian forest described above, Pearcy and 

Calkin (1983) observed photosynthetic dynamics during a step-change from shade light 

to 700 J1. mol m-2 s-l in E. forbesii and C. sandwicense. They found increases in C02 

assimilation lagged behind the light change by about 6-sec, and then increased over the 

next minute to a steady-state rate. Furthermore, carbon gain in these species, following 

induction, was strongly dependent on lightfleck length (Pearcy et al., 1985). For 

example, when lightflecks were less than 40-sec long, C02 uptake was 20 to 80% higher 

than that estimated from steady-state photosynthetic rates. They attribute this 

finding to post-illumination C02 fixation, which contributed a large proportion of total 

carbon gain during brief sunflecks, but only a small proportion during long sunflecks. 

Other studies (Chazdon and Pearcy, 1986 b; Pearcy et al., 1987 a) have also shown in 

another understorey plant (Alocasia), grown in low light, that C02 uptake and 

photosynthetic efficiency during lightflecks were greatly affected by leaf induction 

state, lightfleck length, and lightfleck PPFD. 

Pearcy (1988) argues that in forest understoreys, where there are often periods of 

relatively frequent, short-duration sunflecks separated by periods of low light, daily 

C02 uptake may be in part a function of the limitations due to induction state and the 

enhancements due to post-illumination C02 fixation. Both these processes are important 

components of the dynamic responses of assimilation to light and hence strongly influence 

the capacity of a leaf in the understorey to utilise sunflecks. 

The same constraints affecting the movement of water vapour through the 

stomata, namely the size and frequency of stomatal apertures and the boundary-layer 
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conditions of the leaf-surface-atmosphere, also affect the movement of C02 through the 

stomata (Fitter and Hay, 1981). Typically, stomatal conductance (gs) is considerably 

higher in leaves of the upper canopy and in plants occupying large gaps and clearings 

(Roberts et al., 1990). On the other hand, gs values are low in plants growing in 

understoreys and small gaps. However, because sunflecks are an integral part of the 

understorey light environment, and because direct light penetrates through small gaps 

when solar angles are high, plants growing in these micro-environments experience high 

radiant flux and photon flux densities from time to time. One would, therefore, expect 

stomatal responses to differ among leaves growing in contrasting light regimes. 

In one study, involving four temperate tree species, it was shown that stomatal 

opening was always faster than closure, with the most shade-tolerant species exhibiting 

the fastest stomatal responses (Woods and Turner, 1971). Chazdon (1988) claims that 

relatively rapid stomatal responses to PPFD fluctuations serve to maximise 

photosynthesis in understorey leaves during brief sunfleck events. 

Laboratory and field measurements have shown that stomatal responses in the 

understorey generally lag behind changes in PPFD and C02 uptake (Pearcy et al., 1985; 

Pearcy, 1987). For example, Pearcy (1987) examined gs for Argyrodendron peralatum 

leaves in the canopy, a small gap, and understorey of a northeast Queensland rainforest. 

In the canopy and gap, gs increased in response to an increase in PPFD, with typical 

maximum rates of 180 m mol m-2 s-1 in the canopy and 160 m mol m-2 s-1 in the gap in the 

middle of the day. Doley et al. (1988) found similar gs values rates for the upper-crown, 

lower-crown and understorey. However, relationships between gs and PPFD at PPFDs up 

to 300 Jl mol m-2 s-1 were not close, either for upper-crown or understorey leaves after a 

rain event. Like Pearcy (1988), they also found that photosynthesis showed linear 

relationships with gs under all conditions when PPFD above the canopy exceeded 200 Jl 

molm-2s-1. 

In the understorey leaves of A. peralatum, Pearcy (1987) found that during 

sunflecks the increase in gs lagged behind photosynthesis so that intercellular C02 

partial pressure fell to about 20 Jl bar bar-I, which was similar to the minimum values 

found in the canopy. Throughout the period of observation, gs in an understorey leaf 

remained at about 25 m mol m-2 s-1 during low (diffuse) light periods, and increased to a 

maximum rate of about 60 m mol m-2 s-1 during sunflecks (Pearcy, 1987). His study 

confirms an observation made in a review by Mooney et al. (1984), that gs in many 

rainforest understorey species tends to remain relatively high under low-light 

conditions. Pearcy (1987) concludes that although gs rates are always much lower in the 

understorey than the canopy, low rates do not appear to limit C02 uptake in understorey 

plants. He suggests that the regulation of gs in the understorey may function more to 

maximise carbon gain rather than to maintain a high water-use-efficiency (ie the ratio 
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of photosynthesis to transpiration). In particular, both the slow decrease in gs following 

a sunfleck as well as the low leaf-air vapour pressure difference in most understorey 

leaves may be important in keeping gs high relative to photosynthesis. Mooney et al. 

(1984) maintain that a high gs relative to C02 uptake in understorey leaves may serve to 

ensure that photosynthesis during sunflecks is not limited by internal C02 pressures; 

apparently a high ratio of internal C02 pressure to ambient C02 pressure is 

advantageous because of the resulting increased quantum yield for C02 uptake. For 

example, in A. peralatum, Pearcy (1987) found the quantum yield was higher in 

understorey leaves (0.051 mol C02 mol photons-I) than in canopy leaves (0.045 mol C02 

mol photons-I) and gap leaves (0.043 mol C02 mol photons-I). 

As stated earlier, the pioneer tree species that prefer large gaps and clearings, are 

subjected to higher transpirational demand than seedlings and saplings growing in the 

understorey and small gaps. Because plants growing in the open experience more 

insolation and wind exposure than those in the understorey, low water potential and 

associated stomatal closure occurs in many of these open-grown species during the middle 

of the day. Hence, C02 uptake will be affected by the stomatal closure in response to low 

water potential. 

Some pioneer tree species experience midday wilting in response to high insolation 

loading on their leaves. Chiariello et al. (1987) considered such a response in Piper 

auritum, a large-leaved, umbrella-shaped tree that occurs in both natural and disturbed 

habitats of high light intensity throughout the neotropics. Plant canopies with a 

hemispherical monolayer of relatively large leaves held nearly horizontally are 

characterised by having very high photosynthetic capacities because of the effective 

use of incident light, but as a consequence they experience high leaf temperatures and 

associated decreased water-use-efficiencies (Mooney and Ehleringer, 1978). On the 

other hand, plant canopies with a multilayer of inclined leaves are not subject to the 

sam~ degree of insolation loading per m2 of solar beam and hence experience relatively 

higher water-use-efficiencies (Mooney and Ehleringer, 1978). This seems to contradict 

observations made elsewhere because one normally finds monolayers in shaded habitats, 

where there may be selection for maximising light interception by every leaf, and 

multilayers in open habitats because efficient use of high irradiance generally requires a 

multilayer of inclined leaves (Jahnke and Lawrence, 1965; Horn, 1971). 

Chiariello et al. (1987) claim that one explanation for the occurrence of umbrella 

species in large gaps of tropical forests, is that water availability mitigates the effects 

of low water-use-efficiency. They also maintain that umbrella canopies may have some 

other benefits, such as biotic selection pressures. However, they acknowledge that 
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midday wilting does occur in many umbrella species and their paper attempts to explain 

the reasons for this phenomena. 

In all plant canopies wilting is generally a response to intense solar heating and as 

a consequence, water-use-efficiency is improved. In P. auritum, Chiariello et al. (1987) 

found that wilting results in a dramatic reduction in the projected leaf area normal to the 

direct solar beam (refer to Eqn 2.5.1). As a consequence, intercepted PPFDs decreased by 

50 to 70%, and leaf temperatures fell by 1 to 5 0c. Stomatal conductance (gs) also 

decreased when the leaves were exposed to high light intensities, but did not change 

dramatically when the leaves wilted. They claim that wilting has two light-mediated 

effects on water-use-efficiency; the 30 to 50% decrease in transpiration resulting from 

decreased leaf temperatures was generally larger than the approximate 20% decrease in 

photosynthesis resulting from decreased PPFD levels. They conclude, in the absence of 

changes in gs' wilting tended to increase water-use-efficiency in P. auritum, by 15 to 60% 

(Chiariello et al., 1987). 

(3) Light Acclimation 

Research in a number of temperate forests has demonstrated marked differences in 

photosynthetic characteristics among leaves of the same species produced at different 

heights within the forest canopy (eg Schulze et al., 1977). These differences are due to 

environmentally induced adaptation (light acclimation) over time (Fig. 2.6) in response 

to the light regimes under which the leaves developed (Fig. 2.7). These acclimatory 

responses are generally in a direction that improves growth under the new environmental 

conditions (Chazdon, 1988). This is demonstrated in the classic study by Bjorkman et al. 

(1972) where they grew a sun species (Atriplex triangularis ) under three different 

constant light regimes: 92,290 and 920 ~ mol m-2 s-l. Leaves of plants grown at 92 ~ mol 

m-2 ~-1 had rates of light-saturated photosynthesis and dark respiration that were only 

20% of those grown at 920 ~ mol m-2 s-l (Bjorkman et al., 1972). In recent years there has 

been soine research examining photosynthetic responses of shade and sun species in 

rainforests and their adaptation to light regimes in characteristic micro-environments, 

such as canopy, gap and understorey. 

As already discussed in Section 2.5.1, tropical rainforests are dynamic and 

spatially heterogeneous. In particular, the forest growth or regeneration cycle dictates 

forest structure and function. For this reason, at any point in time, a rainforest consists of 

a mosaic of treefall-created patches differing in age, size and species composition. 

Within this complex vegetation mosaic, numerous biotic, edaphic and climatic factors 

vary according to the three-dimensional structure of the rainforest (Longman and Jenik, 

1987). 
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As a direct consequence of this dynamism, plants growing in tropical rainforests 

have differing ecological amplitudes. In particular, tree species can be broadly 

classified into those that require treefall gaps for their regeneration (gap-requirers) and 

those that do not (non-gap-requirers). Denslow (1987) further subdivides the gap

requirers into those that only regenerate in gaps (so-called pioneers or large gap 

specialists) and those that may be shade tolerant in some stages of their development, 

but ultimately depend on gaps to reach maturity (so-called small gap specialists or 

nomad species). Hence, many shade-tolerant (primary) tree species that germinate in 

gaps but also persist in the understorey must be physiologically 'plastic' for success across 

the light availability continuum. On the other hand, short-lived pioneer tree species 

prefer constant open habitat conditions because they generally die after overstorey 

shading becomes established. 

While growth of sun plants in the shade results in photosynthetic light 

dependence characteristics tending toward those of shade plants, there is much 

evidence, from studies in controlled environments, that shade plants have a limited 

capacity for photosynthetic acclimation to high PPFDs (eg. Bjorkman, 1981; Chow et al., 

1988). A few studies under natural conditions have also shown that compared to plants 

from relatively open habitats, rainforest understorey plants exhibit less potential for 

light acclimation. For example, in a comparison of six Piper spp. in a Mexican rainforest, 

Chazdon and Field (1987 a) found that light-saturated photosynthesis under optimal 

conditions (ie photosynthetic capacity) showed little variation among leaves of 

understorey plants, despite high variation in light availability among leaf micro sites. 

On the other hand, plants in a nearby clearing showed considerable variation in 

photosynthetic capacity among leaves in relation to leaf light regime. 

However, Chazdon (1988) warns that acclimation potential is not always clearly 

correlated with successional status or ecological conditions. For example, Walters and 

Field (1987) examined photosynthetic light acclimation in two Piper spp., of differing 

ecological amplitudes (plasticity), in the Mexican rainforest described above. They 

chose P. -auritum, a pioneer tree restricted to open sites and P. hispidum, a shrub common 

in sites ranging from recent clearings to shaded understorey. In both species, 

photosynthetic characteristics adjusted in response to light availability during growth 

in much the same way as those reported for other species (eg Bjorkman, 1981). 

Specifically, leaves that developed in low light had lower light-saturated 

photosynthetic rates, and they saturated at lower PPFDs than high light leaves. The 

sensitivity of photosynthetic capacity during growth was indistinguishable for the two 

species growing in their natural habitat. Hence, physiological similarities were more 

striking than the differences between the broad-ranging species P. hispidum and the 

restricted species P. auritum. However, the insensitivity of dark respiration to light 
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during growth of P. auritum suggested that this could decrease carbon reserves and could 

lead to negative carbon balance in low light sites (Walters and Field, 1987). 

Although sun-grown species possess some ability to acclimate to low light 

conditions, such adaptability does not necessarily limit their sustained growth in high 

light regimes, particularly if other conditions such as nutrient and water supply are 

favourable (Chow et al., 1988). This is demonstrated in a detailed study by Thompson et 

al. (1988), who examined growth of four northeast Queensland rainforest tree species, 

with widely contrasting light requirements for growth and development. Seeds of the 

four species were sown in wide, medium and narrow treefall gaps within mature 

rainforest. After four years of observations of seedling persistence plus comparative 

growth of young trees, they ranked the species according to their adaptation from full 

sun to deep shade as follows: Acacia aulacocarpa, Toona australis, Flindersia 

brayleyana, and Darlingia darlingiana. Their study showed that the shade intolerant 

A. aulacocarpa failed completely in medium and narrow gaps, while F. brayleyana and 

D. darlingiana persisted under low sunlight regimes. However, their research confirms a 

broad tolerance of F. brayleyana to sunlight under all conditions, from wide to narrow 

gaps, representing a minimum of 0.6% full sun equivalent. 

In many respects F. brayleyana is similar to the broad-ranging neotropical tree 

species P. hispidum described above. The photosynthetic attributes underlying such 

broad tolerance in F. brayleyana were then inferred from single leaf gas exchange, plus 

foliar nutrient analyses on tree seedlings grown in growth cabinets for 180 days under two 

nutrient x three PPFD levels, adjusted to simulate the light availability continuum 

within the rainforest (Thompson et al., 1988). They found medium PPFDs (1301.1 mol m-2 

s-l) plus high nutrients proved optimal for leaf expansion, chlorophyll content and 

photosynthesis in air for F. brayleyana. Because of the broad tolerance of this species to 

light x nutrient supply, they conclude that nutrient availability could alter competitive 

rankings of other rainforest seedlings along the same light availability continuum. 

As well as differences in light quantity among micro-environments, differences in 

light quality will also affect the ability of a plant or leaf to acclimate to changing light 

conditions. For example, in a study of light acclimation of tropical tree seedlings, 

Kwesiga et al. (1986) found that seedlings grown under light with a reduced red to far

red (R:FR) ratio, such as that found in the understorey, had higher maximum rates of 

photosynthesis and higher quantum efficiencies than seedlings grown under high R:FR 

ratios, such as in large gaps and clearings. The R:FR ratio is also responsible for 

numerous non-photosynthetic responses in plants occupying various micro-environments; 

research on this topic will be reviewed in the next section. 

In summary, incident photosynthetic photon flux density (PPFD) is an acceptable 

measure of light available for photosynthesis, although it should not be used as a direct 
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measure of growth potential because of the other environmental factors involved in plant 

growth, such as nutrient and water availability. All plants have a non-linear 

photosynthetic response to PPFD, and the shape of the light dependence curve (Fig. 2.12) 

differs among leaves of the same plant growing under varying light regimes, as well as 

among species occupying similar light regimes. The high species richness in tropical 

rainforests makes it very difficult to estimate whole-forest carbon uptake on the basis of 

gas exchange and light measurements made at different positions in the canopy, 

compared with estimates in monospecific forests. Because of the non-linear 

photosynthetic response to PPFD, both temporal and spatial distributions of light 

availability within rainforest micro-environments should be considered. Average PPFD 

values provide limited information about likely photosynthetic responses to PPFD 

unless higher order moments about the mean, such as variance, skewness and kurtosis, are 

given as well. 

Research published to-date (Table 2.3), based on laboratory and field 

measurements of photosynthesis in rainforest plants, has shown that pioneer (shade

intolerant) plants have high light compensation points and high rates of light

saturated photosynthesis compared with shade-tolerant understorey plants. However, 

in the same way that a light availability continuum exists in a rainforest, a 

photosynthetic continuum also exists, which makes the idea of sun versus shade plants 

(or leaves) somewhat misleading. 

Recent studies have also shown that in most tropical forest understoreys, sunflecks 

contribute 32 to 60% of the daily carbon uptake in seedlings and saplings. Furthermore, 

by studying transient photosynthetic responses, researchers have obtained valuable 

clues about how sunflecks of different frequency, duration, intensity and temporal 

distribution are utilised by leaves in the understorey. 

Studies of light acclimation in rainforest plants have recently been the subject of 

debate. It was generally assumed that compared to plants from relatively open 

habitats, understorey plants have less potential for light acclimation. However, recent 

studies have shown that light acclimation potential is not always clearly correlated 

with successional status or ecological conditions. 

2.5.3.3 Photomorphogenetic Processes 

The amount and spectral distribution of solar radiation over time (Fig. 2.6) and space 

(Fig. 2.7) plays an important role in the regulation of plant growth and development. 

Light availability affects all phases in the life cycle of a plant such as seed 

germination, establishment, growth and reproductive behaviour (Chazdon, 1988). As 
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well as photosynthetic responses to light (Section 2.5.3.2), there are numerous non

photosynthetic or photo morphogenetic responses to light (Table 2.2). 

Photo morphogenetically active radiation begins in the ultraviolet, extends over the 

whole PAR region and ends in the NIR near 0.75 JlIl1 (Ross, 1975). 

There has been considerable research in controlled (laboratory) environments 

examining the non-photosynthetic responses to light quality; the majority of this 

research has been reviewed by Morgan (1981) and Morgan and Smith (1981). In 

comparison, studies on this topic in natural environments are rather few. However, it is 

not unreasonable to assume that responses from plants in controlled environments will be 

similar to those in natural environments, provided consideration is given to other 

environmental factors such as temperature, humidity and wind (Morgan, 1981). 

Research has demonstrated conclusively that both the far-red and blue regions of 

the spectrum (Table 2.2) can have very large effects on plant growth and development in 

controlled environments (Morgan, 1981). Morgan and Smith (1981) have reviewed the 

earlier literature on the effects of far-red and blue light on various photomophogenetic 

processes. Research in the 1950's, 1960's and early 1970's suggested that is is 

phytochrome which detects the ratio of red to far-red (R:FR) light, while carotin and 

riboflavin are the main blue light receptors (Larcher, 1980). As discussed in Section 

2.4.2, the shadelight beneath dense canopies under most conditions, but particularly 

sunny conditions, is largely composed of scattered complementary irradiance which has 

a low R:FR. In particular, the low R:FR ratio (Table 2.2) prevailing within rainforest 

understoreys appears to be responsible for numerous morphogenetic processes, notably as a 

factor maintaining the dormancy of seeds in some pioneer species. For example, Vazquez

Yanes and Smith (1982) showed experimentally that, for the germination of light 

sensitive Cecropia obstusifolia and Piper auritum seeds lying on the soil surface in a 

Mexican rainforest, the R:FR ratio is much more important than the light intensity. 

In another study, Vazquez-Yanes and SegOvia (1984) showed that detection of the 

R:FR ratio in C. obtusifolia is so precise that few seeds germinate unless they are 

situated- away from the margins of gaps exceeding a certain size. They examined 

differential germination of seeds placed in petri-dishes across a treefall gap in the same 

Mexican rainforest. Eight positions were selected for the experiment; positions 1 and 2 

were near the centre of the gap; positions 3 and 4 were progressively closer to the gap 

edge; and 5 to 8 were at the gap edge and inside the forest. After 10 days, about 80% of 

seeds in the centre of the gap (positions 1 and 2) had germinated, compared with only 5 

to 40% at near the gap edge (positions 3 and 4). However, after the month's duration of 

the experiment, the seeds in the shaded understorey, where the R:FR ratio was low, 

remained dormant (Vazquez-Yanes and Segovia, 1984). Their experiment also showed 

that C. obtusifolia seeds can distinguish the long exposure afforded by large gaps from 
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the short exposure in small gaps or sunflecks, as well as a remarkable ability to 

differentiate between light regimes in the centre as against the edge zone of a gap. 

While it is evident that seeds of pioneer plants respond to the availability of red 

light (ie high R:FR ratios) associated with prolonged exposure to sunlight in large gaps, 

some rainforest plants respond to sunflecks and small patches of direct light with 

associated high R:FR ratios. For example, Orozco-Segovia (1986) found sunflecks 

affected seed germination in the photoblastic pioneer species Piper auritum and P. 

umbellatum in a Mexican rainforest understorey. He found the percentage germination of 

seeds, placed in three locations in the understorey, was highest at the site that received 

the longer sunflecks. 

Downs et al. (1957) were the first to demonstrate what is called the R:FR 

reversible control of stem development. Their experiment showed that exposure to far

red light increased internode extension by up to 400%, and when this treatment was 

immediately followed by red light, the effect was reversed. Subsequently, these 

observations have been repeated in numerous plant species (Morgan, 1981; Morgan and 

Smith, 1981). It is clear, therefore, that the R:FR ratio can markedly affect stem 

extension in plants. One would therefore expect different growth rates and morphologies 

among seedlings and saplings occupying understorey, gap and open habitats. 

Relations between growth rates of under storey tree saplings and red-light

enriched sunfleck activity have been considered by a few researchers in tropical 

rainforests. Pearcy (1983) examined seedling growth of Euphorbia forbesii and 

Claoxylon sandwicense as a function of sunfleck activity in a Hawaiian evergreen forest 

understorey. The mean potential minutes of sunflecks per day was closely correlated 

with the relative growth rate of both species over a year. In a Costa Rican rainforest 

understorey, height growth of two canopy tree saplings Dipteryx panamensis and 

Lecythis ampla, over a year, was closely correlated with measurements of weekly total 

PPFD and the weekly percentage of full sun received (Oberbauer et al., 1988). Height 

growth of L. ampla was also closely correlated with the proportion of daily PPFD 

contributed by sunflecks. 

Popma and Bongers (1988) examined the effect of canopy gaps on growth and 

morphology of ten rainforest species in Mexico. Seedlings were grown in three simulated 

environmental conditions: (1) shaded forest understorey, which received 0.9 to 2.3% of 

daily PPFD above the canopy; (2) a small canopy gap of about 50 m2, which received 2.1 

to 6.1 % of full sun daily PPFD; and (3) a large canopy gap of about 500 m2, which 

received 38.6 to 53.4% of full sun daily PPFD. Their study demonstrated that growth of 

all ten species was enhanced in gaps, with the large gap exhibiting the greatest effect. 

Moreover, plants grown in the large gap had a sun-plant morphology, with a high root

root ratio, a high specific leaf weight, and a low leaf area ratio. Conversely, plants 
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grown in the shaded understorey or small gap exhibited a low root-shoot ratio, a low 

specific leaf weight, and a high leaf area ration (Popma and Bongers, 1988). 

The R:FR ratio has also been shown to exert a remarkable degree of control over 

apical dominance in plants (Morgan and Smith, 1981). This means open-grown plants 

tend to branch profusely, while understorey plants may exhibit complete apical 

dominance. It appears that the far-red light, which predominates beneath dense 

vegetation, suppresses bud-break in understorey plants leading to apical dominance. It 

has been suggested by Tucker and Mansfield (1972) that apical dominance may be 

another morphological adaptation to vegetational shade. The theory being that if 

auxillary bud outgrowth is suppressed by far-red enriched shadelight, the maximum 

reserves may then be used for rapid stem elongation. As well as stem extension rate and 

assertion of apical dominance in response to decreasing R:FR, there are other plant 

responses to R:FR. Most notably, a decrease in R:FR has been shown to stimulate petiole 

length, leaf length, flowering, senescence and ethylene production, and to inhibit leaf 

area, the transition of plants to climbing forms and chlorophyll content (Morgan and 

Smith, 1981). 

Unlike morphogenesis in far-red light, there has been no research into 

morphogenesis in rainforest plants in response to blue light. However, blue light is 

known to affect phototropism (ie growth curvature resulting from an imbalance in 

extension growth), stomatal movements and leaf movements (Figs. 2.6 and 2.7). 

Laboratory studies have shown that demonstration of control by simulated natural 

spectra is particularly limited for blue light (Morgan and Smith, 1981). 

In summary, it is evident that light quality, as well as the quantity of light 

received by plants in tropical rainforests, affects numerous life cycle factors, such as 

germination, establishment, growth, survivorship and reproduction. In addition, light 

quallty _appears to control the morphological characteristics of plants occupying 

different positions along the light availability continuum. It is also evident, that the 

R:FR ratio is an important consideration in any study concerned with light regimes in 

plant coinrnunities. As described in Section 2.5.2.3, in rainforest understoreys where seeds 

are germinating and seedlings are growing, the quantity of far-red light can be 5 to 10 

times that of red. There are many plant species with seeds that germinate only when 

R:FR ratios are constantly high, implying that their germination and subsequent growth 

into mature trees is inhibited until the quality of the light changes as a result of canopy 

disturbance. This process serves to regulate germination of seeds in the understorey, and 

undoubtedly contributes to the maintenance of diversity in tropical rainforests. 
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2.5.3.4 Photoperiodic Responses 

In photoperiodism, plants respond to the duration and timing of light and dark periods 

in the daily cycle (Vince-Prue, 1981). They do so by measuring the duration of the day 

and/or night in each 24-h cycle and the response depends on whether a critical 

photoperiod and/or dark period is exceeded. It appears that phytochrome is the 

photoreceptor responsible for distinguishing between light and dark in all higher plants 

(Salisbury, 1981). 

As discussed in Section 2.2.1, day length (Eqn 2.2.7) is a function of time of year or 

solar declination (Eqn 2.2.2) and latitude. Plants respond to increasing or decreasing day 

length, rather than absolute day length (Salisbury, 1981). Some of the more important 

plant responses to photoperiod have been reviewed by Vince-Prue (1975, 1981) and 

Salisbury (1981). Three main responses can be identified (Salisbury, 1981). First, 

reproduction and germination is often controlled or influenced by response to relative 

lengths of day or night. It is however difficult to separate photoperiod effects on 

processes such as flowering and germination from other effects of radiation (such as 

temperature) and from other environmental factors (Salisbury, 1981). Second, the form of 

a plant, typically its internode length, stern height and leaf shape, is virtually always 

influenced by photoperiod. And third, relative concentrations of various growth 

regulators and metabolites are also influenced by photoperiod. 

Studies have shown that photoperiod, often in association with temperature, 

nutrient status and water availability, is responsible for numerous biological responses in 

tropical plants. While day length is constantly 12-h at the equator, at the Tropics of 

Cancer and Capricorn it varies by nearly 3-h between the longest and shortest days. In 

fact, Longman and Jenik (1987) argue that tropical plants may be even more sensitive to 

small changes in photoperiod than temperate plants. Experiments, in controlled and 

natural environments with various tropical tree species, have demonstrated clear 

sensitivity to photoperiod in a range of processes such as bud-flushing (Longman, 1969), 

rate of shoot elongation (Stubblebine et ai., 1978), cessation of shoot elongation (Njoku, 

1964), growth rates of leaves (Longman, 1978), and leaf abscission and senescence 

(Longman and Jenik, 1987). 

