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CHAPTER 7 

TEMPORAL AND SPATIAL DISTRIBUTION OF 
SOLAR RADIATION ABOVE AND BENEATH SOME 

NORTHEAST QUEENSLAND RAINFORESTS 

The main aim of this chapter is to evaluate the results of the various field experiments 

described in Chapter 6. In an attempt to achieve the last five specific aims of this 

thesis, already described at the end of Chapter 2, this chapter will be presented in 

three main sections: (1) daily irradiation and photosynthetic photon flux density 

(PPFD) at Topaz, EI-Arish and Atherton, North Queensland; (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. 

7.1 DAILY IRRADIATION AND PHOTOSYNTHETIC PHOTON FLUX DENSITY 

(PPFD) AT TOPAZ, EL-ARISH AND ATHERTON,NORTH QUEENSLAND 

As discussed in Section 6.4.1, daily measurements of total irradiation and total PPFD 

were made over a period of one year at three sites in the wet tropics region - Topaz, El

Arish and Atherton (Table 5.2), with the aim being to collect some baseline data on 

solar radiation variability within the region to be compared with the only existing 

record at Pin Gin Hill, near Innisfail (Fig. 5.3). 

Tables 7.1, 7.2 and 7.3 show monthly means for total daily irradiation (Q), the 

ratio of total to extraterrestrial (Q I Qo) irradiation, and total daily PPFD at Topaz, 

El-Arish and Atherton, respectively. It should be noted that the observational 

periods are not the same, but they do overlap. As expected, given its lower annual 

rainfall (Fig. 5.3), Atherton experienced the greatest amount of irradiation over the 

year (6639 MJ m-2 per year), followed by Topaz (6055 MJ m-2 per year) and EI-Arish 

(5668 MJ m-2 per year). These data compare well with the annual mean of about 5800 

MJ m-2 per year at Pin Gin Hill, based on the nine year record (Hopkins and Graham, 

1989). The annual mean QIQoratio of 0.51 for Atherton (Table 7.3) is very similar to 

that of 0.519 for the 25 humid tropical stations evaluated in Table 3.3. On the other 

hand, the mean QIQo ratios of 0.45 and 0.46 for EI-Arish and Topaz, respectively, are 

closer to those found for the 25 stations during the wet months where QIQo was equal to 

0.47 (Table 3.3). The proximity of Topaz and EI-Arish to the coastal ranges (Fig. 5.2) 

and associated high annual rainfall (Fig. 5.3) are the most likely explanations for 



Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Annual mean 
Annual total 
No. of days 

Irradiation 

(MJ m-2 per day) 
mean±1 S.D. 

22.2±2.28 
16.8±4.86 
18.0±2.76 
13.1±4.50 
12.3±4.52 

9.4±3.84 
12.9±4.42 
16.0±3.65 
15.2±4.99 
20.0±3.23 
21.5±3.25 
21.7±3.77 

16.59 
6055 

365 
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TOPAZ 

0/00 

(ratio) 
mean±1 S.D. 

0.54±0.056 
0.42±0.123 
0.48±0.075 
0.39±0.131 
0.42±0.157 
0.35±0.142 
0.46±0.153 
0.50±0.104 
0.42±0.144 
0.51 ±0.084 
0.52±0.077 
0.52±0.091 

0.46 

365 

PPFD 

(mol m-2 per day) 
mean±1 S.D. 

43.0±4.43 
32.0±9.46 
34.9±5.37 
25.3±8.77 
23.7±8.81 
18.1±7.48 
24.9±8.62 
30.9±7.11 
29.3±9.73 
38.8±6.28 
41.7±6.33 
42.0±7.34 

32.22 
11760 
365 

Table 7.1. Mean monthly total irradiation (MJ m-2 per day), the mean monthly 
ratio-of total irradiation (Q) to extraterrestrial irradiation (Qo)' and mean 
monthly photosynthetic photon flux density (PPFD) (mol m-2 per day) at Topaz, 
north Queensland (170 27' 5., 1450 44' E., 680 m asI). The data were collected on a 
daily basis over the period October 1986 to September 1987. Site characteristics 
are given in Table 5.2. 



Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Annual mean 
Annual total 
No. of days 

Irradiation 

(MJ m-2 per day) . 
mean±1 S.D. 

18.8±2.14 
16.8±2.98 
16.3±2.22 
13.8±3.23 
14.0±3.06 
12.1±4.04 
14.7±3.59 
15.4±2.11 
15.3±2.76 
17.7±2.57 
16.5±2.61 

no data 

15.53 
5668 

321 
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EL-ARISH 

0/00 

(ratio) 
mean±1 S.D. 

0.45±0.052 
0.42±0.075 
0.43±0.059 
0.42±0.096 
0.48±0.109 
0.45±0.149 
0.53±0.127 
0.49±0.062 
0.43±0.079 
0.45±0.065 
0.40±0.063 

no data 

0.45 

321 

PPFD 

(mol m-2 per day) 
mean±1 S.D. 

37.6±4.28 
33.5±5.95 
32.5±4.44 
27.6±6.46 
27.9±6.11 
24.2±8.07 
29.3±7.18 
30.7±4.21 
30.6±5.52 
35.4±5.13 
33.0±5.21 

no data 

31.05 
11333 
321 

Tabl.e 7.2. Mean monthly total irradiation (MJ m-2 per day), the mean monthly 
ratio of total irradiation (Q) to extraterrestrial irradiation (Q 0)' and mean 
monthly photosynthetic photon flux density (PPFD) (mol m-2 per day) at EI
Arish, north Queensland (170 52' S., 1460 03' E., 28 m as!). The data were 
collected on a daily basis over the period January to November 1987. Site 
characteristics are given in Table 5.2. The missing data for December have been 
compensated for in the calculation of the annual mean and total. 



Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Annual mean 
Annual total 
No. of days 

Irradiation 

(MJ m-2 per day) 
mean±1 S.D. 

21.4±0.96 
19.3±2.25 
19.1±2.06 
16.6±1.91 
16.0±2.29 
12.7±3.19 
16.2±2.69 
17.4±2.02 
18.1 ±2.53 
21.2±2.35 
19.6±2.76 
20.7±2.52 

18.19 
6639 

365 
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ATHERTON 

0/00 

(ratio) 
mean±1 S.D. 

0.52±0.024 
0.48±0.057 
0.51 ±0.061 
0.50±0.048 
0.54±0.083 
0.47±0.116 
0.57±0.092 
0.55±0.054 
0.50±0.074 
0.54±0.061 
o .48±0.067 
0.50±0.061 

0.51 

365 

PPFD 

(mol m-2 per day) 
mean±1 S.D. 

42.1±1.89 
37.9±4.44 
37.6±4.07 
32.7±3.78 
31.4±4.52 
25.0±6.30 
31.9±5.31 
34.1±3.98 
35.7±4.99 
41.7±4.64 
38.5±5.45 
40.7±4.97 

35.62 
13001 
365 

Table 7.3. Mean monthly total irradiation (MJ m-2 per day), the mean monthly 
ra ti~ of total irradiation (Q) to extra terrestrial irradiation (Q 0)' and mean 

monthly photosynthetic photon flux density (PPFD) (mol m-2 per day) at 
Atherton, north Queensland (170 16' S., 1450 30' E., 760 m asl). The data were 
collected on a daily basis over the period February 1987 to January 1988. Site 
characteristics are given in Table 5.2. 
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these lower Q / Q 0 ratios compared with Atherton which is located on the drier 

western tableland. 

Total daily irradiation and PPFD are highest during the pre-monsoon months of 

September-December at Topaz and Atherton and lowest at all three sites in winter 

(June-July). Pin Gin Hill exhibits similar trends to Topaz and Atherton (Hopkins and 

Graham, 1989). However, EI-Arish does not exhibit such a marked variation between 

September-December (pre-monsoon) and January-March (monsoon) as the other three 

sites. The reason for this result is not clear, but it may be due to EI-Arish's lowland 

maritime location combined with its proximity to the coastal range which together 

facilitate high levels of cloudiness throughout the year. 

Figure 7.1 illustrates mean daily irradiation and PPFD and their standard 

deviations for the three sites. Topaz has the greatest variability followed by 

Atherton and EI-Arish, which have similar variability. All sites differed 

significantly among each other for daily irradiation over the year (Student's t-test: 

values ranged from 2.94-10.19, P<0.01). However, for daily PPFD Topaz and EI-Arish 

did not differ significantly (t=1.68, P>0.05), while Topaz and Atherton and El-Arish 

and Atherton were significantly different from each other (respective values for t 

were: 5.07 and 8.69, P<O.01). 

These trends are further illustrated in Fig. 7.2 which shows the distribution of 

percentile values for irradiation and PPFD at each site over the year. These box plots 

also show that Topaz has the greatest spread of daily totals followed by Atherton and 

EI-Arish. Median daily irradiation is 17.42, 16.42 and 18.5 MJ m-2 per day at Topaz, 

EI-Arish and Atherton, respectively. Corresponding median daily PPFD at these sites 

is 33.8, 32.7 and 36.33 mol m-2 per year. 

Figures 7.3 and 7.4 show frequency distributions for irradiation and PPFD, 

respectively at the three sites over the year. At Topaz about 30% of the days over the 

year had irradiation totals between 15 and 20 MJ m-2 per day; this compares with 

63.9% at -"El-Arish and 51.0% at Atherton. Similar trends are evident at Topaz for 

PPFD, with 32.3% of the days having totals between 30 and 40 mol m-2 per day, 

compared with 63.2% at EI-Arish and 52.9% at Atherton. 

7.2 DIURNAL VARIATIONS IN IRRADIANCE AND PPFD ABOVE AND 

BENEATH TROPICAL RAINFOREST CANOPIES 

This section presents results of short-term measurements of irradiance and PPFD above 

and beneath tropical rainforest canopies. Field sampling and data analysis techniques 

have already been described in Section 6.4.2. 



209 

~ 30r-------~--------------~------------~~----_. 
<1l 
"0 

~ 25 ........................................................................................................................................... . 
C\I i :::::::::::::::::l::··::···:·:·r··:····:···:: t::::.:: 
o 10+-__________ ~~ ____ ~ ______ ~ __ ~~~~~ ____ -+ 
~ 
a: 
>
....J 

<i: o O~------r_--------------r_------------~~----~ 
TOPAZ EL-ARISH ATHERTON 

NORTHEAST QUEENSLAND STATIONS 

50~------~--------------~----------__ ~~ ____ ~ 
~ 45+-----------------------______________________ _+ 
"0 40 
~ r-----~------------------------~----_4 

C\I 35 ...................................................................................................................................... . 

E 30 o +-------~------------~r-------------~~----_+ 

E 25+-------~------~~~~~~~~~~~--------~r 

20 ........................................................................................................................................... . 

5 ........................................................................................................................................... . 

O~------r---------------r-------------~r-----~ 
TOPAZ EL-ARISH ATHERTON 

NORTHEAST QUEENSLAND STATIONS 

Figure 7.1. Annual mean irradiation (MJ m-2 per day) and photosynthetic photon 
flux density (PPFD) (mol m-2 per day) at Topaz, EI-Arish and Atherton, 
northeast Queensland. The error bars represent the standard deviations. 
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Figure 7.2. Distribution of percentiles for daily irradiation (MJ m-2 per day) and 
photosynthetic photon flux density (PPFD) (mol m-2 per day) over the year at 
Topaz, EI-Arish and Atherton, northeast Queensland. The five horizontal lines 
on the box plot show the 10, 25, 50, 75 and 90th percentiles, with values above and 
below the 10th and 90th percentile represented as data points. 
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Figure 7.3. Frequency distributions of daily irradiation (MJ m-2 per day) over the 
year at Topaz, EI-Arish and Atherton, northeast Queensland. 
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It is now widely accepted that sunflecks playa key role in the ecophysiology 

and dynamics of understorey vegetation (Chazdon, 1988). At the temporal scale, 

sunflecks lasting from a few seconds to several minutes, may affect photosynthesis 

rates, stomatal responses, leaf temperature, seed germination, and morphogenesis (Fig. 

2.6). Furthermore, changes in light availability at the spatial scale (Fig. 2.7) will 

also influence these ecophysiological processes. Thus, temporal and spatial 

distributions of light are both required to fully characterise the complex understorey 

light environment in rainforests. However, the majority of rainforest canopy trees 

depend on treefall gaps to reach maturity (Hartshorn 1980, Brokaw 1985). It is 

essential, therefore, that temporal and spatial distributions of light in treefall gaps 

be analysed as well as those in the shaded understorey. 

To account for variations in irradiance and PPFD over time and space, the field 

data will be analysed in two ways: (1) variations among characteristic micro

environments, such as canopy, gap and understorey; and (2) variations within these 

micro-environments themselves. 

7.2.1 Variations Among Characteristic Micro-Environments 

As discussed in Section 6.4.2.2, field measurements were made with radiometric and 

photometric sensors at different times of the year to account for changes in sun-earth 

geometry. Sampling techniques applied to these sensors were standardised for all 

measurements (ie 10-sec scans averaged every 10-min), with two detailed experiments 

examining 10-sec instantaneous readings of PPFD within various micro-environments. 

For purposes of discussion these will be evaluated separately. 

7.2.1.1 10=sec Instantaneous Readings of PPFD 

(a) Variations Over a Full Day (0700-1700-h) 

The frequency distribution of PPFD within the Curtain Fig forest (Fig. 5.4) over a sunny 

summer's day (January 14, 1987) is shown in Fig. 7.5. The instantaneous 10-sec readings 

have been analysed for canopy, gap and understorey micro-environments using the 

linear and logarithmic classifications shown in Table 6.17. The linear classification is 

useful for evaluating order-of-magnitude differences among these micro-environments. 

However, because of the non-linear photosynthetic response to light, the logarithmic 



214 

100 100 
CANOPY (1 SENSOR) '1ft 

CANOPY (1 SENSOR) 

~ n = 3600 n = 3600 
0" 80 t;" 80 
13 z 
z UJ 
UJ 60 13 60 
13 ~ UJ a: 40 

L.L. 
40 UJ 

UJ 

~ ~ 

~ 20 20 
UJ ~ 
a: 

0 0 
5 10 15 20 25 30 35 5 10 15 20 25 30 35 

PPFD LINEAR CLASSES PPFD LOGARITHMIC CLASSES 

100 100 

~ 
SMALL TREEFALL GAP (2 SENSORS) 

'1ft 
SMALL TREEFALL GAP (2 SENSORS) 

0 n = 7200 n = 7200 t;" 80 ~ 80 
Z 
UJ UJ 

13 60 13 60 
UJ 

~ a: 
L.L. 40 ~ 40 UJ 
> 

~ ~ 
UJ 20 :5 20 
a: ~ 

0 0 
5 10 15 20 25 30 35 5 10 15 20 25 30 35 

PPFD LINEAR CLASSES PPFD LOGARITHMIC CLASSES 

100 100 
'1ft 

UNDERSTOREY (5 SENSORS) UNDERSTOREY (5 SENSORS) 
n = 18000 

~ 80 
n = 18000 

t;" 80 

Z ~ UJ 

13 60 a 60 UJ a: 
L.L. UJ 

UJ 40 a: 
L.L. 40 

~ UJ 

~ ~ 
20 I-

~ :5 20 
UJ a: 

0 0 5 10 15 20 25 30 35 5 10 15 20 25 30 35 
PPFD LINEAR CLASSES 

PPFD LOGARITHMIC CLASSES 

Figure 7.5. Frequency distributions of lO-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) above the canopy, within a small 
treefall gap and the understorey of the Curtain Fig forest over a full sunny day 
(0700-1700-h), January 14, 1987. The data have been sorted using the 35 linear 
and logarithmic classes shown in Table 6.17. 
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classification is also very useful because it emphasises the lower (sensitive) end of the 

PPFD scale (Table 6.17). 

The linear classification of PPFD for each micro-environment over a full day 

(Fig. 7.5) indicates significant differences among the three micro-environments 

(Kolmogorov-Smirnov, D-test: values ranged from 0.16-0.96, P <0.01). The distribution 

of PPFD above the forest, which may be considered as similar to that experienced by 

canopy emergents, is relatively uniform over the day. On the other hand, the small 

treefall gap and understorey have frequency distributions which are noticeably 

skewed in a positive direction, with about 75% of PPFDs in the gap and 90% of PPFDs 

in the understorey occurring in class 1 (ie intensities less than 72 J..L mol m-2 s-l). 

However, the small treefall gap experiences a secondary peak with intensities 

between 1440 and 1656 J..L mol m-2 s-l, associated with the midday sun penetrating 

through the small canopy gap and reaching the forest floor. Although this secondary 

peak represents only 10% of PPFD recordings reaching the gap centre over the day, in 

absolute terms it accounts for over 80% of the daily total PPFD within the gap. 

When the same data are sorted into logarithmic classes (Table 6.17), differences 

among the three micro-environments (Fig. 7.5) are even more significant (D-test: values 

ranged from 0.44-0.96, P<O.Ol). The logarithmic classification has the effect of 

skewing the frequency distribution of PPFD above the forest in a negative direction 

with all PPFDs occurring above class 25 (ie between 199.5-2511.9 J..L mol m-2 s-l). 

However, the logarithmic classification also has the effect of normaliSing the 

positively-skewed gap and understorey frequency distributions. If photosynthetic 

rates of plants growing in gap and understorey environments are of interest, then the 

logarithmic classification provides a more detailed evaluation of frequency 

distributions of PPFD in such habitats, compared with the linear classification (Fig. 

7.5). In the small treefall gap, most PPFDs were between classes 10 and 25 (ie 6.3-251.1 

J..L mol m-2 s-l) with the midday secondary peak referred to earlier occurring in class 33 

(ie 1259.6-1584.9 J..L mol m-2 s-l). Moreover, the logarithmic classification is 

particularly useful for evaluating the frequency distribution of PPFD in the 

understorey (Fig. 7.5). For example, it is possible to differentiate between shade light 

(diffuse PPFD) and sunflecks (direct PPFD); if class 18 is used as the minimum level for 

direct PPFD (ie intensities greater than 50 J..L mol m-2 s-l), then in absolute terms 

sunflecks represent 70% of the daily total PPFD in the understorey. 

(b) Variations Over the Middle of a Day (l030-1330-h) 

The frequency distribution of PPFD within the Curtain Fig forest (Fig. 5.4) over the 

middle of a sunny summer's day (January 18, 1987) is shown in Fig. 7.6. In the same way 
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Figure 7.6. Frequency distributions of 10-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) above the canopy, within a small 
treefall gap and the understorey of the Curtain Fig forest over the middle of a 
sunny day (1030-1330-h), January 18, 1987. The data have been sorted using the 35 
linear and logarithmic classes shown in Table 6.17. 
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as the results explained above, instantaneous 10-sec readings have been analysed for 

canopy, gap and understorey micro-environments using the linear and logarithmic 

classifications shown in Table 6.17. 

The linear classification of PPFD for each micro-environment between 1030-1330-

h (Fig. 7.6) indicates significant differences among the three micro-environments (D

test: values ranged from 0.47-0.98, P<O.Ol). The distribution of PPFD above the forest 

is uniform over the middle of the day, with most PPFDs above class 29 (ie intensities 

greater than 2015.9 Jl mol m-2 s-l), corresponding with the high midday solar angles. 

The distribution of PPFDs in the small treefall gap (Fig. 7.6, linear classes) are 

positively skewed, but not to the same extent as those over a full day (Fig. 7.5, linear 

classes). Hence, the full-day and midday frequency distributions are significantly 

different for the gap (D=0.33, P<O.Ol). However, the understorey full-day distribution 

(Fig. 7.5, linear classes) is not significantly different (D=0.016, P>0.05) to that over the 

middle of the day (Fig. 7.6, linear classes). 

When the same data ares sorted into logarithmic classes (Table 6.17), 

differences among micro-environments (Fig. 7.6) are very significant (D-test: values 

ranged from 0.68-0.98, P<O.Ol). The logarithmic classification also highlights 

important differences between full-day frequency distributions (Fig. 7.5) and midday 

frequency distributions (Fig. 7.6). For example, there are no PPFDs below class 16 (ie 

intensities less than 25.1 Jl mol m-2 s-l) in the small gap over the middle of the day 

(Fig. 7.6, logarithmic classes), yet over the full day about 40% of PPFDs occur below 

this class (Fig. 7.5, logarithmic classes). Hence, the full-day and midday frequency 

distributions are significantly different for the gap (D=0.433, P<O.Ol). 

Furthermore, while the linear classifications of PPFD in the understorey over 

the full day (Fig. 7.5) and over the middle of the day (Fig. 7.6) are not significantly 

different! the frequency distributions for logarithmic classes are significantly different 

from each other (D=0.43, P<O.Ol). This demonstrates the utility of the logarithmic 

classificatIon of light within forest understoreys. For example, over the middle of the 

day in the understorey (Fig. 7.6, logarithmic classes), there are no PPFDs below class 10 

(ie intensities less than 6.3 Jl mol m-2 s-l), yet over the full day about 37% of PPFDs 

occur below this class (Fig. 7.5, logarithmic classes). 

(c) Variations at Different Times of the Day 

The frequency distributions of PPFD within the Curtain Fig forest (Fig. 5.4) at three 

times of the day for linear and logarithmic classes are shown in Figs. 7.7, 7.8 and 7.9 for 

canopy, small gap and understorey micro-environments, respectively. The temporal 

distribution of PPFD for the three given times of the day at each micro-environment is 
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Figure 7.7. Frequency distributions of 10-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) above the Curtain Fig forest at three 
times of the day under sunny conditions, January 14, 1987. The data have been 
sorted using the 35 linear and logarithmic classes shown in Table 6.17. 
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Figure 7.8. Frequency distributions of 10-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) at the centre of a small treefall gap in 
the Curtain Fig forest at three times of the day under sunny conditions, January 14, 
1987. The data have been sorted using the 35 linear and logarithmic classes 
shown in Table 6.17_ 
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Figure 7.9. Frequency distributions of 10-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) within the understorey of the Curtain 
Fig forest at three times of the day under sunny conditions, January 14, 1987. The 
data have been sorted using the 35 linear and logarithmic classes shown in Table 
6.17. 
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essentially a function of solar altitude and forest architecture. The linear frequency 

distributions above the canopy at the three times (Fig. 7.7) are significantly different 

from each other (D values ranged from 0.49-1.00, P <0.01). For the gap (Fig. 7.8, linear 

classes) and understorey (Fig. 7.8, linear classes) only the 1200-h distribution is 

significantly different from the other times (D values ranged from 0.32-1.00, P <0.01). 