2.6 AIMS AND HYPOTHESES 

As already stated in Chapter I, the main aim of this thesis is to examine the temporal 

and spatial distribution of solar radiation above and beneath several rainforest types in 

the seasonally wet tropics of northeast Queensland. The preceding detailed review of 
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solar radiation in relation to rainforest structure and function has indicated a number of 

deficiencies in our knowledge about this aspect of the rainforest environment. Some of 

the specific aims of this thesis are an attempt to address these research deficiencies, 

while others merely add to existing knowledge about solar radiation regimes in tropical 

rainforests examined elsewhere. 

This section is presented in two parts: first, the specific aims of this work, arising 

out of the preceding literature review, are described; and second, research hypotheses 

are stated, followed by a discussion on the applicability of these hypotheses to our 

knowledge and understanding of tropical forest regeneration, forest management and 

reforestation. 

2.6.1 Specific Aims 

With respect to the main aim of this thesis, given above, there are seven specific aims of 

this research: 

(1) To develop a computer model for the estimation of solar radiation regimes within 

forest openings that incorporates gap size, forest height, slope angle and aspect, sky 

conditions, and daily and seasonal variation in the position of the sun; 

(2) By means of computer simulations, to examine the effects of latitude, slope 

inclination and sky conditions on solar radiation regimes within rainforest gaps and 

clearings of various dimensions; 

(3) To examine the temporal (diurnal and seasonal) and spatial distribution of 

photosynthetic photon flux density (PPFD) and irradiance in characteristic 

environments (ie canopy, gap and understorey) within lowland, upland and montane 

rainforests in the wet tropics study area; 

(4) To investigate the influence of solar declination (time of year) on the standard 

deviation, skewness and kurtosis about the mean of PPFD and irradiance at canopy, gap 

and understorey sites within the selected rainforests; 

(5) To quantify the contribution of sunflecks to the total daily PPFD and irradiation 

within understoreys of selected rainforests at contrasting times of the year; 
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(6) To examine within-gap variability of PPFD and irradiance at contrasting times of 

the year; and 

(7) To investigate seasonal changes in light availability across the open forest

rainforest boundary (ecotone) at a representative site in the study area; 

2.6.2 Hypotheses 

Six hypotheses were developed: 

(1) Relative PPFD and irradiance levels in the understoreys of northeast Queensland 

rainforests are higher, on average, than tropical rainforests elsewhere because canopy 

density is lower; 

(2) In comparison to equatorial rainforests, sunflecks represent a less significant 

proportion of the daily total radiation in the understoreys of northeast Queensland 

rainforests because of the cloudy trade-wind coast climate; 

(3) Reduction in PPFD by cloudiness decreases productive capacities of montane 

rainforests compared with lowland rainforests in northeast Queensland; 

(4) Because of the relatively high latitude of the study area, seasonal changes in 

light availability, particularly in small gaps, are more marked than equatorial 

rainforests where most research has been conducted so far; 

(5) While latitude and effective gap size profoundly influence light availability at 

the centre of treefall gaps, slope inclination, slope aspect and sky conditions will also 

affect light availability in gaps and hence influence their vegetation dynamics; 

(6) The light regime experienced by plants growing in the rainforest-open forest 

boundary (ecotone) is similar to that experienced by plants within treefall gaps. 

The first three hypotheses relate to the nature of the macro-climate of the study area, 

particularly the high incidence of cloudiness due to the almost constant southeast trade 

flow and associated uplift along the eastern highlands. In hypotheses (1) and (2), it is 

suggested that prevalent cloud cover will reduce the incidence of sunflecks in the 

understorey, but a lower canopy density will facilitate higher levels of background 
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diffuse radiation in the understorey. Hence, a lower incidence of sunflecks will be 

matched by higher levels of diffuse radiation. Hypothesis (3) is based on the fact that 

montane rainforests have lower above-ground primary productivity and biomass than 

lowland rainforests, and this is often attributed to the lower temperatures and higher 

cloud cover experienced by montane rainforests. 

Hypotheses (4) and (5) are concerned with the effect of latitude on light regimes in 

single treefall gaps. However, hypothesis (5) proposes that it is naive to consider only 

gap size and latitude as the main factors affecting gap light regimes and associated 

vegetation dynamics. Both hypotheses have implications for forest regeneration 

following natural and human disturbance. There are also forest management and 

reforestation implications. For example, if we can estimate the effects of latitude, slope 

inclination, slope aspect and forest height on light availability in gaps and clearings of 

various sizes, then rehabilitation of sites, such as road cuttings and open-cast mines, can 

be achieved with species better suited to the prevailing light conditions. 

Hypothesis (6) is of importance to the conservation and management of remaining 

rainforest in the study area, as a substantial portion occurs as small, isolated patches. In 

particular, light availability to seedlings and saplings in the boundary zone (ecotone) 

has been identified as one of the critical factors (along with fire) controlling boundary 

dynamics, and hence short-term stability or instability of rainforest. 
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CHAPTER 3 

THE SKY-CANOPY-GAP-IRRADIANCE MODEL 

One of the main findings arising out of the preceding literature review was the fact 

that the size of treefall gaps and latitude are not the only factors controlling the 

availability of light and associated vegetation dynamics within gaps. It was 

conclu'ed, that the effective gap also depends on surface inclination, slope aspect, 

height of the surrounding vegetation and daily and seasonal variation in the position 

of the sun. In response to this research deficiency, this chapter presents a model that 

incorporates all of the above factors. The chapter will be presented in three main 

sections: (1) the sky-irradiance model; (2) the canopy-gap model; and (3) the sky

canopy-gap-irradiance (SCANGIR) model: computer simulation and data analysis 

techniques. 

3.1 THE SKY-IRRADIANCE MODEL 

3.1.1 The Relationship Between Sunshine Duration and Total Irradiation in the 

Humid Tropics 

There are about 140 stations in the humid tropics that measure only sunshine duration, 

compared with 25 that measure both sunshine duration and total irradiation, and five 

that measure only total irradiation (Muller, 1982). The lack of solar radiation 

measurements in the humid tropics is probably because this region is occupied by 

largely poorer countries that cannot afford radiometric instruments (refer to Section 

6.1.1) and have opted instead for the less expensive sunshine recorders. While 

sunshine duration data are useful in some applications, climatologists, ecologists and 

engineers generally prefer measurements or estimates of total irradiation. 

The relationship between sunshine duration and total irradiation has been 

examined by numerous researchers for many parts of the world (eg. Angstrom, 1924; 

Prescott, 1940; Fritz and MacDonald, 1949; Black et aI., 1954; Glover and McCulloch, 

1958; Masson, 1966; Bennett, 1969; Rietveld, 1978; Spencer, 1982; Hussain, 1984). This 

section evaluates the relationship for the humid tropics by considering the long-term 

monthly averages from 25 stations listed in Muller (1982), and makes use of the most 

recent value for the solar constant (1367 W m-2). 
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Several workers (eg. Prescott, 1940; Black et ai., 1954; Glover and McCulloch, 

1958) have demonstrated that the sunshine-total irradiation relationship can be based 

on the extraterrestrial irradiation, a quantity that can be readily defined. The 

equation is written as follows: 

(3.1.1) 

where Q is the total irradiation at the earth's surface, Qo is the extraterrestrial 

irradiation, n is actual sunshine hours, N d is the maximum possible sunshine hours or 

day length (Eqn 2.2.7) and a and b are regression constants. Extraterrestrial 

irradiation on a horizontal surface (Qo) can be computed using the following equation 

(Iqbal, 1983): 

(3.1.2) 

where Isc is the solar constant in energy units (4.92 MJ m-2 hr-1); Eo is the eccentricity 

correction factor (Eqn 2.2.1); <I> is the latitude in decimal degrees (-ve for S. 

Hemisphere); 0 is the solar declination, in degrees (Eqn 2.2.2); and wsr is the sunrise 

hour angle for a horizontal surface, in degrees (Eqn 2.2.6). Monthly values for Qo were 

calculated for days of the year when it is considered identical to its mean monthly 

value (Table 3.1). 

Table 3.2 lists the 25 humid tropical stations selected for this study. Arid and 

semi-arid stations, corresponding with Koppen's BW and BS climates, were 

deliberately excluded from the statistical analysis together with any Aw or Cw 

climate stations with less than 650 mm mean annual rainfall. Overall, values ranged 

from 750 mm at Malakal to 3130 mm at Port Blair (mean = 1460 mm) (Muller, 1982). 

Monthly values for total irradiation and sunshine duration were then grouped 

into four data sets for linear regression and correlation analysis: 0) all 25 stations for 

all the months of the year; (2) five non-seasonal stations for all the months of the year; 

(3) 20 seasonal stations for the wet months of the year; and (4) 20 seasonal stations for 

the dry months of the year. In the case of the seasonal stations (Aw, Am and Cw 

climates) the wet months were separated from the dry months using mean monthly 

rainfall data ()J.mth) (Muller, 1982). For each station the mean annual rainfall total 

was converted to a yearly monthly average (Jlyr)' and if )J.mth was greater then Jlyr then 

the month in question was considered "wet" and if )J.mth was less than )J.yr the month 

was considered "dry". It was considered useful to derive separate relations for wet and 

dry seasons because of marked changes in cloudiness between seasons. Table 3.3 



Month 

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

Date 

17 
14 
15 
15 
15 
10 
18 
18 
18 
19 
18 
13 

93 

8 (degrees) 

-20.84 
-13.32 

-2.40 
+9.46 

+18.78 
+23.04 
+21.11 
+13.28 

+1.97 
-9.84 

-19.02 
-23.12 

Day number, d n 

17 
45 
74 

105 
135 
161 
199 
230 
261 
292 
322 
347 

Table 3.1. Solar declinations (0) and days of the year (d n ) on which 
extraterrestrial irradiation (Qo) is identical to its mean monthly value (after 
Iqbal, 1983). 
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-------------------------------
Station and Country Latitude Height Koppen 

Climate 
(m asl) Classification 

------------------------------
Calcutta, India 22° 32'N 6 Aw 
Nagpur, India 21° 09'N 312 Aw 
Bangalore, India 12° 57'N 920 Aw 
Madras, India 13° 04'N 16 Aw 
Trivandrum, India 8° 29'N 61 Aw 
Port Blair, India 11° 40'N 80 Am 
Kodaikanal, India 10° 14'N 2343 Cfb 
Singapore 1° 18'N 10 At 
Bogota, Colombia 4° 38'N 2556 Cwb 
Santa Elena, 

Venezuela 4° 36'N 907 At 
Malakal, Sudan 9° 33'N 385 Aw 
Juba, Sudan 4° 51'N 460 Aw 
Bongabo, Zaire 3° 06'N 450 At 
Yangambi, Zaire 0° 49'N 487 At 
Tshibinda, Zaire 2° 19'5 2055 Cw 
Kinshasa, Zaire 4° 20'S 358 Aw 
Kananga, Zaire 5° 53'S 660 Aw 
Kamina, Zaire 8° 44'S 1105 Aw 
Lumbumbashi, Zaire 11° 39'S 1290 Cwa 
Kosozi, Burundi 3° 33'S 2155 Cwb 
Bujumbura, Burundi 3° 23'S 805 Aw 
Harare, Zimbabwe 17° 50'S 1470 Cwb 
Lilongwe, Malawi 13° 58'S 1134 Cwa 
Darwin, Australia 12° 28'S 30 Aw 
Townsville, Australia 19° 14'S 22 Aw 

Table 3.2. Selected tropical stations for which total irradiation (Q)and sunshine 
duration (n) data are available. Data after Muller (1982). 



Data Set 

All stations 
Non-seasonal 
Seasonal wet 
Seasonal dry 

Number of 
Months of 

Observations 

300 
60 

114 
126 

95 

Mean values 
0/00 n/Nd 

0.519 0.549 
0.503 0.482 
0.473 0.442 
0.568 0.677 

Regression 
Constants 
a b 

0.30 
0.28 
0.30 
0.30 

0.40 
0.47 
0.38 
0.40 

r 

0.84 
0.73 
0.71 
0.80 

Table 3.3. Relationship between sunshine duration (n) and total irradiation (Q) 
calculated using Eqn 3.1.1 for the four data sets. Q and n data after Muller (1982) . 

. 7 
Q / q, = 0.30 + 0.40 n / N d • 

. 65 
0.84 r = 

. 6 • • 
n = 300 

.55 . .. . • 
.5 • 

0° .45 
-.. 
0 

• 
. 4 • 

.35 • 
• • • . 3 

. 25 • 

.2 
.2 .3 .4 .5 .6 .7 .8 .9 

n / Nd 

Figure 3.1. Scattergram showing the relationship between n/Nd and Q /Q 0 for 

the 25 stations in the humid tropics. A simple linear regression line is fitted to 
the data. Variance accounted for by n/Nd = 70.6% 
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summarizes the results of the statistical analyses on the four data sets, and Fig. 3.1 

shows a scattergram and regression line for the all stations data set. 

All the correlation coefficients (r) were highly significant (P < 0.01). As 

expected, the mean values for the Q I Qo and n IN d ratios differed because of seasonal 

variations in cloudiness. The lowest ratios were calculated for the seasonal (wet) and 

non-seasonal data sets, respectively, and the highest ratios for the seasonal (dry) data 

set. However, the intercepts (a ) and slopes (b) are similar for all data sets except for 

non-seasonal stations. The most significant correlation (Table 3.3) was found for the all 

stations data set in which almost 71 % of the variance was accounted for, and in 

agreement with Black et al. (1954), it is suggested that the single regression equation 

based on all the data (Fig. 3.1) be used for most locations in the tropics, especially 

those having Aw and Cw climates. 

Unfortunately, very few data are available on the relationship between total 

irradiation and sunshine duration at stations experiencing monsoons (Am climate type). 

A large part of the wet tropical region of northeast Queensland falls into this climate 

category. Because of marked seasonal changes in cloud cover in monsoon regions, it may 

be logical to estimate total irradiation using the non-seasonal regression constants for 

the wet months and the all stations regression constants for the dry months. Ideally, in 

the future separate regression constants for Am climates should be derived. 

The data provided in Table 3.3 are useful in a number of ways. First, because 

extraterrestrial irradiation (Qo) can be calculated on the basis of the known solar 

constant (Eqn 3.1.2), it is possible to estimate mean surface irradiation (Q) at remote 

sites using the Q IQo ratios. Second, the regression constants can be used to estimate 

surface irradiation if sunshine duration (n) data are available. And third, if sunshine 

duration data are not available the regression constants can be used to estimate surface 

irradiation under cloudless skies by assuming nl N d = I, and overcast skies by assuming 

n INd = -0. This may be useful for modelling purposes where either cloudless or overcast 

sky states are required, such as modelling the penetration of solar radiation into a 

forest using hemispherical photographs (Section 6.3). 

3.1.2 The Estimation of Irradiance Under Cloudless Skies 

For ecological purposes, it is possible to estimate incoming irradiance under cloudless 

skies with a simple general model based on the Smithsonian Meteorological Tables 

(List ,1971). A combination of Lambert's Law (Eqn 2.3.4) Beer's Law (Eqn 2.3.6) gives 

the direct-beam irradiance on a horizontal surface (lb) as: 
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(3.1.3) 

where Isc is the solar constant (1367 W m-2); Eo is the eccentricity correction factor (Eqn 

2.2.1); 't is the atmospheric transmission coefficient; m is the optical airmass; and a is 

the solar altitude, in degrees (Eqn 2.2.4). Values for 't often range between 0.55 and 0.8 

with a value of 0.7 being used here. This value is based on the cloudless sky 

transmission coefficient for the humid tropics derived from the all stations data set in 

Table 3.3 by assuming that n IN d = 1. If atmospheric refraction is neglected in this 

simple model, then the optical airmass (m) is given by 

m = 1 I sin a. (3.1.4) 

Campbell (1981) has developed an empirical formula, based on List (1971), for 

estimating diffuse-sky irradiance on a horizontal surface (ld). The formula is as 

follows: 

(3.1.5) 

The two empirical constants refer to absorption and scattering of the solar beam by 

atmospheric water, ozone, CO2 and other constituents as discussed in Section 2.3.2. 

While these could be altered to suit particular conditions, this is not recommended 

because the range of variation is not well understood at present. 

Having derived estimates for Ib and Id , it is then possible to calculate total 

irradiance on a horizontal surface (l ), 

(3.1.6) 

Direct-beam irradiance on an inclined plane (Ib~y) may be derived from: 

(3.1.7) 

where Ib is direct-beam irradiance on a horizontal surface (Eqn 3.1.3); 9 is the angle 

between direct-beam radiation and surface normal for a surface inclined in any 

direction, in degrees (Eqn 2.2.8); and 9z is the zenith angle, in degrees (Eqn 2.2.4). 

If diffuse-sky irradiance (ld) is assumed to be uniform or isotropic over the entire 

sky dome then according to Iqbal (1983), diffuse-sky irradiance on an inclined plane 

(Id~) may be derived from the following expression: 
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(3.1.8) 

where p is the inclination of a surface from the horizontal position, in degrees. It 

should be noted that this isotropic model underestimates diffuse-sky irradiance on 

steep slopes inclined toward the equator (Iqbal, 1983) and should therefore not be used 

for slopes over 40°. 

Total irradiance on an inclined surface (I~y) may then be derived as follows: 

(3.1.9) 

3.1.3 The Estimation of Irradiance Under Cloudy Skies 

The Smithsonian Meteorological Tables (List, 1971) provide empirical data on 

relationships between total irradiance on a horizontal surface (I) and solar altitude 

(a) beneath seven cloud types. Using these data empirical relations between I and a 

were derived by the least-squares curve fitting technique (Robinson, 1969). The 

regression equations for seven cloud types are shown in Table 3.4, together with 

estimates of direct, diffuse and total irradiance at two solar altitudes These relations 

assume only one cloud deck, but it should be theoretically possible to model two or more 

cloud decks such as cirrostratus and nimbostratus. 

Unfortunately, no empirical data is available for cumulonimbus cloud type, but 

one would expect a regression equation giving a curve beneath that for nimbostratus 

because studies in the tropical troposphere have shown that irradiance levels beneath 

cumulonimbus clouds are as low as 3 percent of those at the top of the cloud (Reynolds et 

al., 1975). 

By modifying Eqn 3.1.5 it is possible to estimate diffuse-sky (Id) and direct-beam 

(Ib) irradiance from the estimate of I under a particular cloud type (Campbell, 1981), 

whereby 

Id = 0.51 (0.91 Isc Eo sin a -n / (1 - 0.51), (3.1.10) 

and, 

(3.1.11) 

When estimates of Id and Ib are made from I under the seven cloud types in Table 

3.4, it is evident that for all cloud types, except cirrus and cirrostratus, that I = Id. This 

general assumption is valid only if cloud cover is continuous and all irradiance is 



Cloud type 

Cirrus 

Cirrostratus 

Altocumulus 
Altostratus 

Stratocumulus 

Stratus 
Nimbostratus 
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Regression equation 

I = -120.84 + 20.75 ex - 0.093 ex 2 

I = -139.36 + 20.37 ex - 0.087 ex 2 

I = -81.11 + 12.51 ex - 0.053 ex 2 
I = -61.51 + 10.22 ex - 0.048 ex 2 

I = -48.11 + 8.07 ex - 0.033 ex 2 

I = -32.20 + 5.78 ex - 0.025 ex 2 
I = -10.42 + 3.82 ex - 0.024 ex 2 

----------------------------------------------
Irradiance (W m-2) 

Cloud type ex = 45° ex = 90° 

I I I I I I 
b d b d 

----------------------------------------------
Cloudless 576 151 727 960 147 1107 
Cirrus 351 266 617 728 265 993 
Cirrostratus 303 291 594 720 269 989 
Altocumulus 0 370 370 0 615 615 
Altostratus 0 298 298 0 469 469 
Stratocumulus 0 245 245 0 411 411 
Stratus 0 175 175 0 285 285 
Nimbostratus 0 11 2 1 1 2 0 139 139 

-----------------------------------------------

Table 3.4. Empirical relations between total irradiance (Wm-2) on a horizontal 
surface (I) and solar altitude (ex) under cloud cover for various cloud types (After 
List, 1971). Estimates of direct (Ib)' diffuse (Id) and total (I) irradiance for the 

seven cloud types and a cloudless sky are given for two solar angles (ex). 
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diffused before reaching the earth's surface. The regression equations clearly indicate 

that nimbostratus has a greater effect on scattering and absorbing irradiance than 

altocumulus because of differences in their respective cloud depths. 

The model cannot adequately predict I,Ib and Id under discontinuous cloud cover 

because of the complexities in cloud-ground forward- and back-scatter. Furthermore, 

irradiance changes rapidly under partIy cloudy skies making comparative modelling 

impossible. However, it is possible to model for changing cloud conditions throughout 

the day, for example a cloudless morning followed by stratocumulus in the afternoon or 

vice versa. 

Although the data in Table 3.4 are based on the relationship between I and a on 

horizontal surfaces, reasonable estimates for inclined surfaces can be obtained using 

Eqns 3.1.7 ,3.1.8 and 3.1.9. 

3.1.4 The Estimation of Daily Irradiation At a Site 

Daily total (Q), direct-beam (Qb) and diffuse-sky (Qd) irradiation under cloudless or 

cloudy skies can be obtained from an integration over a day of the corresponding 

instantaneous total (I), direct-beam (Ib) and diffuse-sky (Id) irradiance. Thus, the 

total irradiation during a day, from sunrise (sr) to sunset (ss), on a horizontal surface is 

given by 

SS $ 

Q = f I dt = 2 f I dt. (3.1.12) 
sr 0 

_ A~suming that Eo (Eqn 2.2.1) remains constant during one day and after converting 

the time (dt) to the hour angle (ro) we obtain 

-ffiss ~ 

Q = f I dro = 2 f I dro, (3.1.13) 
wsr 0 

where wsr and ross are the sunrise and sunset hours angles, respectively (Eqn 2.2.6). 

A similar integration procedure can be used to obtain daily irradiation values on 

inclined surfaces. Thus, the daily total irradiation on an inclined surface is: 

~ 

Q~'Y = f Id~ + Ib~'Y dro 

~ 

(3.1.14) 



101 

3.2 THE CANOPY-GAP MODEL 

3.2.1 The Estimation of Direct, Diffuse and Total Irradiation Beneath Circular 

Canopy Gaps and Clearings Under Cloudless and Cloudy Skies 

As was noted in Section 2.4 direct-beam and diffuse-sky irradiance interact differently 

with canopy phyto-elements, and it is therefore necessary to treat them separately in 

any theoretical analysis of light regimes under vegetation (Anderson, 1966; Pearcy, 

1989); the main reason being that diffuse irradiance originates from all parts of the 

sky if isotropic conditions are being considered, while direct irradiance originates from 

a point source, the sun. 

3.2.1.1 The Penetration of Direct Irradiation 

Fig. 3.2 represents a theoretical gap or clearing in a continuous vegetation canopy, 

hereafter considered as a forest canopy. The gap is cylindrical in shape extending from 

the top of the canopy to the forest floor, but with a vertical axis and a base parallel to 

the slope. The model described herein may be applied to surfaces facing any direction. 

At the top of the canopy, daily direct irradiation (Qb~'Y ), under cloudless skies 

from sunrise (sr) to sunset (ss) may be defined as follows: 

$ 

Qb~'Y = JIb (cos S / cos Sz) dt, 
s: 

(3.2.1) 

where Ib is the direct irradiance on a horizontal surface (Eqn 3.1.3); S is the angle of 

incidence for a surface orientated in any direction with respect to the local meridian, in 

degrees (Eqn 2.2.8); and Sz is the zenith angle, in degrees (Eqn 3.2.4). If time (dt) is 

converted to the hour angle (co) then Eqn 3.2.1 may be written as: 

-(0$ 

~~ = JIb (cos S / cos Sz) dco, 

COs: 

(3.2.2) 

The daily distribution of Qb~'Y will be symmetrical around solar noon for a 

horizontal surface and for slopes inlined to the north (y=+ 180°) and south (y=OO). 

Remaining slope inclinations will have asymmetrical distributions for Qb~'Y' For 
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N 

< .... ...... 

Figure 3.2. Position of the sun relative to the centre of the floor beneath an 
inclined circular gap/clearing within a continuous forest canopy. The symbols are 
as follows: P = inclination of a surface from the horizontal, in degrees; 'If = solar 
azimuth angle, in degrees; y = surface azimuth angle, in degrees; and e = the 
angle of incidence for a surface inclined in any direction, in degrees. 
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example, if the slope is facing east (,,(=+90°), the site will receive more direct 

irradiation before solar noon, and vice versa for a west facing slope (y=-900). 

Assuming that the canopy is continuous with no openings other than the gap (Fig. 

3.2), then the quantity of direct irradiation received at the forest floor beneath the 

centre of the gap (Qbp~'Y) will obviously be less than that received at the top of the 

canopy (Qb~l Thus Eqn 3.2.1 must be modified to account for the horizon obstruction 

created by the ratio between canopy height (h) and gap diameter (d). This may be 

expressed in terms of e over a day as follows: 

-f)' 

Qbp~'Y = fIb (cos e 1 cos e z ) de, 

e' 
(3.2.3) 

where e' is the maximum angle of incidence for a surface inclined in any direction, 

beyond which direct irradiance may penetrate and reach the forest floor at the centre 

of the gap, and is defined in terms of hand d as follows: 

e' = tan-1 [(d 12) Ih]. (3.2.4) 

Thus, if the angle of inclination (e) at solar noon for a given latitude and solar 

declination is greater than e' for a particular gap configuration and slope inclination 

(Fig. 3.2) then the model predicts that the flux density of direct-beam irradiance at 

the forest floor will be zero under cloudless skies. 

The model has no means of allowing for sunfleck events which occur as a 

consequence of small openings in the continuous forest canopy. The hemispherical 

photographic technique, which is discussed in Section 6.3, is able to predict such 

sunflecl~- events because it makes use of actual canopy images rather than theoretical 

canopies as described here. 

3.2.1.2 The Penetration of Diffuse Irradiation 

Given the isotropic sky model for diffuse irradiance described in Section 3.1, the 

quantity of diffuse-sky irradiation (Qdp~) reaching the forest floor (Fig. 3.2) is a 

function of the amount of sky visible at the forest floor at the centre of the gap (sky

view factor, F). This may be calculated from the gap diameter (d) and forest height 

(h) as follows (Reifsnyder and Lull, 1965): 

F = sin2 [tan-1 (d 12h)]. (3.2.5) 
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Figure 3.3 shows sky view factors (F) for various values of d and h. Daily diffuse-sky 

irradiance (Qdp~) at the forest floor beneath the centre of the gap (Fig. 3.2) is 

calculated as follows: 

ss ss 

Qdp~ = J Id~ F dt = 2 J Id~ F dt, (3.2.6) 
sr 0 

where Id~ is diffuse-sky irradiance above the forest (Eqn 3.1.8). 

In terms of the hour angle (0) Eqn 3.2.6 may be written as: 

-<ass ~ 

Qdp~ = J Id~ F dO) = 2 J Id~ F dO). (3.2.7) 

Ok 0 

Because the isotropic model tends to underestimate diffuse irradiance on steep 

slopes inclined towards the equator, only slopes up to 30° are considered in subsequent 

analyses. 

3.2.1.3 The Penetration of Total Irradiation 

Daily total irradiation (Q p~y) reaching the forest floor beneath a particular 

theoretical gap is equal to the sum of the direct-beam (Qbp~y) and diffuse-sky (Qdp~) 

irradiation as calculated above, 

(3.2.8) 

For certain cloud types (Table 3.4), direct-beam irradiance may be non-existent at the 

earth's surface because of scattering, reflection and absorption of direct rays within the 

cloud. Under such conditions the flux density of total irradiance at the forest floor is 

merely a function of the sky-view factor (F) imposed by the gap's horizontal and 

vertical dimensions. Thus Eqn 3.2.6 may be re-written for all cloud types except cirrus 

and cirrostratus as follows: 

ss ss 

Qp~ = J I F dt = 2 J IF dt, (3.2.9) 
sr 0 
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Figure 3.3. View factor (F) of differential area at the centre of a forest gap to the 
sky above (adapted from Reifsnyder and Lull, 1965). 
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and in terms of ro: 

-ffiss COss 
Qp~ = J I F dO) = 2 J I F dO). (3.2.10) 

'%r 0 

3.2.2 The Sky-Canopy-Gap-Irradiance Model 

Figure 3.4 summarizes the components that form the basis of the Sky-Canopy-Gap

Irradiance (SCANGIR) Model described in the preceding sections. The SCANGIR 

Model is presented as a computer program compiled in Microsoft QukkBASIC (I988) 

and is run on an Apple Macintosh microcomputer. The program listing, detailed 

descriptions of its various algorithms and a soft copy on diskette are provided in 

Appendix B. The program computes direct, diffuse and total irradiance reaching the 

earth's surface for any latitude equatorward of 66.6°, at any time interval (I-sec to I-h 

or more) from sunrise to sunset. It computes these components for surfaces inclined in any 

direction under cloudless and cloudy skies (Table 3.4), on any day of the year. The 

model simulates the horizontal and vertical dimensions of a theoretical cylindrical 

canopy gap which is a function of the gap diameter and forest height (Fig. 3.2). The 

SCANGIR Model can be applied equally well to non-vegetated surfaces such as urban 

canyons. Fig. 3.5 demonstrates a sample run of the SCANGIR computer program 

(Appendix B). 

3.3 THE SCANGIRMODEL: COl\1PUTER SIMULATION AND DATA ANALYSIS 

- TECHNIQUES 

3.3.1 CQmputer Simulation Techniques 

The SCANGIR Computer Model (Appendix B) was run for three simulations (Fig. 3.6). 

In each simulation, total irradiance (direct plus diffuse) was computed at 2-min 

intervals from sunrise to sunset at representative times of the year. The same forest 

height to gap diameter ratios (h:d) were used for each simulation. 

The h:d ratios (Fig. 3.6) represent the range of natural gaps as reviewed by 

Denslow (1987) and human-made clearings likely to be found in rainforests (Jordan, 

1987). In particular, an attempt has been made to simulate gaps created by single- and 

multiple-tree falls and advertantly created forest clearings. View factors (F) range 

from 0.015 (very small single treefall gap) to 1.000 (no forest). The latter represents 
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SKY CONDITIONS 

I LATITUDE ~I -"~~I 
THE 

SCANGIR 

MODEL 

GAP GEOMETRY 

EARTH-SUN 
GEONETRY 

Figure 3.4. The main components of the Sky-Canopy-Gap-Irradiance (SCANGIR) 
Model. 



CLOUDlYPES 

(1) CLOUDLESS 
(2) CIRRUS 

INPUTS 

(3) CIRROSTRATUS 
(4) ALTOCUMULUS 
(5) ALTOSTRATUS 
(6) STRATOCUMULUS 
(7) STRATUS 
(8) NIMBOSTRATUS 

SELECT OPTION (NUMBER)? 1 
OUTPUT FILE NAME? test 
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LATITUDE OF SITE IN DECIMAL DEGREES? -20 
DAY #. MONTH #? 22. 12 
LEAP YEAR fi OR N)? N 
INCLINATION OF SURFACE FROM 
THE HORIZONTAL (DEG)? 3() 

SURFACE AZIMUTH ANGLE 
EAST IS +VE. WEST IS -VE 
NORTH IS 180. SOUTH IS a ? -90 
ENTER REQUIRED TIME INTERVAL 
BETWEEN IRRADIANCE ESTIMATES (IN SECS) ? 120 
ENTER GAP DIAMETER IN METRES ? 20 
ENTER MEAN HEIGHT OF FOREST 
AROUND GAP IN METRES? 20 

! OUTPUT CHECK 

DAY OF THE YEAR 356 
LATITUDE -20 DEGREES -+ 
SOLAR DECLINATION -23.4 
CLOUD - TYPE- CLOUDLESS 
GAP DIAMETER 20 METRES 
MEAN CANOPY HEIGHT 20 METRES 
SLOPE ANGLE 3() DEG 
ASPECT -90 DEG 
SKY VIEW FACTOR 2 

< CLICK TO CONTINUE> 

90 

'" 80 
E 
3: 
.; 
0 c: .. 
'5 

.~ .. 
15 
I-

10 

FINAL OUTPUT 

DAILY INTEGRALS BASED ON 2 MIN VALUES 
IN KILOJOULES PER sa METRE 

DIRECT-BEAM 
DIFFUSE-SKY 
TOTAL 

11400.3 
1182.8 

12583.2 

MEAN DAILY FLUXES BASED ON 2 MIN VALUES 
IN WATTS PER sa METRE 

DAYLENGTH (HRS) 13.2 
DIRECT-BEAM 239.7 
DIFFUSE-SKY 24.9 
TOTAL 264.6 

< CLICK TO CONTINUE> 

Solar time. hours 

Figure 3.5. Sample output from the SCANGIR computer program (Appendix B). 
Input and output data are shown in italics. Not shown in the final output box are 
prints to screen and an output ASCII file for solar altitude, direct, diffuse and 
total fluxes at selected time intervals (in this example: 2-min). The diurnal 
distribution of total irradiance at the centre of the gap is shown in the graph. 
The example depicts a simulation for a large single treefall gap (refer to Fig. 3.7). 
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conditions above the forest which are similar to those experienced by canopy 

emergents. Fig. 3.7 provides data on actual gap sizes for various forest heights and gap 

diameters. Canopy gaps in northeast Queensland rainforests vary depending on the 

disturbance regime; the most common being single treefall gaps due to the death or 

forced toppling of a single tree (Stocker, 1988). Multiple treefall gaps are less common 

being largely a result of tropical cyclones and landslips. Human-made clearings within 

the actual rainforest do not occur in this region but are common in developing countries 

where slash and bum (swidden) cultivation is still practiced, such as in the Amazon, 

Southeast Asia, New Guinea, and equatorial Africa (Jordan, 1987). 

In the first simulation (Fig. 3.6), the aim was to demonstrate the effects of 

latitude on solar radiation regimes in the various gaps and clearings on the 22nd day of 

each month. The latitudinal range covers equatorial, tropical, sub-tropical and 

temperate rainforests: The other factors controlling solar radiation regimes in forest 

gaps and clearings were kept constant to highlight latitudinal and seasonal effects. 

In the second simulation (Fig. 3.6), the aim was to demonstrate the effects of 

slope angle and aspect on solar radiation regimes in the various gaps and clearings at 

three times of the year: December 22 (8=-23.5°), March 21/September 23 (8=0.0°) and 

June 22 (8=+23.5°). Two slope angles with contrasting aspects and two latitudes were 

simulated, while sky conditions remained constant. The latitudes correspond with 

tropical rainforest (20° 5.), such as that found in the study area (Chapter 5) and 

temperate rainforest (40° 5.), such as that found in southeast Victoria, Tasmania and 

New Zealand. 

In the third and final simulation (Fig. 3.6), the aim was to demonstrate the 

effects of sky conditions on solar radiation regimes in the various gaps and clearings at 

the same times of the year described in the second simulation. Three cloud types, 

representing high (cirrostratus), medium (altostratus) and low (stratus) elevations 

were selected from the seven types available in the SCANGIR Model, while latitude, 

slope aspect and slope angle were held constant. 

3.3.2 Data Analysis Techniques 

The SCANGIR Model computer program (Appendix B) creates an ASCII file containing 

four data columns: solar altitude, direct irradiance, diffuse irradiance, and total 

irradiance. The size of the ASCII file will depend on the sampling rate selected and 

day length. The data file can then be transferred to a suitable statistical package for 

processing. The following descriptive statistics were used for analysis of simulated 
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Figure 3.7. Gap/clearing area (m2) as a function of forest height (m) for six forest 
height to gap diameter (h:d) ratios. Sky view factors (F) for the h:d ratios are: 
4:1=0.02, 3:1=0.03, 2:1=0.06, 1:1=0.20, 1:2=0.5, 1:4=0.8. Approximate range for 
various gaps types are: very small single treefall <80 m2, small single treefall 80-
199 m2, large single treefall 200-499 m2, multiple treefall 500-4999 m2, small 
clearing 5000-20000 m2, and large clearing> 20000 m2. 
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total (direct plus diffuse) irradiance within circular rainforest gaps and clearings: 

mean, standard deviation, coefficient of variation, range and median. All statistical 

analyses were performed-using Statview 512+ (Abacus Concepts Inc., USA, 1986) on the 

microcomputer described above. 

3.4 SUMMARY 

This chapter has presented a universal model for the estimation of light availability 

within rainforest gaps and clearings. The so-called Sky-Canopy-Gap-Irradiance 

(SCANGIR) Model (Fig. 3.4) extends existing models which have tended to only 

consider the size of canopy gaps and latitude as the main factors determining light 

availability within gaps and associated vegetation dynamics. The SCANGIR Model 

permits the estimation of effective gap light regimes by incorporating, together with -

gap size and latitude, factors such as slope angle, slope aspect, sky conditions, height 

of the surrounding vegetation, and daily and seasonal variation in the position of the 

sun. 

To demonstrate how latitude, slope inclination and sky conditions affect solar 

radiation (light) regimes beneath circular canopy gaps and clearings of various 

configurations, the three computer simulations shown in Fig. 3.6 will be evaluated in 

Chapter 4. Furthermore, the Sky-Irradiance Model (Section 3.1) will be used in 

conjunction with the hemispherical (fisheye) photography technique described in 

Section 6.3 for the estimation of daily total photosynthetic photon flux density (PPFD) 

within rainforest understoreys and gaps in northeast Queensland. In Chapter 7, these 

daily total PPFD measurements will be compared with actual measurements of daily 

total PPFD made with photoelectric sensors within the same micro-environments. 
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CHAPTER 4 

SIMULATED SOLAR RADIATION REGIMES WITHIN 
RAINFOREST GAPS AND CLEARINGS 

The main aim of this chapter is to evaluate the results of the three computer 

simulations performed using the Sky-Canopy-Gap-Irradiance (SCANGIR) Model 

(Chapter 3). These results represent 560 separate computer simulations (Fig. 3.6), 

which produced over 210,000 data values. Because of the large amount of data 

generated, the results of various descriptive statistics are summarised as tables in 

Appendix C (Volume 2). The chapter will be presented in three main sections: (1) 

Simulation 1: the effects of latitude; (2) Simulation 2: the effects of slope and aspect; 

and (3) Simulation 3: the effects of sky conditions. 

In each simulation (Fig. 3.6) the seven forest height to gap diameter (h:d) ratios 

were categorised as follows: (1) above the forest (h:d = 0:0); (2) multiple treefall gap -

large clearing (h:d = 1:4); (3) multiple treefall gap - small clearing (h:d = 1:2); (4) 

large single treefall gap - multiple tree fall gap (h:d = 1:1); (5) large single treefall 

gap - multiple treefall gap (h:d = 2:1); (6) very small single treefall gap - large single 

treefall gap (h:d = 3:1); and (7) very small single tree fall gap - small single treefall 

gap (h:d = 4:1). The description given in each category refers to forest heights (h) from 

10 to 60 m (Fig. 3.7). For forest heights less than 10 m or greater than 60 m, it is 

necessary to provide new descriptions. For example, a gap in a 70 m tall forest with an 

h:d ratio of 4:1 would be classified as a large single treefall gap (ie gap area = 240. 5 

m2); a gap in a 5 m tall forest with an h:d ratio of 1:4 would also be classified as a large 

single treefall gap (ie gap area = 314.2 m2). 

4.1 SIMULATION 1: THE EFFECTS OF LATITUDE 

As already discussed in Section 3.3.1, the main aim of Simulation 1 (Fig. 3.6) was to 

demonstrate the effects of latitude on solar radiation regimes across the range of forest 

height to gap diameter (h:d) ratios shown in Fig. 3.7 on the 22nd day of each month. 

Direct and diffuse irradiance on a horizontal surface under cloudless skies (W m-2) were 

integrated from sunrise to sunset and summed to give daily total irradiation (kJ m-2 per 

day) at the forest floor at the exact centre of the simulated clearing/gap. By treating 

the direct and diffuse components separately it is then possible to obtain order-of-
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magnitude estimates of how total irradiation varies among the range of forest h:d 

ratios at five latitudes. 

The latitudinal range covers equatorial, tropical, sub-tropical and temperate 

rainforests. For example, the five latitudes correspond with Borneo (equatorial 

rainforest), Papua New Guinea (tropical-equatorial rainforest), northeast Queensland 

(tropical rainforest), southeast Queensland/northeast New South Wales (sub-tropical 

rainforest), and southwest Tasmania (temperate rainforest). Similar latitudinal 

gradients may also be found in Africa and South America. 

Figure 4.1 and Table 4.1 demonstrate, respectively, the effect of latitude on solar 

altitude and day length at solar declinations approximately equal to the 22nd day of 

each month. It is evident that both solar altitude (Fig. 4.1) and day length (Table 4.1) 

have a greater seasonal range with increasing latitude. At the equator solar altitude 

at solar noon reaches its lowest yearly value of 66.6° at the solstices (June 22/December 

22 or 8 = ±23.5°) and its highest value of 90° at the equinoxes (March 21/September 23 

or 8 = 0.0°); day length at the equator is constantly 12-h. In comparison, at 40° S. solar 

altitude reaches its lowest yearly value of 26.so on June 22 (8 = +23.so) and its highest 

value of 73.4° on December 22 (8 = -23.so); day length varies from 9.2-h on June 22 to 

14.8-h on December 22. Even at 20° S., solar altitude at solar noon on June 22 is only 46.so 

decreasing to 36.5° at 30° S. Hence, latitude and time of year (solar declination) 

influence solar altitude (Eqn 2.2.4) and day length (Eqn 2.2.7), and in turn, both factors 

control the penetration of direct-beam irradiance into forest gaps and clearings. As 

shown in Fig. 3.2, the position of the sun relative to the centre of the forest floor 

beneath an inclined circular gap in a continuous canopy is the main factor affecting the 

penetration of direct-beam irradiance to the gap centre. On the other hand, diffuse

sky irradiance originates from every part of the sky and will reach the gap centre 

irrespective of the angle of incidence of the direct irradiance (9). 

Tables C.1 to C.7 in Appendix C (Volume 2) summarise the descriptive statistics 

performed on the simulated data, and Fig. 4.2 shows latitudinal and seasonal changes 

in daily total irradiation (kJ m-2 per day) under cloudless skies for the seven forest 

height to gap diameter (h:d) ratios (Fig. 3.7). The greatest seasonal variation in total 

irradiation above the forest (h:d= 0:0) and at the centre of 1:4 and 1:2 gaps occurs at 40° 

S. in response to the varying day length at this latitude (Table 4.1). On the other 

hand, at the equator the annual range in total irradiation above the forest and within 

1:4 and 1:2 gaps is small because of the constant day length. 

However, the effect of latitude on total irradiation within single treefall gaps of 

varying sizes is particularly evident at 40° 5.; on November 22/January 22 (8 = -20.0°) 

and December 22 (8 = -23.5°), total irradiation above the forest, at the centre of large 

and small clearings and multiple treefall gaps is not greatly different to other 



'" ., 

Solar Altitude at O· South 
90 

80+-------------~~~---------------

115 

Solar Altitude at 20· South 
90 

80+---------------.. ~~--------------

~ 60 ........................... . 

~ 701+-------------~~~~~~------------., 
~ 601+-----------~~--~~~~~---------
o 

., 
o 
.,' 

1:;J 

.~ 
~ 
:u 
"0 en 

40 

30 

20 

~ 501t-------~~~~~~~~~-------
1:;J 

.,; 40 
:( 
:u 30 

~ 20 

OL---------------T----------------
Solar Noon 

Solar Altitude at 10· South 
90 

80t-------------~~~--------------

I 
••••••••••••••••••••••••••••••••• "1" •••••••••••••••••••••••••••••••••• 

I 

O~L-------------T-------------~~ 
Solar Noon 

Solar Noon 

90 
Solar Altitude at 30· South 

80+---------------~~~ __ ------______ __ 
: 70 .................................... . 

~ 
:: 60 ............................. . 
a 
.; 50 ...................... .. 
"0 
:> 
~ 40+-------~~~~~w.~~~~~,~--------

:u 30t-----~~~~~~-7---J~~~~._---
"0 
en 20+---~~~~-------r------~~~~ 

O~L-~------------T-----______ ~~~ 
Solar Noon 

Solar Altitude .t 40· South 
90 

80 ........................................................................................... . 

Solar Noon 

Solar Declination (0) 
0·23.5· 
0·20.0· 

4!!. ·11.0· 

00.0· 
+ +11.0· 

• +20.0· 
• +23.5° 

Figure 4.1. The effect of latitude (<j» on solar altitude (ex) at solar declinations (8) 
approximating the 22nd day of each month (refer to Section 2.2.1 for equations). 
Data points are plotted every 20-min from sunrise to sunset. 



116 

SOLAR 
DECLINATION 0° S 
(Approx. date) 

~2~5~-----------------------------------------------------------

(Dec 22) 12.0 12.6 13.2 13.9 14.8 

-20.0° 
(Nov 221 

Jan 22) 

-11.0° 
(Oct 221 

Feb 22) 

0.0° 
(Mar 211 

Sep 23) 

+11.0° 
(Apr 221 

Aug 22) 

+20.0° 
(May 221 

Ju122) 

+23.5° 
(June 22) 

12.0 12.5 

12.0 12.2 

12.0 12.0 

12.0 11.7 

12.0 11.5 

12.0 11.4 

13.0 13.6 14.4 

12.5 12.8 13.2 

12.0 12.0 12.0 

11.4 11.1 10.6 

11.0 10.4 9.6 

10.8 10.1 9.2 

Table 4.1. The effects of latitude on day length in hours at solar declinations (8) 
approximately equal to the 22nd day of each month. Day length was calculated 
using Eqn 2.2.7. 
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Figure 4.2. Simulated daily total irradiation (kJ m-2 per day) on a horizontal 
surface under cloudless skies for five latitudes in the southern hemisphere. Daily 
integrals are given for seven forest height to gap diameter (h:d) ratios at solar 
declinations (8) approximately equal to the 22nd day of each month. The sky
view factors (F) are given for various h:d ratios. Note differences in vertical 
scales. 
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latitudes (Fig. 4.2). However, at the centre of large, small and very small treefall 

gaps, total irradiation at 40° S. is consistently lower than the other latitudes. The 

simulations indicate that at h:d ratios greater than 1:1 (ie 2:1, 3:1 and 4:1), solar 

altitude at solar noon is too low throughout the year at this latitude to allow direct 

irradiance to penetrate through to the centre of gaps with these h:d ratios (Fig. 4.2). 

For example, on December 22 (8 = -23.5°) mean total irradiance (W m-2) at 20° S. at the 

centre of a gap with an h:d ratio of 4:1 is 33-times greater than that in a 4:1 gap at 40° 

S. (Table C5). 

Given the fact that single treefalls are the most common and important 

disturbance event in rainforests, it would seem that rainforest growing on a horizontal 

surface at 40° S. would require an h:d ratio of at least 1:1 before direct irradiance 

(sunflecks excepted) could penetrate to the forest floor at the gap centre. As shown in 

Fig. 3.7, an h:d ratio of 1:1 requires either a large single treefall or multiple treefall 

gap. If the forest height is over 25 m, then a multiple treefall gap is required. 

However, as reviewed in Section 2.5.1.2 such gaps are created at a much lower 

frequency than single treefall gaps. 

It is evident that a rainforest gap at the equator with an h:d ratio of 1:1 (Fig. 

4.2) will experience high levels of irradiance at and near solar noon throughout the 

year; maximum total irradiance at the centre of the gap at solar noon under cloudless 

skies ranges from 882.7 to 989.1 W m-2 at the equator, from 30.3 to 989.1 W m-2 at 10° and 

20° S., from 30.0 to 980.6 W m-2 at 30° S., and from 26.1 to 935.3 W m-2 at 40° S. (Table 

CA). However, even at the equator, during the solstices (8 = ±23.5°) total irradiation 

at the centre of 2:1, 3:1 and 4:1 gaps is very similar to those throughout the year at 40° 

S. (Fig. 4.2). 

At 30° S., the latitude commonly occupied by sub-tropical rainforest, total 

irradiation on December 22 (8 = -23.5°) at the centre of a gap with an h:d ratio of 2:1 is 

very similar to that in a 2:1 gap at 20° S. at the same solar declination. However, for 

3:1 and 4:1 gaps at the same solar declination, total irradiation is somewhat lower at 

30° compared with 20° S. For example, on December 22 mean total irradiance (W m-2) 

at 20° S. at the centre of a gap with an h:d ratio of 4:1 is twice as much as that in a 4:1 

gap at 30° S. (Table C7). 

Relative irradiation levels at each latitude for various gap configurations are 

shown in Fig. 4.3. There is a logarithmic decline in relative irradiation levels with 

increasing forest height to gap diameter (h:d) ratios. For example, at 40° S. relative 

irradiation levels at the centre of a 1:4 gap range from 36.0 to 90.0% over the year, 

compared with 5.0 to 36.0% at the centre of a 1:1 gap and 0.35 to 0.70% at the centre of a 

4:1 gap. Even at the equator there is considerable seasonal variation, particularly as 

gap size decreases; relative irradiation levels at the centre of a 1:4 gap range from 70.0 
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to 90.0%, compared with 18.0 to 45.0% at the centre of a 1:1 gap and 0.26 to 12.0% at the 

centre of a 4:1 gap. 

Figure 4.3 also shows how relative irradiation levels at the centre of some gaps 

increase slightly during winter (low solar angles), particularly at 30° and 40° S. This is 

due to the greater amount of diffuse irradiation, relative to direct irradiation, 

reaching the earth's surface during these months. However, absolute total irradiation 

reaching the earth's surface is considerably lower during the winter months (Fig. 4.2). 

4.2 SIMULATION 2: THE EFFECTS OF SLOPE AND ASPECT 

As already discussed in Section 3.3.1, the main aim of Simulation 2 (Fig. 3.6) was to 

demonstrate the effects of slope angle and aspect on solar radiation regimes across the 

range of forest height to gap diameter (h:d) ratios shown in Fig. 3.7 at the solstices 

(December 22, (5 = -23S; June 22, (5 = +23.5°) and equinoxes (March 21 and September 23, 

(5 = 0.0°). Two slope angles (10° and 30°) and three slope aspects (north, south and 

east/west) were simulated for 20° 5., which corresponds with tropical rainforest in 

northeast Queensland (Chapter 5) and 40° 5., which corresponds with temperate 

rainforest in southeast Victoria/Tasmania. 

Direct and diffuse irradiance on inclined surfaces under cloudless skies (W m-2) 

were integrated from sunrise to sunset and summed to give daily total irradiation (kJ 

m-2 per day) at the forest floor at the exact centre of the simulated clearing/gap. By 

treating the direct and diffuse components separately it is then possible to obtain 

order-of-magnitude estimates of how total irradiation varies among the range of forest 

h:d ratios for six contrasting slope inclinations at 20° and 40° South. 

Figures 4.4 and 4.5 demonstrate, respectively for 20° and 40° 5., the effects of 

slope angle and aspect on total irradiation (kJ m~2 per day) above and within simulated 

rainforest-dearings/gaps at the solstices (December 22, (5=-23S; June 22, (5 = +23.5°) and 

equinoxes (March 21/September 23, (5 = 0.0°), and Tables e.8 to e.21 (Volume 2) 

summarise the descriptive statistics performed on the simulated data. 

At 20° S. there are noticeable differences and similarities among the seven slope 

inclinations shown in Fig. 4.4. For example, above the forest (F=1.00) and at the centre 

of a 1:4 gap (F=0.80) strong seasonal changes are evident for all slope inclinations, 

except the north-facing 30° slope where the seasonal differences are small; more 

specifically, mean irradiance under cloudless skies above the forest is 526.3 W m-2 at 

the summer solstice, 630.9 W m-2 at the equinoxes and 587.9 W m-2 at the winter solstice 

(Table e.B). In comparison, the south-facing 30° slope exhibits the greater seasonal 

range at 20° 5.; mean irradiance under cloudless skies above the forest is 626.0 W m-2 at 
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the summer solstice declining to 455.8 W m-2 at the equinoxes and only 226.6 W m-2 at 

the winter solstice (Table C.8). The east/west-facing 300 slope exhibits seasonal 

changes which are intermediate to the north- and south-facing 300 slopes; mean 

irradiance under cloudless skies above the forest is 583.2 W m-2 at the summer solstice, 

552.0 W m-2 at the equinoxes and 412.5 W m-2 at the winter solstice (Table C.8). 

The simulations indicate that at forest h:d ratios greater than 2:1 (ie 3:1 and 4:1), 

north-facing 100 and 300 slopes and the south-facing 300 slope experience no direct 

irradiance under cloudless skies at their respective gap centres (Fig.4.4). On the other 

hand, the south-facing 100 slope and east/west 100 and 300 slopes experience direct 

irradiance at their gap centres on December 22 (0 = -23.50
). 

At 400 S. (Fig. 4.5), there are noticeable seasonal differences in total irradiation 

levels above the forest (F=1.00) and within large and small clearings (F=0.5-0.8). 

Unlike 200 S. (Fig. 4.4), north-facing slopes at 400 S. (Fig. 4.5) experience consistently 

higher irradiation levels throughout the year compared with other slopes; mean· 

irradiance under cloudless skies above the forest on the north-facing 300 slope is 576 W 

m-2 at the summer solstice, 575.2 W m-2 at the equinoxes and 384.9 W m-2 at the winter 

solstice (Table C.15, Appendix C). In comparison, the south-facing 300 slope has mean 

irradiance values of 513 W m-2 at the summer solstice, 279.5 W m-2 at the equinoxes 

and 105.5 W m-2 at the winter solstice. The east/west-facing 300 slope experiences less 

extreme seasonal changes to that facing south; mean irradiance is 553.1 W m-2 at the 

summer solstice, 425 W m-2 at the equinoxes and 231.8 W m-2 at the winter solstice 

(Table C.15). 