The most dramatic change occurs between 1100-1200-h in the gap (Fig. 7.8), whereby 

the modal linear class shifts from 1 (ie less than 72 ~ mol m-2 s-l) to 21 (between 1440.0-

1511 ~ mol m-2 s-l), representing a 20-fold increase. However, the change in the 

understorey (Fig. 7.9) is less dramatic with the modal linear class being 1 for the three 

given times of day. 

The results of the logarithmic classification of PPFD at each micro-environment 

(Figs. 7.7, 7.8 and 7.9) show significant differences among the three times (D values 

ranged from 0.29-1.00, P<O.Ol). The modal logarithmic class above the forest (Fig. 7.7) 

changes from 26 (ie 251.2-316.1 ~ mol m-2 s-l) at 0800-0900-h to class 35 (ie 1995.4-

2511.9 ~ mol m-2 s-l) at 1200-1300-h. In the gap (Fig. 7.8), the modal logarithmic class 

changes from 12 (ie 10.0-12.5 ~ mol m-2 s-l) at 0800-0900-h to class 33 (ie 1259.0-1584.0 ~ 

mol m-2 s-l) at 1200-1300-h. In the understorey (Fig. 7.9), the modal logarithmic class 

changes from 8 (ie 4.0-4.9 ~ mol m-2 s-l) at 0800-0800-h to class 14 (ie 20.0-25.0 ~ mol m-

2 s-l) at 1200-1300-h. 

Comparisons of the linear frequency distributions at three times of the day 

among micro-environments illustrates important temporal differences. As expected, 

the canopy micro-environment is significantly different (D values ranged from 0.98-

1.00, P<O.01) to each of the other micro-environments at the three given times (Figs. 

7.7, 7.8 and 7.9, linear classes). 

Similarly, at 1200-1300-h the small gap and understorey micro-environments 

(Figs. 7.8 and 7.9, linear classes) are significantly different (D=1.00, P<O.01) ; this is 

because ~ver 80% of PPFDs in the gap occur in class 21 (ie between 1440.0-1511 ~ mol m-2 

s-l) and about 65% of PPFDs in the understorey occur in class 1 (ie between 0.0-71.9 ~ mol 

m-2 s-l). However, at 0800-0900-h and l000-1100-h the gap and understorey micro

environments are not significantly different from each other (D values ranged from 

0.00-0.02, P>0.05); this is because mostly diffuse PPFDs (ie intensities less than 72.9 ~ 

mol m-2 s-l) are reaching the forest floor at these times (Figs. 7.8 and 7.9, linear 

classes). On the other hand, when the same data is sorted into logarithmic classes 

(Figs. 7.7, 7.8 and 7.9), differences among micro-environments are all significant at the 

three given times (D values ranged from 0.91-1.00, P<O.Ol). This result also 

emphasises the sensitivity of the logarithmic classification scheme compared with 

the linear scheme. 
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7.2.1.2 10-min Average Readings of Irradiance and PPFD 

(a) Curtain Fig Forest (January and July) 

Table 7.4 summarises results of various descriptive statistics applied to lO-min average 

readings of irradiance and PPFD at canopy, gap and understorey micro-environments 

within the Curtain Fig forest (Fig. 5.4) at two contrasting times of the year. Because 

solar altitude (a) at solar noon was about 87° over the 6-day measurement period in 

January and only 54° during the 4-day measurement period in July, one would expect 

significant differences in mean irradiance and PPPD between these times. 

The results in Table 7.4 support this claim; daily average irradiance and PPFD 

above the canopy in January were found to be significantly different from mean fluxes 

above the canopy in July (Student's t-test: respective values were 6.45, P<O.Ol; and 

3.74, P<O.Ol). This result emphasises the fact that the wet tropics study area is 

located in the 'peripheral tropics' and hence the forest experiences a significant 

seasonal variation in solar input between January (summer) and July (winter). 

Similarly, daily average irradiance and PPFD within small tree fall gaps in 

January were found to be significantly different from mean fluxes within small gaps in 

July (for irradiance, t=9.79, P<O.Ol; and for PPFD, t=12.63, P<O.Ol). Moreover, mean 

irradiance levels in the small gap are 4.5-times higher in January than in July, and 

mean PPFD levels are about 5-times higher in January than in July. 

On the other hand, the results for the understorey (Table 7.4) show that only 

daily average PPFD is significantly different between January and July (t=3.97, 

P<O.Ol), while daily average irradiance does not differ significantly between these 

times (t=0.202, P>O.OS). Hence, mean irradiance levels in the understorey are almost 

identical at both times, and mean PPFD levels are only about 1.5-times higher in 

January than in July. This difference is probably due to the fact that irradiance was 

measured- with linear pyranometers, which have an in-built averaging feature, and 

PPFD was measured with instruments which were capable of measuring individual 

sunflecks with little or no averaging over space (refer to Section 6.1). 

Both irradiance and PPFD differed significantly among micro-environments in 

January and July (multiple a priori t-test values ranged from 7.60-51.59, P<O.Ol for 

irradiance and from 11.62-79.5, P<O.Ol for PPFD). Both the small gap and understorey 

experienced a wide-range of radiant flux and photosynthetic photon flux densities over 

the 6-day measurement period in January (Table 7.4). The highest PPFD in the gap 

(2045.4 J.l mol m-2 s-l) represents about 80% of the maximum PPFD above the forest 

canopy. However, the maximum PPFD in the understorey (442.6 J.l mol m-2 s-l), 

associated with a sunfleck, represents only 17.2% of the maximum PPFD above the 



--Month------trradiance (W m-2j-----------PPFD (; moj;:;:;-~~--------------
Micro-environment Average flux (mean±1 SD) Daily total Average flux (mean±1 SD) Daily total Mean Ratio 

(No. of days) (range) (MJ m -2 per day) (range) (mol m-2 per day) (irradiance:PPFD) 
CoeHicient of variation CoeHicient of variation 

January ------611."0:h323A----28.6S------1221.0±626."3---S6. i()----T1~8--
CN.:cPY t3.3-1308.6) (25.2-2567.2) 
(6-days) 52.6% 51.3% 

n=38g n=389 

January 114.7±216.4 5.33 173.5±366.9 8.06 1: 1.51 
SMALL GAP (0.0-1060.1) (18.6) , (0.0-2045.4) ( 14.2)' 
(6-days) 188.6% 211.5% 

n=925 n=2092 

January 17.5±16.9 0.812 17.7±30.5 0.823 1: 1.01 
LNDEASTOREY (0.0-104.7) (2.8%)' (0.0-442.6) (1.5%) , 
(6-days) 96.9% 172.1% 

n=510 n=1020 

July 439.4±188.3 17.39 981.5±377.3 38.87 1 :2.24 
CN.:cPY (24.4-894.7) (209.6-1779.2) 
(4-days) 42.9% 38.4% 

n=157 n=105 

July 25.7±16.1 1.02 35.2±42.6 1.39 1 :1.36 
SMALL GAP (2.0-118.4) (5.9%)' (0.0-727.8) (3.6%)' 
(4-days) 62.7% 121.1% 

n=569 n=1132 

July 17.7±8.5 0.70 12.D±10.8 0.474 1:0.68 
LNDEASTOREY (0.0-51.0) (4.0%)' (0.0-129.0) (1.2%) , 
( 4-days) 48.2% 90.1% 

n=263 n=467 

---Refers IOllie percentage o,ihe daiiY!otal within Ihemicro-environmentrelative to that ab.ovetheforest canopy-:------------

Table 7,4. Values of daily average irradiance (W m-2), total daily irradiation (MJ m-2 per day), 
daily average photosynthetic photon flux density (PPFD) ()l mol m-2 s-l), total daily PPFD (mol 
m-2 per day) and the mean ratio of irradiance to PPFD within three micro-environments in the 
Curtain Fig forest, northeast Queensland (January and July, 1987). 

N 
N 
W 
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canopy. In July, these relative values decrease somewhat; the highest PPFDs for the 

gap (727.8 f..I. mol m-2 s-l) and understorey (129.0 f..I. mol m-2 s-l), relative to maximum 

PPFD above the forest, are only 40.9% and 7.3%, respectively. 

Enormous differences in the light regimes of the three micro-environments are 

also illustrated by comparing the the daily totals for irradiation and PPFD (Table 

7.4). Daily total irradiation above the forest in January was, on average, 5.4-times 

greater than irradiation in the small gap and 35-times greater than in the understorey. 

In January, total daily PPFD above the forest was 7-times greater than in the small 

gap and almost 70-times greater than in the understorey. In comparison, total daily 

irradiation above the forest in July was 17-times greater than irradiation in the small 

gap and 25-times greater than in the understorey, and total daily PPFD above the 

forest was 28-times greater than in the small gap and 82-times greater than in the 

understorey. 

Percentages of daily irradiation and PPFD, relative to levels above the canopy, 

ranged from 1.2% for PPFD within the understorey in July to 18.6% for irradiation 

within the small gap in January (Table 7.4). The transmission of daily PPFD within 

gaps and understoreys at both times of the year is lower than that for irradiance 

because photosynthetically active wavelengths (400-700 nm) are selectively absorbed 

by leaves in the canopy (Fig. 2.10). This effect is demonstrated by comparing the ratio 

of mean daily irradiance to PPFD among micro-environments (Table 7.4). While there 

are some differences between the two times of year for the three micro-environments, it 

can be seen that the ratio of irradiance to PPFD decreases with increasing overstorey 

density. 

Important differences among the three micro-environments are further 

illustrated in Figs 7.10 and 7.11 which show, respectively, the distribution of 

percentile values for irradiance and PPFD in January and July. As shown in Fig. 7.10, 

median radiant flux densities above the forest, within the small gap, and within the 

shaded understorey in January were 591.4, 40.1, and 14.4 W m-2, respectively. The 

corresponding median radiant flux densities within these micro-environments in July 

were 424.6, 23.7, and 18.0 W m-2, respectively. By comparison, median PPFDs above 

the forest, within the gap, and understorey in January (Fig. 7.11) were 1186.0, 39.0 and 

11.8 f..I. mol m-2 s-l, with corresponding median PPFDs for July being 964.4, 27.2, and 10.5 

f..I. mol m-2 s-l, respectively. 

The box plots (Figs. 7.10 and 7.11) are useful for visually differentiating between 

direct and diffuse radiant flux densities and PPFDs within gap and understorey micro

environments, but some care should be taken with irradiance measurements because 

they were obtained with a linear pyranometer which has an in-built averaging 

feature. However, as a first-order approximation, direct fluxes (sunflecks) in the 
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Figure 7.10. Distributions of percentiles (lO-min average readings) for irradiance 
(W m-2) above the canopy, within a small treefall gap and the understorey of the 
Curtain Fig forest at two contrasting times of the year (January and July). The 
five horizontal lines on the box plot show the 10, 25, 50, 75 and 90th percentiles, 
with v..alues above and below the 10th and 90th percentile represented as data 
points. Note differences in vertical scales. 
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Figure 7.11. Distributions of percentiles (lO-min average readings) for 
photosynthetic photon flux density (PPFD) (~ mol m-2 s-l) above the canopy, 
within a small treefall gap and theunderstorey of the Curtain Fig forest at two 
contrasting times of the year (January and July). The five horizontal lines on the 
box plot show the 10, 25,50, 75 and 90th percentiles, with values above and below 
the 10th and 90th percentile represented as data points. Note differences in 
vertical scales. 
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understorey correspond closely with data points above the 90th percentile horizontal 

line on the box plot diagrams. Hence, the box represents diffuse fluxes which dominate 

the understorey micro-environment throughout the year. However, because the gap 

experiences a prolonged period of direct radiation around the middle of the day in 

January (Figs. 7.10 and 7.11), the 90th percentile does not correspond with the boundary 

between direct and diffuse fluxes; the 75th percentile horizontal line is a better 

indicator of this boundary. On the other hand, the 90th percentile is a better boundary 

between direct and diffuse fluxes within small gaps in July (Figs. 7.10 and 7.11); this is 

because at this latitude (17° S.), the gap centre does not experience a prolonged period 

of direct radiation around the middle of the day in July. Hence, sunflecks are the only 

source of direct radiation in the small treefall gap during the low-solar period from 

May-July. Seasonal variations of daily PPFD within treefall gaps of varying sizes 

and configurations will be discussed in greater detail in Section 7.3. 

The frequency distributions of 10-min average readings within canopy, gap and 

understorey micro-environments for January and July are shown in Fig. 7.12 for 

irradiance and Fig. 7.13 for PPFD. As stated in Section 6.4.2.2, frequency distributions 

of lD-min average readings for irradiance and PPFD were sorted into class intervals 

suited to the range of fluxes measured within particular micro-environments. 

The frequency distributions of irradiance (Fig. 7.12) and PPFD (Fig. 7.13) above 

the forest in January and July have a low degree of positive skewness (ie values less 

than 0.3), and they are all platykurtic (ie values less than 3.0). The modal classes for 

irradiance above the forest in January and July (Fig. 7.12) represent 12.9% and 20.4% of 

the radiant flux densities over the respective measurement periods. Similarly, the 

modal classes for PPFD above the forest in January and July (Fig. 7.13) represent 14.4% 

and 21.9% of the PPFDs over the respective measurement periods. Consequently, 

emerging trees in the rainforest canopy experience a wide-range of radiant flux 

densities and PPFDs, and the diurnal distribution of these fluxes is unimodal. 

In comparison, the frequency distributions of irradiance (Fig. 7.12) and PPFD 

(Fig. 7.13) within the small treefall gap and understorey in January and July have a 

moderate to high degree of positive skewness (ie values greater than 0.3), and they are 

allleptokurtic (ie values greater than 3.0). This means there is a tendency for radiant 

flux densities and PPFDs to concentrate towards the lower end of their respective 

intensity scales; this indicates that mostly diffuse (shade) light is reaching plants 

growing in these micro-environments. 

However, there are noteworthy differences in the degree of kurtosis among 

micro-environments and types of radiation. For example, the degree of kurtosis is very 

high for PPFD within the small gap and understorey in July (Fig. 7.13), whereby 78.5% 

of PPFDs in the gap are between 0 and 50 J..I. mol m-2 s-1, and 95.3% of PPFDs in the 



" 8 

~ 

IARADIANCE. W m' 2 

350r-----~----~----~----~------~----~ 

SMALL TREEFALL GAP (JANUARy) 
300 

250 

200 

Coefficient of skewness .. 2.88 
150 

Coefficient of kurtosis", 7.57 
100 

50 

0 
0 200 -400 600 800 1000 1200 

IARADlANCE. W m' 2 

IRRADIANCE. W m' 2 

228 

350'r-----~----~----------~------~----~ 

300 

250 

5 200 

8 

SMALL TREEFALLGAP (JULY) 

150)~~ __________________________________ ; 

Coefficient of skewness _ 1.93 
100)~~----------------------------------4 

Coefficient of kurtosis .. 6.79 50)~~ __________________________________ ; 

O'~~~~~ ____ ~ ____ ~ __ --~~--____ -T 

o 200 -400 600 800 1000 t 200 

IRRADlANCE. W m' 2 

·0,17 

",0 60 80 100 120 

IARADIANCE. W m' 2 
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understoreyare between 0 and 25 Il mol m-2 s-l. In comparison, the degree of kurtosis for 

these micro-environments is not as high in January because there is a greater proportion 

of high PPFDs (sunflecks) reaching the gap centre and understorey at this time; 

specifically, 59.4% of PPFDs in the gap are between 0 and 50 Il mol m-2 s-l, and 85.2% of 

PPFDs in the understorey are between a and 25 Il mol m-2 s-l. 

The degree of kurtosis for irradiance in the understorey in July is very low (Fig. 

7.12) compared with PPFD at the same time (Fig. 7.13). This apparent discrepancy 

may be explained by the nature of the instruments used to measure radiant flux 

densities (irradiance) and PPFDs. As discussed in Section 6.1.1, irradiance was 

measured within the forest with linear pyranometers which are designed to average 

radiant fluxes over an area of about 160 cm2, whereas PPFD was measured with 

purpose-built sensors (Section 6.1.2.2), designed to measure the intensity of sunflecks (or 

shade) over an area of about 3.8 cm2. In other words, the gap and understorey data, 

shown as frequency histograms in Fig. 7.12, represent 'spatial averages' rather than 

individual 'spot' measurements. 

The results presented in Fig. 7.12 show that 40% of lO-min average irradiance 

readings within the small gap and 5% within the understorey in January were 

attributed to irradiance levels greater than 50 W m-2, compared with 6% and 2% in 

July, respectively. Unfortunately, because the irradiance data is a spatial average, it 

is not possible to determine accurately the proportion of irradiance contributed by 

sunflecks within these micro-environments. However, conservative estimates of the 

proportion of daily total irradiation contributed by sunflecks (taken here as radiant 

flux densities greater than 50 W m-2) for the two micro-environments are as follows: (1) 

small treefall gap, January 83%, July 12%; and (2) understorey, January 13%, July 3%. 

Similarly, the results presented in Fig. 7.13 show that 41 % of 10-min average 

PPFD readings within the small gap and 6% within the understorey in January were 

attributed to sunflecks (ie PPFDs greater than 50 Il mol m-2 s-l); this compares with 

21 % and 2% in July, respectively. On the basis of these measurements, the proportions 

of daily total PPFD contributed by sunflecks within these micro-environments are as 

follows: (1) small treefall gap, January 85%, July 39%; and (2) understorey, January 

21 %, July 5%. The understorey value for January (21 %) is considerably lower than the 

estimate of 70% described earlier for the understorey of the same forest at the same 

time of year (Fig. 7.5). The reason for this difference is that the value given here (Fig. 

7.13) is based on la-min average readings, while the other value (Fig. 7.5) is based on 

la-sec instantaneous readings. 
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(b) Mt Bellenden Ker Forest (June) 

Table 7.5 summarises results of various descriptive statistics applied to 10-min average 

readings of irradiance and PPFD at clearing, lower-canopy, gap and understorey micro

environments within montane tropical rainforest on the summit ridge of Mt Bellenden 

Ker (Fig. 5.6) over two days (June 23-24, 1987). To test the hypothesis that 'reduction in 

PPFD by cloudiness decreases productive capacities of montane rainforests compared 

with lowland rainforests in northeast Queensland', it was necessary to obtain readings 

at or near the winter solstice (June 21/22), when daily clear-sky potential irradiation 

is at its lowest for the year. Solar altitude at solar noon (a) was about 50° over the two 

days, which is similar to that above the Curtain Fig forest in July, when it was 54°. 

This permits comparisons between the two forest types. 

Daily average irradiance within the Mt Bellenden Ker forest ranged from 32.2 

W m-2 in the understorey to over 400 W m-2 in the clearing (Table 7.5); the clearing has 

similar light conditions experienced by emerging trees in the upper canopy. Similarly, 

daily average PPFD ranged from 20.5 to over 800 J.l. mol m-2 s-1 at corresponding sites, 

respectively. Both irradiance and PPFD differed significantly among micro

environments in the Mt Bellenden Ker forest (one-way ANOV A: for irradiance 

F=216.4, P<O.Ol; and for PPFD F=250.8, P<O.Ol). Multiple comparisons among sites 

have shown that all the micro-environments are significantly different from each 

other (t values ranged from 4.58 to 23.25, P<O.Ol), except for irradiance in the lower 

canopy and small gap (t=0.13, P>0.05). 

Mean radiant flux densities and PPFDs in the clearing (Table 7.5) compare 

closely with those above the Curtain Fig forest in July (Table 7.4). However, mean 

fluxes within the Mt Bellenden Ker forest understorey and gap sites are higher than 

those in similar micro-environments in the Curtain Fig forest. This can be explained by 

the fact that the Mt Bellenden Ker forest (Fig. 5.6) is less than half as tall as the 

Curtain Fig forest (Fig. 5.4) which has a similar structure. Hence, there are fewer leaf 

layers in the Mt Bellenden Ker forest to intercept the light as it passes through to the 

forest floor. However, maximum PPFDs within the gap and understorey micro

environments for the Mt Bellenden Ker forest (Table 7.5) are somewhat lower then 

those found within the Curtain Fig forest at the same time of year (Table 7.4, July). 

The maximum PPFDs in the small gap (167.0 J.l. mol m-2 s-1) and understorey (60.3 J.l. mol 

m-2 s-1), represent only 8.8% and 3.2%, respectively, of the maximum PPFD within the 

clearing (Table 7.5). On the other hand, the highest PPFD in the lower-canopy (436.0 

Jl mol m-2 s-1) represents about 23% of the maximum PPFD in the clearing, which is 

closer to the maximum PPFDs reported within the small gap in the Curtain Fig forest 

in July (Table 7.4). It would appear that persistent cloudiness over the measurement 



Micro-environment 
(No. of days) 

Irradiance (W m-2 ) 
Average flux (mean±1 SO) 

(range) 
Coefficient of variation 

Daily total 
(MJ m -2 per day) 

PPFD (IJ. mol m-2 s-1) 
Average flux (mean±1 SD) 

(range) 
Coefficient of variation 

Daily total 
(mol m-2 per day) 

Mean Ratio 
(irradiance:PPFD) 

_____________________ -.... __ L ____________________________________________________________________________ '_ 

ClEARING 
(2-days) 

I 

407.5±236.4 
(17.8-941.4) 

58.0% 
n=94 

16.14 805.6±463.5 
(60.0-1900.0) 

57.5% 
n=94 

31.9 

LOWER-CANOPY 
(2-days) 

46.8±35.3 
(1.0-281.2) 

75.4% 
n=94 

1.85 
(11.5%)* 

83.5±65.7 
(7.3-436.0) 

78.7% 
n=94 

3.31 
(10.4%)* 

SMALL GAP 
(2-days) 

UNDERSTOREY 
(2-days) 

47.4±29.3 
(0.0-161.6) 

61.7% 
n=94 

32.2±18.4 
(0.0-83.6) 

57.1% 
n=188 

1.88 
(11.6%)* 

1.27 
(7.9%)* 

48.4±34.2 
(7.9-167.0) 

70.7% 
n=94 

20.5±13.3 
(1.0-60.3) 

64.8% 
n=188 

1.92 
(6.0%)* 

0.81 
(2.5%)* 

* Refers to the percentage of the daily total within the micro-environment relative to that in the clearing. 

Table 7.5. Values of daily average irradiance (W m-2), total daily irradiation (M] m-2 per day), 
daily average photosynthetic photon flux density (PPFO) (J1. mol m-2 s-1), total daily PPFO (mol 
m-2 per day) and the mean ratio of irradiance to PPFO within four micro-environments in the Mt 
Bellenden Ker forest, northeast Queensland (June, 1987). 

1 :1.97 

1 : 1.79 

1 :1.02 

1 :0.64 
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period has reduced the incidence of sunflecks within the Mt Bellenden Ker forest, but 

low overstorey density has maintained relatively high background (diffuse) radiation 

levels in the understorey. 

Percentages of daily irradiation and PPFD, relative to those in the clearing 

ranged from 2.5% for PPFD in the understorey to 11.6% for irradiance in the small gap 

(Table 7.5). In absolute terms, total daily irradiation in the clearing was about 9-times 

greater than irradiation in the small gap and lower-canopy, and 13-times greater than 

in the understorey. In comparison, total daily PPFD in the clearing was 9.6-times 

greater than in the lower-canopy, 16.6-times greater than in the small gap, and 39-

times greater than in the understorey. Thus, in a similar manner to the Curtain Fig 

forest (Table 7.4), the ratio of irradiance to PPFD decreases with increasing overstorey 

density. 

The absolute differences in the light regimes of these four micro-environments 

are further illustrated in Figs. 7.14 and 7.15 which show, respectively, the distribution 

of percentile values for irradiance and PPFD. Median radiant flux densities within 

the clearing, lower-canopy, small gap and understorey (Fig. 7.14) were 359.8, 42.8, 40.7, 

and 33.2 W m-2 ,respectively. By comparison, median PPFDs for corresponding sites 

(Fig. 7.15) were 688.6, 70f' 39.2 and 17.4 f..I. mol m-2 s-l, respectively. The 90th 

percentile line is a useful indicator of the boundary between diffuse and direct fluxes 

for the understorey and the 75th percentile line represents this boundary for the lower

canopy and small gap. 

The frequency distributions of lO-min average readings within clearing, lower

canopy, gap and understorey micro-environments are show in Fig. 7.16 for irradiance 

and Fig. 7.17 for PPFD. Both irradiance and PPFD within the clearing exhibited a 

moderate degree of positive skewness (ie values between 0.3 and 0.6), and they were 

platykurtic. The modal classes for irradiance (Fig. 7.16) and PPFD (Fig. 7.17) within 

the clearing account for 22.3% and 25.5% of the respective flux densities over the two 

day measurement period. However, because of the cloudy weather over the 

measurement interval, the modal classes are somewhat lower than those above the 

Curtain Fig forest in July (Figs. 7.12 and 7.13). 

In comparison to the clearing, the frequency distributions of irradiance (Fig. 7.16) 

and PPFD (Fig. 7.17) within the lower-canopy and small gap have a high degree of 

positive skewness, and they are leptokurtic. Thus, most radiant flux densities and 

PPFDs within these habitats are concentrated towards the lower end of their 

respective intensity scales. For example, the modal classes for irradiance in the lower 

canopy (25-75 W m-2) and small gap (25-50 W m-2), account for 66% and 46% of the 

respective radiant flux densities over the measurement period (Fig. 7.16). Similarly, 
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Figure 7.14. Distributions of percentiles (lO-min average readings) for irradiance 
(W m-2) within a forest clearing, the lower-canopy, a small treefall gap and the 
understorey of the Mt Bellenden Ker forest in June. The five horizontal lines on 
the box plot show the 10, 25, 50, 75 and 90th percentiles, with values above and 
below the 10th and 90th percentile represented as data points. Note differences 
in vertical scales. 
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Figure 7.15. Distributions of percentiles (lO-min average readings) for 
photosynthetic photon flux density (PPFD) (Jl mol m-2 s-1) within a forest 
clearing, the lower-canopy, a small treefall gap and the understorey of the Mt 
Bellenden Ker forest in June. The five horizontal lines on the box plot show the 
10,25,50,75 and 90th percentiles, with values above and below the 10th and 90th 
percentile represented as data points. Note differences in vertical scales. 
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Figure 7.16. Frequency distributions of 10-min average readings for irradiance (W 
m-2) within a forest clearing, the lower-canopy, a small treefall gap and the 
understorey of the Mt Bellenden Ker forest in June. Note differences in horizontal 
scales (class intervals). 
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Figure 7.17. Frequency distributions of lO-min average readings for 
photosynthetic photon flux density (PPFD) (J.I. mol m-2 s-l) within a forest 
clearing, the lower-canopy, a small treefall gap and the understorey of the Mt 
Bellenden Ker forest in June. Note differences in horizontal scales (class 
intervals). 
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about 40% of PPFDs in the lower-canopy are found in the modal class (50-100 J.l mol m-2 

s-l) and about 70% within the small gap are below 50 J.l mol m-2 s-l (Fig. 7.17). 

On the other hand, the degrees of kurtosis and positive skewness for irradiance 

in the understorey (Fig. 7.16) are both low, and therefore similar to those for the 

understorey of the Curtain Fig forest in July (Fig. 7.12). As stated earlier, this pattern 

is probably due, in part, to the nature of the linear pyranometer used to measure 

irradiance. However, the degrees of kurtosis and positive skewness for PPFD within 

the understorey of the Mt Bellenden Ker forest (Fig. 7.17) are both considerably lower 

than those in the Curtain Fig forest in July (Fig. 7.13). Hence, the distribution of PPFD 

within the Mt Bellenden Ker forest understorey is platykurtic with about 63% of 

PPFDs occurring below 25 J.l mol m-2 s-l; this compares with over 95% below this value 

within the Curtain Fig forest understorey in July. Moreover, the relatively open nature 

of the canopy (Fig. 5.6) explains the quite high proportion (35%) of PPFDs between 25 

and 50 J.l mol m-2 s-1; by comparison, only 3.4% of PPFDs occur in this class interval -

within the Curtain Fig forest in July (Fig. 7.13). 

The results presented in Fig. 7.16 show that about 42% of lO-min average -

readings within the lower-canopy, 34% within the small gap and 16% within the 

understorey were attributed to irradiance levels greater than 50 W m-2. Hence, 

conservative estimates of the proportion of daily total irradiation contributed by 

sunflecks (ie intensities greater than 50 W m-2) for the three micro-environments are as 

follows: (1) lower-canopy, 62%; (2) small gap, 54%; and (3) understorey, 29%. The 

values for the gap and understorey are higher than those reported earlier for 

corresponding micro-environments within the Curtain Fig forest in July. 

By comparison, the results presented in Fig. 7.17 show that 71% of la-min 

average PPFD readings within the lower-canopy, 30% within the small gap and 3% 

within the understorey were attributed to sun flecks (ie PPFDs greater than 50 J.l mol 

m-2 s-1). On the basis of these measurements, the proportion of daily total PPFD 

contributed by sunflecks within these micro-environments are as follows: (1) lower

canopy, 87%; (2) small gap, 51 %; and (3) understorey, 6%. The value for the small 

gap is less than that reported earlier for the small gap in the Curtain Fig forest in July, 

while the value for the understorey is similar to that found for the Curtain Fig 

understorey. 
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7.2.2 Variations Within Characteristic Micro-Environments 

7.2.2.1 10-sec Instantaneous Readings of PPFD Within the Understorey 

The frequency distributions of PPFD at five understorey sites within the Curtain Fig 

forest (Fig. 5.4) over a sunny summer's day (January 14, 1987) are shown in Fig. 7.18. In 

the same way as the results described in Section 7.2.1.1, instantaneous 10-sec readings 

have been analysed for the five understorey sites using the linear and logarithmic 

classifications shown in Table 6.17. 

The linear classification (Fig. 7.18) indicates that the distribution of 10-sec 

readings of PPFD is not uniform within the understorey. Statistical analysis reveals 

that the following understorey sites are significantly different from each other: sites 1 

and 2, sites 1 and 3, sites 2 and 3, sites 3 and 4, and sites 3 and 5 (Kolmogorov-Smirnov, 

D-test: values ranged from 0.10-0.21, P<O.Ol). Despite these differences among -

understorey sites, the modal class is 1 at each site (ie PPFDs are mostly less than 72 ~ 

mol m-2 s-l). Hence, the sites differ mainly in the proportion of sunflecks received. For -

example, at site 1, about 2% of PPFDs over the day exceeded 71.9 ~ mol m-2 s-l, 

compared with 23% at site 3. 

Differences in the distribution of PPFD within the understorey of this forest are 

emphasised more clearly when the same data are sorted into logarithmic classes (Fig. 

7.18). All sites are significantly different from each other (D-test: values ranged from 

0.14-0.25, P<O.Ol), except sites 2 and 4 (D=0.06, P>0.05). Moreover, the proportion of 

daily total PPFD contributed by sunflecks (direct PPFD) varies considerably within 

the understorey. For example, if class 18 is again used as the minimum level for direct 

PPFD (ie intensities greater than 50 ~ mol m-2 s-l), then in absolute terms sunflecks 

represent 15 and 90% of the daily total PPFD at sites 1 and 3, respectively. 

7.2.2.2 10-min Average Readings of Irradiance Within the Understorey 

(a) Curtain Fig Forest (November and Iuly) 

Table 7.6 summarises results of various descriptive statistics applied to lQ-min average 

readings of irradiance at four understorey sites within the Curtain Fig forest in 

November 1985 and July 1986. Because solar altitude (ex) at solar noon was about 900 

over the November measurement period and only 51 0 over the July measurement period, 

one would expect mean radiant flux densities to be lower in the understorey in July 

compared with November. However, these results have been affected by Tropical 
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Figure 7.18. Frequency distributions of 10-sec instantaneous readings for 
photosynthetic photon flux density (PPFD) at five understorey sites within the 
Curtain Fig forest over a full sunny day (0700-1700-h), January 14, 1987. The data 
have been sorted using the 35 linear and logarithmic classes shown in Table 6.17. 



Understorey 
Sites 

#1 

#2 

#3 

#4 

NOVEMBER 
Irradiance (W m-2 ) 

Average flux (mean±1 SO) 

(range) 
Coefficient of variation 

16.6±17.0 
(0.0-131.6) 

102.5% 
n=104 

23.8±17.6 
(0.0-118.7) 

74.0% 
n=104 

25.6±16.0 
(0.0-86.2) 

62.6% 
n=104 

21.3±12.1 
(0.0-51.3) 

56.6% 
n=104 

Daily total 
(MJ m -2 per day) 

0.76 
(2.6)* 

1.09 
(3.8 )* 

1.17 
(4.1 ) * 

0.97 
(3.4)* 

JULY 
Irradiance (W m-2 ) 

Average flux (mean±1 SO) 

(range) 
Coefficient of variation 

25.3±4.2 
(0.0-34.3) 

16.5% 
n=46 

27.2±8.3 
(0.0-51.4) 

30.5% 
n=46 

31.2±12.8 
(0.0-80.6) 

41.2% 
n=46 

24.8±5.8 
(0.0-38.4) 

23.4% 
n=46 

* Refers to the percentage of the daily total within the understorey relative to that above the forest canopy. 

Daily total 
(MJ m -2 per day) 

1.00 
(5.3)* 

1.08 
(5.7)* 

1.23 
(6.5)* 

0.98 
(5.2)* 

Table 7.6. Values of daily average irradiance (W m-2) and total daily irradiation (MJ m-2 per day) 
within four understorey sites in the Curtain Fig forest, northeast Queensland (November, 1985 and 
July, 1986). 
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Cyclone 'Winifred' which caused slight-to-moderate canopy damage at this site in 

February 1986. Hence, mean radiant flux densities are higher in July, about 5-months 

after the cyclone, than in the previous November. Statistical analyses have shown 

that all sites, except site 2, have experienced a significant increase in mean irradiance 

levels from November to July (site 1: t=3.43, P<O.OI; site 2: t=1.25, P>0.05; site 3: 

t=2.08, P<0.05; and site 4: t=1.84, P<0.05). Therefore, the higher mean radiant flux 

densities in the understorey in July compared with November are strong evidence of a 

reduction in canopy density following the cyclone because mean irradiance levels above 

the canopy are significantly higher in November than in July (t=3.11, P<O.OI). 

The results shown in Table 7.6 indicate that irradiance is not uniform within the 

understorey of the Curtain Fig forest, despite the in-built spatial averaging feature in 

the radiation instruments. Statistical analyses have shown that irradiance differs 

significantly among understorey sites at both times of the year (one-way ANOV A: for 

November F=6.37, P<O.OI; and for July F=5.48, P<O.OI). However, multiple 

comparisons among sites shown that only some are significantly different from each 

other (for November: sites 1 and 2 t=3.30, P<O.OI; sites 1 and 3 t=4.11, P<O.OI; and for 

July: sites 1 and 3 t=3.35, P<O.OI; sites 3 and 4 t=3.65, P<O.Ol). A wide range of radiant 

flux densities was experienced within the understorey over the 2-day measurement 

period in November (Table 7.6). The range of maximum radiant flux densities at the 

four sites (51.3-131.6 W m-2) represents 5 to 12% of the maximum irradiance above the 

forest canopy. By comparison, in July the range of maximum radiant flux densities 

(34.3-80.6 W m-2) represents 4 to 9% of the maximum irradiance above the forest 

canopy. 

Percentages of daily irradiation at the four understorey sites, relative to that 

above the forest, were higher in July than November (Table 7.6). In absolute terms, 

total daily irradiation above the forest in November was about 38-times greater than 

that at site 1 and about 25-times greater than that at site 2. In comparison, total daily 

irradiation above the forest in July was about 19-times greater than that at site 4 and 

about IS-times greater than that at site 3. 

The absolute differences in irradiance levels within the understorey are 

explained further in Fig. 7.19 which shows the distribution of percentile values for the 

four sites in November and July. Median radiant flux densities at sites 1 to 4 in 

November were 13.5,22.7,26.3 and 20.6 W m-2, respectively. The corresponding median 

values in July were 25.7, 26.6, 29.3 and 24.4 W m-2, respectively. Thus, median values 

for the four understorey sites are higher in July than in November and this, together 

with the fact that median values above the forest were 640.2 W m-2 in November and 

507.2 W m-2 in July, are further evidence in support of reduced canopy density following 

the February cyclone. 
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Figure 7.19. Distributions of percentiles (la-min average readings) for irradiance 
(W m-2) within four understorey sites in the Curtain Fig forest at two contrasting 
times of the year (January and July). The five horizontal lines on the box plot 
show the la, 25, 50, 75 and 90th percentiles, with values above and below the 
10th and 90th percentile represented as data points. Note differences in vertical 
scales. 
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In a similar way to the box plots shown in Figs. 7.10 and 7.14 for irradiance in the 

understorey, the 90th percentile horizontal lines (Fig. 7.19) correspond closely with 

the boundary between diffuse and direct irradiance. However, there is some 

variability in the 90th percentile (P90) among sites. For example, in November the 

P90 values for sites 1 and 3 are 32.7 and 44.1 W m-2, respectively; in July the P90 values 

for sites 1 and 2 are 30.0 and 42.8 W m-2, respectively. 

The frequency distributions of 10-min average irradiance readings at the four 

understorey sites for November and July are shown in Fig. 7.20. The data have been 

sorted into class intervals of 10 W m-2. The histograms demonstrate marked differences 

in solar radiation availability within the understorey (Fig. 7.20). In November, sites 1 

to 3 exhibited a strong degree of positive skewness, while sites 1 and 2 were 

leptokurtic. On the other hand, site 4 exhibited a low degree of positive skewness, and 

sites 3 and 4 were platykurtic. Similar variability occurred among these four sites in 

July (Fig. 7.20): sites 2 to 4 exhibited a moderate to strong degree of positive skewness, 

while only site 2 was leptokurtic; site 1 was normally distributed, and sites 1, 2 and 4 

were platykurtic. The greatest variability in modal classes among the four sites occurs 

in November, with all sites having different values (Fig. 7.20). By comparison, the 

modal class in July is constant among the sites. 

In November, about 1 % of 10-min average readings at site 4 were attributed to 

irradiance levels greater than 50 W m-2 (Fig. 7.20); corresponding values for the other 

sites were: site 1, 2%; site 2, 2.9%; and site 3, 4.8%. By comparison, the values for July 

were: site 1, 0%; site 2, 2.2%; site 3, 6.5%; and site 4, 0%. Hence, conservative 

estimates of the proportion of daily total irradiation contributed by sunflecks (ie 

intensities greater than 50 W m-2) within the understorey ranges from 2.2 to 10.2% for 

November and from 0 to 14% for July. 

(b) Pine Creek Forest (July) 

Table 7.7 summarises results of various descriptive statistics applied to 10-min average 

readings of irradiance at four understorey sites within the Pine Creek forest (Fig. 5.5) 

over two days (July 18-19, 1986). Solar altitude (a) at solar noon was about 520 during 

this time. It is therefore possible to compare these results with those described in the 

preceding section for the Curtain Fig forest in July. Furthermore, mean irradiance 

above the Curtain Fig forest in July (Table 7.6) is not significantly different (t=0.80, 

P>0.05) from that above the Pine Creek forest (Table 7.7). 

Unlike the Curtain Fig forest, the Pine Creek forest site only received slight 

canopy disturbance as a result of Tropical Cyclone 'Winifred'. However, because the 

Pine Creek forest (Fig. 5.5) is not as tall as the Curtain Fig forest (Fig. 5.4), there are 
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Figure 7.20. Frequency distributions of lO-rnin average readings for irradiance (W 
m-2) within four understorey sites in the Curtain Fig forest at two contrasting 
times of the year (January and July). 



Understorey 
Sites 

#1 

#2 

#3 

#4 

246 

Irradiance (Wm-2) 
Average flux (meant 1 SO) 

(range) 
Coefficient of variaflon 

27.2±24.1 
(0.0-131.6) 

BB.5% 
n=94 

35.7±35.7 
(0.0-232.7) 

100.2% 
n=94 

35.6±27.6 
(0.0-190.B) 

77.6% 
n=94 

45.7±45.B 
(0.0-23B.4) 

100.1% 
n=94 

Daily total 
(MJ m- 2 per day) 

1.0B 
(6.2)' 

1.43 
(B.1) , 

1.42 
(B.1) , 

1.B3 
(10.4)' 

~ferslothe percentage;t"i"fie-daily tOtal within Iheunderstorey---
relative to that above the forest. 

Table 7.7. Values of daily average irradiance (W m- 2) and total daily 
irradiation (MJ m-2 per day) at four understorey sites within the Pine Creek 
forest, northeast Queensland (July, 1986). 
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Figure 7.21. Distributions of percentiles (lO-min average readings) for irradiance 
(W m-2) within four understorey sites in the Pine Creek forest in July. The five 
horizontal lines on the box plot show the 10, 25, 50, 75 and 90th percentiles, with 
values above and below the 10th and 90th percentile represented as data points. 
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fewer leaf layers to intercept the penetrating light, and one would therefore expect 

light levels to be higher in the former. The results in Table 7.7 support this argument; 

mean radiant flux densities within the Pine Creek forest understorey are significantly 

higher (t=3.43, P<O.Ol) than those within the Curtain Fig forest understorey in July 

(Table 7.6). Moreover, the maximum radiant flux densities within the Pine Creek 

understorey (Table 7.7) are, on average, about 4-times greater than those measured in 

the Curtain Fig understorey in July, and about 2-times greater than in November (Table 

7.6). 

The results indicate that irradiance is not uniform within the Pine Creek forest 

understorey (Table 7.7), with a similar degree of variability to that found within the 

Curtain Fig understorey (Table 7.6). Statistical analyses have shown that irradiance 

differs significantly among the four understorey sites in the Pine Creek forest (one-way 

ANaVA: F=4.58, P<O.01). However, multiple comparisons have shown that only sites 

1 and 4 are significantly different from each other (t=3.70, P<O.Ol). Nonetheless, a 

wide-range of radiant flux densities were experienced within the understorey over the 

2-day measurement period (Table 7.7). The range of maximum radiant flux densities at 

the four sites (131.6-238.4 W m-2) represent 13 to 23% of the maximum irradiance above 

the forest canopy, and are therefore considerably higher than those given earlier for 

the Curtain Fig forest. 

Percentages of daily irradiation at the four understorey sites in the Pine Creek 

forest, relative to that above the canopy, ranged from 6.2 to 10.4% (Table 7.7). In 

absolute terms, total daily irradiation above the forest was about 16-times greater 

than that at site 1 and about 10-times greater than that at site 4. Both values are 

somewhat lower than those described earlier for the Curtain Fig forest which adds 

further to the argument that light levels are generally higher in the Pine Creek 

understorey. 

The absolute differences in irradiance levels within the Pine Creek understorey 

are examined in more detail in Fig. 7.21 which shows the distribution of percentiles for 

the four sites. Median radiant flux densities at sites 1 to 4 were 20.2, 26.6, 28.2 and 32.9 

W m-2, respectively. These values are not greatly different to the median values for 

the Curtain Fig understorey in July (Fig. 7.19). However, the 90th percentiles are much 

higher within the Pine Creek understorey, ranging from 50.9 W m-2 at site 1 to 101.7 W 

m-2 at site 4 (Fig. 7.21). Thus, there are considerably more high intensity long-duration 

sunflecks within the Pine Creek understorey, with most exceeding the highest values 

measured within the Curtain Fig understorey in November and July (Fig. 7.19). 