Perhaps the most important finding in Simulation 2 is that at 400 S. (Fig. 4.5), 

slope angle and aspect are important considerations in any studies concerned with 

vegetation dynamics in single treefall gaps. For example, on December 22 (0=-23.5 0
) 

mean total irradiance (W m-2) at 400 S. at the centre of a 4:1 gap on a north-facing 100 

slope is IS-times greater than that within a 4:1 gap on a horizontal surface at the same 

latitude, and 19-times greater than that within a 4:1 gap on a south-facing 300 slope 

(Tables C.7 and C.21). 

Figures 4.6 and 4.7 demonstrate at 200 and 400 5., respectively, relative 

irradiation levels for various slope inclinations and gap configurations. Like the 

relative values at these latitudes for a horizontal surface (Fig. 4.3), there is a general 

logarithmic decline in relative irradiation levels with increasing forest height to gap 

diameter (h:d) ratios. However, the decline is more marked at 400 S. for south-facing 

slopes compared with north-facing slopes (Fig. 4.7). 
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Figure 4.6. Daily total irradiation (%) under cloudless skies for six slope 
inclinations at relative to that above the forest (view-factor = 1.00) at 20° South. 
Percentage values are given for six forest height to gap diameter (h:d) ratios at 
the solstices (June 22, 0 = +23.5°; December 22, 0 = -23.5°) and equinoxes (March 
21/September 23, 0 = 0.0°). Refer to Fig. 4.3, 20° South, for percentage values for a 
horizontal surface. 
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Figure 4.7. Daily total irradiation (%) under cloudless skies for six slope 
inclinations relative to that above the forest (view-factor = 1.(0) at 40° South. 
Percentage values are given for six forest height to gap diameter (h:d) ratios at 
the solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Fig. 4.3, 40° South, for percentage values for a 
horizontal surface. 
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4.3 SIMULATION 3: THE EFFECTS OF SKY CONDmONS 

As already discussed in Section 3.3.1, the main aim of Simulation 3 (Fig. 3.6) was to 

demonstrate the effects of sky conditions on solar radiation regimes across the range of 

forest height to gap diameter (h:d) ratios shown in Fig. 3.7 at the solstices (December 

22,0= -23.so; June 22, 0 = +23.so) and equinoxes (March 21 and September 23,0 = 0.0°). 

Three cloud types, representing high-, medium- and low-levels were simulated for 20° 

S. 

Direct and diffuse irradiance on a horizontal surface under the three cloud types 

(W m-2) were summed to give daily total irradiation (kJ m-2 per day) at the forest floor 

at the exact centre of the simulated clearing/gap. The results indicate order-of

magnitude estimates of how total irradiation varies among the range of forest h:d 

ratios under contrasting cloud types, as well as cloudless skies. 

Figure 4.8 demonstrates for 20° S. the effects of sky conditions on total irradiation 

(kJ m-2 per day) above and within simulated rainforest clearings/gaps at the solstices 

(December 22, 0=-23.5°; June 22, 0=+23.5°) and equinoxes (March 21/September 23, 

0=0.0°), and Tables C.22 to C.28 (Volume 2) summarise the descriptive statistics 

performed on the data. 

The results illustrate the pronounced effects of cloud type on total irradiation at 

the earth's surface. For example, mean irradiance (W m-2) under cloudless skies above 

the forest (F=1.00) is 654.8 W m-2 at the summer solstice (Table c.l); corresponding 

values are 588.0, 287.9 and 170.6 W m-2 for cirrostratus, altostratus and stratus, 

respectively (Table C.22). 

The simulations also show that mean radiant flux densities (W m-2) under 

cirrostratus and altostratus within small gaps (h:d>l:l) are higher than values for 

cloudless skies at the winter solstice (0=+23.5°) because of higher levels of diffuse 

radiation. For example, mean irradiance under cloudless skies at the centre of a 1:1 gap 

is 25.9 W m-2 at the winter solstice (Table C.4); corresponding values are 46.1 and 40.7 

W m-2 for cirrostratus and altostratus, respectively (Table C.25). 

Figure 4.9 demonstrates relative irradiation levels for various sky conditions and 

gap configurations. As with Simulations 1 and 2, there is a logarithmic decline in 

relative irradiation levels with increasing forest height to gap diameter (h:d) ratios. 

There is no seasonal change in relative values for altostratus and stratus because the 

SCANGIR Model (Chapter 3) assumes that total irradiance equals diffuse irradiance 

for all cloud types except cirrus and cirrostratus. Hence, the proportion of total 

irradiance for altostratus and stratus is determined only by the sky-view factor (F) of 

the simulated gap (Eqn. 3.2.5). 
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Figure 4.8. Simulated daily total irradiation (kJ m-2 per day) on a horizontal 
surface under four sky conditions at 200 South. Daily integrals are given seven 
forest height to gap diameter (h:d) ratios at the solstices (June 22, 0 = +23.5°; 
December 22, 0 = -23.so) and equinoxes (March 21/September 23, 0 = 0.0°). The 
sky-view factors (F) are given for various h:d ratios. Note differences in vertical 
scales. 
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Figure 4.9. Daily total irradiation (%) on a horizontal surface under four sky 
conditions relative to that above the forest (view-factor = 1.00) at 20° South. 
Percentage values are given for six forest height to gap diameter (h:d) ratios at 
the solstices (June 22, 0 = +23.5°; December 22, 0 = -23.5°) and equinoxes (March 
21/September 23, 0 = 0.0°). Refer to Fig. 4.3, 20° South, for percentage values under 
cloudless skies. 
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4.4 SUMMARY 

This chapter has demonstrated how latitude, slope inclination and sky conditions 

affect light availability within rainforest gaps and clearings across the range of sizes 

(h:d ratios) likely to be encountered in rainforests as a result of natural and 

anthropogenic processes. 

The results of Simulation 1 have demonstrated the profound influence of latitude 

on solar radiation availability in gaps and clearings, particularly at higher latitudes. 

If sunflecks are excluded for modelling purposes, and all else is held equal, then at 40° 

S. there is theoretically no time of the day throughout the year when direct-beam 

irradiance reaches the centre of rainforest gaps with h:d ratios greater than 1:l. 

The results of Simulation 2 have shown that a steep north-facing slope at about 

20° S. experiences relatively constant light and radiation conditions throughout the 

year, compared with a steep south-facing slope at the same latitude. It would appear 

that plants growing on steep north-facing slopes have to contend with constantly high 

irradiance levels, even during the winter months which at this latitude correspond 

with the dry-season. On the other hand, plants growing on south-facing slopes have to 

contend with the highest irradiance levels at the summer solstice because such slopes 

are inclined towards the sun at this time. However, during the dry winter months 

south-facing slopes are inclined away from the sun and consequently experience lower 

irradiance levels. In comparion, at 40° S. there are pronounced differences in light and 

radiation conditions between north- and south-facing slopes. North-facing slopes 

experience consistently higher irradiation levels compared with south-facing slopes 

which are always inclined away from the sun. The simulations have shown that 

direct light is unable to penetrate small treefall gaps in forests growing on horizontal 

and south-facing slopes at this latitude. However, north-facing slopes experience some 

direct light within small gaps during the summer months. 

The- results of Simulation 3 have demonstrated the important effects of sky 

conditions on light regimes in rainforest gaps. Some of the simulations have shown 

that plants growing within small gaps may benefit from increased background diffuse 

irradiance under cloudy skies, but only in situations where direct light is unable to 

reach their leaf surfaces. However, it should be noted that this modelling procedure 

excludes the contribution made from sunflecks. 

It is hoped that results presented in this chapter will provide a framework for 

understanding forest light regimes under canopy clearings or gaps, and contribute to 

existing and future studies on the ecophysiology and dynamics of rainforest vegetation. 

The practical implications of these simulations in terms of forest regeneration, 

reforestation and forest management will be discussed in greater detail in Chapter 8. 
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CHAPTERS 

THE STUDY AREA AND FIELD SITES 

This chapter provides an overview of the main geographical and ecological 

characteristics of the study area - the seasonally wet tropics of northeast Queensland. 

The chapter will be presented in five main sections: (1) location and physiography; (2) 

geology, geomorphology and soils; (3) regional climate and hydrology; (4) flora and 

fauna; and (5) field sites. 

5.1 LOCATION AND PHYSIOGRAPHY 

5.1.1 Location 

The Wet Tropics (or Wet Tropical Coast) Study Area (Fig. 5.1) is located in the 

northeast coastal region of Queensland, Australia between latitudes 150 29' and 190 10' 

South and longitudes 1440 52' and 1460 31' East (Australian Heritage Commission, 

AHC, 1986). This is roughly between Cooktown in the north and Townsville in the 

south. The total size of the study area is about 11,000 km2 and this is divided 

proportionately as follows: State Forests 58%; National Parks 19%; Timber Reserves 

13%; Aboriginal and Islander Reserves 1.4%; and vacant crown land, leasehold and 

freehold land 8.6% (AHC, 1986). 

This region contains the largest continuous area of rainforests in Australia (Fig. 

5.1), approximately 6300 km2 in area (Tracey, 1982). This represents about 83 per cent 
-

of the remaining tropical rainforest in Queensland. The other vegetation in the region 

is largely-mixed rainforest with sclerophyll trees as emergents and codominants, and 

adjacent to the rainforest there are areas of tall open forest, tall, medium and low 

woodland, paperbark swamps and mangrove forests (AHC, 1986). Important aspects of 

the region's flora and fauna are reviewed in this chapter. 

The city of Cairns is the largest urban centre in the wet tropics region with a 

population of 42,755, increasing to 80,693 if the neighbouring suburbs of the Mulgrave 

Shire are included (Australian Bureau of Statistics, unpublished). The total 

population of the region which encompasses the Daintree-Mossman area, the Atherton 

Tableland and the Innisfail-Tully region is about 145,000 (ABS, unpublished). The 

regional economy is largely based on agriculture, tourism, mining, forestry and fishing. 
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Figure 5.1. The 'Wet Tropics' region of northeast Queensland showing principal 
areas of rainforest. Redrawn from Webb and Tracey (1981) and Keto (1984). 
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5.1.2 Physiography 

Rainforest occurs across three principal physiographic regions in the Cairns-Tully area 

(Fig. 5.2): (1) the Atherton Tableland; (2) coastal ranges; and (3) coastal plains 

(Willmott et al., 1988). The geological and geomorphological characteristics of these 

regions will be discussed in greater detail in the next section. 

The Atherton Tableland averages about 700 m in elevation and consists of ancient 

sediments of the Hodgkinson Formation, capped by Pliocene-Pleistocene basaltic lavas 

(Willmott et al., 1988). Elevation falls from about 1000 m above sea level in the south 

to 390 m in the north. The eastern edge of the Atherton Tableland is bounded by the 

coastal ranges and Great Escarpment which is straight in some sections and sinuous in 

others and the west is bounded by the Great Dividing Range. A number of mountains 

rise above the tableland and are mostly composed of granite which is more resistant to 

erosion than the surrounding meta-sediments (Willmott et al., 1988). 

Perhaps the most spectacular physiographic element in the study area is the 

coastal ranges which occur east of the Atherton Tableland (Fig. 5.2). These ranges 

include the Bellenden Ker, Malbon Thompson and Murray Prior Ranges which are 

mostly large bodies of resistant granite surrounded by meta-sediments from the 

Hodgkinson Formation or sheared parts of the granite bodies themselves (Willmott et 

al., 1988). These steep sloped mountains are typically 600 to 900 m in elevation with 

isolated peaks such as Mt Bartle Frere reaching 1622 m above mean sea level. This 

point is higher than the Great Divide to the west. 

Finally, the coastal plains form a distinct physiographic region being mainly 

flat alluvial plains located below the Great Escarpment and coastal ranges. In 

particular, the Mulgrave River corridor is a distinct feature as it separates the Malbon 

Thompson and Bellenden Ker Ranges (Fig. 5.2). The alluvial deposits are quite 

substantial along the coastal plains with a maximum thickness of 70 m being recorded 

for the Mulgrave River corridor and more than 90 m beneath the Barron River to the 

north (Willmott et al., 1988). 

5.2 GEOLOGY, GEOMORPHOLOGY AND SOILS 

5.2.1 Geology 

The geology of the Cairns-Atherton region has been reviewed by Willmott et al. (1988) 

and Willmott and Stephenson (1989). The geological history of the region may be 

divided into four main phases. 



o 

• B37 

[ill] 

ED 
~ 
D 
·101 

·1017 

0790 

10 20 km 

GREAT DIVIDE 

GREAT ESCARPMENT 

ATHERTON BASALT PROVINCE 

RUGGED COUNTRY 
(9 = Granite Batholiths) 

COASTAL PLAINS and CORRIDORS 

HIGH 'PALEOPLAINS' 

HEIGHT in METRES ·62B 

GEOMORPHIC FEATURES, CAIRNS 

133 

t 
CO RA L 

SEA 

TULL Y REGION, NORTH QUEENSLAND 

Figure 5.2. Geomorphic features of the Caims-Tully region, northeast Queensland 
(Source: Mabin, 1989). 



134 

First, during the Palaeozoic a relatively rigid and impermeable continental 

basement formed. Throughout the Silurian and Devonian periods (420-360 Ma. ago) 

marine sediments were deposited off the edge of an ancient Precambrian bastion to the 

west into the Hodgkinson Basin. During the Carboniferous considerable deformation of 

the thick marine sediments occurred due to periodic slumping (Willmott and 

Stephenson, 1989). This was followed by the extrusion of acid and intermediate lavas 

into rift depressions and also emplacement within the highly folded meta-sediments 

of granites (Willmott et ai., 1988). About 360 Ma. ago the long accumulation in the 

Hodgkinson Basin ceased and the sediments were compressed and uplifted by major 

movements of the earth's crustal plates. Although considerable erosion has occurred 

since that time, rocks associated with the Hodgkinson Formation still occupy an 

extensive region from Tully to north of Cooktown (Fig. 5.1). Some of these rocks are 

meta-sedimentary (eg. mudstone, shale, sandstone), while others are mildly 

metamorphosed (eg. argillite, quartzite) and some are strongly metamorphosed <ego 

slate, greywacke, greenstone, phyllite, schist) (Willmott and Stephenson, 1989). 

The second phase in the geological history began around 310-230 Ma. ago in the 

late Carboniferous, Permian, and early Triassic periods. Essentially large bodies of 

granite magma injected into the Hodgkinson Formation meta-sediments after several 

episodes of heating deep within the earth's crust. The intrusion of these granite bodies 

formed a number of batholiths and smaller intrusions, the most obvious today being the 

Bellenden Ker Granite (Fig. 5.2). Around the granite intrusions zones of phyllite and 

schist formed due to the intense heating (Willmott and Stephenson, 1989). During the 

early Triassic period major crustal movements, particularly along a line from south of 

Innisfail to north of Mossman (Fig. 5.1) resulted in the breaking and shearing of rocks 

and the formation of the Mulgrave River corridor (Fig. 5.2). From about the middle 

Triassic (230 Ma. ago) to the middle Cretaceous (130 Ma. ago) no major geological 

events occurred. The region remained elevated and stable and substantial erosion 

progressively wore down the Hodgkinson Formation and eventually exposed the deeper 

granitic bodies. The eroded sediments were carried by ancient river systems and filled 

in the Carpentaria Basin to the west and the Laura Basin to the north. 

The third phase in the geological history began about 100 Ma. ago (mid

Cretaceous) which saw the updoming of the continent followed by fracturing to form 

the steep eastern edge beside the Queensland Trough (Willmott and Stephenson, 1989). 

After the fracturing rapid erosion on the eastern slope led to the development of the 

Great Escarpment (Fig. 5.2). The sediments associated with this erosion were then 

transported by rivers and deposited off shore into the Queensland Trough. Because 

these sediments have been deposited since the beginning of the Tertiary (65 Ma. ago) 
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they have accumulated to a depth of 3900 m in the Queensland Trough and about 200 m 

near Green Island (Willmott and Stephenson, 1989). 

The fourth and most recent phase began during the Pliocene and saw considerable 

volcanic activity, particularly on the Atherton Tableland. Some of the volcanoes 

produced explosive eruptions, but extensive basalt lavas were also erupted with some 

flowing down the Great Escarpment (Denmead, 1971). Throughout the Tertiary and 

Quaternary, alluvium began to build up in most of the river valleys and in their lower 

courses away from the mountains. Changes in sea level through the Pleistocene 

resulted in the streams eroding older alluvial sediments during periods of low sea level 

(Willmott et al., 1988). 

5.2.2 Geomorphology 

In northeast Queensland the Eastern Highlands reach their highest elevations outside 

the southern New South Wales - eastern Victoria region. According to Mabin (1989) 

the north Queensland segment of the Eastern Highlands (Wellman, 1987) forms a 

separate section, morphologically distinct from the central Queensland sector, and in a 

different structural setting from the southern highland belt. He draws attention to four 

distinct features of the geomorphology of the region (Fig. 5.2). First, there are various 

plateau remnants cut across Palaeozoic granites and volcanics such as the Herberton 

Tableland rising to 1296 m as!. Second, the highest elevations in the region occur some 

40 km east of the Great Divide in the granitic mountains of the Bellenden Ker Range. 

Third, progressive erosion of the Great Escarpment is leaving these ranges standing 

high above the coastal plains and corridors. And fourth, late Cainozoic basalts of the 

Atherton Volcanic Province are widespread in the region with some lavas flowing over 

the Great Escarpment and several volcanic vents being identified on the coastal plain 

(Mabin, 1989). 

In terms of recent geomorphological processes it would seem that a wet tropical 

climate has led to considerable chemical weathering of the meta-sediments of the 

Hodgkinson Formation, whose layering and close fracturing have assisted entry of 

percolating waters (Willmott and Stephenson, 1989). Mass movement is an important 

denudation process on steep ground, even on forested slopes where landslides can occur 

naturally as rock gradually softens. In comparison, the granitic bodies are more 

resistant to erosion with most weathering resulting in isolated rounded boulders (core 

stones) and the almost complete breakdown of the granite to a coarse clayey sand 

(Willmott and Stephenson, 1989). On the less steep tablelands erosion rates are 

conSiderably less with deep chemical weathering in many places. 
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5.2.3 Soils 

According to Tracey (1982), rainfall, the major parent rock types, together with 

alluvium derived from them, are major factors affecting the type and distribution of 

soils in the study area. Moderately deep, medium-texture soils (red or yellow loams) 

have developed on the older meta-sediments and metamorphic rocks associated with 

the Hodgkinson Formation. On the other hand, the granites and acid volcanics have 

generally deeper soils whose texture gradually increases from a sandy loam to a sandy 

clay at depth (Tracey, 1982). Two forms are associated with these parent materials 

(Stace et al., 1968): red soils (or red podzolics) and yellow earths (xanthozems and 

yellow podzolics). Red earths are mostly associated with upper slopes, being largely 

derived from acid volcanics, while yellow earths are more common on lower slopes 

(Murtha, 1986). 

On the alluvial coastal plains, soils vary considerably in accordance with 

drainage. For example, on moderately drained sites gleyed podzolics are common 

while acid peats prevail on poorly drained sites (Murtha, 1986). 

Deep to very deep krasnozems have developed on the Cainozoic basalts on the 

Atherton Tableland (Laffan, 1988) and in places where the basalt flows have moved 

down the Great Escarpment towards the coast (Isabell et al., 1976), such as near 

Innisfail (Fig. 5.2). 

Soil, together with climate (particularly rainfall) and topography play an 

important role in determining the type of rainforest vegetation and its stability at a 

site (Webb and Tracey, 1981). It can be generalised that rainforest soils are often well

drained, deep and underlain by considerable depths of soft weathered rock. Most soils 

are moderately to strongly acid, often strongly base unsaturated and their natural 

fertility status is variable among sites. For example, soils formed on more basic rocks 

generally have a high (eutrophic) to moderate (mesotrophic) fertility status compared 

with acid- rocks which generally have a low fertility (oligotrophic) status. 

In the study area, a wide range of rock types and soils support rainforests of 

varying structural and floristic diversity (Tracey, 1982). In particular, the eutrophic 

soils support the most complex types and the greatest diversity of life-forms, while the 

oligotrophic soils support the most simple types which are often interspersed with 

sclerophylls and subject to intrusion by bush fires (Webb and Tracey, 1981). 

Specific details on soil characteristics of the field sites will be given in Section 

5.5.2. 
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5.3 REGIONAL CLIMATE AND HYDROLOGY 

5.3.1 Regional Climate 

Climatic details for the Cooktown to Ingham region (Fig. 5.1) have been published by 

the Bureau of Meteorology (1971) and climatic averages for stations in the study area 

are available in theBureau of Meteorology Summary (1988). Gentilli (1972) provides a 

general description of the climate of the region while the various meteorological 

systems connected with the general circulation of the area are described in detail in 

Bonell et ai. (1986). A summary will be provided here. 

Ramage (1968) places the northeast Queensland region on the southern fringe of 

what he termed the 'maritime continent', centred over the Indo-Malaysian 

archipelago, which together with the Amazon and Zaire basins, acts as an important 

global heat engine. This global heat engine is responsible for the latent heating of the. 

troposphere and associated poleward transfer of latent and sensible heat by means of 

the Hadley Circulation. 

The study area falls largely within the 'Trade Wind Coast Climate' category 

defined by Gentilli (1972) in his survey of Australian climates. The region is 

characterised by a predominance of easterly winds throughout the year. This is the 

main climatic difference between this region and the monsoonal region to the north, 

where westerly (monsoon) winds, associated with cross equatorial flow of the 

equatorial westerlies, are more or less frequent during the summer (December-March). 

The interaction between the equatorial westerlies and the southern hemisphere trade 

easterlies is evident to the north of the study area during the summer months along the 

thermal low pressure trough (Bonell et ai., 1986). This is known as the monsoon trough 

(Sadler and Harris, 1970) or the southern monsoon shearline (McAlpine et ai., 1983). 

The monsoon trough occasionally moves south of its mean summer position near 13.5° S. 

(Bonell et ai., 1986). However, the frequency of westerly winds decreases rapidly 

southwards from this latitude. For example, in Cooktown (Fig. 5.1) summer westerlies 

dominate over 30% of the afternoons in February, compared with 10% in Cairns and 

only 3% in Townsville (Gentilli, 1972). 

At least half the study area has a mean annual rainfall over 2000 mm (Fig. 5.3), 

with the wettest regions between Cairns and Tully on the coast and around Cape 

Tribulation (Fig. 5.1), where the mean annual rainfall is greater than 3000 mm (Bureau 

of Meteorology, 1971). The highest annual totals occur on the peaks of the coastal 

ranges. Bonell et ai. (1983 a) reported an annual average of 9140 mm for the middle 

peak of Mt Bellenden Ker which is twice as much as that at Babinda (4174 mm) at the 
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Figure 5.3. The location of study sites in relation to the 3D-year mean annual 
rainfall (1926-1955) of the Cairns-Tully region, northeast Queensland. Isohyets 
are redrawn from Bonell et al. (1983 b). 
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base of the mountain (Fig. 5.3). On the other hand, the western edge of the Atherton 

Tableland has an annual average of about 1200 mm. 

Throughout the region, rainfall is strongly seasonal with about 60% occurring in 

the four summer months, December to March. In fact, at many stations in the region 

about 80% of the annual rainfall occurs over the seven months, November to May. 

March is typically the wettest month with August or September being the driest. 

During the dry season the trade wind inversion prevents any major rain activity except 

on the exposed parts of the coast and along the windward side of the coastal ranges. 

For example, at Innisfail mean rainfall during the driest month (August) is only 12% of 

that during the wettest month (March). In Townsville the effect is even greater, with 

August mean rainfall being only 5% of that in February, the wettest month. 

The flow of moist air in the southeast trade wind, originating from the semi

permanent sub-tropical anticyclones, brings moderate rainfall during the night and 

early morning, often clearing as soon as the day heats up. In particular, the steadiness 

and strength of the easterly air is the main factor determining the amount of rain on 

anyone day. Hence, with a very weak flow, precipitation may only occur where 

orographic uplift is very marked; if there is a definite but not strong flow, falls may 

vary from 5 to 30 mm per day, according to topographic influence (Gentilli, 1972). 

Most of the summer rainfall is associated with an active monsoonal trough with 

circular disturbances (Bonell et ai., 1986). These tropical lows and cyclones which 

develop in the monsoon trough typically produce daily total rainfalls of greater than 

250 mm with occasional daily totals in excess of 400 mm (Bonell et ai., 1986). Such rains 

are associated with a very unstable easterly wind stream to the south of the monsoon 

trough and abrupt uplift along the coastal ranges. Tropical cyclones are experienced at 

an average rate of more than two a year (Gentilli, 1972) and are an important 

disturbance component of the tropical rainforest in the study area, especially near the 

coast (Webb, 1958). 

The persistent cloud cover resulting from the southeast trades has important 

ramifications for solar radiation intensity, particularly over the period January-June 

when cloud cover is greatest. On the other hand, from July-October there is less cloud 

development because the trade wind inversion is lower during these months. 

Furthermore, from September-December the trade winds are weaker and this results in 

less uplift and associated cloudiness along the coastal ranges. 

The annual temperature regime in the study area is regular and changes slowly 

from season to season. However, Dick (1975) argues that northeast Queensland is more 

precisely located in the 'outer-tropics' because it experiences a distinct seasonal 

temperature regime, in excess of 5° C throughout the year. Mean monthly maxima 

range between 29.5° and 32.0° C in summer (November-March) and 24° to 26.5° C in 
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winter (May-August), while mean monthly minima range between 21° and 24° C in 

summer and only 13° to 15.5° C in winter (Gentilli, 1972). On the other hand, relative 

humidity is constantly high throughout much of the study area, with the yearly mean 

above 60% at most coastal stations. However, elevation and proximity to the ocean 

will modify these general temperature and humidity patterns. For example, the mean 

maximum temperature in January at Kairi on the Atherton Tableland, at an altitude of 

715 m, is 28.3° C; this compares with a January mean maximum of 31.5° C at Cairns 

(Tracey, 1982). The mean minimum temperatures in January at Kairi and Cairns are 

18.8° C and 23.6° C, respectively. The mean maximum temperature in July is 20.5° C at 

Kairi and 25.4 0 C at Cairns, while the mean minimum temperatures at Kairi and 

Cairns are 10.8° C and 16.7° C, respectively (Tracey, 1982). 

Long-term records of solar radiation are available for only one site in the wet 

tropics study area. The nine year record for Pin Gin Hill (Fig. 5.3) near Innisfail 

(Hopkins and Graham, 1989) shows that monthly solar radiation is highest in the pre

monsoon months of November to January (mean"" 630 MJ m-2 per month). In comparison, 

the mean for the monsoon months of February and March is 455 MJ m-2 per month. Solar 

radiation reaches its lowest mean values in June (330 MJ m-2 per month) because of 

reduced solar elevation and associated day length. The annual average total 

irradiation at Pin Gin Hill is about 5800 MJ m-2 per year. 

According to Tracey (1982), the occurrence and variation of the vegetation types 

in the study area can be broadly correlated with reference to meteorological data and 

the rainfall isohyets (Fig. 5.3). Because of the varied physiography in the study area 

(Fig. 5.2) there are widely differing rainfall regimes over remarkably short distances. 