The frequency distributions of lO-min average irradiance readings at the four 

understorey sites are shown in Fig 7.22. The histograms indicate some variability in 

the distribution of irradiance (10 W m-2 classes) within the understorey. However, 
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Figure 7.22. Frequency distributions of lO-min average readings for irradiance (W 
m-2) within four understorey sites in the Pine Creek forest in July, 
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differences among sites are not as marked as those shown in Fig. 7.20 for the Curtain Fig 

forest. In the Pine Creek forest (Fig. 7.22), all the understorey sites exhibited a high 

degree of positive skewness, and they were all leptokurtic. About 11 % of 10-min 

average readings at site 1 were attributed to irradiance levels greater than 50 W m-2 

(Fig. 7.22); corresponding values for the other sites were: site 2, 16%; site 3, 19.2%; 

and site 4, 24.5%. Hence, conservative estimates of the proportion of daily total 

irradiation contributed by sunflecks (ie intensities greater than 50 W m-2) within the 

understorey ranges from 30.8 to 53.1%. This range is much higher than that reported 

earlier for the four understorey sites in the Curtain Fig forest in July. 

7.2.2.3 10-min Average Readings of PPFD Within the Understorey 

Table 7.8 summarises results of various descriptive statistics applied to 10-min average 

readings of PPFD at four understorey sites within the Curtain Fig forest (Fig. 5.4) in 

January and three understorey sites within the same forest in July. Because the 

combined understorey data for January and July have already been compared (Table 

7.4), only the spatial variability of PPFD within the understorey will be discussed 

here. 

The results shown in Table 7.8 indicate that PPFD is not uniform within the 

understorey of the Curtain Fig forest. However, statistical analyses have shown that 

PPFD differs among sites for January only (one-way ANOVA: F=3.83, P<O.Ol; 

compared with July: F=0.904, P>O.OS). Furthermore, multiple comparisons among sites 

for January have shown that only some of the sites are significantly different from 

each other (sites 2 and 3: t=2.S6, P<O.OS; and sites 3 and 4: t=3.18, P<O.Ol). A wide

range of PPFDs were experienced within the understorey over the January measurement 

period (Table 7.8). The range of maximum PPFDs at the four sites (51.5-442.6 ~ mol m-2 

s-l) represent 2.1 to 18.5% of the maximum PPFD above the forest canopy. By 

comparison, in July the range of maximum PPFDs at the three sites (26.7-129.0 ~ mol m-2 

s-l) represent 1.5 to 7.4% of the maximum PPFD above the forest canopy. 

Percentages of daily total PPFD within the understorey, relative to that above 

the forest, were similar in January and July (Table 7.8). In absolute terms, total daily 

PPFD above the forest in January was about 9S-times greater than that at site 4 and 

about 45-times greater than that at site 3. In comparison, total daily PPFD above the 

forest in July was about 70-times greater than that at site 2 and 55-times greater than 

that at site 1. 

The absolute differences in PPFD levels within the understorey are explained 

further in Fig. 7.23 which shows the distribution of percentiles for the four sites in 



----------------------JANUARy---------------------------------JULy------------------------

Understorey 
Sites 

#1 

#2 

#3 

#4 

PPFD (fL mol m-2 s-l) PPFD (fL mol m-2 s-l) 
Average flux (mean±1 SO) Daily total Average flux (mean±l SO) 

(range) (mol m-2 per day) (range) 
CoeHicient of variation Coefficient of variation 

16.1±28.3 0.75 14.4±17.5 
(0.0-258.7) (1 .4)' (0.4-129.0) 

175.7% 121.8% 
n=121 n=55 

14.6±19.6 0.68 11.3±7.0 
(0.0-157.5) (1 .3)' (0.5-26.7) 

133.7% 61.7% 
n=121 n=55 

25.3±53.9 1.17 12.0±11.1 
(0.0-442.6) (2.2) • (0.0-66.0) 

213.3% 92.4% 
n=121 n=55 

12.1±8.7 0.56 
(0.0-51.5) (1. 1 ). 

71.7% 
n=268 

• Refers to the percentage of the daily total within the understorey relative to that above the forest canopy. 

Daily total 
(mol m-2 per day) 

0.57 
( 1 .8) • 

0.45 
( 1.4)' 

0.58 
( 1 .5)' 

Table 7.8. Values of daily average photosynthetic photon flux density (PPFD) (~ mol m-2 s-l) and 
total daily PPFD (mol m-2 per day) within four understorey sites in the Curtain Fig forcst, 
northeast Queensland (January and July, 1987). 
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Figure 7.23. Distributions of percentiles (lO-min average readings) for 
photosynthetic photon flux density (PPFD) (/1 mol m-2 s-l) within four 
understorey sites in the Curtain Fig forest at two contrasting times of the year 
(January and July). The five horizontal lines on the box plot show the 10, 25, 50, 
75 and 90th percentiles, with values above and below the 10th and 90th 
percentile represented as data points. Note differences in vertical scales. 
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January and the three sites in July. Median PPFDs at sites 1 to 4 in January were 11.2, 

10.6, 13.5 and 11.0 Jl mol m-2 s-l, respectively. The median values for sites 1 to 3 in July 

were 11.7, 10.0 and 10.6 Jl mol m-2 s-l, respectively. Thus, median values are similar for 

both times of the year (Fig. 7.23). Moreover, the 90th percentiles are only slightly 

higher in January (range: 21.7-44.1 Jl mol m-2 s-l) than in July (range: 19.7-23.5 Jl mol 

m-2 s-l). However, there are more high intensity long-duration sunflecks in the 

understorey in January compared with July (Fig. 7.23). 

The frequency distributions of 10-min average PPFD readings at the four 

understorey sites for January and the three understorey sites for July are shown in Fig. 

7.24. The histograms indicate some variability in the distribution of PPFD (25 Jl mol 

m-2 s-l classes) within the understorey at these times. In January, all the understorey 

sites exhibited a high degree of positive skewness, and they were allieptokurtic. The 

understorey sites in July exhibited similar trends, with the exception of site 2 which 

was normally distributed and platykurtic (Fig. 7.24). At both times of the year the 

modal classes were constant (ie 0-25 Jl mol m-2 s-l) which indicates that most PPFDs 

received in the understorey consisted of diffuse radiation. 

In January, about 1 % of 10-min average readings at site 4 were due to sunflecks (ie 

PPFDs greater than 50 Jl mol m-2 s-l); corresponding values for the other sites were: 

site 1,5%; site 2, 3.3%; and site 3, 8.3% (Fig. 7.24). By comparison, the values for July 

were: sites 1 and 3, 1.8%; and site 2, 0%. On the basis of these measurements, the 

proportion of daily total PPFD contributed by sunflecks within the understorey ranges 

from 2.3 to 35% in January and from 0 to 9.4% in July. 

7.2.2.4 10-min Average Readings of Irradiance Within an Elliptical Treefall Gap 

Table 7.9 summarises results of various descriptive statistics applied to 10-min average 

readings of irradiance at three sites within a small elliptical (north-south) treefall 

gap in the Curtain Fig forest (Fig. 5.4) in January and July. A hemispherical canopy 

photograph of this gap is shown in Plate 7.5 (Section 7.3.2). Because solar altitude (a) 

at solar noon was about 870 over the 4-day measurement period in January and only 51 0 

over the 3-day measurement period in July, one would expect mean radiant flux 

densities to be considerably lower within this small gap in July compared with 

January. 

The results in Table 7.9 support this notion; mean radiant flux densities at each 

gap site in January are significantly higher than corresponding sites in July (t values 

ranged from 4.14-9.17, P<O.Ol). Specifically, mean irradiance levels at the southern 

end of the gap are 3.4-times higher in January than in July, while those at the centre 
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Figure 7.24. Frequency distributions of lO-min average readings for 
photosynthetic photon flux density (PPFD) (11 mol m-2 s-l) within four 
understorey sites in January and three understorey sites in July in the Curtain Fig 
forest. 



Treefall gap 
Sites 

Gap (south) 

Gap centre 

Gap (north) 

JANUARY 
Irradiance (W m-2 ) 

Average flux (mean±1 SD) 

(range) 
Coefficient of variation 

85.8±180.1 
(0.0-1060.1 ) 

209.9% 
n=268 

122.0±227.5 
(0.0-992.7) 

186.5% 
n=268 

127.6±249.8 
(0.0-1047.5) 

195.7% 
n=268 

Daily total 
(MJ m -2 per day) 

3.99 
(13.5) * 

5.66 
(19.2) * 

5.93 
(20.1)* 

JULY 
Irradiance (W m-2 ) 

Average flux (mean±1 SD) 

(range) 
Coefficient of variation 

25.3±16.9 
(3.4-114.0) 

66.9% 
n=153 

25.8±15.9 
(3.6-102.6) 

61.7% 
n=153 

28.0±18.5 
(5.0-118.4) 

65.9% 
n=153 

* Refers to the percentage of the daily total within the understorey relative to that above the forest canopy. 

Daily total 
(MJ m -2 per day) 

1.00 
(5.4) * 

1.02 
(5.5) * 

1.11 
(6.0)* 

Table 7.9. Values of daily average irradiance (W m-2) and total daily irradiation (MJ m-2 per day) 
at three sites within an elliptical tree fall gap in the Curtain Fig forest, northeast Queensland 
(January and July, 1987). 

N 
Ul 
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and northern end of the gap are, respectively, 4.7- and 4.6-times higher in January than 

in July. 

The results shown in Table 7.9 also indicate that irradiance is not uniform within 

the gap in January with the northern end having the highest mean over the 4-day 

measurement period. This pattern is due to the position of the midday sun in the 

southern sky at this time of the year which favours the penetration of direct 

irradiance into the northern, rather than southern, end of the treefall gap. However, 

statistical analyses have shown that irradiance does not differ significantly among 

the three gap sites in January (one-way ANOVA: F=2.82, P>0.05). Likewise, 

irradiance does not differ significantly among these sites in July (F=0.42, P>0.05). 

Consequently, a small range of maximum radiant flux densities were experienced 

within the gap in January (992.7-1060.1 W m-2) and July 002.8-118.4 W m-2), 

representing 76 to 81 % and 11 to 13% of the maximum irradiance above the forest 

canopy at the respective times of year. 

Percentages of daily irradiation at the three gap sites, relative to that above 

the forest, were considerably higher in January than in July (Table 7.9). In absolute 

terms, total daily irradiation above the forest in January was about 5- to 7-times 

greater than levels in the gap. In comparison, total daily irradiation above the forest 

in July was about 16- to 18-times greater than levels within the treefall gap. 

The absolute differences in irradiation levels within the treefall gap are 

examined in more detail in Fig. 7.25 which shows the distribution of percentiles for the 

three sites in January and July. Median radiant flux densities at the southern end of 

the gap, gap centre and northern end of the gap in January were 36.0, 43.1 and 35.9 W 

m-2, respectively. The corresponding median values in July were 23.1, 23.7 and 25.0 W 

m-2, respectively. Thus, despite the obvious differences in mean values between 

January and July (Table 7.9), differences in median values are not as large (Fig. 7.25). 

However, the 90th percentiles are considerably higher in January (range: 179.6-498.5 

W m-2) than in July (range: 40.1-47.9 W m-2); the higher values in January being 

associated with unintercepted direct irradiance reaching the forest floor beneath the 

gap over the middle of the day (refer to Plate 7.5). 

In addition, the box plots for January (Fig. 7.25) highlight differences in 

irradiance among the three sites within the gap, particularly the positions of the 90th 

percentile lines which increase from the southern to the northern end of the gap for 

reasons explained earlier. The data points above these lines are associated with the 

intense midday sun penetrating directly through to the floor. On the other hand, the 

90th percentile horizontal lines for July are more or less the same across the gap (Fig. 

7.25), with data points above the lines being only associated with sunflecks because 

the midday sun is unable to penetrate directly through this gap at this time of year. 
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Figure 7.25. Distributions of percentiles OO-min average readings) for irradiance 
(W m-2) at three sites within an elliptical treefall gap in the Curtain Fig forest 
at two contrasting times of the year (January and July). The five horizontal lines 
on the box plot show the 10, 25, 50, 75 and 90th percentiles, with values above and 
below the 10th and 90th percentile represented as data points. Note differences 
in vertical scales. 
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The frequency distributions of 10-min average irradiance readings at the three 

sites within the treefall gap for January and July are shown in Fig. 7.26. The data 

have been sorted into class intervals of 25 W m-2. The histograms indicate little 

variability in .the distribution of irradiance within the gap. In both January and July, 

the three sites within the gap exhibited a high degree of positive skewness, and they 

were allieptokurtic. At both times of the year the modal classes were constant among 

sites (ie 0-25 W m-2) which indicates that most radiant flux densities received in the 

gap consisted of diffuse radiation, although allowance must be made for the in-built 

spatial averaging feature in the radiation instruments. 

However, there are strong differences in the distribution of radiant flux densities 

within the gap between January and July (Fig. 7.26). In January, about 35% of 10-min 

average readings at the southern end of the gap were due to sun flecks (ie radiant flux 

densities greater than 50 W m-2); corresponding values for the centre of the gap and 

northern end of the gap were 40 and 37%, respectively. By comparison, the values for 

July were: southern end of gap, 4%; centre of gap, 6.5%; and northern end of gap, 8.5%. 

On the basis of these measurements, conservative estimates of the proportion of daily 

total irradiation contributed by sunflecks (ie intensities greater than 50 W m-2) within 

the small treefall gap ranges from 77 to 84% in January and from 9.7 to 18.7% in July. 

Hence, there is a marked seasonal change in the availability of direct irradiance 

within the gap. 

7.2.2.5 10-min Average Readings of PPFD Within an Elliptical Treefall Gap 

Table 7.10 summarises results of various descriptive statistics applied to 10-min 

average readings of PPFD at six sites within the same elliptical treefall gap described 

above over the same measurement intervals. The results in Table 7.10 are therefore 

similar to those given in Table 7.9 for irradiance at three sites within this gap. Mean 

PPFDs at each gap site in January are also significantly higher than at corresponding 

sites in July (t values ranged from 3.3-5.0, P<O.Ol). Specifically, mean PPFD levels at 

the two gap sites at the southern end of the gap are 3.7-times higher than those in July 

(Table 7.10), while those at the centre and northern end of the gap are both 5.4-times 

higher than those in July. 

The results in Table 7.10 also show that PPFD is not uniform within the gap in 

January, but unlike irradiance (Table 7.9), the centre and northern end of the gap 

experience similar PPFD levels. Overall, there appears to be more variability in 

PPFD within the gap (Table 7.10) compared with irradiance (Table 7.9), and this is 

expected given the small size of the sensors used to measure PPFD compared with those 
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Figure 7.26. Frequency distributions of lO-min average readings for irradiance (W 
m-2) at three sites within an elliptical treefall gap in the Curtain Fig forest at 
two contrasting times of the year (January and July). 



Treefall Gap 
Sites 

JANUARY 
PPFD (J.1 mol m-2 s-1) 

Average flux (mean±1 SD) 
(range) 

Coefficient of variation 

Daily total 
(mol m-2 per day) 

JULY 
PPFD (J.1 mol m-2 s-1) 

Average flux (mean±1 SD) 
(range) 

Coefficient of variation 

Daily lotal 
(mol m-2 per day) 

------------------------------------------
120.9±312.0 5.62 33.0±41.0 1.31 

Gap (South #1) (0.0-1709.7) (9.6)' (2.6-307.8) (3.4)' 
258.0% 123.9% 
n=268 n=152 

138.22±319.8 6.42 36.8±32.0 1.46 
Gap (South #2) (0.0-1710.2) (11.0) , (0.5-223.1) (3.8)* 

231.4% 87.0% 
n=268 n=152 

215.6±434.7 10.0 39.8±46.1 1.57 
Gap (Centre #1) (0.0-1832.4) (17.2) , (1.3-410.4) (4.1) • 

201.6% 115.8% 
n=268 n=152 

183.0±393.9 8.5 34.4±28.5 1.36 
Gap (Centre #2) (0.0-1720.3) (14.6) , (1.3-194.8) (3.6) , 

215.3% 82.9% 
n=268 n=152 

227.2±497.1 10.6 34.9±39.4 1.38 
Gap (North #1) (0.0-2045.4) ( 1 8 . 1 )' (1.5-301.1) (3.6) • 

218.8% 113.0% 
n=268 n=152 

152.7±340.7 7.09 36.2±48.8 1.43 
Gap (North #2) (0.0-1697.0) (12.2) , (0.9-354.1 ) (3.7) , 

223.0% 134.8% 
n=268 n=152 

, Refers to the percentage of the daily total within the understorey relative to that above the forest canopy. 

Table 7.10. Values of daily average photosynthetic photon flux density (PPFD) (~ mol m-2 s-l) and 
total daily PPFD (mol m-2 per day) at three (paired) sites within an elliptical treefall gap in the 
Curtain Fig forest, northeast Queensland (January and July, 1987). 

N 
1JI 

'" 
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used to measure irradiance. However, statistical analyses have shown that PPFD 

differs significantly among the six gap sites in January only (one-way ANOVA: 

F=3.73, P<O.Ol; compared with July: F=0.52, P>0.05). Furthermore, multiple 

comparisons among sites for January showed that only some of the sites are 

significantly different from each other (gap south 1 and gap centre 1: t=3.15, P<O.Ol; 

gap south 1 and gap north 1: t=3.50, P<O.Ol; and gap south 2 and gap north 1: t=2.67, 

P<0.05). Nonetheless, a wide range of maximum PPFDs was experienced within the 

gap in January (1697.0-2045.4 ~ mol m-2 s-l) and July (194.8-410.4 ~ mol m-2 s-l), 

representing 66 to 80% and 11 to 20% of the maximum PPFD above the forest canopy at 

the respective times of the year. These ranges are much greater than those shown in 

Table 7.9 for maximum irradiance within the same gap over the same measurement 

intervals, but this discrepancy is accounted for by the spatially averaged irradiance 

measurements. 

Percentages of daily PPFD at the six gap sites, relative to that above the forest, 

were considerably higher in January than in July (Table 7.10). In absolute terms, total 

daily PPFD above the forest in January was about 6- to lO-times greater than levels 

within the gap. In comparison, total daily PPFD above the forest in July was about 24-

to 29-times greater than levels in the treefall gap. These figures confirm the fact that 

less PPFD reaches the forest floor compared with irradiance, particularly during July 

when solar altitudes are generally lower (Table 7.9). 

The absolute differences in PPFD levels within the treefall gap are explained 

further in Fig. 7.27 which shows the distribution of percentiles for the six sites in 

January and July. The trends are similar to those shown in Fig. 7.25 for irradiance; 

medIan PPFDs within the gap in January (range: 25.8-43.911. mol m-2 s-l) are similar to 

those in July (range: 23.4-31.2 ~ mol m-2 s-l), while the 90th percentiles are also 

considerably higher in January (range: 281.7-970.3 ~ mol m-2 s-l) than in July (range: 

56.2-75.7 ~ mol m-2 s-l) for reasons stated earlier. 

Furthermore, the box plots for January (Fig. 7.27) emphasise differences in PPFD 

among the six sites within the gap. In particular, the positions of the 90th percentile 

lines indicate a general increase across the gap from south to north, but the trend is not 

as clear as that shown in Fig. 7.25 for irradiance. Otherwise, the PPFD patterns 

within the gap for January (Fig. 7.27) are much the same as those exhibited for 

irradiance at the same time (Fig. 7.25), with data points above the 90th percentile 

lines corresponding with the direct penetration of the midday sun. Similarly, the 90th 

percentile lines are almost constant across the gap in July (Fig. 7.27), with data points 

above these lines being associated with major sunfleck events. 

The frequency distributions of 10-min average PPFD readings at the six sites 

within the treefall gap for January and July are shown in Fig. 7.28. The data have been 



261 

2200.---~------~------~--____ ~ ______ ~ ______ ~~ 
2000 ELLIPTICAL (NORTH-SOUTH)TREEFALL GAP g 

1800 (JANUARY).. ~ 
A R .. g 0 

;" 1 600 II .. 0. II 8 
N 1400 I g g g ~ 
~ 1200 8 g • 15 CI I 
E 1000' : §: g 
~ 0 0 
0- 800 ................................. '9.................... .. .... ··· .......... ·8······ .. ·· .. · .. ·· .... · ................................ . 
~ 600r-~·r-~~~ __ 8~~~~ __ ~ __ ~ __ ~~~~~~~-+ 
& ~ 

400+-~A-~--~~--~--~~~--r-----~r-~--~~-+ 

200 .......... ...................... ....................... ...................... ...................... ...................... .......... 

0 ==: = ~ ~ t::::::!::=J = = 
SOUTH 1 SOUTH 2 CENTRE 1 CENTRE 2 NORTH 1 NORTH 2 

500 

450 
ELLIPTICAL (NORTH-SOUTH)TREEFALL GAP 

400 
(JULY) 0 

, 
C/l 350 

N 

300 E 0 

'0 250 0 

E 0 0 
~ 200 0 

6 0 0 
0 0 

150 ~ • a.. 0 
a.. 100 

50 

0 
SOUTH 1 SOUTH 2 CENTRE 1 CENTRE 2 NORTH 1 NORTH 2 

Figure 7.27. Distributions of percentiles (10-min average readings) for 
photosynthetic photon flux density (PPFD) (11 mol m-2 s-l) at three (paired) sites 
within an elliptical treefall gap in the Curtain Fig forest at two contrasting times 
of the year (January and July). The five horizontal lines on the box plot show the 
10,25,50,75 and 90th percentiles, with values above and below the 10th and 90th 
percentile represented as data points. Note differences in vertical scales. 
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Figure 7.28. Frequency distributions of lO-min average readings for 
photosynthetic photon flux density (PPFD) (J..l mol m-2 s-l) at three (paired) sites 
within an elliptical treefall gap in the Curtain Fig forest at two contrasting times 
of the year (January and July). 
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sorted into class intervals of 50 ~ mol m-2 s-l. The histograms show little variability 

in the distribution of PPFD within the gap and the trends are very similar to those 

described earlier for irradiance (Fig. 7.26). In both January and July, the six sites 

within the gap also exhibited a high degree of positive skewness, and they were all 

leptokurtic. Moreover, at both times of the year the modal classes were also constant 

among sites (ie 0-50 ~ mol m-2 s-l) which provides further evidence that most PPFDs 

received in the gap consisted of diffuse radiation. 

There are also marked differences in the distribution of PPFDs within the gap 

between January and July (Fig. 7.28). In January, about 23% of 10-min average readings 

at the most shaded site (gap south 1) were due to sunflecks (ie PPFDs greater than 50!l 

mol m-2 s-l) and about 43% at the least shaded site (gap north 1). By comparison, in 

July the values at the most shaded site (gap south 1) and least shaded site (gap centre 

1) were 15 and 28%, respectively. On the basis of these measurements, the proportion 

of daily total PPFD contributed by sunflecks in the most and least shaded sites within 

the gap ranges from 73 to 89% in January and from 32 to 48% in July. 

7.2.2.6 10-min Average Readings of PPFD Within a Circular Treefall Gap 

Table 7.11 summarises results of various descriptive statistics applied to 10-min 

average readings of PPFD at four sites within a small circular treefall gap in the 

Curtain Fig forest (Fig. 5.4) in January and July. A hemispherical canopy photograph 

of this gap is shown in Plate 7.4 (Section 7.3.2). Because these measurements were 

made under similar sky conditions and solar angles to those described in the preceding 

section for a small elliptical gap in the same forest, it is possible to compare PPFD 

levels between these two gap types. Such a comparison may prove useful because the 

two gap types represent the most common sizes and configurations to be found in 

rainforests; the small circular gap (Plate 7.4) typifies that associated with the 

gradual in situ breakdown of a large canopy tree, while the small elliptical gap (Plate 

7.5) typifies that associated with the forced toppling of a single intact canopy tree. 

Despite the obvious differences in the configuration of the two canopy gaps, 

statistical analyses have shown that mean PPFD within the circular gap in January 

and July (Table 7.11) are not significantly different to those within the elliptical gap 

(Table 7.10) at the same times of year (for January: t=O.51, P>O.05; and for July: t=1.82, 

P>O.05). Hence, the distribution of PPFD within this small circular gap (Plate 7.4) is 

similar to that found in the small elliptical gap (Plate 7.5). However, this similarity 

would not necessarily occur if the same elliptical gap was aligned east-west, rather 

than north-south. This fact is explored in Section 7.3.2, when the results of modelling 



--------JANUARY ------------------JliL Y---------------

PPFD (Il mol m-2 s-1) PPFD (Il mol m-2 s-1) 
Treefall Gap 

Sites 
Average flux (mean±1 SO) Dally total Average flux (mean±1 SO) 

(range) (mol m-2 per day) (range) , 
Daily total 

(mol m-2 per day) 
Coefficient of variation Coefficient of variation 

------------------------------------------
163.0±303.1 7.57 40.1±22.0 1.59 

#1 (0.0·1360.2) (14.3)· (0.0- 79.5) (5.1) • 
185.9% 54.8% 
n~121 n=55 

179.6±285.5 8.34 39.1±31.1 1.55 
#2 (0.0·1331.8) (15.7)· (0.0-187.2) (5.0) • 

159.0% 79.5% 
n=121 n=55 

155.6±251.5 7.23 19.5±14.5 0.77 
#3 (0.0·1305.5) (13.6) • (0.0-82.9) (2.5) • 

213.3% 74.5% 
n .. 121 n=55 

225.4±306.5 10.47 19.3±11.8 0.76 
#4 (0.0·1468.1) (19.7) • (0.0-38.9) (2.4) • 

213.3% 61.5% 
n=121 n=55 

--------
• Refers to the percentage of the dally total within the understorey relative to that above the forest canopy. 

Table 7.11. Values of daily average photosynthetic photon flux density (PPFD) (J.l. mol m-2 s-l) and 
total daily PPFD (mol m-2 per day) at four sites within a circular treefall gap in the Curtain Fig 
forest, northeast Queensland (January and July, 1987). 
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the penetration of PPFD into gaps of varying sizes and configurations are presented. 

Thus, in a similar manner to the elliptical gap (Table 7.10), mean PPFDs at the four 

sites within the circular gap in January are significantly higher than at corresponding 

sites in July (t values ranged from 3.0-4.98, P<O.Ol). Specifically, mean PPFDs within 

the gap are 8- to 12-times higher than those in July (Table 7.11). 

There also appears to be some variability in the distribution of PPFD within the 

gap (Table 7.11). However, statistical analyses have shown that PPFD differs 

significantly among the four sites in July only (one-way ANOVA: F=16.67, P<O.Ol; 

compared with January: F=1.44, P>0.05). Multiple comparisons of means have shown 

that only sites 1 and 2 and sites 3 and 4 were not significantly different from each other 

(respective values were: t=0.24, P>0.05; and t=0.26, P>0.05). This result opposes that 

found for the elliptical gap (Table 7.10), whereby differences among sites were 

significant for January and not July. The reason for this discrepancy is likely to be 

related to the position of the sensors within the respective gaps, and hence emphasises 

the sampling problems associated with light measurement within complex vegetation. 

Percentages of daily PPFD at the four gap sites, relative to that above the 

forest, were also considerably higher in January than in July (Table 7.11). In absolute 

terms, total daily PPFD above the forest in January was about 5- to 7-times greater 

than levels within the circular gap. In comparison, total daily PPFD in July was about 

18- to 41-times greater than levels in the gap. These figures compare well with those 

given earlier for PPFD within the small elliptical gap (Table 7.10), and therefore 

demonstrate marked seasonal differences in light availability within small treefall 

gaps at this latitude. 

These seasonal trends are examined further in Fig. 7.29 which shows the 

distribution of percentiles for PPFD at the four sites within the small circular gap in 

January and July. Median PPFDs within this gap in January (range: 54.6-79.4 lJ. mol m-2 

s-1) are only slightly higher than those within the same gap in July (range: 20.6-40.9 lJ. 

mol m-2 s-1). However, in a similar way to the small elliptical gap (Fig. 7.27), the 

90th percentiles in the circular gap (Fig. 7.29) are considerably higher in January 

(range: 435.7-599.5 lJ. mol m-2 s-1) than in July (range: 33.4-68.7lJ. mol m-2 s-1). Hence, 

the data points above the 90th percentile lines in January (Fig. 7.29) are associated 

with the direct penetration of the midday sun into the gap, and those in July are only 

associated with major sunfleck events. 

The frequency distribution of 10-min average PPFD readings at the four sites 

within the small circular gap for January and July are shown in Fig. 7.30. In January, 

the trends are very similar to those illustrated in Fig. 7.28 for the small elliptical gap 

at the same time of year; whereby all sites showed high degrees of positive skewness 

and kurtosis (Fig. 7.30). However, two of the four sites in July exhibited moderate to 
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Figure 7.29. Distributions of percentiles (lO-min average readings) for 
photosynthetic photon flux density (PPFD) (fJ. mol m-2 s-1) at four sites within a 
circular treefall gap in the Curtain Fig forest at two contrasting times of the year 
(January and July). The five horizontal lines on the box plot show the 10,25,50, 
75 and 90th percentiles, with values above and below the 10th and 90th 
percentile represented as data points. Note differences in vertical scales. 
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Figure 7.30. Frequency distributions of lO-min average readings for 
photosynthetic photon flux density (PPFD) (f.l mol m-2 s-l) at four sites within a 
circular treefall gap in the Curtain Fig forest at two contrasting times of the year 
(January and July). 
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high degrees of negative skewness, and generally low kurtosis. The position of the 

sensors in the gap, together with the generally cloudy weather conditions over the 

measurement interval are likely reasons for this apparent anomaly. Nonetheless, at 

both times of the year the modal classes are constant (0-50 /.l mol m-2 s-l), showing in 

the same way as the elliptical gap (Fig. 7.28), that most PPFDs within the circular 

gap consist of diffuse radiation. 

There are also marked differences in the distribution of PPFDs within the 

circular gap between January and July (Fig. 7.30). In January, about 50% of 10-min 

average readings at the most shaded site (#3) were due to sunflecks (ie PPFDs greater 

than 50 /.l mol m-2 s-l) and about 60% at the least shaded site (#4). By comparison, in 

July the values at the most shaded site (#4) and least shaded site (#1) were 0 and 40%, 

respectively. On the basis of these measurements, the proportion of daily total PPFD 

contributed by sunflecks in the. most and least shaded sites within the small circular 

gap ranges from 87 to 91 % in January and from 0 to 57% in July. 

7.3 SEASONAL VARIATIONS IN DAILY PPFD ABOVE AND BENEATH 

TROPICAL RAINFOREST CANOPIES 

This section presents results of hemispherical (fisheye) canopy photography 

measurements of daily PPFD for the 22nd day of each month within rainforest 

understoreys and gaps, and across the rainforest-open forest boundary (ecotone). Field 

sampling and data analysis techniques have already been described in Section 6.4.3. 

The results evaluated here are considered as the first attempt to model light 

availability above and beneath rainforest canopies under a range of sky conditions. 

This was made possible by combining Anderson's (1971) manual technique for 

determining diffuse and direct site factors beneath plant canopies from fisheye 

photographs (Section 6.3.2) with the sky-irradiance computer model described in 

Section 3.1. 

7.3.1 Understorey Light Regimes 

7.3.1.1 Curtain Fig Forest Before and After Tropical Cyclone Winifred 

Table 7.12 summarises results of various descriptive statistics applied to diffuse and 

direct site factors for the 22nd day of each month, obtained from 20 photosites within 

the understorey of the Curtain Fig forest (Fig. 5.4) before and immediately after 
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--------------DT~usEST~FAc~Rs~~--

FULL YEAR 

Pre-Cyclone Post-Cyclone Post-hoc 
mean±1 SD mean±1 SD comparison of 

median 
(range) 
cv 

7.38±3.35 
7.03 

(2.35-15.71 ) 
45.4% 

median 
(range) 

cv 

16.01 ±5.6 
14.45 

(6.60-20.12) 
35.0% 

means 
(Scheffe F-test) 

F=37.43 
(p<0.01 ) 

--------------OIRECTSITEFAcToRsrio)----
SOLAR Pre-Cyclone Post-Cyclone Post-hoc 

DECLINATION mean±1 SD mean±1 SD comparison of 
(Approximate median median means 

date) (range) (range) (Schelfe F-test) 
cv cv 

----------------------------------
-23.5° 2.95±2.87 7.37±4.81 F=12.45 

(Dec 22) 2.08 6.05 (p<0.01 ) 
(0.44-11.02) (1.93-20.92) 

97.4% 65.3% 

-20.0° 2.84±2.39 7.65±6.02 F=11.05 
(Jan 221 2.07 6.23 (p<0.01 ) 

Nov 22) (0.31-9.15) (1.28-20.12) 
84.2% 78.6% 

-11.0° 2.73±2.12 8.50±6.44 F=14.55 
(Feb 221 2.49 5.96 (p<0.01 ) 

Oct 22) (0.38-7.11 ) (1.84-23.30) 
77.9% 75.7% 

0.0° 2.67±2.80 8.28±6.76 F=11.79 
(Mar 211 1.78 6.45 (p<0.01 ) 

Sep 23) (0.09-11.27) (1.67-31.55) 
104.9% 81.6% 

+11.0° 1.26±0.87 4.78±2.67 F=31.08 
(Apr 221 1.27 4.21 (p<0.01 ) 

Aug 22) (0.08-3.92) (1.24-10.87) 
68.8% 56.2% 

+20.0° 1.31±1.19 4.39±2.81 F=20.43 
(May 221 0.99 3.73 (p<0.01 ) 

Ju122) (0.12-5.01 ) (1.10-12.21 ) 
91.2% 64.0% 

+23.5 1.27±1.33 3.80±2.26 F=18.57 
(Jun 22) 0.90 3.35 (p<0.01 ) 

(0.02-5.68) (0.59-9.78) 
104.1% 59.5% 

Table 7.12. Values of average diffuse and direct site factors (%) obtained from 20 
hemispherical (fisheye) canopy photographs taken at 5-m intervals along a 100-
m transect through the understorey of the Curtain Fig forest, northeast 
Queensland in July 1985 (pre-cyclone) and February 1986 (post-cyclone). The 
direct site factors are given for solar declinations approximately equal to the 
22nd day of each month, while a full-year diffuse site factor is given (cv = 
coefficient of variation, %). 
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Tropical Cyclone 'Winifred'. This unique record of potential light availability within 

the understorey of a tropical rainforest before and after a cyclone is a valuable 

contribution towards understanding rainforest dynamics in regions affected by such 

weather systems. It should be noted that this forest site experiences some seasonal 

variation in canopy cover, with the greatest leaf loss from August-October. 

Both diffuse and direct site factors increased significantly in the understorey of 

the Curtain Fig forest as a consequence of the slight-to-moderate canopy disturbance 

inflicted by the cyclone (Table 7.12; post-hoc Scheffe F-test, P<O.Ol). The marked 

change in overstorey density, before and after the cyclone, is demonstrated in Plates 7.1 

and 7.2, respectively. The fisheye canopy photographs represent photosites where the 

diffuse site factors are similar to the median values obtained from the before and after 

measurements taken along the 100-m transect (Table 7.12). The cyclone appears to 

have resulted in a more uniform light environment in the rainforest understorey because 

the coefficients of variation for the diffuse and direct site factors are somewhat lower 

after the cyclone than before (Table 7.11). Therefore, not only has the cyclone 

increased the amount of light within the understorey, it has also reduced the 

complexity of the rainforest light regime. 

As discussed in Section 2.5.3.3, the red to far-red (R:FR) ratio is an important 

consideration in any study concerned with light regimes in rainforests because of its 

profound influence on growth and development in understorey plants. Lee (1987) 

examined the relationship between log percentage of full sun PPFD and R:FR at two 

Central American rainforest sites, and found a high degree of correlation between the 

two variables at both sites (r>0.95). If the data for the two sites is combined and Lee's 

original equation re-arranged, then the following regression function may be used for 

the estimation of the R:FR: 

Log (R:FR) = (TOTAL SITE FACTOR + 2.943) /2.26, (7.3.1) 

where the total site factor (obtained from fisheye photographs) represents the 

percentage of full sun PPFD under cloudless skies. 

The distribution of percentile values for total site factors and R:FR ratios 

(estimated using Eqn 7.3.1) before and after the cyclone are shown in Fig. 7.31. The box 

plots indicate that median total site factors and R:FR ratios have increased 

substantially following the cyclone. For example, median total site factors before the 

cyclone ranged from 2.5% on June 22 to 3.4% on October 22/February 22; immediately 

after the cyclone, median total site factors ranged from 6.0% on June 22 to 8.6% on 

November 22/January 22. Likewise, median R:FR ratios before the cyclone ranged from 

0.38 on June 22 to 0.45 on October 22/February 22, while median values after the cyclone 
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Plate 7.1. A hemispherical (fisheye) canopy photograph taken at photosite 19 
within the Curtain Fig forest, northeast Queensland before Tropical Cyclone 
Winifred (July 1985). The diffuse site factor of 6.97% is similar to the median 
value for the 20 photo sites along the 100-m transect (Table 7.12). 
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Plate 7.2. A hemispherical (fisheye) canopy photograph taken at photosite 13 
within the Curtain Fig forest, northeast Queensland immediately after Tropical 
Cyclone Winifred (February 1986). The diffuse site factor of 14.36% is similar to 
the median value for the 20 photo sites along the 100-m transect (Table 7.12). 
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Figure 7.31. Distributions of percentiles for total site factors (%) and estimated 
red to far-red (R:FR) ratios obtained from 20 hemispherical (fisheye) canopy 
photographs taken at 5-m intervals along a 100-m transect in the understorey of 
the Curtain Fig forest, northeast Queensland in July 1985 (pre-cyclone) and 
February 1986 (post-cyclone). Total site factors (%) and R:FR ratios are given for 
solar declinations approximately equal to the 22nd day of each month. The R:FR 
ratios were estimated using Eqn 7.3.1. The five horizontal lines on the box plot 
show the 10, 25, 50, 75 and 90th percentiles, with values above and below the 
10th and 90th percentile represented as data points. Note differences in vertical 
scales. 
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ranged from 0.78 on June 22 to 0.94 on November 22/January 22. Hence, cyclone-induced 

canopy disturbance has altered both the quantity and quality of light available to 

plants in the understorey of this forest. 

The photoelectric measurements have shown that the percentage of daily total 

PPFD within the understorey of the Curtain Fig forest under sunny conditions ranged 

from 1.1 to 2.2% in January and from 1.4 to 1.8% in July (Tables 7.4 and 7.8). On the 

other hand, the total site factors before the cyclone, determined from fisheye 

photographs, ranged from 0.7 to 9.2% in January and from 0.7 to 7.8% in July. There are 

two main explanations for this apparent discrepancy: (1) the photoelectric 

measurements in the field were subject to intervening cloud periods and leaf flutter, 

which would reduce the incidence of sunflecks in the understorey; and (2) the 

photographic measurements ignore penumbral effects and hence they tend to over

estimate the quantities of direct PPFD reaching the understorey. 

Nonetheless, the fisheye technique is very useful for determining order-of

magnitude seasonal differences among micro-environments, such as gap and 

understorey, as well as proving its worth as a means of assessing the degree of change in 

the light environment of a rainforest understorey due to canopy disturbance caused by a 

tropical cyclone, and hence has applications for assessment of the effects of various 

human practices such as logging. 

Table 7.13 summarises results of various descriptive statistics applied to daily 

total PPFD under four sky conditions for the 22nd day of each month, obtained from the 

20 understorey photosites before and after the cyclone. As expected, given the 

substantial increase in diffuse and direct site factors immediately after the cyclone 

(Table 7.12), daily total PPFD is higher in the understorey after the cyclone at all 

times of the year and under all sky conditions. For example, under cloudless skies mean 

daily PPFD after the cyclone on June 22 is 2.4-times higher than that before the 

cyclone, while mean daily PPFD after the cyclone on October 22/February 22 is 2.7-

times higher than that before. Likewise, under the three cloud types (Table 7.13), 

mean daily PPFD after the cyclone is over 2-times higher than that before the cyclone 

throughout the year. 

In agreement with the photoelectric measurements of PPFD discussed in the 

previous section, the fisheye photography results also demonstrate seasonal changes in 

light availability in the understorey of this forest both before and after the cyclone 

(Table 7.13). Statistical analyses of the before-cyclone data have shown that daily 

total PPFD differs significantly among the seven times of year under all sky conditions 

(one-way ANOVA: for cloudless F=3.93, P<O.Ol; for cirrostratus F=3.39, P<O.Ol; for 

altostratus F=3.45, P<O.Ol; and for stratus F=3.56, P<O.Ol). However, multiple 

comparisons among the seven times of year indicate that only some months are 



----------BEFORECYCLONETOTALPPFD------ --------------------------------------
AFTER CYCLONE TOTAL PPFD 

PPFD (CLOUDLESS) PPFD (CIRROSTRATUS) PPFD (ALTOSTRATUS) PPFD (STRATUS) PPFD (CLOUDLESS) PPFD (CIRROSTRATUS) PPFD (ALTOSTRATUS) PPFD ,(STRATUS) 

Solar (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) Solar (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) 
Declination mean±1 SO mean±1 SO mean±1 SO mean±1 SO Declination mean±1 SO mean±1 SO mean±1 SO mean11 SO 

(approx. date) (range) (range) (range) (range) (approx. date) (range) (range) (range) (range) 
median median median median median median median median 

------------------------------------ --------------------------------------
-23.5° 2.75±2.04 2.96±1.79 2,66±1.21 1.59±0.72 -23.5° 6.53±3.43 6.74±2,98 5,78±2,02 3.44±1.20 
(Dec 22) (0.59-7.67) (0.77-6.71 ) (0.85-5.67) (0,51-3.38) (Dec 22) (2.05-15.56) (2.35-13.90) (2,38-9,65) (1.42-5.75) 

2.30 2.61 2.54 1.51 6.11 6.08 5.22 3,11 

-20.0° 2.68±1.76 2.89±1.63 2.65±1.20 1.58±0.71 -20,0° 6.66±4.10 6.87±3.46 5,77±2.02 3.4311,20 
(Nov 22/ (0.51-6.58) (0.71-6.45) (0.84-5.66) (0.50-3.36) (Nov 22/ (1,95-14.88) (2.26-13.70) (2,38-9.62) (1.41-5.72) 

Jan 22) 2.19 2.48 2.53 1.50 Jan 22) 6,17 6,25 5.20 3.09 

-11.0° 2.53±1.58 2.77±1.49 2.56±1.16 1.52±0.69 -11.0° 6.92±4.21 6.92±3.68 5.56±1.94 3.30±1.15 
(Oct 22/ (0.54-5.72) (0.73-5.80) (0.82-5.45) (0.48-3,24) (Oct 22/ (1.93-16.56) (2.23-15,10) (2,29-9.27) (1,36-5,50) 

Feb 22) 2.37 2.51 2.44 1.45 Feb 22) 5.46 5,80 5,01 2.73 

-0.0° 2.39±1.81 2.59±1.60 2.35±1.07 1.40±0.63 -0.0° 6,32±3,98 6.36±3.23 5.1111.79 3.03±1,06 
(Sep 221 (0.36-7.78) (0.60-7.23) (0.75-5.01 ) (0.44-2.97) (Sep 221 (2.13-19,19) (2.32-15.96) (2,11-8,52) (1,25-5.05) 

Mar 22) 1.90 2,27 2.24 1.33 Mar 22) 5.56 5.79 4,61 2,73 

+11.0° 1.49±0.77 1.93±0,93 2.03±0.92 1,20±0.55 +11,0° 4.09±1,66 4.7111. 75 4.40± 1.54 2,6110.91 
(Aug 22/ (0.34-3.70) (0.55-4.46) (0.65-4,32) (0.38-2.56) (Aug 22/ (1.80-7.44) (2.14-8.35) (1.82-7,35) (1.08-4.36) 

Apr 22) 1.43 1.78 1.93 1.15 Apr 22) 3,79 4.15 3.97 2.36 

+20.0° 1.38±0.80 1.76±0.88 1.76±0.80 1 .03±0.4 7 +20.0° 3.54±1.54 4,1111.57 3.81 ±1.33 2.24±0.78 
(Jul 22/ (0.34-3.73) (0.51-4.18) (0.56-3.74) (0.33-2.20) (Jul 22/ (1.61-7.36) (1.86-7.52) (1,57-6.36) (0.92-3,74) 

May 22) 1.21 1.63 1.67 0.98 May 22) 3.15 3.49 3.44 2,02 

+23.5° 1.3110.79 1.67±0.83 1.65±0.75 0.97±0.44 +23.5° 3.19±1.29 3,78±1.38 3.5711,25 2.1110.74 
(Jun 22) (0.3-3.76) (0.48-3.96) (0.52-3.50) (0.31-2.07) (Jun 22) (1.40-6.16) (1.62-6.55) (1.4 7-5.96) (0.87-3,53) 

1.16 1.52 1.57 0.93 2.87 3,31 1.57 1.91 

---------------------------------- -------------------------------------------

Table 7.13. Values of average daily total photosynthetic photon flux density (PPFD) (mol m-2 per 
day) within the understorey of the Curtain Fig forest under four sky conditions before and 
immediately after Tropical Cyclone 'Winifred' (n=20 photographs). Daily total PPFDs are given 
for solar declinations approximately equal to the 22nd day of each month. 