Notably, the height and orientation of mountain ranges and direction of the coastline 

with respect to the prevailing southeast trades result in steep leeward rainfall 

gradients. For example, the annual average rainfall gradient from Millaa Millaa to 

Malanda (Fig. 5.3) is 52 mm per km (Tracey, 1982). Proximity to large mountain massifs 

is also important, for example the rainfall gradient from Babinda, at the base of Mt 

Bellenden Ker, to Cairns is 35 mm per km. 

Specific details on climate characteristics of the field sites will be given in 

Section 5.5.2. 

5.3.2 Hydrology 

In comparison with other tropical rainforest areas of the world, the wettest parts of 

the northeast Queensland region lie at the 'wet' to 'extremely wet' end of the 

hydrological spectrum (Bonell et ai., 1983 a; 1986). From a hydrological perspective, 
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the most outstanding feature of the wet tropical coast (Fig. 5.3), is the marked 

concentration of the high annual rainfalls in a few months of the year (Bonell et al., 

1986) associated with the summer monsoonal circulation described in the previous 

section. Furthermore, in many years rain falling on only a few days makes up a large 

portion of the annual rainfall. For example, 2602 mm of rain was reported at Babinda 

(Fig. 5.3) over 14 days of continuous rain (3-17 January, 1981), representing almost 50% 

of the annual total for that year (Bonell et al., 1986). Thus, the study area experiences 

frequent high intensity, long duration rain events in the summer months (December

March) when most of the annual rainfall occurs. 

The runoff generation process in lowland rainforest near Babinda (Fig. 5.3) has 

been thoroughly investigated by researchers from the Queensland Department of 

Forestry and Geography Department of James Cook University (Gilmour et al., 1980, 

1982; Bonell et al., 1981, 1983 a, b, 1986, 1987). This research has shown that the high 

rainfall intensity combined with saturated soil profiles results in widespread overland 

flow, even on relatively steep forested slopes. Moreover, the saturation overland flow 

occurs almost immediately with the onset of intense storms at any time from December 

to mid-June. During such storms, the prevailing rainfall intensities frequently exceed 

the saturated hydraulic conductivity of the soil profile below 0.2 m, which causes the 

rapid development of saturation in the top layer and the generation of overland flow 

(Bonell et al., 1983 b). 

According to Bonell et al. (1983 a), this widespread saturation overland flow on 

forested mountain slopes in the study area appears to be rare, if not unique, in the 

world. Elsewhere in the humid tropics, saturation overland flow appears to be less 

important to the runoff process, except in highly localised situations (Walsh, 1980). 

Consequently, in the study area erosion does occur on steep forested slopes, although the 

root systems protect the soil to a large extent. However, erosion rates are very high on 

deforested slopes, with soil losses up to 50-times higher than adjacent forested slopes 

(Bonell et al., 1983 a). 

5.4 FLORA AND FAUNA 

As stated earlier, there are several vegetation types in the wet tropics region, notably 

rainforest, tall open forests, tall, medium and low woodlands, paperbark swamps and 

mangrove forests. The following review will focus on the most important aspects of the 

regions flora and fauna, drawing heavily on the comprehensive report published by 

the Australian Heritage Commission (1986). 
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5.4.1 Flora 

The wet tropical rainforests of northeast Queensland (Fig. 5.1) are internationally 

recognised as having great significance with respect to one very important stage of the 

earth's evolutionary history, namely, the origin, evolution and dispersal of the 

angiosperms (AHC, 1986). Botanists generally agree that rainforests of the study area 

hold important clues as to the origin and dispersion of the first flowering plants on 

earth. They trace these origins to Gondwanaland, of which the continent of Australia 

was once a part. About 120 Ma. ago Gondwanaland began to break up and over time 

Australia rafted north into the tropics. 

The many primitive angiosperms occurring in the rainforests of the study area 

are relicts of the once extensive ancient Gondwanic forests (AHC, 1986). At the family 

level, the region possesses the largest association on earth of these ancient remnants ~f 

an evolutionary stream; specifically 13 of the 19 families of primitive angiosperms in 

the world can be found in the study area (Walker, 1976). Within these primitive 

families there are 50 species that are restricted to northeast Queensland (AHC, 1986). 

Many of these primitive families are the surviving remnants of the ancestral stock 

from which much of the well-known dryland (fire-tolerant) Australian flora evolved. 

According to the Australian Heritage Commission Report (1986), there are 1161 

species of higher plants recorded in the Queensland Herbarium from rainforests of the 

study area, representing 516 genera and 119 families. Of the 516 genera, 68 are endemic 

to Australia, and 36 are restricted to the region; 710 of the species are Australian 

endemics and 435 (37% of the total) are restricted to the region. In the report they 

draw attention to the very important conservation status of the Australian members of 

the Proteaceae family and several other families. They also indicate that diversity 

of all higher plants in the region is much higher at the generic level than at the 

species level. For example, 340 (66%) of the 516 genera found in the study area are 

represented there by only one species. 

The richest concentrations of ferns and fern allies in Australia occur in the 

rainforests of the study area. In the region may be found, 97 of the 106 described genera 

and 247 of 364 described species known to occur in Australia (AHC, 1986). Moreover, of 

these 247 species occurring in the wet tropics, at least 92 (37%) have their Australian 

distribution confined to this region with 17 species being extremely restricted to mainly 

upland sites (Page and Clifford, 1981). 

A structural classification of Australian rainforests was devised by Webb (1959, 

1968), based on consistent and characteristic combinations of structural features such as 

height and depth of canopy closure, leaf size, buttressing, bark texture and special life 

forms such as palms, ferns, vines and epiphytes (Webb and Tracey, 1981). By means of a 
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hierarchic structure Webb (1968) divides Australian rainforests into three primary 

groups which reflect the dominance of vines, ferns and mosses which, combined with 

leaf periodicity and simple or complex structure, produces subdivisions of the forests 

correlated with certain climatic and soil parameters. In total, there are 19 structural 

types defined by Webb (1968) for Australia as a whole. 

Table 5.1 shows the classification of the 11 main rainforest types in northeast 

Queensland (Fig. 5.1), in relation to rainfall, altitude and soil parent materials 

(Tracey and Webb, 1975). The classification is hierarchic with complex mesophyll 

vine forest (type 1a) representing the optimum development of rainforest in Australia 

under the most favourable conditions of climate and soil on the tropical humid 

lowlands (Tracey, 1982). At the other extreme, deciduous microphyll vine thicket 

(type 11) is associated with a drier (savanna) climate and is only found growing 

wherever fire-free niches occur, such as granite outcrops and limestone karsts (Tracey, 

1982). 

As well as moisture availability affecting rainforest structure and floristics in 

the study area, altitude is an important ecological factor. This is illustrated in the 

case of the vegetation transect up Mt Bellenden Ker (Fig. 5.3): from near sea level to 

250 m, complex mesophyll vine forest (type 1a) is found; from 250-500 m, mesophyll 

vine forest (type 2a) occurs; from 500-1100 m, both mesophyll vine forest (type 2a) and 

simple notophyll vine forest (type 8) are found; from 1100-1450 m, simple microphyll 

vine-fern forest (type 9) occurs; and above 1450 m, simple microphyll vine-fern thicket 

(type 10) is found (Tracey, 1982). 

On poorly-drained sites, mesophyll vine forests dominated by either feather

leaf (Archontophoenix) palms (type 3a) or fan (Licuala) palms (type 3b) are common. 

The various environmental gradients and interrelationships of vegatation types on the 

main parent materials in the study area are discussed further in Tracey (1982). Specific 

details on vegetation structure and floristics of the field sites will be given in Section 

5.5.2. 

5.4.2 Fauna 

The wet tropical rainforests of northeast Queensland have the richest fauna in 

Australia (AHC, 1986). Specifically, in an area representing a little more than 0.1 % of 

the continent, may be found 30% of Australia's marsupial species, 60% of the bat 

species, 30% of the frog species, 23% of the reptile species, 62% of the butterfly species' 

and 18% of the bird species. Moreover, there are 54 species of vertebrate animals that 

are unique to the region (AHC, 1986). 
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RAINFOREST TYPE 

COMPLEX MESOPHYLL VINE FOREST (CMVF) 
1 a Very wet and wet lowlands and foothills; basalts, basic volcanics, 

mixed colluvium on foot-slopes and riverine alluvia 
1 b Very wet and wet cloudy uplands; basalts 
1 c Moist and dry lowlands; riverine levees (galley forests) 

MESOPHYLL VINE FOREST (MVF) 
2a Very wet and wet lowlands and foothills; granites and schists 
2b Very wet and wet lowlands; beach sands 

MESOPHYLL VINE FOREST WITH DOMINANT PALMS (MFPVF) 
3a Very wet lowlands, feather-leaf palm (Archontophoenix) swamps; 

basaltic and alluvial soils 
3b Very wet lowlands and lower foothills, fan-like palms (Licua/a), 

seasonally impeded drainage; schists and granites 
SEMIDECIDUOUS MESOPHYLL VINE FOREST (SDMVF) 

4 Moist and dry lowlands and foothills; granites and basalts 
COMPLEX NOTOPHYLL VINE FOREST (CNVF) 

5a Cloudy wet highlands; very limited areas of basalt and basic rocks 
5b Moist and dry lowlands; foothills and uplands, basalts 

COMPLEX NOTOPHYLL VINE FOREST (with emergent Agathis robusta) (CNVF+emergent 
Agathis robusta) 

6 Moist foothills and uplands; granites and schists 
NOTOPHYLL VINE FOREST (rarely without Acacia emergents) (NVF+Acacia emergents) 

7a Moist lowlands and foothills along coast including islands; 
granites and schists 

7b Moist and dry lowlands; beach sands 
SIMPLE NOTOPHYLL VINE FOREST (often with Agathis microstachya) (SNVF+Agathis 

microstachya) 
8 Cloudy wet and moist uplands and highlands; granites, schists and acid 

volcanics 
SIMPLE MICROPHYLL VINE-FERN FOREST (often with Agathis atropurpurea) (MFF+ 

Agathis atropurpurea) 
9 Cloudy wet highlands; granites 

SIMPLE MICROPHYLL VINE-FERN THICKET (MFT) 
1 a Cloudy wet and moist wind-swept top-slopes of uplands and highlands; 

granites 
DECIDUOUS MICROPHYLL VINE THICKET (DVT) 

- - 1 1 Dry lowlands and foothills; granite boulders 

Table 5.1. Classification of main rainforest types in northeast Queensland in 
relation to rainfall, altitude and soil parent materials. Mean annual rainfall and 
amount falling between May and October in parentheses are as follows: very wet, 
>3000 mm (>750 mm); wet, 2000-3000 mm (500-750 mm); cloudy wet, 2000-3000 
mm + cloud (500-750 mm + cloud); moist, 1600-2000 mm (300-500 mm); cloudy 
moist, 1600-2000 mm + cloud (300-500 mm + cloud); and dry, 1300-1600 mm (200-300 
mm). The altitudinal zones are as follows: lowlands, <40 m; foothills, 40-400 m; 

. uplands, 400-800 m; and highlands, 800-1600 m (from Tracey, 1982: 2-3). 
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The distribution of most faunal groups researched to-date show a distinct 

altitudinal zonation. Within the mammals, birds, frogs, reptiles and insects there are 

many species confined to the upland rainforests, while others are confined to lowland 

areas, and some are ubiquitous (AHC, 1986). 

The mammal fauna of the region (Fig. 5.1) includes 2 montremes, 37 marsupials, 

16 rodents and 34 bats; some 9 mammals are endemic to the rainforests of the study area 

(AHC, 1986). Likewise, the avifauna of the study area is the most diverse in Australia 

(Kikkawa,1982). In the region (Fig. 5.1), there are 128 species of birds from 40 families 

and 89 genera which mostly inhabit rainforests, rainforest margins and mangroves. All 

4 families of frog fauna found in Australia are also found in the wet tropics study area, 

consisting of at least 11 genera (AHC, 1986). The total number of insects and spiders in 

the study area is unknown. However, recent surveys have yielded over 5000 species of 

insects and over 3000 species of spiders (Montieth and Davies, 1984). Results have 

indicated a great diversity of insect species but low populations for many species. 

As well as providing refuges for many plant species, the rainforests of the study 

area (Fig. 5.1) are also regarded as important refugal sites for many ancient fauna 

whose history dates back to Gondwanaland (AHC, 1986). In particular, these relict 

species include certain insects, birds, marsupials, frogs and possibly reptiles (Kikkawa 

et al., 1981). 

5.5 FIELD SITES 

5.5.1 Solar Radiation Measurement Stations 

Three stations were selected for solar radiation measurements in the open: Atherton, 

Topaz and EI-Arish (Fig. 5.3). These stations, together with an existing nine year 

record of solar radiation for Pin Gin Hill (Hopkins and Graham, 1989), represent at 

least three distinct sub-climates within the wet tropics region: Atherton is located on 

the western tableland and may be classified as 'cloudy moist'; Topaz is located on the 

eastern tableland and may be classified as 'cloudy very wet'; and EI-Arish is located on 

the coastal plain and may be classified as 'lowland very wet'. Pin Gin Hill, near 

Innisfail (Fig. 5.3) may be classified as 'foothills very wet'. The site characteristics 

for Atherton, Topaz and EI-Arish are summarised in Table 5.2. 
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Location Lat. (0 S.) Long. (0 E.) Alt. Annual Climate Rainforest Soil 
m asl. rainfall descrip. type parent 

mmpa. material 

Atherton 17° 16' 145° 30' 760 1425 M CNVF basaltic 
krasnozem 

Topaz 17° 27' 145° 44' 680 3584 VW+C MVF basaltic 
krasnozem 

EI-Arish 1]0 52' 146° 03' 28 3500 VW MVF metamorphic 
brown earth 

Table 5.2. Site characteristics for the three solar radiation measurement stations. 
Forest type symbols from Webb (1978) are: CNVF = complex notophyll vine forest; 
CMVF = complex mesophyll vine forest; and MVF = mesophyll vine forest. 
Rainfall symbols (see Table 5.1 for definitions) are: VW = very wet; VW + C = 
cloudy very wet; and M = moist. Soil description for Atherton and Topaz from 
Laffan (1988) and for EI-Arish from Murtha (1986). 
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5.5.2 Forest Experimental Sites 

5.5.2.1 Curtain Fig State Forest 

(1) Description of Study Site 

The study site is located near the town of Yungaburra on the Atherton Tableland (170 

17' S., 1450 34' E.) at an altitude of 730 m above mean sea level (Fig. 5.3). The 

topography is gently rolling with well-drained soils (krasnozems) derived from old, 

and very strongly weathered basaltic lavas. The Al horizon consists of a dark reddish 

brown clay loam, which overlies a dark reddish brown light clay and medium clay 

with few strongly weathered basalt fragments at depths greater than 60 cm; there is a 

considerable amount of basaltic scoria on the soil surface and a strongly developed 

polyhedral structure generally occurs throughout the profile (Laffan, 1988). According 

to C.c. Stocker (pers. comm.), this forest has not been logged or disturbed by other 

human activities to any great degree, although fire is known to have affected this site 

in 1915. Annual average rainfall is strongly seasonal, with about 70% of the annual 

average of 1401 mm occurring between December and March (Hopkins et al., 1990). 

(2) Structure and Floristics 

The canopy profile diagram (Fig. 5.4) illustrates vegetation structure and floristics at 

the CSIRO Tropical Forest Research Centre study plot in the Curtain Fig forest. The 

rainforest was classified by Tracey (1982) as Complex Notophyll Vine Forest (type 5b). 

The canopy is uneven, ranging from 25-45 m in height with scattered deciduous and 

semi-evergreen trees. Trunk sizes are uneven and plank buttresses very common. In 

addition to the canopy species shown in Fig. 5.4, other species that may be found at this 

site include Aleurites moluccana, Alstonia scholaris, Castanospermum australe, 

Diplogottis cunninghamii, Elaeocarpus grandis, Ficus virens, and Melia azedarach 

var. australasica (Tracey, 1982). Other sub canopy species include Acronychia acidula, 

Aglaia sapindina, Arytera divaricata, Cupaniopsis serrata var. tomentella, 

Daphnandra dielsii and Euodia bonwickii (Tracey, 1982). 

The forest is surprisingly open below the sub-canopy layer with ground ferns, 

zingibers and aroids uncommon. The understorey is dominated by the shrub 

Hodgkinsonia frutescens (Fig. 5.4) which is capable of reproducing and germinating in 

the deep shade. In places where the canopy has been opened by falling trees, other 

species may be found, including Codiaeum variegatum, Phaleria neumanii, and 

Sauropus macranthus. On the other hand, ground ferns, zingibers and aroids are less 
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1. Toona australis 9. Dysoxylum pettigrewianum 
2. Flindersia brayleyana 10. Daphnandra repandula 

. 3. Cryptocarya hypospodia 11. Siphonodon membranaceous 
4. Dendrocnide photiniphyUa 12. Endiandra pubens 
5. Endiandra sp. aff. E. muelleri 13. Mallotus polyadenos 
6. Argyrodendron peralatum 14. Litsea leefeana 
7. Endiandra cowleyana 15. Eupomatia laurina 
8. Firmiana papuana 16. Hodgkinsonia frutescens 

Figure S.4. Canopy profile diagram of the Curtain Fig State Forest experimental 
site. The forest type is Complex Notophyll Vine Forest - type 5b (Tracey, 1982). 
Redrawn from CSIRO Tropical Forest Research Centre profile diagram 
(unpublished). All dimensions are in metres. 
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common which is indicative of the relative dryness of this site (Tracey, 1982). 

Vascular epiphytes are rare, and where thay do occur are high up in the canopy; 

species include Asplenium nidus, Platycerium bifurcatum and P. superbum. However, a 

number of Hanes may be found in this forest type, such as Calamus caryotoides, Cissus 

antarctica, C. repens, Connarus conchocarpus, Cudrania cochinchinensis, Elaeognus 

latifolia, Embelia australiana, Ripogonum album, Smilax australis and Tylophora 

crebriflora. (Tracey, 1982). 

5.5.2.2 Pine Creek State Forest 

(1) Description of Study Site 

The study site is located on the western side of the Murray Prior Range (16° 59' S., 145° 

49' E.) at an altitude of about 90 m above mean sea level (Fig. 5.3). The research site is 

located on a western facing slope of about 3-5°. Soils in the area are red earths, derived 

from granites. The Al horizon consists of a dark reddish brown sandy loam, the A2 

horizon is weakly developed and slightly paler, and the B horizon is a dark red 

massive sand clay loam (Murtha, 1986). Annual average rainfall is seasonal, with 60% 

of the annual average of about 3000 mm occurring between December and March (Bureau 

of Meteorology, 1971). 

(2) Structure and Floristics 

The canopy profile diagram (Fig. 5.5) illustrates vegetation structure and floristics for 

the forest in the area, which was classified by Tracey (1982) as Mesophyll Vine Forest 

with Dominant Palms (type 3b). The canopy is uneven, ranging from 15-25 m in height 

with Licuala ramsayii being the dominant species (Fig. 5.5). Most of the remaining 

species found in this type are common throughout mesophyll vine forests (types 2a and 

2b) in northeast Queensland. Plank buttresses, stilt roots and spreading surface roots 

are common. In addition to the canopy species shown in Fig. 5.5, other species at this 

site include Cryptocarya cunninghamii, Endiandra montana, E. sp. aff. impressicosta, 

Grevillea baileyana, Podocarpus neriifolius, Syzygium hemilampra, S. tierneyana, S. 

cormiflora, S. luehmanii and Xanthophyllum octandrum (Tracey, 1982). A number of 

non-rainforest emergents may be found in this forest type, such as Acacia aulacocarpa, 

Deplanchea tetraphylla, Melaleuca leucadendron, M. dealbata and Tristania 

sauveolens. 
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1. Cardwellia sublimis 6. Alstonia muellerana 
2. Syzygium tierneyana 
3. ]:,icuala ramsayii 
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8. Antidesma erostre 

4. Sterculia laurifolia 
5. Flindersia bourjotiana 

9. Carnavonia araliifolia 
10. Macaranga subdentata 

Figure 5.5. Canopy profile diagram of the Pine Creek State Forest experimental 
site. The forest type is Mesophyll Vine Forest with Dominant Palms - type 3b 
(Redrawn from Tracey, 1982). All dimensions are in metres. 
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Sub-canopy species, in addition to those shown in Fig. 5.5, include Acronychia 

acronychioides, Brombya platynema, Elaeocarpus bancroftii, Flindersia pimenteliana 

Kissodendron australianum, Mallotus polyadenos, Ptychosperma elegans, Symplocos 

paucistaminea, S. cochinchinensis subsp. thwaitesii var. stawellii, Planchonella 

chartacea, and Stenocarpus reticulatis (Tracey, 1982). 

The understorey and ground layers are quite dense with pandans, sedges, ferns, 

walking stick palms, zingibers and aroids; notably Ardisia brevipedata, Blechnum 

cartilagineum, Bowenia spectablile, Cordyline cannifolia, Cyathea rebeccae, 

Ervatamia orientalis, Hydriastele wendlandiana, Lasianthus strigosus, Linospadix 

intermedia, Mackinlaya confusa, M. macrosciadea, Pandanus monticolar, Randia 

hirta, Lindsaya brachypoda, Selenodesmium elongatum and Syzygium wilsonii 

(Tracey, 1982). 

Vascular epiphytes are quite common in this forest type; species include 

Asplenium nidus, Cymbidium madidum, Freycinetia excelsa, F. gaudichaudii, 

Gonocormus saxifragoides, Microgonium bimarginatum, Nephrolepis hirsutula, 

Ophioglossum pendulum, Platycerium bifurcatum, Pothos longipes, Psilotum nudum, 

Pyrrosia longifolia, and Rhapidophora australasica (Tracey, 1982). Lianes are also 

conspicuous in this forest type, especially Calamus spp. ; several other species may also 

be found, including Connarus conchocarpus, Derris trifoliata, Faradaya splendida, 

Flagellaria indica, Hypserpa laurina, Melodinus acutiflorus, Melodorum uhrii, 

Pachygone longifolia, Piper banksii, Salacia disepala, Tetracera nordtiana and the 

ferns Lygodium flexuosum and L. reticulatum (Tracey, 1982). 

5.5.2.3 Mt Bellenden Ker Summit Ridge 

(1) Description of Study Site 

The study site is located on the summit ridge of Mt Bellenden Ker (170 17' S., 1450 52' E.) 

at an altitude of 1550 m above mean sea level (Fig. 5.3); this is about 50 m from the 

Telecom installation. The summit ridge is reasonably flat at this location on the 

mountain. The soils are typical xanthozems derived mainly from granite, and 

according to G,G. Murtha (pers. comm.), this soil series has greater affinity with the 

podzolics of the Western Highlands of Scotland. The forest has not been logged or 

disturbed by human activities apart from the clearing adjacent to the Telecom 

installation. Annual average rainfall is seasonal, with about 60% of the annual 

average of 9140 mm occurring between December and March (Bonell et al., 1983 a). 



152 

(2) Structure and Floristics 

The canopy profile diagram (Fig. 5.6) illustrates vegetation, structure and floristics at 

the summit ridge site on Mt Bellenden Ker. The rainforest was classified by Tracey 

(1982) as Simple Microphyll Vine-Fern Thicket (type 10). The canopy is dense and 

streamlined to 10-12 m in height, with wind-sheared emergents (mostly Leptospermum 

wooroonooran) reaching 15 m. Cauliflory and plank buttresses are absent in this forest 

type. 

Floristically, this montane tropical rainforest is distinctive because it contains 

many rare and restricted species that have affinities with temperate rainforests at 

higher latitudes (AHC, 1986). In addition to the canopy species shown in Fig. 5.6, 

other species that may be found at this site include Ardisia bifaria, Austromyrtus 

metrosideros, Cryptocarya cinnamomifolia, C. sp. aff. corrugata, Elaeocarpus 

ferruginiflorus, Flindersia unifoliata, Halfordia scleroxyla, Hypsophila halleyana, 

Orites fragrans, Polyosma rigidiuscula, Quintinia quadtrefagesii, Spiraeanthemum 

davidsonii and Steganthera macooraia (Tracey, 1982; G. Power and K. Harrison, pers. 

comm.). 

Other understorey species include Alyxia iliciflolia, Cyathea rebeccae, 

Dicksonia youngiae, Laccospadix australasicus, Linospadix palmeranus, Psycho tria 

nematopoda, Rockinghamia angustifolia and Symplocos sp. (G. Power and K. Harrison, 

pers. comm.). A fairly dense ground layer occurs in this forest type; species commonly 

found in shaded areas include Blechnum wurunuran, Dianella caerulea, Dicranopteris 

linearis, Gleichenia dicarpa, Gonocarpus yarrabensis, Lomandra longifolia and 

Sticherus flabellatus (Tracey, 1982). However, along the edge of treefall gaps the 

following ground layer species may be found: Exocarya soleroides, Gahnia sieberana, 

Rhodomyrtus sericea and Tasmannia membranea (G. Power and K. Harrison, pers. 

comm.). 

While the ground cover below 1 m is quite dense, Hanes are sparse with 

Ripogonum album being the most conspicuous (G. Power and K. Harrison, pers. comm.); 

other species include Agapetes meiniana, Hibbertia scandels, Palmeria hypotephra, 

Pandorea nervosa, Smilax australis and S. glycyphylla (Tracey, 1982). On the other 

hand, mosses and epiphytes, such as tiny orchids and filmy ferns, may be found in 

sheltered gullies on the branches of emergents and often low down on the tree trunks and 

rocks; species include Bulbophyllum johnstonii, B. wadsworthii, Cadetia taylori, 

Dendrobium adae and many ferns (Tracey, 1982). 



1. Cinnamomum propinquum 
2. Dracophyllum sayeri 
3. Leptospermum wooroonooran 
4. Trochocarpa laurina 
5. Drimys membranea 

-6. Myrsine achradifolia 
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7. Rhodomyrtus sericea 
8. Alyxia orophylla 
9. Syzygium apodophylla 

10. Planchonella singuliflora 
11. Balanops australiana 

Figure 5.6. Canopy profile diagram of the Mt Bellenden Ker summit experimental 
site. The forest type is Simple Microphyll Vine-Fern Thicket - type 10 (redrawn 
from Tracey, 1982). All dimensions are in metres. 
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5.5.2.4 Kirrama Open Forest - Rainforest Boundary 

0) Description of Study Site 

The study site is located on the western side of the Kirrama Range 08° 10' S., 145° 44' 

E.) at an altitude of 620 m above mean sea level (Fig. 5.1). The open forest-rainforest 

boundary selected for investigation is located on an eastern facing slope of 

approximately 3°, with the actual boundary running approximately north-south. Soils 

in the area are derived from granites and are mostly acid yellow-brown loams to clay 

loams with weak to moderate structure. Rock outcrops are rare, and soil type is uniform 

throughout the area. Forests in the area were selectively logged on several occasions 

between 1945 and 1965. Annual average rainfall is strongly seasonal, with more than 

two thirds of the annual average of 1200 mm occurring between December and March 

(Bureau of Meteorology, 1971). Further details on the topography, soils and climate of 

this site may be found in Duff (987). 