N 
-.J 
U1 
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Solar -23.5· -20.0· -11.0· 0.0· + 11.0· +22.0· +23.5.0· 
Declinalion (Dec 22) (NoY 221 (Oct 221 (Sep 221 (Aug 221 (Jul 221 (Jun 22) 

-23.S·(Dec 22) 

-20.0· 
(NaY 221 

Jan 22) 

-11.0· 
(Oct 221 

Feb 22) 

0.0· 
(Sep 221 

Mar 22) 

+11.0· 
(Aug 221 

Apr 22) 

+20.0· 
(Jul 221 

May 22) 

+23.S·(Jun 22) 

cl. n.s 
es. n,s 
as. n.s 
51. n.s 

cl. n.s 
es. n.s 
as. n.s 
51. n.s 

cl. n.S 
es. n.S 
as. n.s 
s1. n.s 

cl.# 
es. n,s 
as. n.s 
s1. n.s 

cl.# 
es.# 
as.# 
51.# 

cl.## 
cs.# 
as.## 
51.## 

Jan 22) Feb 22) Mar 22) Apr 22) May 22) 

cl. n.s 
es. n.s 
as. n.s 
st. n.s 

cl. n.s 
es. n.s 
as. n.s 
st. n.s 

cl. n.s 
es. n.s 
as. n.s 
s1. n.s 

cl.# 
es. n.s 
as. n.s 
s1. n.s 

cl.# 
cs.# 
as.# 
51.# 

cl.# 
cs.# 
as.## 
51.## 

cl. n.s 
es. n,s 
as. n.s 
s1. n.s 

cl. n.s 
es, n.s 
as. n.S 
st. n.s 

cJ. n.s 
es. n.s 
as, n.s 
5t. n.s 

cl. n.s 
es. n,s 
as. n.S 
51. n.s 

cl. n.s 
es, n.s 
as. n.s 
51. n.s 

cl.# 
es. n,S 
as.# 
51.# 

cl. n.s 
es. n.s 
as. n.s 
st. n.S 

cl. n.S 
es. n.s 
as. n,s 
st. n.s 

cl. n.s 
es, n,s 
as, n.s 
st. n.s 

cl. n,s 
es. n.s 
as. n.s 
s1. n,s 

cl. n,s 
es. n,s 
as. n.s 
st. n,s 

cl. n.s 
es. n.s 
as. n.s 
s1. n,s 

cl.# 
es. n,s 
as. n.s 
s1. n.s 

cl.# 
es. n.s 
as. n.s 
s1. n,s 

cl. n.s 
es. n.s 
as. n.s 
5t. n.s 

cl. n.s 
es. n.S 
as. n.s 
8t. n.s 

cl. n.S 
es. n.s 
as. n,S 
s1. n.s 

cl. n.s 
es. n.s 
as. n.s 
st. n.s 

cl.# 
es.# 
as.# 
st. # 

cl.# 
es.# 
as.# 
51.# 

cl. n.S 

es. n.s 
as. n.s 
s1. n.s 

el. n.S 
es. n.S 
as. n.S 

51. n.S 

cl. n.s 
es. n.s 
as. n.s 
st. n.s 

el. n.s 
es. n.s 
as. n.s 
st. n.S 

cl.## 
es.# 
as. ## 
st. # # 

cl.# 
es.# 
as.## 
51. # # 

cl.# 
es. n.S 
as.# 
s1. # 

el. n.S 
es. n.s 
as. n.s 
s1. n.s 

el. n.s 
es. n.S 
as. n.s 
s1. n.S 

cl. n.S 
es. n.s 
as. n.s 
sl. n.s 

A-priOr; mu~~ecomparisonofrneanS_~4e~f-##~highliS~nificant-dif~rnnc;-(P~o~o0;--------------
#, significant difference (P<O.05); n,s, no significant difference (1'>0.05). 
cl. - cloudless sky; cs. - cirroslratus cloud; as. _ altostratus cloud; S1. - slratus cloud. 

---------------------PO-S-i~-C--YC-i:-O-N-E-M-U-lT-IP-L-E-C-O-M-PA-RT::; -O-N-S--------
Solar -23.5· -20.0· -11.0· 0.0· + 11.0· +22.0· +23.5.0· 

Declination (Dec 22) (NaY 221 (Oct 221 (SOP 221 (Aug 221 (JuI221 (Jun 22) 

-23.S·(Dec 22) 

-20.0· 
(Nay 221 

Jan 22) 

-11.0· 
(Oct 221 

Feb 22) 

0.0· 
(Sep 221 

Mar 22) 

+11.0· 
(Aug 221 

Apr 22) 

+20.0· 
(Jul 221 

May 22) 

+23.S·(Jun 22) 

el. n.s 
es. n.s 
as. n.s 
s1. n.s 

cl. n.s 
es. n.s 
as. n.s 
sl. n.s 

eJ. n.s 
es. n.S 
as. n.s 
s1. n.S 

eJ. n.s 
e5. n.s 
as. n.s 
s1. n.s 

cl.# 
es.# 
as.## 
s1. ## 

cl. ## 

cs.## 
as.## 
51. ## 

Jan 22) Feb 22) Mar 22) Apr 22) May 22) 

el. n.s 
es. n.s 
as. n.s 
s1. n.s 

el. n.s 
es. n.s 
as. n.S 
51. n.s 

cJ. n.s 
es. n.S 
as. n.s 
s1. n.S 

cl.# 
es. n.s 
as. n.s 
51. n.s 

cl ## 
es.## 
as.## 
51.## 

cl. ## 
es.## 
as.## 
51. ## 

el. n.s 
es. n.s 
as. n.s 
st. n.s 

el. n.s 
es. n.S 
as. n.s 
st. n.s 

eJ. n.s 
es. n.s 
as. n.S 
s1. n.S 

cl.# 
es. n.s 
as. n.s 
s1. n.s 

cl ## 
es.## 
as.## 
51.## 

cl.## 
es."# 
as.## 
51. # # 

el. n.s 
es. n.s 
as. n.s 
51. n.S 

el. n.s 
es. n.S 
as. n.s· 
st. n.s 

el. n.s 
es. n.s 
as. n.s 
s1. n.s 

el. n.S 
es. n.s 
as. n.s 
sl. n.S 

cl.# 
es.# 
as. n.s 
st. n.S 

cl ## 
es.# 
as." 
51.# 

el. n.S 
es. n.s 
as. n.s 
st. n.s 

cl.# 
es. n.S 
as. n.s 
s1. n.s 

cl.# 
es. n.s 
as. n.s 
s1. n.s 

el. n.s 
es. n.s 
as. n.s 
sl. n.s 

el. n.s 
es. n.S 
as. n.s 
s1. n.s 

el. n.S 
es. n.s 
as. n.s 
51. n.s 

el. # 

es.# 
as. ## 
51. ## 

cl. ## 
es. n# 
as.## 
51. ## 

cl.## 
cs.## 
as.## 
51. # # 

cl.# 
es.# 
as. n.s 
s1. n.s 

el. n.s 
es. n.s 
as. n.s 
st. n.s 

el. n.s 
es. n.s 
as. n.s 
s1. n.s 

cl.## 
es.## 
as.## 
51.## 

cl.## 
cs.## 
as.## 
51. ## 

cl.## 
cs.## 
as.## 
51.## 

cl.## 
es.# 
as.# 
51.# 

el. n.S 

es. n.s 
as. n.s 
st. n.s 

el. n.s 
es. n.s 
as. n.s 
s1. n.s 

ApiiorimultiPlecomparison-ofrneans-(t-testf-##~hig-hly-s~nifiCa;;-t-diii-;;r"nce-(P~O~OI);--------------
#, significant difference (p<O.OS); n.s, no significant difference (1'>0.05). 
cl. = cloudless sky; cs. = cirroslralus cloud; as. = altostratus cloud; s1. = stratus cloud. 

Table 7.14. A priori multiple comparisons (t-tests) of mean daily total photosynthetic photon flux 
density (PPFD) among seven times of the year (solar declinations) for cloudless skies, and 
cirrostratus, altostratus and stratus cloud types, within the understorey of the Curtain Fig forest 
before and immediately after the cyclone. 



277 

significantly different from each other (Table 7.14, before-cyclone). Generally, daily 

PPFD levels in the understorey of the Curtain Fig forest are significantly lower during 

the winter months (May-July) than those during the summer months (October

February). 

Statistical analyses of the after-cyclone data have also shown that daily total 

PPFD differs significantly among the seven times of year under all sky conditions (one

way ANOV A: for cloudless F=5.42, P<O.Ol; for cirrostratus F=5.51, P<O.Ol; for 

altostratus F=5.80, P<O.Ol; and for stratus F=5.98, P<O.Ol). Furthermore, multiple 

comparisons among the times of year indicate highly significant differences among a 

larger number of months than those found for the before-cyclone data (Table 7.14). A 

cursory examination of the canopy before the cyclone (Plate 7.1) compared with that 

immediately after (Plate 7.2) reveals that there are a greater number of canopy 

openings near the zenith after the cyclone than before. This result supports the idea 

that cyclone-induced canopy disturbance results in more significant seasonal variations 

in light availability within the understorey of this forest because during the summer 

months (September-March) more direct PPFD (sunflecks) are able to penetrate through 

the disturbed canopy (Plate 7.2) compared with the undisturbed canopy (Plate 7.1). 

7.3.1.2 Pine Creek Forest 

Table 7.15 summarises results of various descriptive statistics applied to daily total 

PPFD under four sky conditions for the 22nd day of each month, obtained from 20 

photosites within the understorey of the Pine Creek forest (Fig. 5.5) in July 1985. 

Diffuse and direct site factors are also included in the table for the understorey of this 

forest. Because these photographs were obtained at more or less the same times as 

those taken in the Curtain Fig forest before the cyclone (Tables 7.12 and 7.13), it is 

possible to compare light conditions between the two forest types. 

Statistical analyses have shown that there are no significant differences in both 

diffuse and direct site factors between the Pine Creek understorey and the Curtain Fig 

understorey before the cyclone (t values ranged from 0.13-1.95, P>0.05). It would 

appear, therefore, that light conditions are similar within both understoreys despite 

the fact that the Curtain Fig forest (Fig. 5.4) is almost twice as tall as the Pine Creek 

forest (Fig. 5.5). However, the almost continuous layer of fan palms (Licuala ramsayii) 

in the Pine Creek forest sub-canopy (Fig. 5.5) exerts a strong blocking effect on light 

penetration into the understorey. This is demonstrated in Plate 7.3 which shows a 

fisheye canopy photograph taken within the understorey of this forest at a photosite 

where the diffuse site factor is similar to the median value obtained from the 20 
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TOTAL PPFD 

PPFD (CLOUDLESS) PPFD (CIRROSTRATUS) PPFD (ALTOSTRATUS) PPFD (STRATUS) DIRECT FULL-YEAR DIFFUSE 

Solar (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) (mol m-2 per day) SITE FACTORS ("!o) SITE FACTOR ("!o) 
Declination mean±1 SD mean±1 SD mean±1 SD mean±1 SD mean±1 SD meanl1 SD 

(approx. date) (range) (range) (range) (range) (range) (range) 
median median median median median median 

--------------------------------------------------
-23.5° 3.17±2.10 3.4211.82 3.14±1.31 1.8710.78 3.3412.95 8.71±3.66 
(Dec 22) (0.49-7.59) (0.73-6.61 ) (0.94-5.31 ) (0.56-3.16) (0.17-10.33) (2.60-14.70) 

2.75 3.10 2.96 1.76 2.76 8.20 

-20.0° 3.2212.20 3.51±1.94 3.1311.31 1.8610.78 3.45±3.18 
(Nov 22/ (0.48-7.03) (0.73-6.39) (0.94-5.29) (0.56-3.15) (0.20-9.87) 

Jan 22) 2.43 2.91 2.95 1.78 2.17 

-11.0° 2.77±1.64 3.11±1.58 3.0211.26 1.7910.75 2.82±2.11 
(Oct 221 (0.44-5.90) (0.70-6.12) (0.90-5.10) (0.54-3.03) (0.13-6.98) 

Feb 22) 2.55 2.91 2.85 1.69 2.53 

-0.0° 2.79±1.46 3.06±1.38 2.7811.16 1.6510.69 3.21±2.23 
(Sep 221 (0.37-5.48) (0.65-5.21 ) (0.83-4.69) (0.49-2.78) (0.03-7.44) 

Mar 22) 2.82 3.00 2.62 1.55 3.14 -

+11.0° 2.07±1.11 2.46±1.16 2.3911.00 1.42±0.59 2.24±1.58 
(Aug 22/ (0.43-4.20) (0.69-4.57) (0.72-4.04) (0.42-2.40) (0.13-5.44) 

Apr 22) 1.73 2.26 2.26 1.34 1.66 

+20.0° 1.82±0.96 2.22±1.05 2.07±0.87 1.22±0.51 2.08±1.50 
(Jul 22/ (0.37-3.69) (0.60-3.99) (0.62-3.50) (0.36-2.06) (0.03-5.27) 

May 22) 1.60 2.01 1.95 1.15 1.64 

+23.5° 1.71±0.88 2.04±0.94 1.9410.81 1.15±0.48 1.98±1.48 
(Jun 22) (0.49-3.49) (0.60-3.78) (0.58-3.28) (0.34-1.94) (0.41-5.19) 

1.44 1.85 1.83 1.08 1.56 

Table 7.15. Values of average daily total photosynthetic photon flux density (PPFD) (mol m-2 per 
day) within the understorey of the Pine Creek forest under four sky conditions obtained from 20 
hemispherical (fisheye) canopy photographs taken at 5-m intervals along a 100-m transect through 
the understorey in July 1985. Daily total PPFDs and direct site factors (%) are given for solar 
declinations approximately equal to the 22nd day of each month, while a full-year diffuse site 
factor (%) is given. 

N 
-.J 
OJ 
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Plate 7.3. A hemispherical (fisheye) canopy photograph taken at photosite 11 
within the Pine Creek forest, northeast Queensland in July 1985. The diffuse site 
factor of 8.00% is similar to the median value for the 20 photosites along the 100-
m transect (Table 7.15). 
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photosites along the l00-m transect (Table 7.15). Because the fan palms have almost 

horizontal leaf angles, they tend to obscure the sky (and hence prevent the penetration 

of direct light) at solar angles greater than about 60° above the horizon (Plate 7.3). On 

the other hand, the deeper canopy layer in the Curtain Fig forest (Fig. 7.4) facilitates 

a more gradual interception of light by leaves in the canopy and this results in a 

diffuse site factor for this forest (Plate 7.1) that is similar to that for the Pine Creek 

forest (Plate 7.3). In other words, the Pine Creek forest intercepts most of the 

penetrating light within the comparatively narrow fan palm layer, while the Curtain 

Fig forest intercepts a similar amount of light but over a considerably deeper layer of 

leaves. 

Differences and similarities between the two forest types are illustrated further 

by comparing the distribution of percentiles for total site factors and red to far-red 

(R:FR) ratios for the Pine Creek understorey (Fig. 7.32) with those obtained for the 

Curtain Fig understorey before the cyclone (Fig. 7.31). Median total site factors in the 

Pine Creek understorey are similar to those reported earlier for the Curtain Fig 

understorey, ranging from 3.2% on June 22 to 4.4% on September 22/March 22. Likewise, 

median R:FR ratios are also similar to the Curtain Fig understorey, ranging from 0.44 to 

0.55 at corresponding times of the year, respectively. The fact that total site factors 

reach their highest median value at the equinoxes (September 22/March 22) is most 

likely related to the blocking effect caused by the fan palms described earlier, which 

reduces understorey direct site factors (and hence total site factors) during the high 

solar (summer) months (Table 7.15). By comparison, direct site factors are highest in 

the understorey of the Curtain Fig forest during the summer months (Table 7.2) because 

this forest does not have a continuous sub-canopy layer of fan palms (Fig. 5.4). 

Seasonal variations in daily total PPFD under the four sky conditions described 

earlier within the Pine Creek understorey are evident in Table 7.5. In a similar way to 

the Curtain Fig understorey, statistical analyses have shown that daily total PPFD in 

the Pine Creek understorey differs significantly among the seven times of year under 

all sky conditions (one-way ANOV A: for cloudless F=2.62, P<0.05; for cirrostratus 

F=2.64, P<0.05; for altostratus F=3.26, P<O.OI; and for stratus F=3.36, P<O.OI). 

However, in comparison to the Curtain Fig forest, the Pine Creek forest experiences a 

less marked seasonal variation in light availability in its understorey, particularly 

under sunny (ie cloudless or cirrostratus cloud) conditions. For example, multiple 

comparisons among the seven times of the year indicate that only a small number of 

months are significantly different to each other (Table 7.16). The low seasonal 

variability in daily total PPFD within the understorey of this forest under sunny 

conditions is most likely due to the effect of the fan palm layer described above. 



281 

12~~------~----~----~------~----~----~~-, 

TOTAL SITE FACTORS o 
~ 10 ...................................................................................................................................... . 

IQ- 8 .................................................................................... ~ ..................... o ...................................................... . § 0 

Lt 
~ 
Vi 
-l 

~ 
~ 

6 ....................................................................... . 

o o o o 
O~~------~-----r------r-----.------r------r-~ 

JUN 22 JUL 221 AUG 221 SEP 221 OCT 221 NOV 221 DEC 22 
MAY 22 APR 22 MAR 22 FEB 22 JAN 22 

ESTIMATED RED TO FAR·RED RATIO 
.9 ............................................................................................................................................................................ . 

o .8 .............................................................................................................................................................. ···C)· .. ······· 
1= CE .7 ............................................................ ·0 ...................... .0. ................ · ........................................................... . 

fil .6 ....................................................................... . 
a: ci: .5 ... 
« 
u.. .4 .. . 

~ .3 ..................................................................................................................................................................... . 

~ .2 ................................... 0...................... .. .................... 0 ...................... 0 ...................... 0 ...................... 0 ........ .. 

. 1 ............................................................................................................................................................................. . 

OL-~------r------r----~r-----.------.----~r-~ 
JUN 22 JUL 221 AUG 221 SEP 221 OCT 221 NOV 221 DEC 22 

MAY 22 APR 22 MAR 22 FEB 22 JAN 22 

Figure 7.32. Distributions of percentiles for total site factors (%) and estimated 
red to far-red (R:FR) ratios obtained from 20 hemispherical (fisheye) canopy 
photographs taken at 5-m intervals along a 100-m transect in the understorey of 
the Pine Creek forest, northeast Queensland in July 1985. Total site factors (%) 
and R:FR ratios are given for solar declinations approximately equal to the 22nd 
day of each month. The R:FR ratios were estimated using Eqn 7.3.1. The five 
horizontal lines on the box plot show the 10, 25, 50, 75 and 90th percentiles, with 
values above and below the 10th and 90th percentile represented as data points. 
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Solar -23.5° -20.0° -11.0° 0.0° +11.0° +22.0° +23.5.0° 

Declination (Dec 22) (Nov 221 (Oct 221 (Sep 221 (Aug 221 (Jul 221 (Jun 22) 
Jan 22) Feb 22) Mar 22) Apr 22) May 22) 

--------------------------------------------------
-23.5°(Dec 22) cl. n.S cl. n.s cl. n.s cl. n.s cl. n.s cl. 

CS. n.s CS. n.s CS. n.s CS. n.s CS. n.s CS. 
as. n.S as. n.s as. n.s as. n.s as. . as. 
s\. n.s s\. n.s s\. n.s si. n.s SI. SI. · 

-20.0° cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s cl. 
(Nov 221 CS. n.s CS. n.S CS. n.s CS. n.s CS. n.S CS. · 

Jan 22) as. n.s as. n.s as. n.S as. n.s as. . as. 
st. n.s st. n.s sl. n.s st. n.s Sl. SI. 

-11.0° cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s 
(Oct 221 CS. n.s cs. n.s cs. n.s cs. n.S cs. n.s cs. n.s 

Feb 22) as. n.s as. n.s as. n.s as. n.s as. n.s as. 
51. n.s Sl. n.s Sl. n.s sl. n.s Sl. n.s sl. · 

0.0° cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s 
(Sep 221 cs. n.s cs. n.s cs. n.s cs. n.s cs. n.s cs. n.s 

Mar 22) as. n.s as. n.s as. n.s as. n.s as. n.s as. n.s 
SI. n.s st. n.s Sl. n.s sl. n.s si. n.S sl. n.s 

+11.0° cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s cl. n.s 
(Aug 221 CS. n.s CS. n.s CS. n.S cs. n.s CS. n.s CS. n.s 

Apr 22) as. n.s as. n.s as. n.S as. n.s as. n.s as. n.s 
st. n.s st. n.s si. n.s SI. n.s sl. n.s SI. n.s 

+20.0° ci. n.s ci. n.s cl. n.s cl. n.s cl. n.S cl. n.s 
(Jul 221 CS. n.s CS. n.S CS. n.s cs. n.S CS. n.s CS. n.s 

May 22) as. · as. · as. n.s as. n.s as. n.s as. n.s 
SI. · sl. · sl. n.s SI. n.s Sl. n.s Sl. n.s 

+23.5°(Jun 22) ci. · ci. · ci. n.s cl. n.s cl. n.s cl. n.s 
cs. · CS. · CS. n.s cs. n.s cs. n.s cs. n.s 
as. · as. · as .• as. n.s as. n.s as. n.S 
sl. · sl. · sl. . sl. n.s Sl. n.s sl. n.S 

A priori multiple comparisonOf means(t-test):~;;-highly SlgnificanT-diiTerence-(P;O.01j;----------
*, significant difference (p<O.05); n.s, no significant difference (p>O.05). 
cl. = cloudless sky; cs. = cirrostratus cloud; as. = altostratus cloud; sl. = stratus cloud. 

Table 7.16. A priori multiple comparisons (t-tests) of mean daily total photosynthetic photon flux 
density (PPFD) among seven times of the year (solar declinations) for cloudless skies, and 
cirrostratus, altostratus and stratus cloud types, within the understorey of Pine Creek forest. 

tv 
CO 
tv 
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7.3.2 Treefall Gap Light Regimes 

Given the importance of treefall gaps as sites for rainforest regeneration, a range of 

rainforest gaps of varying sizes and configurations were photographed using the 

fisheye lens-camera system described in Section 6.3.2. This section presents the results 

of modelling seasonal changes in light availability at the centre of four types of 

treefall gap found within several northeast Queensland rainforests: (1) a small 

circular gap (Plate 7.4); (2) a small elliptical gap (Plate 7.5); and (3) a large circular 

gap (Plate 7.6); and (4) a large elliptical gap (Plate 7.7). However, because the 

orientation of non-circular gaps is likely to influence light availability at the forest 

floor, the so-called elliptical gaps (Plates 7.5 and 7.7) were analysed with their long 

axes orientated north-south and east-west. Hence, the number of gap types presented 

here may effectively be increased from four to six. 

Table 7.17 shows diffuse and direct site factors for the six contrasting treefall 

gaps described above. As expected, the large circular gap (Plate 7.6) has the highest 

direct and diffuse site factors, followed by the large elliptical gap (Plate 7.7). The 

modelling procedure demonstrates how the orientation of an elliptical gap profoundly 

affects its direct site factors over the year (Table 7.17). For example, when the small 

elliptical gap (Plate 7.5) is orientated north-south, its direct site factors range from 1.9 

to 18.5%; when the exact same gap is orientated east-west, direct site factors range 

from 0.7 to 28.4%. A similar trend is apparent for the large elliptical gap (Table 7.17); 

when the gap (Plate 7.7) is orientated north-south, direct site factors range from 3.8 to 

33.6%. By comparison, when this gap is orientated east-west, direct site factors range 

from 3.4 to 47.7%. Hence, the yearly range of direct site factors is more extreme within 

treefall gaps that are orientated east-west. 

The effects of gap size and orientation on the red to far-red (R:FR) ratio is shown 

in Table 7.18 for the six gap types. In the large circular gap, the estimated R:FR ratio 

under cloudless skies is greater than 1.00 throughout the year and is therefore similar 

to that found in the open or above the forest (Smith and Morgan, 1981). However, R:FR 

ratios are generally less than 1.00 during the winter months (April-August) in the 

other gaps, except for the small elliptical north-south orientated gap where values 

are less than 1.00 throughout the year. Because these R:FR ratios were estimated using 

the same method as those in the understorey (ie Eqn 7.3.1), it is possible to compare the 

annual means for these micro-environments. Generally, R:FR ratios within the large 

circular gap (Table 7.18) are about 3-times higher than those within the Curtain Fig 

understorey before the cyclone and lA-times higher than those within the same 

understorey after the cyclone. On the other hand, R:FR ratios within the small 

elliptical north-south orientated gap are 2-times higher than those within the 
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Plate 7.4. A hemispherical (fisheye) canopy photograph taken at the centre of a 
small circular gap created by the forced toppling of a single tree during Tropical 
Cyclone 'Winifred'. The gap is located in the Curtain Fig forest, northeast 
Queensland. The diffuse site factor for the site was 19.4% when photographed 
immediately after the cyclone in February 1986. 
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Plate 7.5. A hemispherical (fisheye) canopy photograph taken at the centre of a 
small elliptical (north-south) gap created by the forced toppling of a single tree 
at an unknown time. The gap is located in the Curtain Fig forest, northeast 
Queensland. The diffuse site factor for the site was 17.8% when photographed in 
November 1985. 
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Plate 7.6. A hemispherical (fisheye) canopy photograph taken at the centre of a 
large circular gap created by the death and forced toppling of a large fig tree 
(Ficus spp.) at an unknown time. The gap is located in the Wongabel forest 
northeast Queensland. The diffuse site factor for the site was 54.1 % when 
photographed in October 1990. 
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Plate 7.7. A hemispherical (fisheye) canopy photograph taken at the centre of a 
large elliptical (east-west) gap created by the forced toppling of a single tree 
during Tropical Cyclone 'Winifred'. The gap is located in the Pine Creek forest, 
northeast Queensland. The diffuse site factor for the site was 34.5% when 
photographed immediately after the cyclone in February 1986. 
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SOLAR DIRECT SIT E FACTORS (%) 
DECLINATION SMALL LARGE SMALL SMALL LARGE LARGE 
(APPROX. DATE) CIRC. CIRC. ELLIP. ELLIP. ELLIP. ELLIP. 

GAP GAP GAP GAP GAP GAP 
(N/S)# (E/W) (N/S) (EIW)# 

-23.5° (22 Dec) 24.7 57.8 17.5 9.9 33.6 28.8 

-20.0° (22 Jan/Nov) 21.9 62.8 18.4 28.4 33.5 39.9 

-11 .0° (22 Feb/Oct) 22.6 53.4 18.5 28.0 27.8 47.7 

0.0° (22 Mar/Sep) 6.1 27.8 7.3 9.5 24.6 32.1 

+ 11 .0° (22 Apr/Aug) 2.1 25.8 3.1 3.8 12.1 13.3 

+20.0° (22 May/Jul) 1.3 9.5 2.3 1.0 4.6 5.0 

+23.5° (22 Jun) 0.7 10.9 1.9 0.7 3.8 3.4 

ANNUAL MEAN 11.3 37.4 9.9 11.6 20.0 24.3 

FULL-YEAR DIFFUSE 
SITE FACTOR (%) 19.4 54.1 17.8 17.8 34.5 34.5 

# Refers to the orientation of the long axis of the actual elliptical gap: 
N/S = north-south; E/W = east-west 

Table 7.17. Values of diffuse and direct site factors (%) obtained from 
hemispherical (fisheye) canopy photographs taken at the centre of six 
contrasting treefall gaps within several rainforest types in northeast Queensland 
(refer to text for location details). The direct site factors are given for solar 
declinations approximately equal to the 22nd day of each month, while a full
year diffuse site factor is given. Both the large and small elliptical gaps have 
been analysed for north-south and east-west orientations for modelling purposes. 
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SOLAR ESTIMATED RED TO FAR-RED RATIOS 
DECLINATION SMALL LARGE SMALL SMALL LARGE LARGE 
(APPROX. DATE) CIRC. CIRC. ELLIP. ELLIP. ELLIP. ELLIP. 

GAP GAP GAP GAP GAP GAP 
(N/S)# (E/W) (N/S) (E/W)# 

-23.5 0 (22 Dec) 1.07 1.42 0.96 0.80 1.21 1.16 

-20.0 0 (22 Jan/Nov) 1.03 1.45 0.97 1 . 11 1 .21 1.26 

-11.0 0 (22 Feb/Oct) 1.04 1.40 0.97 1 .11 1 .15 1.33 

0.0 0 (22 Mar/Sep) 0.72 1.20 0.74 0.80 1.12 1.20 

+ 11.00 (22 Apr/Aug) 0.60 1.19 0.62 0.65 0.95 0.97 

+20.0 0 (22 May/Jul) 0.60 1.03 0.61 0.57 0.85 0.84 

+23.5 0 (22 Jun) 0.59 1.05 0.61 0.57 0.82 0.82 

ANNUAL MEAN 0.81 1.25 0.78 0.80 1.04 1.08 

# Refers to the orientation of the long axis of the actual elliptical gap: 
N/S = north-south; E/W = east-west 

Table 7.18. Estimated red to far-red (R:FR) ratios for six contrasting treefall gaps 
within several rainforest types in northeast Queensland (refer to text for location 
details), The R:FR ratios were estimated using Eqn 7.3.1. and are given for solar 
declinations approximately equal to the 22nd day of each month. 
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Curtain Fig forest understorey before the cyclone and almost equal to those within the 

same understorey after the cyclone. Similar differences to those given for the Curtain 

Fig understorey before the cyclone would be expected for the Pine Creek understorey. 

Figure 7.33 shows daily total PPFD under cloudless skies, and cirrostratus, 

altostratus and stratus cloud types above the forest and at the centre of the six treefall 

gaps described above. Seasonal changes in light availability above the forest and 

within the six gap types are shown for solar declinations approximately equal to the 

22nd day of each month. In agreement with the gap simulations presented in Section 

4.3 (Fig. 4.8), at a similar latitude to northeast Queensland, there is a noticeable 

decrease in daily total PPFD above the forest with increasing cloud depth at all times 

of the year (Fig. 7.33). However, in a similar manner to the gap simulations shown in 

Fig. 4.8, on June 22 daily total PPFD is higher within all six gap types under 

cirrostratus and altostratus cloud than under cloudless skies because of higher levsls of 

diffuse radiation, and on December 22 daily total PPFD is higher within these gaps 

under cloudless skies than under the three cloud types (Fig. 7.33). 

The seven graphs shown in Fig. 7.33 also emphasise absolute differences in light 

availability among the six gap types over the year. For example, on December 22 

daily total PPFD in the large circular gap under cloudless skies is lo8-times higher 

than that in the large elliptical east-west gap, lo6-times higher than that in the 

large elliptical north-south gap, 2.5-times higher than that in the small circular gap, 

5-times higher than that in the small elliptical east-west gap, and 3.3-times higher 

than that in the small elliptical north-south gap. In comparison, on June 22 daily total 

PPFD in the large circular gap under cloudless skies is about 2.5-times higher than that 

in either the large elliptical east-west or large elliptical north-south gaps, 3.7-times 

higher than that in the small circular gap, 4.2-times higher than that in the small 

elliptical east-west gap, and 3.4-times than that in the small elliptical north-south 

gap. 

The photoelectric measurements have shown that the percentage of daily total 

PPFD within the small elliptical north-south gap (Plate 7.5) under sunny conditions 

ranged from 9.6 to 18.1 % in January and from 3.4 to 4.1 % in July (Table 7.10). Similarly, 

the total site factors for this gap, estimated from the fisheye photograph, were 17.0% 

for January 22 and 5.6% for July 22. At the centre of the small circular gap (Plate 7.4), 

the percentage of daily total PPFD under sunny conditions ranged from 13.6 to 19.7% in 

January and from 2.4 to 5.1% in July (Table 7.11). Likewise, total site factors for this 

gap were 19.6% for January 22 and 5.2% for July 22. Hence, there is an acceptable 

agreement between relative daily PPPD levels obtained from photoelectric 

measurements within these two gaps under natural conditions, and total site factors 

obtained from analysis of fisheye photographs of the same gaps. 
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Figure 7.33. Daily total photosynthetic photon flux density (PPFD) (mol m-2 per 
day) under cloudless skies, and cirrostratus, altostratus and stratus cloud types 
above the forest canopy and at the centre of six contrasting treefall gaps within 
several rainforest types in northeast Queensland (refer to text for location 
details). Daily total PPFDs are given for solar declinations approximately equal 
to the 22nd day of each month. 
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7.3.3 Rainforest-Open Forest Boundary (Ecotone) Light Regimes 

The results presented thus far have focused exclusively on the temporal and spatial 

distribution of irradiance and PPFD within characteristic micro-environments in 

rainforests. It is now widely recognised that understanding boundary dynamics 

between rainforest and open forest is a pre-requisite for the successful management of 

remaining patches of rainforest in many places in northeast Queensland. Much of the 

research into aspects of this boundary has focussed on the role of fire in controlling the 

expansion or contraction of rainforest. Moreover, there is little doubt that light 

availability to seedlings and saplings in the transition zone (ecotone) between 

rainforest and open forest is another critical factor controlling boundary dynamics. 

However, apart from a few spot measurements made by Duff (1987) there are no 

published studies examining the light regimes across this important transition zone. 

As stated in Section 6.4.3, three 50-m transects were established across the 

rainforest-open forest boundary at Kirrama (Fig. 5.7) and fisheye photographs were 

taken at 5-m intervals along each transect. However, statistical analyses have shown 

that there are no significant differences (F-test, P > 0.05) in direct and diffuse site 

factors among the three transects, and it is therefore possible to pool data from the 10 

photosites along each transect into a single combined transect. 

Table 7.19 summarises results of various descriptive statistics applied to diffuse, 

direct and site factors for the five vegetation zones across the rainforest-open forest 

boundary at Kirrama (Fig. 5.7). Fisheye photographs of sites representing the open 

forest (zone A), ecotone (zone C) and mature rainforest (zone E) are shown in Plates 7.8, 

7.9 and 7.10, respectively. The results in Table 7.19 demonstrate a marked decrease in 

diffuse and direct site factors (and hence total site factors) across the boundary from 

open forest to rainforest. The coefficients of variation are highest in the dynamic 

transition zone between tall open forest and young rainforest (zone C), and this result 

may be attributed to the corresponding complexity of vegetation in this zone (Fig. 5.7). 

The effects of canopy cover on the red to far-red (R:FR) ratio is demonstrated by 

the mean yearly values shown in Table 7.19. Because these R:FR ratios were estimated 

using the same method as those given earlier for rainforest understoreys (Figs. 7.31 and 

7.32) and treefall gaps (Table 7.18), it is possible to make comparative evaluations 

among micro-environments. It would appear that the mean R:FR ratio in the ecotone 

(zone C, Table 7.19) falls within the range exhibited by the treefall gaps shown in 

Table 7.18, with the exception of the large circular gap which has a R:FR ratio similar 

to those found in the tall open forest (zone B) and open forest (zone A). Likewise, the 

mean R:FR ratios in the young and mature rainforest (zones D and E) are similar to 

those found in the Curtain Fig understorey before the cyclone (Fig. 7.31) and the Pine 



Vegetation 
zone 

(A) 
Open 
forest 

(B) 
Tall open 
forest 

Diffuse site factor (%) 
mean±l SO 

(range) 
coefficient of variation 

66.4±6.3 
(59.3-75.9) 
9.5% 

53.8±18.5 
(18.5-73.7) 
34.4% 

Direct site factor (%) 
mean±lSD 

(range) 
coefficient of variation 

38.3±14.2 
02.6-66.5) 
37.1% 

29.5±19.8 
(2.3-66.8) 
67.1% 

Total site factor (%) 
mean±l SD 

(range) 
coefficient of variation 

45.1±11.1 
(25.7-68.1) 
24.6% 

35.4±18.4 
(6.8-68.3) 
52.0% 

Mean 
Red to Far-Red 

(R:FR) 
Ratio 

1.33 

1.23 

(C) 27.4±19.8 12.5±16.0 16.0±16.5 
Tall open forest (7.5-67.0) (0.3-57.7) (2.4-59.6) 0.92 
(rainforest under) 72.3% 128.0% 103.0% 

(D) 
Young 
rainforest 

(E) 
Mature 
rainforest 

10.4±3.3 3.0±2.6 4.7±2.5 
(6.1-15.2) (0.2-10.1) (1.8-10.5) 0.53 
31.7% 86.7% 53.2% 

9.8±4.2 2.9±2.6 4.5±2.6 
(5.3-18.0) (0.1-9.9) 0.6-10.6) 0.52 
42.9% 89.7% 57.8% 

Table 7.19. Annual average values of diffuse, direct and total site factors (%) and red to far-red 
(R:FR) ratios obtained from 30 hemispherical (fisheye) photographs taken at 5-m intervals along 
three 50-m transects across the open forest-rainforest boundary (ecotone) at Kirrama, northeast 
Queensland. Site factors are given for the four vegetation zones identified across the boundary. The 
R:FR ratios were estimated using Eqn 7.3.1. 

N 
1.0 
W 
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Plate 7.8. A hemispherical (fisheye) canopy photograph taken at a 
representative site within the open forest (zone A) at Kirrama, northeast 
Queensland. The diffuse site factor for the site was 59.3% when photographed in 
August 1986. 



295 

Plate 7.9. A hemispherical (fisheye) canopy photograph taken at a 
representative site within the open forest-rainforest boundary (zone C) at 
Kirrama, northeast Queensland. The diffuse site factor for the site was 18.5% 
when photographed in August 1986. 
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Plate 7.10. A hemispherical (fisheye) canopy photograph taken at a 
representative site within the mature rainforest (zone E) at Kirrama, northeast 
Queensland. The diffuse site factor for the site was 9.0% when photographed in 
August 1986. 
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Creek understorey (Fig. 7.32). Perhaps the most significant result is that total site 

factors and R:FR ratios in the ecotone (zone C) are similar to those found in treefall 

gaps (Table 7.18). 

Fig. 7.34 shows potential (cloudless-sky) diffuse, direct and total PPFD (mol m-2 

per day) across the open forest - rainforest boundary at Kirrama on the 22nd day of 

each month. To place the daily PPFDs into context, the five vegetation zones shown in 

Fig. 5.7 are indicated on the line graphs. Seasonal variations in the availability of 

direct and diffuse light are apparent across this boundary. Specifically, during the 

summer (high solar) half of the year (September-March) direct PPFD declines semi

exponentially across the boundary, while in the winter (low solar) half of the year 

(April-August), the decline is more linear. On the other hand, the decline in diffuse 

PPFD across the boundary appears to be linear throughout the year. Hence, in a 

similar manner to the light regime found in tree fall gaps, there are distinct seasonal 

changes in the availability of direct PPFD across the open forest-rainforest boundary 

at northeast Queensland latitudes (13-19° S.). For example, mean daily direct PPFD in 

the ecotone (zone C) on December 22 is almost 6-times higher than that in the ecotone 

on June 22 (Fig. 7.34). 

Furthermore, seasonal effects are particularly noticeable for the open forest 

(zones A and B, Fig. 7.34), where relative direct PPFD levels are about 50 to 60% full 

sun on November 22/January 22 compared to only 20 to 25% full sun on June 22. However, 

in the rainforest understorey the seasonal differences in the penetration of direct PPFD 

are less significant. 

Although marked seasonal changes are evident across the open forest-rainforest 

boundary under cloudless skies (Fig. 7.34), these changes are considerably smaller under 

stratus cloud conditions (Fig. 7.35). For example, mean daily total PPFD in the ecotone 

(zone C) on December 22 is only 1.5-times higher than that in the ecotone on June 22 

(Fig. 7.35). Nonetheless, Figs. 7.34 and 7.35 aim to demonstrate, respectively, the 

highest and lowest levels of light availability across the boundary, with average 

conditions likely to fall somewhere between these two extremes. 

7.4 SUMMARY 

This chapter has provided a detailed evaluation of temporal and spatial distributions 

of solar radiation above and beneath some northeast Queensland rainforests. Results of 

field investigations were presented in three main sections. 

First, daily irradiation and photosynthetic photon flux density (PPFD) were 

examined at three sites in the wet tropics region - Atherton, Topaz and EI-Arish. It 
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Figure 7.34. Potential (cloudless sky) daily direct, diffuse and total 
photosynthetic photon flux density (PPFD) (mol m-2 per day) at 5-m intervals 
across the open forest-rainforest boundary at Kirrama, northeast Queensland. 
Daily integrals are given for solar declinations approximately equal to the 22nd 
day of each month. The five vegetation zones shown in Fig. 5.7 are superimposed 
for reference. 
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Figure 7.35. Daily total photosynthetic photon flux density (PPFD) (mol m-2 per 
day) under stratus cloud conditions at 5-m intervals across the open forest
rainforest boundary at Kirrama, northeast Queensland. Daily integrals are given 
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five vegetation zones shown in Fig. 5.7 are superimposed for reference. 
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was found that annual average solar radiation was highest at Atherton (6639 MJ m-2), 

the driest site, followed by Topaz (6055 MJ m-2) and EI-Arish (5665 MJ m-2), 

respectively. Annual average values for these three sites compared closely with a nine 

year annual average of 5800 MJ m-2 at Pin Gin Hill, which is also located in the wet 

tropics region. Both Atherton and Topaz experienced their highest monthly average 

solar radiation levels in the pre-monsoon months of September-December, with El

Arish experiencing similar levels throughout the summer months of September-March. 

In the second section, diurnal variations in irradiance and PPPD above and 

beneath several northeast Queensland rainforest canopies were examined. The results 

presented in this section attempted to account for variations in irradiance and PPPD 

over time and space by considering variability among characteristic micro

environments, such as canopy, gap and understorey, and then variability within these 

micro-environments themselves. The micro-environments investigated provide a 

reasonable representation of the range of light regimes found in rainforests: the 

understorey illustrates the generally low light conditions prevalent beneath a closed 

canopy where only extremely shade-tolerant species can survive; the small treefall 

gaps are fairly typical of the light regimes created by the death or forced toppling of a 

single tree; and above the forest is representative of the light conditions experienced 

by emergents in the .upper canopy. 