(2) Structure and Floristics 

The canopy profile diagram (Fig. 5.7) demonstrates the transition in vegetation at the 

open forest-rainforest boundary (Duff, 1987). The diagram is divided into five zones: 

(A) open forest; (B) tall open forest; (C) tall open forest with a rainforest understorey; 

(D) young rainforest; and (E) mature rainforest. 

The open forest (A) is dominated by Eucalyptus intermedia (Fig. 5.7) over a 

grassy understorey of Imperata cylindrica var. major, Panicum maximum and Thema 

australis (Tracey, 1982). Other woody species are less common and include Acacia 

aulacocarpa, Alstonia muellerana, Banksia integrifolia, Cassia floribunda, Eucalyptus 

tereticornis, E. resinifera, Lophostemon suaveolens, and Xanthorroea sp. (Duff, 1987). 

According to Duff (987), tree heights seldom exceed 30 m, and density of trees of all 

species was estimated from quadrat data at 348 trees per hectare. 

Eucalyptus grandis is the most obvious element of the zone B (Fig. 5.7), with 

individuals up to 50 m in height and in excess of 4 m girth (Tracey, 1982). The 

understorey of the tall open forest varies from that found in the open forest (zone A) to 

dense shrub and vine thicket more typical of zone C. The latter is composed of shrubs, 

vines and herbs and some tree saplings up to 5 m in height, seldom exceeding 10 cm in 

girth (Duff, 1987). A high proportion of the shrubs and saplings in the transition zone 

are members of the Sapindaceae family (Fig. 5.7). Species found in this zone include 

Alyxia thyrsifolia, Alstonia muellerana, Aglaia ferruginea, Alectryon tomentosus, 

Cupaniopsis serrata, Canarium australasicum, Euodia elleryana, Glochidion 
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1. Eucalyptus intermedia 14. Euodia elleryana 
2. Banksia integrifolia 15. Albizia toona 

3. Eucalyptus grandis 16. Cryptocarya mackinnoniana 
4. Eucalyptus torelliana 17. Acacia aulacocarpa 
5. Alyxia thyrsifolia 18. Cryptocarya rigida 
6. Cupaniopsis serrata 19. Melicope sp. 
7. Rhodomyrtus trineura 20. Darlingia darlingiana 
8. Alectryon tomentosus 21. Syzygium smithii 
9. Canarium australasicum 22. Agathis robusta 

10. Glochidion ferdinandii 23. Flindersia brayleyana 
11. Alstonia muellerana 24. Austromyrtus hillii 

25. Gahnia sp. 

Figure 5.7. Canopy profile diagram of the open forest - rainforest boundary at the 
Kirrama experimental site. The five vegetation zones are: (A) open forest; (B) 
tall open forest; (C) tall open forest with a rainforest understorey; (D) young 
rainforest; (E) mature rainforest (Duff, 1987). The rainforest type (zones D and E) 
is Simple Notophyll Vine Forest with Agathis Emergents - type 8 (Tracey, 1982). 
All dimensions are in metres. 
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ferdinandii, Rhodomyrtus trineura, Rhodamnia sp., Schizomera .ovata, Symplocos sp., 

Zanthoxylum brachyacanthum, Solanum trovum and Gahnia sp. (Duff, 1987). Tree 

heights in the transition zone vary between 20 and 30 m (Fig. 5.7), although 

individuals of Eucalyptus torelliana and Acacia mangium may reach heights of 40 m 

(Duff, 1987). 

The young rainforest margin (zone D) contains Acacia aulacocarpa, A. mangium, 

Albizia toona, Canthium sp. aff. C. odoratum, Eucalyptus torelliana, Flindersia 

brayleyana, Podocarpus neriifolius and Polyscias sp. (Fig. 5.7). Sapindaceous shrubs, 

vines and saplings from zone C are still present, but less common (Duff, 1987). 

The mature rainforest (zone E) has an irregular canopy 25 to 30 m in height with 

emergent Acacia aulacocarpa, A. mangium and Agathis robusta to 40 m (Fig. 5.7). 

Canopy species include Alstonia muellerana, Argyrodendron polyandrum, 

Austromyrtus hillii, Canarium australasicum, Cryptocarya mackinnoniana, C. putida, 

C. sp. aff. C. rigida, Darlingia darlingiana, Flindersia brayleyana, Glochidion 

ferdinandii, Melicope sp., Symplocos sp., and Syzygium smithii (Tracey, 1982; Duff, 

1987). Understorey species such as Bowenia spectabile, Dendrocnide moroides and 

Syzygium wilsonii occur throughout, but the forest floor behind the boundary is 

nevertheless relatively open, and dense low level vegetation occurs only under gaps in 

the canopy. Lianes and vascular epiphytes were present but uncommon. Plank 

buttresses occur only in a few species in the area, while vines such as Calamus spp. and 

Smilax sp. were also evident (Duff, 1987). The rainforest of the area was classified by 

Tracey (1982) as Simple Notophyll Vine Forest with Agathis Emergents (type 8), 

although some discrepencies exist between the rainforest described in this reference 

and that found at the Kirrama site (Duff, 1987). 

5.5.2.5 Wongabel State Forest 

(1) Description of Study Site 

The study site is located to the south of Atherton on the Atherton Tableland (170 16' S., 

1450 29' E.) at an altitude of about 740 m above mean sea level (Fig. 5.3). The 

topography is flat with deeply weathered basaltic soils (krasnozems), whose major 

characteristics are the same as those described for the Curtain Fig forest (Section 

5.5.2.1). The site has been disturbed by logging and includes blocks of hoop pine 

(Araucaria cunninghamii> and supplemental plantings of Toona australis (Wilson and 

Crome, 1989). Annual average rainfall is strongly seasonal, with about 70% of the 
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annual average of about 1400 mm occurring between December and March (Bureau of 

Meteorology, 1971). 

(2) Structure and Floristics 

Apart from the Araucaria plantation and the Toona-enriched rainforest, the rainforest 

type is Complex Notophyll Vine Forest (type 5b), and is therefore very similar in 

structure and floristics to the Curtain Fig site described earlier (Fig. 5.4). 

5.6 SUMMARY 

This chapter has examined the main geographical and ecological characteristics of 

the wet tropical coast of northeast Queensland. There is little doubt that this is a 

unique region, particularly with regard to its rainforest refugial areas which contain 

flora and fauna remnants from the once extensive Gondwanic forests (AHC, 1986). 

As well as the unique biological environment, the wet tropical coast is also noted 

for unique aspects of its physical environment, particularly with regard to its rainfall 

regime which, in places, results in saturated overland flow on steep forested slopes 

during the wet season (Bonell et al., 1983 a). 

Because the region lies within the 'peripheral tropics', there are distinct wet 

and dry seasons. To date, little is known about solar radiation regimes within 

rainforest understoreys, gaps and clearings in the seasonal tropics. In particular, the 

forest has to contend with a period of very high insolation before the monsoon 

(September-December), followed by a period of comparatively low insolation during 

the monsoon (January-March), and a period of low solar angles during the winter 
-

(April-August). This solar radiation regime is markedly different to that experienced 

by equatorial rainforests where there is no distinct dry season or period with low solar 

angles. 

The forest types selected provide a useful sample of those classified in the 

humid tropical region of northeast Queensland (Tracey, 1982). Specifically, the 

Curtain Fig and Wongabel forests (Fig. 5.4) represent the drier upland rainforest that 

once covered the Atherton Tableland but today remains largely in isolated patches; 

the Pine Creek forest (Fig. 5.5) represents an important lowland rainforest type that is 

still fairly extensive on poorly drained sites along the coast; the Mt Bellenden Ker 

forest (Fig. 5.6) contains many rare and restricted Gondwanic species that have 

affinities with temperate rainforests at higher latitudes; and the Kirrama site (Fig. 

5.7) represents the very dynamic boundary between open eucalypt forest and rainforest. 
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CHAPTER 6 

MEASUREMENT AND ANALYSIS 
OF SOLAR RADIATION WITHIN SELECTED 
NORTHEAST QUEENSLAND RAINFORESTS 

This chapter focuses on direct and indirect measurement and interpretation of solar 

radiation in the open and within several tropical rainforests in northeast Queensland. 

The chapter will be presented in four main sections: (1) radiometric and photometric 

detectors; (2) data acquisition systems; (3) hemispherical canopy photography; and 

(4) sampling and data analysis techniques. 

6.1 RADIOMETRIC AND PHOTOMETRIC DETECTORS 

6.1.1 Pyranometers (Radiometers). 

6.1.1.1 Introduction 

Pyranometers are radiometric (thermoelectric) instruments (refer to Section 2.1.1), 

designed to give an equal response over the total short-wave band (0.3-3.0 Ilm). 

Several reviews have been published describing the characteristics of various 

pyranometers (eg. Robinson, 1966; Kubin, 1971; Szeicz, 1975; WMO, 1981; Iqbal, 1983; 

Sheehy, 1985; Pearcy, 1989). Two types of pyranometer were used in the field: (1) 

Solar Radiation Instruments (SRI 3) pyranometer; and (2) Swissteco linear 

pyranometer. 

Both instruments are based on the thermopile principle, being used to measure 

heat absorbed when a black surface, usually a thermopile, absorbs radiation. The SRI 

3 pyranometer contains a precision-wound copper constantan thermopile (Moll type) 

where the cold reference junctions are held at instrument temperature. Differences in 

temperature between hot and cold junctions produce an electromotive force (emf) 

proportional to irradiance (W m -2). Whereas, the linear (tube) pyranometer contains 

pairs of hot (painted black) and cold (painted white) thermocouples connected in series 

to generate an emf in proportion to irradiance. 

For most pyranometers absorbance by the thermopile remains almost constant 

until the angle of incidence of the sun's rays exceeds about 70° (ie. solar altitudes < 20°) 



159 

SRI 3 Pyranometer Linear Pyranometer 

Principle of operation 
Size 
Weight 
Form of output 
Spectral range 
Response time 
Accuracy & resolution 
Working range 
Calibration cert. 
Serial No. 

thermopile 
sensor 25 mm diam. 

2.5 kg 
voltage 
0.3-3.0 Ilm 

99% in 90-secs 
±2.5% 

all conditions 
49.0196 W m-2 mV-1 

3/579 

thermopile 
diam. 16 mm, leng. 0.5 m 

0.5 kg 
voltage 

0.3-3.0 Ilm 
98% in 98-secs 

±1.0% 
all conditions 

(see Table 6.2.) 
(see Table 6.2.) 

Table 6.1 Specifications for the SRI 3 pyranometer (Solar Radiation Instruments, 
Melbourne) and linear pyranometer (Swissteco, Melbourne). 

Calibration Regression constants 

a b 

Middleton pyranometer 1 

against SRI 3 -5.41 1.03 
pyranometer 

(2 

(percent) 

99.7 

Standard error 
estimate (W m-2) 

17.43 

1. Middleton Instruments, Melbourne, Ser. No. CN27-223, calibration 
certificate 61.25 W m-2 mV-1. 

Table 6.2 Linear regression and correlation analysis comparing total irradiance 
measurements (W m-2) from the Middleton pyranometer and SRI 3 pyranometer 
October/November 1985, n = 190). 
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(Iqbal, 1983). This is usually not critical because most radiation at angles less than 20° 

is diffused by the earth's atmosphere. 

Specifications for the two instruments described above are shown in Table 6.1. 

The receiving surface of the SRI 3 pyranometer is 4.9 cm2, whereas the linear 

pyranometer is designed to average irradiance received under vegetation having an 

area of 160 cm2. 

6.1.1.2 Calibration of Linear Pyranometers 

Four Swissteco linear pyranometers were calibrated against the SRI 3 pyranometer 

because calibration certificates were not available. A further check was made by 

comparing the SRI 3 pyranometer with a Middleton pyranometer loaned from CSIRO 

(Townsville). 

A Campbell CR7 datalogger was used to measure the output from both 

instruments which were placed together on the roof of the electronics workshop at 

CSIRO Davies Laboratory, Townsville (19° 15' S.). The linear pyranometers were 

orientated north-south rather than east-west because cosine errors are greater when 

used in the latter orientation (Szeicz et al., 1964). The sensors were scanned at IS-min 

intervals over the period 29 October to 4 November 1985 under a variety of sky 

conditions ranging from clear to overcast. Because north-south orientated instruments 

showed calibration values independent of solar angles from 30° to 150° (0800 to 1500-h 

approx.) (Szeicz et al., 1964), measurements made outside those times (including hours 

of darkness) were excluded from calibration analyses. This is justified given the fact 

that little or no direct-beam radiation is present at the forest floor at times when solar 

angles are less than 30° above the horizon. Linear regression and correlation analysis 

was then applied to the data from the Middleton and SRI 3 pyranometers and is shown 

in Table 6.2. Given the close agreement between the two pyranometers it was then 

decided that the SRI 3 pyranometer would be sufficiently accurate for calibrating the 

linear pyranometers; the results of which are summarized in Table 6.3. 

The calibration procedure for the linear pyranometers was repeated in July 1987 

to determine their response under generally lower solar angles and ambient 

temperatures and to account for any changes over time. The sensors were mounted in a 

north-south axis on the Geography Department roof at James Cook University, and 

were scanned at IS-min intervals with a datalogger (Data Electronics, Australia). The 

measurements took place over the interval 14-16 July 1987 under generally cloudless 

skies. As in the previous calibration (October/November 1985) measurements made 

during solar angles of less than 30° were excluded from the calibration analyses. The 



Calibration 

SRI 3 pyranometer 
against four linear 
pyranometers 
Serial Nos. 6.858 

6860 
6861 
6862 
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mean ± standard deviation 
(W m-2 mV-1) 

107.196 ± 6.69 
107.125 ± 5.34 
100.231 ± 7.86 
104.203 ± 4.64 

Table 6.3. Calibration estimates expressed as ratios (W m-2 my-I) for the four 
linear pyranometers (based on 190 observations per instrument, 
October/November 1985). 

Calibration 

SRI 3 pyranometer 
against four linear 
pyranometers. 
Serial Nos. 6858 

6860 
6861 
6862 

Mean ± Standard deviation 
(W m-2 mV-1) 

111.940 ± 10.74 
111.172 ± 8.71 
109.054 ± 13.08 
108.207 ± 6.11 

% error 

4.42 
3.64 
8.80 
3.84 

Table 6.4. Calibration estimates expressed as ratios (W m-2 my-I) for the four 
linear pyranometers (based on 41 observations per instrument, July 1987). The 
percentage error was calculated from the original calibration values in Table 6.3. 
using the following equation: 

% error = [(estimated - actual) / actual] 100, (6.1.1) 

where estimated refers to the most recent calibration (July, 1987) and actual 
refers to the original calibration (December, 1985). 
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results of the observations are shown in Table 6.4 together with percentage errors from 

the original calibration values (Table 6.3). It should be noted here, that the 

percentage errors are all based on instantaneous irradiance values. When applied to 

measurements averaged over time, such as those undertaken in the field (refer to 

Section 6.4.2), the likely errors become almost insignificant. 

6.1.2. Quantum Sensors (Photometers) 

6.1.2.1 Introduction 

Quantum sensors provide accurate measurements of photosynthetically active 

radiation (PAR) by measuring the number of photons in the 0.4-0.7 Jlm waverange, more 

commonly called photosynthetic photon flux density or PPFD (refer to Section 2.1.2.) 

Two types of quantum sensor were used in the field: (1) Delta-T Devices Ltd quantum 

sensor; and (2) purpose-built visible light sensor. 

Specifications for the Delta-T Devices quantum sensor are shown Table 6.5. This 

quantum sensor was also used to calibrate the purpose-built light sensors which were 

produced in quantity for field use. 

6.1.2.2 Purpose-Built Visible Light Sensor 

(1) Design Criteria 

In developing a quantum sensor for field use it was necessary to consider the following 

design criteria: (1) the risetime of the sensor should be faster than the time required for 

changes to take place in the photosynthetic photon flux density (PPFD) and 

photosynthesis in the forest (Salminen et al., 1983 a); (2) the sensor should be linear 

over the range of PPFDs likely to occur in the forest over an entire year (typically 0-

2400 Jl mol m-2 s-l); (3) the sensor should exhibit proper angular (cosine) and spectral 

responsiveness (Sheehy, 1985); (4) the sensor's calibration should be independent of 

temperature and time (requiring only annual or bi-annual calibration checks); (5) the 

sensor should be sufficiently small to measure the intensity of sunflecks; and (6) the 

sensor should be reproducible, robust and inexpensive. 
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Ouantum sensor 

Sensitivity without resistor in plug 
3.0 x 10-8 A per micro mol m-2 s-1 

Spectral response 0.4-0.7 Jlm 
Cosine error ±5% at 80° 
Azimuth error ±1 % over 360° 
Linearity ±1 % from 0-2000 Jl mol m-2 s-1 
Stability better than ±2% per annum 
Temperature dependence -0.1 % per °C 
Dimensions sensor-head 9 mm diam. 
Calibration ±5% traceable to NBS standards 

Source: Manufacturer, Delta-T Devices, UK, Serial No. OS4685. 

Table 6.5. Delta-T Devices quantum sensor (SDIOIQ) specifications. 
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Figure 6.1. Relative spectral response as a function of wavelength of incident 
radiation of the BPW-21 photocell, compared with those of a commercial 
quantum sensor (Delta-T Devices Ltd, type QS, SDIOIQ photocell) and an ideal 
quantum sensor (100 nm = 1.0 J.l.ffi). 
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(2) Sensor-Housing Design and Construction 

A number of researchers have published details on design and construction of 

photoelectric quantum sensors for measuring PPFD (eg. McPherson, 1969; Biggs et ai., 

1971; Hirota et al., 1975; Woodward and Yaqub, 1979; Fitter et ai., 1980; Woodward, 

1983). However, these quantum sensors require a system of special filters to tailor their 

response to the photosynthetically active waverange (Pearcy, 1989) and this makes 

their construction far from straightforward. 

Other researchers have designed visible light sensors using unfiltered photocells 

(eg. Williams and Austin, 1977; Salminen et al., 1983 a; Cutschick et al., 1985). The 

most useful are silicon cells and gallium arsenide phosphide cells (Pearcy, 1989). 

Salminen et al. (1983 a) based their sensor on a Telefunken BPW-21 silicon photocell, 

which was used in the present study. The photocell has a spectral range of 380-740 nm, 

with a peak response at 565 nm, making it acceptable for measurement of visible light 

(although not strictly PPFD). 

The naked photocell consists of a hermetically sealed case which has a flat 

window with a built-in colour correction filter for measurement of visible radiation. 

The photocell has virtually no temperature dependence (-0.05% K-1) and its rise time is 

less than 4-fJ. sec. In Fig. 6.1. its relative spectral response is compared with the 

filtered SD101Q photocell which is used in the Delta-T Devices quantum sensor (type 

QS). Relative quantum efficiencies for the BPW-21 photocell and several selected 

detectors are also compared in Table 6.6. Spectral skewness is apparent in both the 

PH201A gallium arsenide phosphide cell (NEC Electronics) and the BPW-21 silicon 

photocell, although the BPW-21 appears to have higher relative quantum efficiencies 

at 400 and 675 nm and similar efficiencies at 500, 550 and 600 nm. 

The sensor-housing is based on a light sensor developed by C.c. Stocker (pers. 

comm.). It consists of an especially blown test-tube with the inside bottom hemisphere 

sand-blasted to act as a diffuser (refer to Fig. 6.2.). Unfortunately, curvature and 

thickness of the bottom of standard test-tubes were found to be too variable for this 

application. To further diffuse and attenuate the incident radiation six layers of 

white teflon plumbers tape (0.076 mm thick) were masked over the photocell. The 

photocell is mounted on a circular piece of industrial grade rubber which is held in 

place at the end of the test-tube using silicon sealant. The test-tube is then fitted into a 

small black plastic "jiffy" box (Dick Smith Electronics, Australia Pty Ltd) which 

permits it to be bolted to a stake for field measurements. The sensor-housing is well 

suited for measurements under wet conditions. 
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----------------------------------
Wavelength Ideal SBC-255 PH201A BPW-21 

nm quantum photocell photocell photocell 
sensor (filtered) (unfiltered) (unfiltered) 

-------------------------------------------------------
350 0.00 0.00 0.00 
400 0.57 0.28 0.22 0.38 
450 0.64 0.61 0.55 0.67 
500 0.72 0.72 0.75 0.88 
550 0.78 0.77 0.92 1.00 
600 0.85 0.92 1.00 0.88 
650 0.93 0.86 0.92 0.66 
675 0.97 0.77 0.10 0.52 
700 1.00 0.15 0.38 
750 0.00 0.00 0.00 

--------------------------------------------------------
Source: Biggs Biggs Gutschick Manufacturer 

et a/. et a/. et a/. Telefunken, 
(1971 ) (1971 ) (1985) West Germany 

Table 6.6. Relative quantum efficiencies for selected detectors and an ideal 
quantum sensor (100 nm = 1.0 j.I.m). 
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Figure 6.2. Schematic diagram showing the construction of the sensor-housing, 
consisting of an especially blown test-tube, BPW-21 photocell, rubber mount, and 
silicon sealant. All dimensions are in mm. 
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(3) Linearity 

To test the response of the purpose-built sensor to a wide range of light intensities a 

series of measurements were made using a Kodak S-A V 1010 slide projector with a 150 

W quartz halogenlamp as a collimated light source. A darkroom was chosen for the 

experiment to remove other light sources. The sensor was taped to the Delta-T Devices 

quantum sensor (Table 6.5) and the electrical output of both sensors were connected to a 

datalogger (refer to Section 6.2.1.) which was programmed to record the output from 

both sensors simultaneously. The distance between the central axes of both sensors 

measured 21 mm. The photocurrent was converted into a voltage across a resistor so 

that the mV output of the sensor is linearly dependent on the incident PPFD. To obtain 

a range of light intensities the sensors were moved away from the projector to simulate 

full sunlight to deep shade conditions (a PPFD range of 40-2400 J1. mol m-2 s-l). Fig. 6.3 

illustrates the linear relationship between the two sensors over the full range ever 

likely to be experienced in open daylight. 

To evaluate the linearity of the sensor under field conditions a number of 

measurements were made at the floor of a tropical rainforest near Paluma (190 00' 5., 

1460 12' E., 850 m asl.) on 4 September 1986. The sensor was attached to a purpose-built 

counting integrator (refer to Section 6.2.2) and comparisons were made with the Delta

T devices quantum sensor and integrator (type MVI, see Section 6.2.2.) in a variety of 

light environments, ranging from deep shade beneath a closed canopy to near full 

sunlight in a small gap. All measurements were made over 10-min intervals between 

1000- and 1400-h (Local Apparent Time) under cloudless skies. Mean values were 

derived from the 10-min integrals and are compared in Fig. 6.4. The relationship is 

linear over what may be considered a reasonable range of light environments to be 

found in undisturbed rainforest. 

The reasonable degree of linearity in the response of the sensor to a range of 

natural light intensities beneath vegetation suggests the overall error of PPFD 

measurements is unlikely to ever exceed ±10%. Because the spectral response of the 

BPW-21 photocell deviates from the ideal (Fig. 6.1) it should be calibrated under a 

range of natural daylight conditions rather than under artificial light (McCree, 1981). 

However, the slopes in Figs. 6.3 and 6.4 are remarkably similar suggesting that 

calibration under artificial light is sufficient for order of magnitude measurements 

under natural daylight. However, to reduce likely errors it was decided to calibrate 

all purpose-built sensors under natural daylight as described later this section. 
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Figure 6.3. Relationship between the output of a typical purpose-built light 
sensor (BPW-21) and photosynthetic photon flux density (PPFD) as measured by 
a Delta-T Devices quantum sensor: readings taken using a Kodak S-AV 1010 slide 
projector as a collimated light source. Photo-current of the purpose-built sensor 
converted into voltage across a 390 ohm resistor. 

> 

20 

18 

E 16 

..: 14 
o 
(/l 

c 12 
C1l 

(j) 10 

~ 8 

~ 6 o 
~ 4 

_CL -2 

Y = 0.404 + 0.0082 X 

r = 99.0% 

n = 16 

O~~-r-T~--~~~~~--~~-r-T~--r-~~-r~~ 
o 200 400 600 800 1000 1200 1400 1600 1800 2000 

Mean PPFD, J..l mol m- 2 s-1 

Figure 6.4. Relationship between the mean output of a typical purpose-built 
light sensor (BPW-21) and mean photosynthetic photon flux density (PPFD) as 
measured by a Delta-T Devices quantum sensor: readings taken between 1000 and 
1400-h (Solar Time) on 4 September 1986 across a range of natural light 
environments in a tropical rainforest near Paluma, Queensland. 
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(4) Cosine Response 

The cosine response of the purpose-built sensor was tested using the slide projector 

described above focused on infinity. Once again, a darkroom was used for the 

experiment. The output from the sensor was measured at 5° angles of incidence from 0° 

to 85° and the cosine error (L1 R (9» was calculated using the following equation: 

L1 R (9) = 1 - R (9) / (R (0) cos 9, (6.1.2) 

where R (9) is the output from the sensor in mV at 9° incidence, and R (0) is the sensor 

output in m V at 0° incidence. The error curve for a typical sensor is presented in Fig. 6.5. 

The cosine response is within 3 percent of the ideal angular response for angles of up to 

75°. This is quite acceptable for use in forests where quantities of direct-beam 

radiation from near the horizon are generally small. Errors from most measurements in 

the open are also likely to be small given the fact that most radiation from solar 

angles less than 15° is diffused by the atmosphere (Iqbal, 1983). 

6.1.2.3 Calibration of Purpose-Built Light Sensors 

Eight purpose-built (BPW-21) sensors were calibrated against the Delta-T Devices 

quantum sensor described in Table 6.5. The sensors were levelled in the horizontal 

position on the roof of the Geography Department at James Cook University and their 

output was scanned at IS-min intervals by the datalogger described in Section 6.2.l. 

Measurements of PPFD commenced at 0800-h (Eastern Australian Time) on 28 December 

1986_ anci ceased at 1800-h on 30 December 1986 (EAT). Given the acceptable cosine 

response of the purpose-built sensors (Fig. 6.5), only data from hours of darkness was 

excluded from calibration analyses. The results of the observations are shown in Table 

6.7. 

Long-term stability of the purpose-built sensors was not examined but according 

to the manufacturer of the photocell (Telefunken, West Germany) and other sources (eg. 

Sheehy, 1985; Pearcy, 1989), silicon photocells are generally very stable and can only 

be expected to vary by ±2% per annum. 



Calibration 

Delta-T Devices 
quantum sensor1 
against eight 
purpose-built sensors 
Serial Nos. 02 

03 
Q4 

05 
06 
07 
08 
09 
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mean ± standard deviation 
(11 mol m-2 s- 1/mV) 

52.935 ± 2.402 
58.393 ± 3.702 
64.131 ± 1.346 
58.705 ± 3.989 
45.045 ± 3.493 
77.970 ± 3.565 
67.712 ± 1.261 
54.744 ± 2.093 

1. Factory set calibration, 100 11 mol m-2 s-1 /m V 

Table 6.7. Calibration estimates expressed as ratios (11 mol m-2 s-l/ mY) for the 
eight purpose-built sensors (based on 120 observations per instrument, December 
1986). 
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Figure 6.5. Cosine error of a typical purpose-built BPW-21 sensor as a function of 
angle of incidence. 
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6.2 DATA ACQUISmON SYSTEMS 

6.2.1 Datalogger 

6.2.1.1 Physical Characteristics 

Field and calibration measurements were made using a Datataker Field Logger (DT 

lOOF, Serial No. 5144F) which is manufactured by Data Electronics (Australia) Pty 

Ltd. Only relevant details are described here; for specifics readers should consult the 

Users and Technical Manuals (Data Electronics Australia Pty Ltd, 1985). 

Operation of the Datataker requires a computer or terminal for entering 

commands, for reading the returned data, and for managing the output channels. 

However, specifications for the computer or terminal are broad, and any device with 

an RS232, RS422 or RS423 serial interface is suitable. 

All communications to and from the Datataker are in standard ASC II (text), and 

so output may be displayed directly on the screen of the host without the need for pre

processing, or dumped directly to storage or a serial printer. Selected specifications for 

the Datataker are given in Table 6.8. 

6.2.1.2 Programming and Applications 

The Datataker is programmed using simple commands, which are transmitted from the 

supervising computer or terminal as ASC II characters. The commands are generally 

single upper case characters since lower case is largely ignored by Datataker. Because 

returned data is in ASC II format, it is possible to analyze the data immediately with 

suitable data processing packages. Alternatively, the returned data may be processed 

using es~cially developed applications programs designed for specific data processing 

tasks (refer to Section 6.4.2). 

The most useful form of input channel scanning is to repeatedly scan the channels 

automatically, without the need for intervention by the host device. The Datataker 

can be programmed to repeat scan continuously or at regular intervals of real time. A 

further feature that was found to be particularly useful was its facility to average data 

in conjunction with the repeat scan command. Averaged data reduces the quantity of 

data to be analyzed, as well as smoothing signal noise and inherently fluctuating 

signals. 

The Datataker has other valuable programming features and applications 

which are too numerous to mention here. However, the most important features in 



An~oglnpWChann~s 

Number of Channels 
Voltage Ranges 

System 
Microprocessor 
ROM 
RAM 

programming 
Scan Rate 

Scan Type 

Data Format 

Data Memory 
Communications 

Commands 
Data 

Real Time Clock 
Format 
Resolution 

Accuracy 
power Supply 

External 

Internal 
Operating Conditions 
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23 differential, 46 single ended 
±25 mV, ±250 mV, ±2 V DC 

NSC 800 
24 K bytes 
24 K CMOS, battery backed 

Time 1 scant sec to 1 scant year, 
events 
Single scan, poll scan, repeat scan, 
event scan, averaging scan 
Programmable for channel number, 
units text 
Approx. 11400 data points 

ASC II strings 
ASC II strings, floating point, 
decimal data in engineering units 

Time hh:mm:ss, day counter ddddd 
1 sec for returned time data 
2 secs for stored time data 
1 sect day 

11 0/240 V AC ±30% 
9-15 V AC, 11-18 V DC 
6 0 NiCd cells 4 AH, 15 days 
Weatherproof, -20 to 55 Deg. C 

Source: Data Electronics (Aust.) Pty Ltd Users & Technical Manuals (1985). 

Table 6.8 Selected Datataker specifications 
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terms ofradiation measurements in forests are repeat scanning and averaging. Specific 

details on the use of the Datataker in the field are described in Section 6.4 (Sampling 

and Data Analysis Techniques). 

6.2.2 Micropowered Integrators 

6.2.2.1 Introduction 

In many situations the instantaneous value of a variable provides very limited 

information, and it is much more convenient to look at either the average or integral of 

that value. In such cases an integrator shows considerable advantages in cost and 

convenience over chart recorders. Millivolt integrators are suitable for use with 

instruments which output a DC voltage in direct proportion to some variable over a -

period of time. For these reasons, integrators are commonly used for measuring the 

amount of irradiation or photosynthetic photon flux density (PPFD) received at a site 

over set intervals of time. Because the integration is continuous, rapidly varying and 

erratic inputs produced by fluctuating cloud conditions will be correctly integrated. 

Over the past 15 years or so innovations in the area of solid-state electronics 

have permitted low-cost, micropowered integrators to be developed (eg. Campbell, 

1974; Burgess and Cox, 1975; Woodward and Yaqub, 1979; Saffell et al., 1979). Two 

types of micropowered integrator were used in the field: (i) Delta-T Devices mV 

integrator; and (ii) purpose-built mV integrator, incorporating the BPW-21 visible 

light sensor, described in the previous section. Specifications for the Delta-T Devices 

integrator are shown in Table 6.9. The Delta-T Devices mV integrator was used 

primarily to calibrate three purpose-built light integrators which were used 

continuously in the field. 

6.2.2.2 Purpose-Built Light Integrator 

(1) Circuit Description and Housing Design 

The integrator circuit was designed and constructed by the Electronics Section at James 

Cook University. It is however, similar in design and performance to that described in 

Saffell et al. (1979). The block diagram in Fig. 6.6 illustrates how the combined light

integrator unit works. The circuit is powered by four AA alkaline batteries which last 

at least six months with continuous use. The whole unit is housed inside an aluminium 

box which is made air-tight using silicon sealant. A small perspex window permits the 



Accuracy 
Operating temperature 
Maximum input voltage 
Calibration 
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mV Integrator 

±1 % error max., at 10m V at 20 oC 
0-40 °C 
30 mV 

1 count = 10 mV second (factory set) 

Source: Manufacturer, Delta-T Devices, UK. 

Table 6.9 Delta-T Devices mV integrator (Type MV1) specifications. 

LlGI-fT SENSOR 
(PHOTOCELL) 

,,. 
I'NTEGRATOR I 

~r 
COUNTER 

(POCKET CALCULATOR) 

Figure 6.6 Block diagram showing the components that make up the purpose
built light-integrator unit. 
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observer to read the calculator without the need to open the box. The box is mounted on 

a star picket and levelled to ensure that the light sensor is in the horizontal. Apart 

from cleaning the glass dome from time to time and changing batteries every six 

months, the instruments were maintenance-free. 

(2) Linearity 

To test the linearity of the light integrators a number of measurements were made in 

the open to compare their output with standard commercial sensors and integrators. 

Measurements of integrated total irradiation made with the SRI 3 pyranometer (Table 

6.1) and integrated photosynthetic photon flux density made with the Delta-T Devices 

quantum sensor (Table 6.5) are compared with number of counts produced by a typical 

purpose-built light integrator in Figs. 6.7 and 6.8, respectively. Both relationships 

clearly show that the purpose-built light integrator has an excellent linear response 

under a variety of sky conditions. The purpose-built light integrator can therefore be 

used with confidence for estimating daily totals for total irradiation and PPFD in the 

open. 

6.2.2.3 Calibration of Purpose-Built Light Integrators 

Three purpose-built light integrator units were calibrated for photosynthetic photon 

flux density (PPFD) and total irradiation in the open. Two Delta-T Devices mV 

integrators (Table 6.9) were used, one being connected to the Delta-T Devices quantum 

sensor (Table 6.5) for PPFD, and the other being connected to the SRI 3 pyranometer 

(Table 6.1) for irradiation. All the instruments were placed on the Geography 

Department Roof at James Cook University and read at regular intervals over the 

period 4-7 August 1986. Over this period, sky conditions ranged from cloudless to partly 

cloudy. Linear regression and correlation analyses were then applied to the data and 

are shown in Table 6.10. The results of the calibrations are more than adequate for 

obtaining daily estimates of total PPFD (mol m-2 per day) and total irradiation (MJ m-2 

per day) reaching the earth's surface. For short-term estimates, such as hourly, it 

would be necessary to re-calibrate the instruments for that time scale. It is interesting 

to note that the ratio of irradiation to PPFD is close to the value of 0.51 reported by 

Stigter and M usabilha (1982) for the tropics. 
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Figure 6.7. Relationship between number of counts on a typical purpose-built light 
integrator and total irradiation (MJ m-2) measured by an SRI 3 pyranometer 
connected to a DeIta-T Devices mV integrator: readings obtained on the 
Department of Geography roof, James Cook University in August, 1986. 
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Calibration Regression constants 

a b (percent) 

Standard 
error 

of estimate 
(4 days) 

--------------------------------------------------------
Irradiation 
against three 
purpose-built light 
integrators 
(MJ m- 2 ) 
Serial Nos. 11 -2.749 0.00037 99.8 1.22 

12 -1.024 0.00038 99.8 0.65 
13 -2.563 0.00038 99.8 1.19 

PPFD 
against three 
purpose-built light 
integrators 
(mol m-2) 
Serial Nos. 11 -5.565 0.00074 99.7 2.64 

12 -1.567 0.00066 99.8 1.22 
13 -5.199 0.00075 99.7 2.56 

Tabfe 6.10 Linear regression and correlation analyses comparing integrated total 

irradiation (MJ m-2) and total PPFD (mol m-2) with number of counts from three 
purpose-built light-integrator units (4-7 August 1986, n=14). 
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6.3 HEMISPHERICAL CANOPY PHOTOGRAPHY 

The origins of hemispherical (fisheye) photography can be traced to Hill (1924) who 

developed a lens for "whole sky photographs" and used it for cloud surveys. The Robin 

Hill Camera, as it became known, had a 1800 field of view providing a hemispherical 

image. Subsequently, Evans and Coombe (1959) and Coombe and Evans (1960) used 

Hill's camera to assess the light climate of woodlands and other places. They did so 

by superimposing solar tracks for specific days of the year (including solstices and 

equinoxes). The utility of their method is clearly demonstrated in a deciduous forest by 

comparing late summer (full leaf) canopy conditions with those in winter (leafless). 

Anderson (1964 a; 1971) was the first person to develop quantitative methods for 

estimating direct and diffuse radiation beneath vegetation from hemispherical 

photographs. In particular, she stressed the importance of analyzing the effect of the 

canopy on diffuse-sky radiation and on direct-beam radiation separately. This 

involved developing a 'spider's web' grid for estimating diffuse site factors by assuming 

a Standard Overcast Sky (Walsh, 1961), together with solar tracks for estimating 

direct site factors. The sum of the diffuse and direct site factors is called the total site 

factor. Anderson's technique was substantiated by comparing the estimates from the 

hemispherical photographs with nearly three years records of daily totals for solar 

radiation at several sites in a deciduous forest. In Chapter 7 daily measurements of 

PPFD in gaps and understoreys will be compared with estimates of PPFD taken from 

hemispherical photographs to test the validity of the Sky-Irradiance Model 

(Chapter 3) and Anderson's technique in northeast Queensland rainforests. 

Since the pioneering work of Anderson (1964 a) the hemispherical photography 

technique has been applied widely in forests (eg Grubb and Whitmore, 1967; 

Madgewick and Brunfield, 1969; Bjorkman and Ludlow, 1972; Ducrey, 1975; Anderson, 

1981; Pearcy, 1983; Salminen et al., 1983 b; Alexandre, 1984; Holbo et al., 1985), and in a 

number of other environments including crops (eg Ondok, 1984) and urban canyons (eg 

Johnson and Watson, 1984, 1986; Steyn et al., 1986). In recent times, hemispherical 

photographs have been analyzed using increasingly sophisticated procedures, 

involving computer assisted techniques (eg Bonhomme and Chartier, 1972; JuPP et al., 

1980; Chan et al., 1986; Chazdon and Field, 1987; Watson et al., unpublished). Pearcy 

(1989) provides a useful review of these automated techniques. 
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6.3.1 The Relationship Between Total Irradiance and Photosynthetically 

Active Radiation in the Tropics 

The Sky-Irradiance Model described in Section 3.1 focused only on direct and diffuse 

irradiance in the 0.3-3.0 )lm waveband. When modelling light regimes beneath 

vegetation from hemispherical photographs, it is recommended by Anderson (971) to 

consider only photosynthetically active radiation (PAR=0.4-0.7 )lm). Accordingly, 

light in the PAR region of the spectrum beneath vegetation is a function only of gaps in 

the canopy visible from the ground because photosynthetically active wavelengths are 

more readily absorbed by leaves in the canopy (Federer and Tanner, 1966; Holmes, 

1981). This greatly simplifies the modelling procedure because little light is scattered 

(ie reflected and transmitted) within the forest itself (refer to Fig. 2.10). 

The conservative ratio of PAR to total irradiance in the tropics has been 

examined in detail with precision instruments by Stigter and Musabilha (982). For a 

cloudless (clear) sky the mean ratio and standard deviation was 0.51±0.01 and for very 

cloudy skies it was 0.63±0.02. The cloudless sky ratio is somewhat higher than the 

estimate of 0.44 for mid-latitude regions (Gates, 1980). 

It should be noted however, that Stigter and Musabilha (982) based their study 

entirely on data from radiometric instruments (refer to Section 2.1.1). Thus total 

irradiance and PAR were both measured in W m-2. On the other hand, direct field 

observations in this study (Section 6.4.2) measured only total irradiance with 

radiometric sensors, while PAR was measured with photometric (quantum) sensors. 

In order to compare estimates from the hemispherical method with actual field 

observations (Chapter 7) it is necessary to model PAR above and beneath the canopy in 

photometric units ()l mol m-2 s-l) rather than in radiometric units (W m-2). Fortunately, 

McCree (981) has made a comprehensive study of PAR waveband conversion factors for 

various light sources. For daylight it is necessary to multiply by 4.6 to convert PAR 

from W m -2 to )l mol m-2 s-l. For convenience sake PAR in photometric units ()l mol m-2 

s-l) will hereafter be refered to as photosynthetic photon flux density (PPFD) in line 

with the direct field observations described in Section 6.4.2. 

In summary, the following procedures will be used to convert estimates of total 

irradiance (W m-2) as derived from the sky irradiance model to PPFD ()lmol m-2 s-l) in 

tropical areas: 0) for cloudless skies, and cirrus/cirrostratus cloud types - multiply by 

2.346; and (2) for remaining cloud types (Table 3.4) - multiply by 2.898. 

These conversion factors are rather general, but there are no existing empirical 

studies to provide specific values for the various cloud types in Table 3.4 and the 

instruments used in this study (Section 6.1) are certainly not accurate enough to 

facilitate such analyses (Forgan, 1979). For these reasons, cirrus and cirrostratus have 
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been given the same conversion factor as for a cloudless sky because neither has a 

drastic effect on direct-beam irradiance, and therefore it is likely that the ratio of 

irradiance to PAR will be similar to that for a cloudless sky. Likewise, the conversion 

factors for the other cloud types (Table 3.4) are assumed to be similar because only 

diffuse-sky irradiance is present at the earth's surface under the assumptions of the 

model. 

In view of .the rather limited data on this topic the conversion factors given 

above should be considered as conservative rather than absolute. They should 

nonetheless suffice for daily estimates of PPFD above and beneath vegetation. 

6.3.2 The Estimation of Daily PPFD Above and Beneath Forest Canopies 

Under Cloudless and Cloudy Skies 

It is possible to analyze the light climate in a plant community in terms of the gaps at 

any particular altitude and the known mathematical expressions for the distribution 

and intensity of diffuse and direct light over the sky (Anderson, 1964 a; 1971; Pearcy, 

1989). In this section, techniques for estimating the penetration of diffuse and direct 

PPFD within vegetation from hemispherical (fisheye) photographs are discussed in 

detail. For reasons already stated with regard to the Sky-Canopy-Gap-Irradiance 

(SCANGIR) Model (Chapter 3), the analysis will treat diffuse and direct PPFO 

separately. 

6.3.2.1 Camera-Lens System 

All hemispherical photographs were taken using an Olympus OM1 camera body fitted 

with a Sigma 8 rnrn f1.4 fisheye lens which covers 1800 and provides an equiangular 

circular projection, ie. one in which radial distance is directly proportional to angular 

altitude. The equiangular projection makes it possible to overlay a spider's-web grid 

(Fig. 6.9) and polar grid (Fig. 6.10) for estimation of diffuse and direct site factors 

(Anderson, 1964 a; Pearcy, 1989). 

Typically, the camera-lens system is mounted on a tripod at a standard height of 

1 m above the ground. The photographs are then taken with the levelled camera 

looking up at the forest canopy. The operator crouches below the level of the camera 

and the shutter is released by means of an extension cable. At the same time a small 

light emitting diode (LED) is attached to a 2 m pole about 5 m from the camera. A 

Prismatic compass is then used to take a bearing from the camera to the pole. The LED 
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appears as a distinct bright mark near the horizon of each photograph and this makes 

allignment to true north a relatively simple task. 

Mter considerable experimentation with exposure settings and various types of 

filters, an aperture setting of f8 was used with shutter speeds bracketed over 1/60 s to 

allow for slight variations in light conditions. An ultra-violet filter was found to 

provide the best possible contrast between sky and foliage. Photographs were taken 

under heavily overcast skies and near sunrise or sunset at times of little or no wind. All 

photographs were taken using Ilford HP5 400 ASA panchromatic film which provides 

high contrast prints (see Plate 6.1). 

6.3.2.2 The Penetration of Diffuse PPFD 

Anderson's (1971) spider's-web grid overlay (Fig. 6.9) was used to calculate daily 

diffuse PPFD beneath rainforest canopies. The grid is designed so that each of the 1000 

segments (grid cells) cover an area contributing 0.001 or 0.1 % of the total photon flux 

density from a Standard Overcast Sky (SOC) (Moon and Spencer, 1942). It is also 

possible to model diffuse PPFD using the Uniform (isotropic) Overcast Sky (UOC) 

(Monsi and Saeki, 1953). Both techniques yield reasonable predictions over a period of 

a day or longer (Anderson, 1966). However, the SOC model allows for the fact that the 

zenith illuminance is about three times that at the horizon while the UOC model 

assumes that every part of the sky is equally bright thereby underestimating diffuse 

light originating from near the zenith. For this reason, the SOC model (Moon and 

Spencer, 1942) is used here. 

The light incident on a horizontal surface (I) from a Standard Overcast Sky 

(SOC) will vary with altitude (a) according to the following equation (Anderson, 

1966): 

1= 2/3 (sin a + 2 sin2 a) cos a. (6.3.1) 

This equation makes allowance for the fact that more light comes from higher 

altitudes. 

The integral of Eqn 6.3.1 can be used satisfactorily to predict the penetration of 

diffuse PPFD into a forest over daily or monthly intervals. The same equation is used 

to construct the spider's-web grid shown in Fig. 6.9. The grid illustrates the fact that 

more diffuse light originates from the zenith compared with the horizon. 

Plate 6.1 illustrates a hemispherical photograph of a tropical rainforest canopy 

with the same grid overlay superimposed. The angular heights of the annuli (rings) as 
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Figure 6.9. 'Spider's-web' grid, designed so that each segment contributes 0.1 % of 
the total photon flux density on a horizontal surface from a standard overcast sky 
(from Anderson, 1971). 
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Plate 6.1. Hemispherical (fisheye) photograph of a tropical rainforest canopy. 
The photograph is overlaid with the 'spider's-web ' grid, designed so that each 
segment contributes 0.1 % of the total photon flux on a horizontal surface from a 
standard overcast sky. 
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derived from Eqn 6.3.1 are shown in Table 6.11 which is a sample form for the same 

photograph (Anderson, 1971). To score the photograph it is necessary to work around 

each annulus in turn, from horizon to zenith and to classify the number of segments 

which are completely, 75%, 50%, 25% and 0% clear, and this is then summed to give 

the diffuse site factor. The percentage clear in each annulus gives the relative gap 

frequency at that altitude (Table 6.11). Thus for the canopy shown in Plate 6.1, the 

diffuse site factor is 0.056. This effectively means that daily diffuse PPFD beneath 

the canopy at the point where the photograph was taken will be about 5.6% of that 

above the canopy over the same interval of time. Conceptually, this is very similar to 

the sky view factor described in Section 3.2.1 except that this method assumes a SOC 

rather than a UOc. 

Because of the subjectivity implicit in scoring the percentage clear in each 

segment some inter- and intra-user variation is highly likely. However, only the 

author analyzed the photographs thereby removing the problem of inter-user 

variation. To assess likely intra-user variation the same photograph was analyzed at 

three different times and the results compared (Table 6.12). 

The results show that intra-user variation in estimations of diffuse site factors is 

unlikely to pose serious problems (one-way ANOV A, P > 0.05). This means the diffuse 

site factor can be used with confidence for estimating the penetration of diffuse PPFD 

through the canopy to the forest floor over daily intervals. However, greater 

variations are likely in estimates of relative gap frequencies for individual annuli 

(Table 6.11). Because the relative gap frequencies are used for estimating the 

penetration of direct PPFD through the canopy (Anderson, 1971), some caution should 

be applied to short-term estimates. In particular, the technique should not be used for 

deriving instantaneous estimates of direct PPFD; in such cases an automated technique 

is preferable to the manual analysis (Pearcy, 1989). 

Another problem with the method concerns the contrast between foliage/woody 

biomass (black areas) and gaps (white areas). In Plate 6.1 this is not a problem, but in 

some examples it was difficult to distinguish gaps from foliage because of slight over

exposure of the film. This problem was reduced considerably by photocopying the 

original prints to reproduce high contrast images. The reproduced image was then 

analyzed using the spider's-web grid overlay. Prints that were severely under-exposed 

were discarded as there is no way of improving such images. 
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Table 6.11. Form used for scoring diffuse site factors from fisheye photographs. 
(Based on Anderson, 1971). The example shown is for Plate 6.1. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Diffuse 
site factor 

Assessment 1 
14/06/85 

0.0 
1.0 
1.0 
0.5 
4.0 
2.0 
1.5 
2.5 
8.0 
7.5 
8.0 
8.5 
8.0 
5.0 
6.0 
5.5 
3.0 
8.5 

11.5 
11.5 
15.4 
17.3 

2.1 
0.0 
0.0 
0.0 

5.6 
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Assessment 2 
27/09/86 

0.0 
0.0 
0.5 
1.0 
1.5 
4.0 
6.0 
6.0 
7.5 
6.0 

11.0 
10.5 

9.5 
2.5 
3.5 
8.5 
4.5 
2.5 

14.5 
8.5 
9.6 
1.5 
2.1 
0.0 
0.0 
0.0 

5.7 

One-way ANOVA: F = 0.192, df = 76, P = 0.8259 

Assessment 3 
25/11/88 

0.0 
0.0 
0.5 
0.5 
1.5 
5.0 
6.5 
5.5 
7.0 
6.5 

10.5 
10.5 

9.0 
3.5 
4.0 
8.0 
5.0 
3.0 

14.0 
9.0 

12.5 
11.5 

1.9 
0.0 
0.0 
0.0 

5.8 

Table 6.12 Intra-user variation of relative gap frequencies and diffuse site factors 
for Plate 6.1. 
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6.3.2.3 The Penetration of Direct PPFD 

Unlike diffuse PPFD the penetration of direct PPFD is merely a function of the position 

of the sun (point source) relative to gaps or openings in the canopy. Thus, the most 

logical technique for estimating the penetration of direct PPFD through the canopy is 

to superimpose solar tracks on the hemispherical photograph for representative days 

of the year (Evans and Coombe, 1959). To achieve this, it is necessary to calculate solar 

altitude and azimuth at regular intervals from sunrise to sunset (Eqns 2.2.4 and 2.2.5). 

Appendix A describes the computer program, compiled in Microsoft QuickBASIC 

(1988), used for calculating solar altitude and azimuth for any latitude and day of the 

year. 

Having aligned the hemispherical photograph to true north it is then possible 

to superimpose a polar diagram drawn for the latitude of the field site. Figure 6.10 is 

an example of a polar diagram for 17° 17' S. which corresponds with the latitude of the 

forest where Plate 6.1 was taken. For modelling purposes it is easier to use solar tracks 

for the 22nd day of each month; this provides seven solar tracks which are 

symmetrical about the summer and winter solstices. Intervals are also marked on the 

polar diagram for purposes of integrating hourly estimates. 

Direct PPFD reaching the forest floor was estimated for the various times of the 

year according to the method described in Anderson (1971). The procedure is as follows: 

(1) the spider's-web grid and polar diagram are both superimposed over the 

hemispherical photograph with the latter aligned to true north; (2) obstructions 

(white areas) along each solar track are measured and scored for the corresponding 

annuli; (3) direct PPFD above the canopy is derived using the sky irradiance model 

(Chapter 3) and irradiance to PPFD conversion factor; (4) integrals (milli mol m-2) are 

determined for the lower and upper limit of solar altitude in each annulus (Table 6.13); 

(5) the integrals are reduced in proportion to the relative gap frequency measurements 

for the particular photograph (Table 6.11); and (6) the reduced integrals are summed 

to give estimates of daily direct PPFD beneath the canopy. It should be noted that this 

empirical method ignores penumbral effects (Smith et ai., 1989). 

For purposes of demonstration, Table 6.13 shows the form of scoring direct site 

factors for Plate 6.1 assuming cloudless skies. The direct site factor is simply the 

proportion of direct PPFD beneath the canopy relative to that above the canopy over 

the same period. As explained earlier, the theoretical estimation of direct PPFD 

applies only to cirrus, cirrostratus and cloudless sky types (Table 3.4). Under cloudless 

skies, the direct site factors for Plate 6.1 range from 0.38% on June 22 to 2.33% on March 

22/September 22 (Table 6.14). 
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Figure 6.10. A polar diagram for 17° 17' South showing solar tracks for the 22nd 
day of each month. 
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Table 6.13. Form used for scoring direct site factors from fisheye photographs. 
The example shown is for Plate 6.1. 
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6.3.2.4 The Penetration of Total PPFD 

Total PPFD reaching the forest floor is equal to the sum of the diffuse and direct PPFD 

over the given period of measurement. For all cloud types except cirrus and cirrostratus 

(Table 3.4) total PPFD is equal to diffuse PPFD. The total site factor is simply the 

proportion of total PPFD beneath the canopy relative to that above the canopy over 

the same period. 

Table 6.14 provides a summary of daily diffuse, direct and total PPFD (mol m-2 

per day) above and beneath the forest canopy shown in Plate 6.1 for the 22nd day of 

each month (assuming cloudless skies). Diffuse and direct PPFD were estimated using 

the relative gap frequencies obtained by the first assessment of Plate 6.1 (Table 6.12). 

6.4 SAMPLING AND DATA ANALYSIS TECHNIQUES 

6.4.1 Daily Measurements of Total Irradiation and Total PPFD in the Open 

6.4.1.1 Sampling Techniques 

Total (direct plus diffuse) irradiation in MJ m-2 per day and total photosynthetic 

photon flux density (PPFD) in mol m-2 per day were measured at three stations in the 

wet tropics study area: EI Arish, Topaz and Atherton (Fig. 5.3). The purpose-built 

light integrators described in the previous section were read manually at the same time 

each day by volunteer observers. Recording sheets containing the daily integrals were 

then returned to the Geography Department, James Cook University, at monthly 

intervals. A full year's data was collected at each site beginning September 1986. 

As already stated in Section 5.5.1, the stations were selected because they 

represenr three distinct climate types where rainforest of varying complexity and 

structure is found nearby. Apart from Pin Gin Hill (Fig. 5.3), no substantial records of 

solar radiation are available for the wet tropics of northeast Queensland. The 

objective of the exercise, therefore, was to obtain some baseline data on the spatial and 

temporal (seasonal) variations in insolation over the wet tropical region. 

The geographical characteristics of the three stations are already given in Table 

5.2. The macroclimate is sufficiently different among the three sites to make daily 

measurements of irradiation and PPFD worthwhile. In particular, differences in mean 

monthly rainfall, number of raindays, general cloudiness, optical airmass due to 

altitude, and tropospheric water content (humidity) are likely to influence the 



-----------------------------------------------------------------------------------------------------
DIFFUSE PPFD DIRECT PPFD TOTAL PPFD 

(mol m-2 per day) (mol m-2 per day) (mol m-2 per day) 
Month Abo\k At Forest Diffuse Above At Forest Direct Above At Forest Total 

Canopy Floor Site Canopy Floor Site Canopy Floor Site 
Factor (%) Factor (%) Factor (%) 

-------------------------------------------------------------------------------------~---------------
Jun 22 12.17 0.682 5.6 32.55 0.125 0.38 44.72 0.807 1.80 

Jul 221 May 22 12.41 0.695 5.6 35.47 0.196 0.55 47.88 0.891 1.86 

Aug 221 Apr 22 12.94 0.725 5.6 42.37 0.428 1.01 55.31 1.153 2.08 

Sep 221 Mar 22 13.53 0.758 5.6 50.15 1.169 2.33 63.68 1.927 3.03 

Oct 221 Feb 22 13.99 0.783 5.6 55.01 0.402 0.73 69.00 1.185 1. 72 

Nov 221 Jan 22 14.29 0.800 5.6 57.08 0.370 0.65 71.37 1.170 1.64 

Dec 22 14.38 0.805 5.6 57.31 0.892 1.56 71.69 1.697 2.37 

MEAN 13.39 0.750 5.6 47.13 0.512 1.09 60.52 1.261 2.08 

-----------------------------------------------------------------------------------------------------

Table 6.14. Estimated diffuse, direct and total photosynthetic photon flux 
density (PPFD, mol m-2 per day) under cloudless skies above and beneath a 
tropical rainforest canopy (Plate 6.1). 

I-' 
~ 
0 
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quantity and quality of irradiation and PPFD reaching the earth's surface at these 

sites. 

6.4.1.2 Data Analysis Techniques 

The daily integrals, given in the form of number of counts on the calculator, were then 

converted into appropriate units for total irradiation (MJ m-2 per day) and total PPFD 

(mol m-2 per day) using the calibration equations for each light integrator (Table 6.10). 

Extraterrestrial irradiation (MJ m-2 per day) was then calculated using Eqn 3.1.2. 

From this, ratios of surface (Q) to extraterrestrial (Q 0) irradiation (Q /Q 0) were 

derived for each day of the year. Mean daily fluxes for irradiance (W m-2) and PPFD 

(Il mol m-2 s-l) were also computed by dividing daily integrals by day length (Eqn 2.2.7) 

for consecutive days. 

Daily values at each site were then grouped into separate months and 

descriptive and comparative statistics applied to the data sets. All statistical 

analyses were performed on Apple Macintosh Plus and SE/30 microcomputers using 

Statview 512+ (Abacus Concepts Inc., USA, 1986). Table 6.15 summarizes the 

descriptive and comparative statistics used for the analysis of the three data sets. 

6.4.2 Short-term Measurements of Total Irradiance and Total PPFD 

Above and Beneath Rainforest Canopies 

6.4.2.1 Sampling Techniques 

Field observations were undertaken on selected days at one principal site- Curtain Fig 

State Forest (Complex Notophyll Vine Forest, Fig. 5.4), and two secondary sites - Pine 

Creek SF (Mesophyll Vine Forest, Fig. 5.5), and on the summit of Mt Bellenden Ker 

(Simple Microphyll Vine-Fern Thicket, Fig. 5.6). Site and vegetation characteristics 

have already been described in Section 5.5.2. 

A number of sampling techniques were used in the field over the two year 

interval of field research. For this reason, a systematic treatment of individual field 

observations is given in this section. 
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Descriptive statistics Comparative statistics 

mean a priori t-test for multiple comparisons 
standard deviation 
coefficient of variation 
10th, 25th, 50th, 75th, 90th percentiles 
number of values below 10th percentile 
number of values above 90th percentile 
range 
frequency distribution 

Table 6.15 Descriptive and comparative statistics used for analysis of irradiance 
and PPFD data at three stations in the wet tropics of northeast Queensland. 
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(1) Curtain Fig SF 12-13 November 1985 &10 Iuly1986 

The SRI 3 pyranometer (Table 6.1) was mounted on a 32 m CSIRO tower above the forest 

canopy, and four linear pyranometers (Table 6.1) were placed 1 m above the forest floor 

on tripods. Each instrument was levelled in the horizontal and orientated north-south. 

The tripod height and orientation of the linear pyranometers was standardized for all 

field measurements described hereafter. The linear pyranometers were located 

randomly in the understorey. near the established transect used for hemispherical 

photographic analysis of understorey radiation regimes (Section 6.4.3). Observations, 

were therefore directed towards analysis of irradiance in the closed understorey of the 

forest in relation to conditions above the forest. Over the period November 12-13, solar 

altitude at solar noon was near the zenith (a = 89.7°). Weather conditions over both 

days were mainly sunny with only isolated cumulus cloud. No rainfall was recorded in 

this time. 

All the instruments were scanned every 10-sec and average values logged to 

memory every lO-min throughout the day from 0700- to 1900-h (Local Time) with the 

datalogger described in Section 6.2.1. The 10-min logged value is, therefore, the 

arithmetic mean of 60 separate 10-sec readings (12-h represents 4320 sampling events). 

The same or similar sampling procedures have been used by a number of researchers 

elsewhere (eg Chazdon and Fetcher, 1984, Holbo et al.,1985). The general opinion, is 

that the sampling procedure is sufficiently short to indicate major sunfleck or direct

beam radiation events, and at the same time keeps the quantity of data to be analyzed 

to manageable levels. Furthermore, the averaging feature also smooths signal noise 

and inherently fluctuating signals. 

The number of sensors used is probably not enough to account fully for the spatial 

variations in irradiance in the understorey (Anderson, 1966, 1971). Reifsnyder et al. 

(1971), in their exhaustive paper on this matter of sampling irradiance beneath forest 

canopies,-suggest approximately 14 sensors would be required for a ID-min averaging 

period beneath a hardwood canopy. However, their results are based on a pyranometer 

with a receiving surface similar to the SRI 3 pyranometer used in this work for above 

canopy measurements only. The linear pyranometers used here have a larger receiving 

surface (Plate 6.2), in fact, over 3D-times as large as the SRI 3 pyranometer. This means 

that a built-in averaging feature is already present in these instruments and this 

probably makes four linear pyranometers sufficient to account for most of the spatial 

variations in irradiance in the understorey under sunny conditions. The main 

disadvantage with the larger receiving surface is the fact that smaller sunflecks 

cannot be measured because the thermopile's output is averaged out over the entire 

active surface and may therefore include shade and sunfleck light conditions. The 
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other problem, which occurs in all thermopile radiometers, is low m V output at times 

of dull sky conditions and low solar angles. This problem was especially noticeable in 

the extremely shady environment typified by rainforest understoreys. 

The experimental procedure, described above, was repeated on 10 July 1986 under 

lower solar angles (a. = 50.5° at solar noon). Weather conditions were clear with some 

high cirrus in the late afternoon. Measurements commenced at 0730 hrs and ceased at 

1700 hrs (Local Time). The main aim being to compare understorey radiation regimes at 

times of seasonally extreme midday solar angles (ie November and July). 

(2) Pine Creek SF 18-19 July 1986 

The SRI 3 pyranometer was mounted on a 25 m CSIRO tower above the forest canopy, 

and the four linear pyranometers were placed randomly in the forest understorey near 

the established transect used for hemispherical photographic analysis of understorey 

radiation regimes. These observations then, were primarily concerned with 

characterizing the spatial and temporal distribution of irradiance in the closed 

understorey in relation to that above the forest. 

The same sampling procedure, outlined above, was applied to the instruments on 

both days from 0730- to 1700-h (Local Time). Solar altitude (a.) at solar noon was about 

52° on both days, and weather conditions were sunny with only isolated cumulus cloud. 

(3) Curtain Fig SF 6-8 & 13 January 1987 & 2-4 July 1987 

The SRI ? pyranometer and Delta-T Devices quantum sensor (Table 6.5) were mounted 

on the CSIRO tower above the forest canopy. Three linear pyranometers and three 

pairs of purpose-built light sensors (refer to Section 6.1.2.2) were placed beneath an 

elliptical north-south gap near the tower. This small gap (100 m2) was created by the 

removal of a single tree. The gap had a diffuse site factor of 17.8% when 

photographed in June 1985. A more recent photograph (July 1987) suggests very little 

change in this gap over two years, despite some canopy damage caused by Tropical 

Cyclone 'Winifred' in February 1986. The fourth linear pyranometer and one pair of 

purpose-built light sensors were set up in the adjacent closed understorey. 

These observations, therefore, were mainly concerned with characterizing the 

spatial and temporal distribution of irradiance and PPFD in three distinct 

environments (canopy, gap and understorey) in the same rainforest under high summer 
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solar angles. Variations in irradiance and PPFD within the gap itself were also being 

analyzed. 

For logistical reasons it was necessary to have a four day break between the 

initial three-day sampling period (6-8 January) and January 13. Over this time, 

changes in earth-sun geometry were very small and for this reason, the four days may 

be pooled together for statistical purposes. 

The established sampling procedure, outlined earlier, was applied to the 

instruments over the four days of measurement from 0600- to 1830-h (Local Time). Mean 

solar altitude (ex) at solar noon for the four days was 85°. Weather conditions were 

unusually fine for the time of year. For the period 6-8 January, low-level cumulus was 

present each morning until 0930-h and the days were generally sunny with only 

isolated cumulus cloud. However, January 13 began with clear conditions followed by a 

rain shower in the early afternoon and continued overcast (altostratus) until 

measurements ceased at 1830-h. 

This particular field experiment can be considered amongst the few, if not the 

first, to examine irradiance and PPFD, simultaneously, in a number of characteristic 

environments in a tropical rainforest. 

The experimental procedure, described above, was repeated on 2-4 July 1987 under 

lower solar angles (approXimately 54° at solar noon). Weather conditions varied over 

the three days, from being clear on July 2 to generally cloudy with sunny breaks on July 3 

and 4. Measurements commenced at 0730-h and ceased at 1730-h (Local Time). The 

main aim being to compare the frequency distribution of irradiance and PPFD in the 

elliptical gap and understorey environments at times of seasonally extreme midday 

solar angles (ie January and July); the subsidiary aim being to compare average PPFD 

measurements with averages from the indirect photographic technique. 

t4) Curtain Fig SF 14 Ianuary 1987 

The Delta-T Devices quantum sensor was mounted on the CSIRO tower above the forest 

canopy. One pair of purpose-built light sensors were placed at the centre of the 

elliptical gap, and three pairs were placed at random locations in the closed 

understorey near the gap. No irradiance measurements were made during this 

particular experiment. 

All the instruments were scanned every 10-sec and this data was logged to 

memory continuously from 0700- to 1700-h (Local Time). Thus, the averaging feature 

was not used in this experiment. Observations, were instead directed towards analysis 

of the frequency distribution of PPFD at the canopy surface, in the gap and adjacent 
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understorey. The main aim being, to record the intensity of sunflecks teaching the 

forest floor in the closed understorey, and the intensity of direct PPFD in the gap during 

the traverse of the sun across the gap around the middle of the day. 

Weather conditions were variable, beginning with scattered cumulus and then 

clearing to a mainly sunny although hazy day. From 1430-h onwards, light rain began 

to fall from a large cumulus congestus cloud bank. Despite the overcast conditions later 

in the day, sufficient sunfleck data was collected around midday (ex at solar noon was 

84°). In total, some 32,400 readings were made at the four sites during the experiment. 

(5) Curtain Fig SF 18 Ianuary 1987 

The PPFD sunfleck analysis, described above, was repeated on January 18 at a different 

location in the Curtain Fig SF. The Delta-T Devices quantum sensor was again mounted 

on the CSIRO tower above the forest canopy. Two pairs of purpose-built light sensors 

were set up in the centre of a small circular gap (130 m2), which was created by the 

toppling of a single tree during TC 'Winifred' on 1 February 1986, and another two pairs 

of sensors were randomly located in the closed understorey about 15 m from the gap. 

The diffuse site factor in the centre of the gap, when photographed immediately after 

the cyclone, was 19.4%. However, there was evidence of canopy re-growth in the time 

since the original photograph and a more recent photograph (July 1987) provides a 

diffuse site factor of 16.1 %. 

The sensors were scanned and logged every 10-sec from 1030-1330 hrs (Local 

Time). This experiment, therefore, aimed to collect a large body of data on the 

frequency distribution of PPFD in the centre of a small circular gap and in the adjacent 

understorey around the middle of the day. Some 10800 readings were made over this 

period under generally sunny conditions. 

(6) Curtain Fig SF 19-20 Ianuary 1987 & 7 Tuly 1987 

The SRI 3 pyranometer and Delta-T Devices quantum sensor were mounted on the 

CSIRO tower above the forest canopy. Two linear pyranometers and two pairs of 

purpose-built light sensors were placed in the centre of the circular gap, described 

above. The other two linear pyranometers and two pairs of purpose-built light sensors 

were randomly placed in the adjacent understorey about 15 m from the gap. 

Observations, were therefore directed towards analysis of the frequency distribution of 

irradiance and PPFD in three distinct forest environments under generally high solar 
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angles. The other aim, being to compare frequency distributions between the north

south elliptical gap, described previously, and the circular gap within the same forest 

type. 

All the instruments were scanned at 10-sec intervals and average values logged to 

memory every 10-min throughout the day from 0600- to l830-h (Local Time). Solar 

altitude (a) at solar noon was 87° on both days. Weather conditions were similar on 

both days, being clear in the morning with cloudy periods in the afternoon. No rainfall 

was recorded in this time. 

The experimental procedure was repeated on July 7 1987 under generally lower 

solar angles (a = 54° at solar noon). Measurements commenced at 0730-h and ceased at 

l730-h (Local Time). The main aim was to compare the frequency distribution of 

irradiance and PPFD in the circular gap and understorey environments at times of 

seasonally extreme midday solar angles (ie January and July); the subsidiary aim being 

to compare average PPFD measurements with averages from the indirect photographic -

technique. 

(7) Mt Bellenden Ker 23-24 Tune 1987 

Five sites were selected for detailed irradiance and PPFD measurements - large 

clearing (800 m2), heavily shaded understorey, lower canopy, lightly shaded 

understorey, small gap (120 m2). These sites were selected because they represent the 

range of habitats likely to be found in undisturbed rainforest, the large clearing taken 

to represent an exposed light environment similar (although not identical) to 

conditions surrounding emergent trees of the upper canopy. All sites were located on the 

exposed summit ridge of Mt Bellenden Ker (Fig. 5.3). The summit ridge is reasonably 

flat at this location on the mountain. As expected, cloud cover was highly variable 

over the two days of measurement, but no rainfall was observed. 

The SRI 3 pyranometer and Delta-T Devices quantum sensor were set up in the 

clearing, and the four linear pyranometers and four pairs of purpose-built light sensors 

were placed at the four forest sites described above. All measurements were made at 1 

m above the ground, except the canopy site where sensors were mounted in the lower 

crown of a large Leptospermum wooroonooran tree 6 m above the ground. All the 

instruments were scanned every 10-sec and average values logged to memory at lO-min 

intervals from 0730- to l700-h (Local Time). Solar altitude (a) was at its lowest for the 

year being only 50° at solar noon. 
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6.4.2.2 Data Analysis Techniques 

All field measurements were converted into solar time by means of a computerized 

almanac (Blackadar, 1984). The program computes sunrise and sunset times at any 

geographic location for any day of the year. It also provides the time of transit which 

indicates the difference between zone mean time and solar time (refer to Section 2.2.3). 

Field experiments .conducted over 2-4 day intervals were pooled together for statistical 

purposes. Descriptive and comparative statistics were then applied to the data sets 

(Table 6.16). 

While spatial averages are useful for characterising in a general way light 

penetration into a forest, they may not be that closely related to photosynthetic 

response (Pearcy, 1989). It is now widely recognised that sunflecks on the forest floor 

are of considerable importance to the carbon balance of understorey plants (Pearcy, 

1988; Chazdon, 1988) and that photosynthetic utilisation of sunflecks depends not only 

on the light intensity but also on their frequency and duration (Chazdon and Pearcy, 

1986 a). According to Pearcy (1989) both spatial and temporal distributions of PPFDs 

are required to fully characterise the complex light environment in forests. 

Therefore, frequency distributions (histograms) of lO-sec scan analyses of PPFD 

were calculated for each data set using a classification method based on Salminen et al. 

(1983 a). Table 6.17 summarizes the two forms of classification used. A linear 

classification emphasises order-of-magnitude differences among micro-environments 

(eg canopy versus understorey), while a logarithmic is more useful in photosythesis 

studies because photosynthetic rate in leaves has a curvilinear response to light (refer 

to Fig. 2.12). The logarithmic classification of PPFD (Table 6.17) is therefore useful 

here because it emphasises photon flux densities which are more likely to be below 

light saturation levels for canopy, gap and understorey members. Microsoft 

QuickBASIC (1988) programs were developed (Appendix D) to sort the vast quantities 

of data irUo linear and logarithmic class intervals shown in Table 6.17. The data is 

then in a form suitable for analysis of temporal and spatial patterns of irradiance and 

PPFD. If differences among sites are of interest then the frequency distributions can be 

readily compared using the Kolmogorov-Smirnov test for independent samples (Table 

6.16). 

Frequency distributions of la-min averages for irradiance and PPFD were also 

analysed using linear class intervals suited to the range of fluxes measured among 

micro-environments. The following class intervals were used for irradiance data: 

canopy, 100 W m-2; treefall gaps, 25 W m-2; and understoreys, 10 W m-2. For PPFD the 

following class intervals were used: canopy, 200 Jl mol m-2 s-l; treefall gaps, 50 Jl mol 

m-2 s-l; and understoreys, 25 Jl mol m-2 s-l. The coefficient of skewness measures the 



Descriptive statistics 

mean 
standard deviation 
coefficient of variation 
range 
coefficient of kurtosis 
coefficient of skewness 
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Comparative statistics 

one-way ANOVA 
a priori t-test for multiple comparison 
comparison of percentiles 
Kolmogorov-Smirnov D-test 
Scheffe F-test (post hoc) 

10th, 25th, 50th, 75th 90th percentiles 
number of values below 10th percentile 
number of values above 90th percentile 
frequency distribution 

Table 6.16 Descriptive and comparative statistics used for analysis of irradiance 
and PPFD data at various forest sites. 



Class 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 . 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

200 

PPFD (11 mol m-2 s-1) 
Linear Classes 

0.0-71.9 
72.0-143.9 
140.0-215.9 
216.0-287.9 
288.0-359.9 
360.0-431.9 
432.0-503.9 
504.0-575.9 
576.0-647.9 
648.0-719.9 
720.0-791.9 
792.0-863.9 
864.0-935.9 
936.0-1007.9 
1008.0-1079.9 
1080.0-1151.9 
1152.0-1223.9 
1224.0-1295.9 
1296.0-1367.9 
1368.0-1439.9 
1440.0-1511.9 
1512.0-1583.9 
1584.0-1655.9 
1656.0-1727.9 
1728.0-1799.9 
1800.0-1871.9 
1872.0-1943.9 
1944.0-2015.9 
2016.0-2087.9 
2088.0-2159.9 
2160.0-2231.9 
2232.0-2303.9 
2304.0-2375.9 
2376.0-2447.9 
2448.0-2519.9 

PPFD (11 mol m-2 s-1) 
Logarithmic Classes 

0.0-0.9 
1.0-1.2 
1.3-1.5 
1.6-1.9 
2.0-2.4 
2.5-3.1 
3.2-3.9 
4.0-4.9 
5.0-6.2 
6.3-7.8 
7.9-9.9 
10.0-12.5 
12.6-15.8 
15.9-19.9 
20.0-25.0 
25.1-31.5 
31.6-39.7 
39.8-50.0 
50.1-63.0 
63.1-79.3 
79.4-99.9 
100.0-125.8 
125.9-158.4 
158.5-199.4 
199.5-251.1 
251.2-316.1 
316.2-398.0 
398.1-501.1 
501.2-630.9 
631.0-794.2 
794.3-999.9 
1000.0-1258.9 
1259.0-1584.9 
1585.0-1995.3 
1995.4-2511.9 

Table 6.17 Classification of lO-sec analyses of photosynthetic photon flux 
density (PPFD, )l mol m-2 s-l) using 35 linear and logarithmic class intervals 
(based on Salminen et ai. 1983 a). 
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extent to which the bulk of values in a distribution are concentrated to one side or the 

other of the mean, and the coefficient of kurtosis measures the extent to which values 

are concentrated in one part of a frequency distribution (Table 6.16). The value of 

skewness for a symmetrical distribution is zero and a normal distribution has a kurtosis 

of 3.0. As discussed in Section 2.5.2.2, heterogeneity in canopy structure often causes the 

frequency distribution of solar radiation components to be non-normal. Hence, mean 

radiant flux densities and PPFDs within a rainforest understorey may not be 

representative of the understorey light environment. 

6.4.3 Hemispherical Canopy Photography Measurements of Daily PPFD 

Beneath Rainforest Canopies 

6.4.3.1 Sampling and Data Analysis Techniques 

Transects, 100 m in length, were established at the two tower sites - Curtain Fig State 

Forest and Pine Creek SF. Both transects run beneath intact canopies with no 

significant gaps present at the time of photographic analyses. Photosites were 

delineated at 5 m intervals along each transect closely following the CSIRO cross

sectional profiles (Figs. 5.4 and 5.5). Three 50 m transects were also established across 

the rainforest-open forest boundary at Kirrama, with photosites at 5 m intervals (Fig. 

5.7). This transect method was originally devised by JuPP et al. (980) for leaf-area 

studies in open woodland in southeast Australia. Hemispherical (fisheye) 

photographs of the canopy at each site were taken according to the method described 

in Section 6.3.2. 

The Curtain Fig transect was photographed on two separate occasions - June/July 

1985 and February 1986. The latter took place two weeks after Severe Tropical Cyclone 

"Winifred" 0/2/86) affected the Far North Queensland region. This site experienced 

slight to moderate canopy disturbance (Unwin et ai., 1988). This unique before and 

after photographic record provides quantitative data on the effects of cyclone-induced 

defoliation on tropical rainforest light environments. The Pine Creek and Kirrama 

transects were only photographed in July 1985 and August 1985, respectively. 

Given the importance of treefall gaps in the dynamics of tropical rainforests 

(Denslow, 1987), examples of various gaps were also analyzed using the photographic 

technique from sites in the Curtain Fig forest. A small elliptical gap with a north

south orientation and a near-circular gap created by the toppling of a single tree (Toona 

australis ) were chosen for modelling purposes. Both gaps were close to the CSIRO 

tower in the Curtain Fig SF; this permitted direct measurements of light to be made in 
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the same gaps for comparison with the indirect photographic method. Single and 

multiple treefall gaps were also photographed at Wongabel State Forest (Fig. 5.4) and 

Pine Creek State Forest (Fig. 5.5). Several of these gaps were associated with the 

tropical cyclone described above. 

Descriptive and comparative statistics were then applied to the data (Table 

6.16) to test for differences or similarities among sites. 

6.5 SUMMARY 

This chapter has described methods and materials used to obtain quantitative data on 

solar radiation variability at three contrasting sites in the wet tropics region - EI 

Arish, Topaz and Atherton. It has also described methods and materials used for the 

direct (photoelectric) and indirect (photographic) measurement of solar radiation 

variability within three contrasting rainforest types (Mesophyll Vine Forest, Complex 

Notophyll Vine Forest and Simple Microphyll Vine-Fern Thicket) and across the open 

forest-rainforest boundary. 

Solar radiation was directly measured within the abovementioned forests using 

radiometric and photometric detectors. Total irradiance in the short-wave band (0.3-

3.0 /lm) was measured using commercial radiometric pyranometers, and total 

photosynthetic photon flux density (PPFD = 0.4-0.7 /lm) was measured using 

commercial and purpose-built photometric sensors. The purpose-built photometric 

sensor was compared in detail with commercial and ideal quantum sensors. The critical 

evaluation included analysis of its risetime, spectral characteristics, cosine response, 

and linearity under artificial and natural light conditions. Although the spectral 

characteristics of the purpose-built sensor are not identical to an ideal quantum sensor, 

it was clearly demonstrated that the sensor's linearity compares well with a 

commercIal quantum sensor over a range of habitats in a tropical rainforest. The results 

suggest that the sensor is not suitable for precision measurements requiring accuracies 

within ±5%. Such precision is however, beyond the scope of this essentially ecological 

survey of PPFD in forest habitats. The purpose-built light integrators, which were 

used to measure daily total irradiation and PPFD in the open, also compared 

favourably with commercial instruments. Furthermore, they performed well in the 

field under difficult environmental conditions. 

Field measurements were undertaken with various radiometric and photometric 

sensors at different times of the year to quantify effects of changes in solar altitude and 

under different weather conditions to account for effects of cloud cover and type. 

Sampling techniques applied to the sensors were standardized for all measurements (ie 
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lO-sec scans averaged every IO-min), with the exception of some sunfleck analyses 

which considered IO-sec values only. A number of higher-order moments about the 

mean (ie standard deviation, skewness and kurtosis) were applied to the IO-min 

average irradiance and PPFD data. The frequency distributions for these data were 

also examined using linear class intervals suited to the range of fluxes measured among 

micro-environments. However, for instantaneous lO-sec readings of PPFD, the data was 

analysed using linear and logarithmic classifications. The linear classification is 

useful for emphasising order-of-magnitude differences among sites, while the 

logarithmic classification is more useful in conjunction with photosynthesis studies 

because of the non-linear photosynthetic response to light. 

Hemispherical photographs were used widely in the field research because of 

their obvious utility in characterising light environments beneath vegetation over 

daily intervals or longer. The hemispherical photography technique was used in 

conjunction with the Sky-Irradiance Model described in Chapter 3 for the estimation of 

direct and diffuse PPFD in treefall gaps and understoreys under cloudless and cloudy 

conditions on the 22nd day of each month. Hemispherical photographs were also 

taken at sites used for direct measurement of PPFD so that comparisons between the two 

techniques could be evaluated statistically. 
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