On the basis of detailed field measurements within several rainforest types, the 

following generalisations were made: (1) in summer irradiance levels above 

rainforests are, on average, 33-times higher than levels in understoreys and 6-times 

higher than levels in small treefall gaps; (2) in summer PPFD levels above rainforests 

are, on average, 70-times higher than levels in understoreys and 7-times higher than 

levels in small treefall gaps; (3) in winter irradiance levels above rainforests are, on 

average, 16-times higher than levels in understoreys and IS-times higher than levels 

in small treefall gaps; (4) in winter PPPD levels above rainforests are, on average, 79-

times higher than levels in understoreys and 26-times higher than levels in small 

treefall gaps; (5) in summer median radiant flux densities within understoreys and 

small treefall gaps ranged from 13.5-26.3 W m-2 and 35.9-43.1 W m-2, respectively; (6) 

in summer median PPFDs within understoreys and small treefall gaps ranged from 

10.6-13.5 Jl mol m-2 s-l and 25.8-43.9 Jl mol m-2 s-l, respectively; (7) in winter median 

radiant flux densities within understoreys and small treefall gaps ranged from 18.0-

33.2 W m-2 and 23.1-40.7 W m-2, respectively; (8) in winter median PPFDs within 

understoreys and small treefall gaps ranged from 10.0-17.4 Jl mol m-2 s-l and 23.4-39.2 Jl 

mol m-2 s-l, respectively; (9) the highest lO-min average irradiance reading recorded 

in the understorey was 238.4 W m-2; (10) the highest 10-min average PPPD reading 

recorded in the understorey was 442.6 Jl mol m-2 s-l; (11) the highest 10-sec 
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instantaneous PPFD reading (sunfleck) recorded in the understorey was 794.2 ~ mol m-2 

s-l; (12) mean daily total irradiation within small treefall gaps represents about 18% 

of that available above the rainforest in summer and 6% available above the 

rainforest in winter; (13) mean daily total PPFD within small treefall gaps represents 

about 14% of that available above the rainforest in summer and 4% available above 

the rainforest in winter; (14) mean daily total irradiation within most understoreys 

represents about 3-5% of that available above the rainforest throughout the year; (15) 

mean daily total PPFD within most understoreys represents about 1-2% of that 

available above the rainforest throughout the year; (16) the frequency distributions 

of irradiance and PPFD within small gaps and understoreys, with few exceptions, have 

moderate to high degrees of positive skewness and kurtosis; (17) on the basis of 10-min 

average readings sunflecks represent 0-24.5% of the radiant flux densities and 0-8.3% 

of the PPFDs reaching the understorey throughout the year, but in absolute terms they 

account, respectively, for 0-53.1 % and 0-35% of the daily total irradiation and PPFD 

within the understorey; (18) on the basis of 10-sec instantaneous PPFD readings 

sunflecks represent about 10% of PPFDs reaching the understorey in summer, but in 

absolute terms account for about 70% of the daily total PPFD within the understorey; 

(19) on the basis of 10-min average readings sunflecks represent 35-40% of the radiant 

flux densities and 23-60% of the PPFDs within treefall gaps in summer, but in absolute 

terms they account, respectively, for 77-84% and 73-91 % of the daily total irradiation 

and PPFD within tree fall gaps at this time of year; and (20) on the basis of 10-min 

average readings sun flecks represent 4-34% of the radiant flux densities and 0-40% of 

the PPFDs within treefall gaps in winter, but in absolute terms they account, 

respectively, for 10-54% and 0-57% of the daily total irradiation and PPFD within 

tree fall gaps at this time of year. 

In the third and final section, seasonal variations in daily PPFD above and 

beneath several northeast Queensland rainforest canopies were examined. The results 

presented in this section are considered as the first attempt to model light 

availability within rainforest understoreys and gaps, and across the rainforest-open 

forest boundary under a range of sky conditions. 

The availability of light within the understorey of an upland tropical 

rainforest before and immediately after a tropical cyclone was examined first and the 

following generalisations were made: (1) direct, diffuse and total site factors and red 

to far-red (R:FR) ratios increased significantly as a result of the slight-to-moderate 

canopy disturbance caused by the cyclone; (2) on the basis of estimates for the 22nd day 

of each month, mean daily total PPFD in the understorey under cloudless skies ranged 

from 1.3-2.8 mol m-2 per day before the cyclone and from 3.2-6.9 mol m-2 per day 

immediately after the cyclone, representing a 2- to 3-fold increase; (3) on the basis of 
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estimates for the 22nd day of each month, mean daily total PPFD in the understorey 

under stratus cloud ranged from 0.97-1.6 mol m-2 per day before the cyclone and from 2.1-

3.4 mol m-2 per day immediately after the cylone, representing a 2-fold increase; (4) 

median red to far-red (R:FR) ratios over the year within the understorey ranged from 

0.38-0.45 before the cyclone and from 0.78-0.94 immediately after the cyclone, 

representing a 2-fold increase; and (5) seasonal differences in the availability of light 

within the understorey were more significant after the cyclone than before, and this 

result was attributed to the increase in the size and number of canopy openings between 

60 and 90° above the horizon that occurred as a result of the cyclone. 

Understorey light regimes were also examined within a lowland rainforest using 

the same fisheye canopy photography technique and the following generalisations 

were made: (1) the almost continuous sub-canopy layer of fan palms has a strong effect 

on light penetration into the understorey; (2) on the basis of estimates for the 22nd day 

of each month, mean daily total PPFD in the understorey ranged from 1.7-3.2 mol m-2 

per day under cloudless skies and from 1.2-1.9 mol m-2 per day under stratus cloud; (3) 

median red to far-red (R:FR) ratios over the year within the understorey ranged from 

0.44-0.55; and (4) seasonal differences in the availability of light within the 

understorey, particularly under sunny conditions, were less significant in this rainforest 

compared with the upland rainforest. This result was attributed to the almost 

continuous horizontal layer of fan palm leaves which prevent the penetration of direct 

light into the forest when solar angles are greater than about 60°. 

Given the importance of treefall gaps as sites for regeneration of most rainforest 

canopy trees, a range of gaps of varying sizes and configurations were examined using 

the fisheye photography technique and the following generalisations were made: (1) 

the yearly range of direct site factors was more extreme in elliptical gaps orientated 

east-west than those found in the exact same gaps orientated north-south; (2) mean 

annual diffuse site factors ranged from 17.8% for a small elliptical gap to 54.1 % for a 

large circular gap; (3) mean annual direct site factors ranged from 9.9% for the small 

elliptical gap orientated north-south to 37.4% for the large circular gap; (4) mean 

annual R:FR ratios ranged from 0.78 for the small elliptical gap orientated north-south 

to 1.25 for the large circular gap; (5) the mean annual R:FR ratio for the large circular 

gap was about 3-times higher than that within the understorey of the same forest type 

before the cyclone, while the mean annual R:FR ratio within the small elliptical 

north-south orientated gap was about 2-times higher than that within the understorey 

of the same forest type before the cyclone; (6) there are strong seasonal differences in 

light availability within a wide-range of treefall gaps in northeast Queensland: on 

the basis of estimates for the 22nd day of each month, daily total PPFD at the centre of 

the large circular gap ranged from 10-40 mol m-2 per day under cloudless skies and from 
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7-13 mol m-2 per day under stratus cloud, while daily total PPFD at the centre of the 

small elliptical gap orientated north-south ranged from 2.8-13 mol m-2 per day under 

cloudless skies and from 2.2-4.0 mol m-2 per day under stratus cloud; (7) there are also 

strong seasonal differences in R:FR ratios within these treefall gaps: on the basis of 

estimates for the 22nd day of each month, the R:FR ratio at the centre of the large 

circular gap ranged from 1.03-1.45, while the R:FR ratio at the centre of the small 

elliptical gap orientated north-south ranged from 0.61-0.97; and (8) it was shown that 

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

treefall gaps analysed and this undoubtedly controls the microclimate and hence the 

ecophysiology of plants growing within these treefall gaps. 

Seasonal changes in light availability across the open forest-rainforest 

boundary were also examined using the fisheye photography method and the 

following generalisations were made: (1) mean annual diffuse site factors decreased 

from 66.4% in the open forest to 27.4% in the ecotone and then to 9.8% in the mature 

rainforest; (2) mean annual direct site factors decreased from 38.3% in the open forest 

to 12.5% in the ecotone and then to 2.9% in the mature rainforest; (3) mean annual 

R:FR ratios decreased from 1.33 in the open forest to 0.92 in the ecotone and then to 0.52 

in the mature rainforest; (4) total site factors and R:FR ratios within the ecotone are 

very similar to those found within small treefall gaps, and this result has important 

implications for the ecophysiology of plants growing in the ecotone; (5) under cloudless 

skies direct PPFD declined semi-exponentially across the boundary during the summer 

half of the year (September-March) and linearly during the winter half of the year 

(April-August), while diffuse PPFD declined linearly across the boundary throughout 

the year; (6) there were strong seasonal differences in light availability within the 

five vegetation zones across the open forest-rainforest boundary under cloudless skies: 

on the basis of estimates for the 22nd day of each month, daily total PPFD ranged from 

14-38 mol m-2 per day in the open forest, from 8-18 mol m-2 per day in the ecotone, and 

from 1.8-4.0 mol m-2 per day in the mature rainforest; and (7) there were small 

seasonal differences in light availability within the five vegetation zones across the 

boundary under stratus cloud: on the basis of estimates for the 22nd day of each month, 

daily total PPFD ranged from 9-14 mol m-2 per day in the open forest, from 5-8 mol m-2 

per day in the ecotone, and from 1.5-2.1 mol m-2 per day in the mature rainforest. 

The results presented in this chapter have numerous outputs towards improving 

our knowledge and understanding of tropical rainforest regeneration following natural 

and human disturbance. There are also implications for reforestation of disturbed sites 

such as road cuttings and open-cast mines, by planting tree species better suited to the 

prevailing light conditions. And finally, there are implications for the conservation 

and management of remaining rainforest in northeast Queensland, as a substantial 
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portion occurs as small, isolated patches. These implications will be discussed further 

in the next chapter. 
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CHAPTERS 

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

The primary purpose of this chapter is 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. To achieve this objective, the 

chapter will be presented in four main sections: (1) a comparative evaluation of 

understorey light environments in tropical rainforests; (2) a comparative evaluation of 

treefall gap light environments in tropical rainforests; (3) light environments within 

montane tropical rainforest in northeast Queensland; and (4) light environments across 

the open forest-rainforest boundary in northeast Queensland. 

8.1 A COMPARATIVE EVALUATION OF UNDERSTOREY LIGHT 

ENVIRONMENTS IN TROPICAL RAINFORESTS 

A number of generalisations about light environments within rainforest understoreys 

were made in the earlier review of the literature. It was found that both PPFD and 

irradiance within rainforest understoreys are highly variable over time and space. It 

was shown that daily total PPFD in most tropical rainforest understoreys ranges from 

0.5 to 3.0% of that above the forest, while daily total irradiation in most understoreys 

ranges from 1.0 to 5.0% of that above the forest. In addition, it was determined that 

most sunflecks last less than 2-min and their intensity varies from 50 to 500 11 mol m-2 

s-l, depending on sky conditions and overstorey canopy structure, and in most 

understoreys sunflecks contribute 40 to 80% of the daily total PPFD and irradiation 

under sunny conditions. 

Two research hypotheses were developed in regard to understorey light 

environments in northeast Queensland rainforests: 

(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; and 
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(2) In comparison to equatorial rainforests, sunflecks represent a less significant portion 

of the daily total radiation in the understoreys of northeast Queensland rainforests 

because of the cloudy trade-wind coast climate. 

It was originally suggested that prevalent cloud cover associated with the 

almost constant southeast trade flow and resultant uplift along the eastern highlands 

would be expected to reduce the incidence of sunflecks in the understorey, but the lower 

canopy density would facilitate higher levels of background diffuse radiation in the 

understorey. In other words, a lower incidence of sunflecks in the understorey of 

northeast Queensland rainforests would be compensated for by higher levels of diffuse 

radiation. 

Table 8.1 compares understorey light environments within lowland, upland and 

montane rainforests in northeast Queensland with tropical and subtropical rainforests 

elsewhere. It would appear that the first hypothesis, cited above, should be accepted 

in part because relative irradiance levels in the understoreys of the various northeast 

Queensland rainforests are higher, on average, than those published for other 

rainforest understoreys (Table 8.1). However, the very low percentage transmission for 

irradiance reported by Bjorkman and Ludlow (1972) in a southeast Queensland 

rainforest represents the most extreme shade microsite in that forest, and should not be 

considered as typical of understorey light conditions for the forest as a whole. 

Nonetheless, across a wide-range of understorey micro sites in Costa Rican and 

Panamanian rainforests, Lee (1987) found mean percentage transmission values for 

irradiance that are consistently lower than the mean values given for northeast 

Queensland rainforest understoreys (Table 8.1). In addition, at least two other 

researchers have reported mean percentage transmission values for irradiance that are 

lower than those given in Table 8.1 for this study: 1.2% for Amazonian lowland 

rainforest (Shuttleworth et al., 1984 a); and 3.0% for Nigerian lowland rainforest 

(Ghuman and Lal, 1987). Moreover, only one study, at the time of writing this thesis, 

has published a mean percentage transmission value for irradiance in a tropical 

rainforest that is similar to the range given in Table 8.1 for northeast Queensland 

rainforests: 5.0% for an upper montane rainforest in Jamaica (Aylett, 1985). In fact, the 

range of percentage transmission values for irradiance reported for rainforest 

understoreys in this study are closer to the range of 4 to 17% reported for temperate 

broadleaf and coniferous forest understoreys (Trapp, 1938; Nageli, 1940; Shirley, 1945; 

Vezina and Pech, 1964; Gay et al., 1971; Turton, 1985). 

Although there is some evidence in support of accepting the first hypothesis in 

the case of irradiance measurements, it would appear that it should be rejected in the 

case of PPFD measurements. As shown in Table 8.1, relative PPFD levels in the 



Location Mean percent Mean pereant Mean total Mean total Maximum Percent of Percent of Mean red to Reference 
(Latitude) transmission transmission daily irradiation daily PPFD intensity of daily total daily total far-red 

of irradiance of PPFD (range) (range) sunflecks irradiation PPFD (R:FR) ratio 

(range) (range) MJ m-2 /day mol m-2 /day Il. mol m- 2 s-1 can tri bu ted contributed (range) 
by sunflecks by sunflecks 

Curtain Fig (upland) 4.7 1.5 1.00 0.65 442.6 0.29 ## 
(17" 17' 5.) (2.8-6.5) (1.2-1.8) (0.76-1.23) (0.4 7-0.82) «20) 2-14 5-21 (0.26-0.32) This study 

Curtain Fig (upland) 3.0 0.99 <250 0.42 ## 
(17" 17' 5.) (0.4 7-1.50) 10-20) 12-65 Pearcy (1987) 

Curtain Fig (upland) 3.3 2.1 0.44 ## 
(17" 17' 5.) # (2.7-3.8) (1.3-2.8) 32-61 (0.39-0.4 7) This study 
(pre-cyclone) 

Curtain Fig (upland) 8.5 5.3 0.70 ## 
(170 17' 5.) # (6.7-10.0) (3.2-6.9) 39-68 (0.63-0.76) This study 
(post-cyclone) 

Pine Creek (lowland) 8.3 1.4 
(16" 59' 5.) (6.2-10.4) (1.08-1.83) 31-53 This study 

Pine Creek (lowland) 4.1 2.5 0.49 ## 
(160 59' 5.) # (3.7-4.5) (1.7-3.2) 38-61 (0.47-0.52) This study W 

0 
--:t 

Mt Bellenden Ker 
(montane) (17" 17' 5.) 7.9 2.5 1.3 0.81 60.3 

«35) 29 6 0.38 ## This study 

SE Queensland (upland) 2.9 0.5 0.35 0.21 350 0.18 ## Bjorkman & 
(28" 15' S.) (2.5-3.2) (0.4-1.1 ) (0.16-0.53) (0.15-0.24) (15) 11 62 (0.17-0.25) Ludlow (1972) 

Oahu, Hawaii (upland) 2.4 0.86 410 0.37 ## 
(21 0 30' N.) (1.5-3.8) (0.55-1.38) (10-30) 40 (0.29-0.47) Pearcy (1 983) 

.--.-------
# based on estimates derived from fisheye photographs 
## R:FR estimated using Eqn 7.3.1 

Table 8.1. A comparative summary of understorey light environments within tropical and 
subtropical rainforests. Note definitions of sunfleck activity are specific to each study. 



Location Mean percent Mean percent Mean total Mean total Maximum Percent of Percent of Mean red to Reference 
(Latitude) transmission transmission daily irradiation daily PPFD intensity of daily total daily total far-red 

of irradiance ofPPFD (range) (range) sunflecks irradiation PPFD (R:FR) ratio 

(range) (range) MJ m-2 /day mol m-2 /day Il. mol m-2 s-l contributed contributed (range) 
by sunflecks by sunflecks 

La Selva, Costa Rica 1.5 0.32 ca. 500 0.29 ## Chazdon & 

(lowland) (100 26' N.) (1 - 2) (0.18-0.55) «20) 10-78 (0.24-0.34) Fetcher (1984) 

La Selva, Costa Rica 2.8 1.2 468.8 0.40 
(lowland) (100 26' N.) (0.1-3.8) (36.2) (0.13-0.47) Lee (1987) 

~ B. C. I., Panama 3.8 1.5 307.2 0.35 

~ (lowland) (90 9' N.) (0.2-3.6) (44.7) (0.14-0.46) Lee (1987) -nI 
00 Thana Dis!., India 10 3.6 1430 

t--' (lowland) (19° 31' N.) (6-15) (2.2-5.3) 15-66 0.30 Lee (1989) 
,..... 
Q Sumatra, Indonesia 0.68 0.21 0.20 ## 

=' (lowland) (1° 5' S.) (0.25-1.04) (0.05-0.37) (0.15-0.25) Torquebiau (1988) 

a. 
=' Los Tuxlas, Mexico cited in 
!: a (lowland) (180 34' S.) 16-44 Chazdon (1984) 

~ W 
Southern Nigeria 0 
(lowland) (6° 15' N.) 70 Evans (1956) ex:> 

Bukit Res., Singapore Whitmore & 

(lowland) (1° 18' N.) 50 Wong (1959) 

Ecuador (lowland) Grubb & 

(approx. 3 0 S.) 60 Whitmore (1967) 

## R:FR estimated using Eqn 7.3.1 
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understoreys of upland and montane rainforests in northeast Queensland are similar to 

those published for other rainforest understoreys. For example, the mean percentage 

transmission for PPFD in the Curtain Fig understorey is within the range reported for 

Costa Rican and Panamanian rainforests (Table 8.1). An examination of site details 

reveals that these forests are 20-40 m tall and hence they have relatively closed 

canopy conditions. However, Pearcy (1987) reported a higher mean percentage 

transmission for PPFD in the understorey of the Curtain Fig forest than the mean value 

obtained in this study. The reason for this difference is probably due to the fact that 

Pearcy's mean value is largely based on measurements made during the dry season 

(August-October), a period when cloud development is minimal because of weak 

southeast trades. Furthermore, the canopy is likely to be more open at this time 

because of the presence of some deciduous and semi-evergreen trees which exhibit 

heavy leaf fall at times of moisture stress (Tracey, 1982). On the other hand, the mean 

value given for the present study is based on measurements made in mid-January (wet 

season), and July (end of the wet) and it is therefore more typical of light conditions 

within this forest understorey. Likewise, the mean percentage transmission for PPFD 

in the Mt Bellenden Ker understorey is similar to that reported by Pearcy (1983) for the 

Hawaiian forest. Both these forests transmit a higher proportion of PPFD because 

they are only 10-20 m in height and hence have relatively open canopy conditions. 

For reasons stated above, the very low percentage transmission for PPFD given by 

Bjorkman and Ludlow (1972) is only representative of an extreme shade microsite in 

that forest. The very low percentage transmission for PPFD published by Torquebiau 

(1988) for the Sumatran rainforest understorey is also indicative of an extreme shade 

microsite in that forest and should not be considered as typical of understorey light 

conditions for the entire forest. Both studies emphasise the problem of only measuring 

light conditions at one site in the understorey of a complex rainforest. 

The range of daily total PPFDs in the Curtain Fig understorey over the year 

(Table 8.1) compare closely with those reported by Pearcy (1987) for the same forest. 

Likewise, mean daily PPFD in the Mt Bellenden Ker forest understorey is similar to 

that reported by Pearcy (1983) for the Hawaiian forest understorey. However, some of 

the results compared in Table 8.1 emphasise the problem of relative versus absolute 

measurements. For example, the mean percentage transmission of PPFD in the Curtain 

Fig understorey over the year is the same as the yearly mean given by Chazdon and 

Fetcher (1984) for the Costa Rican forest understorey; yet in absolute terms, mean daily 

total PPFD in the Curtain Fig understorey is over twice as much as that given for the 

Costa Rican forest understorey. Hence, in absolute terms daily total PPFDs within 

upland and montane rainforest understoreys in the study area are 2- to 5-times greater 
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than values reported for equatorial rainforests (Table 8.1) and are similar to that found 

in the Hawaiian rqinforest at a corresponding latitude. 

The literature review emphasised the importance of sunflecks to the energy and 

carbon balances of understorey plants. It was suggested that evapotranspiration rates 

experienced by understorey plants would be very low under most conditions because of 

the low levels of radiant energy experienced in the understorey. However, it is 

difficult to estimate transpiration rates in these plants because, as well as incident 

radiant energy, transpiration is also dependent on stomatal conductance, leaf size, leaf 

orientation, vapour pressure deficit and windspeed. In terms of the carbon balance, it 

was shown that tree saplings and herbs growing in shaded habitats have low light 

saturation and compensation points (Table 2.3), and consequently their quantum 

efficiencies are generally high. Furthermore, recent studies have shown that in most 

tropical rainforest understoreys, sunflecks contribute 32 to 60% of the daily carbon 

uptake in seedlings and saplings (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, b). Although sunflecks 

are important to the daily carbon gain in understorey rainforest plants, background 

diffuse (shade) light is generally above the light compensation points of understorey 

plants (1.7-6.3 ~ mol m-2 s-1, Table 2.3); research from a number of tropical rainforest 

understoreys has shown that diffuse PPFDs are mostly between 5 and 50 ~ mol m-2 s-1, 

depending on overstorey density and sky conditions. 

There are some problems with comparing the proportion of daily radia tion 

contributed by sunflecks shown in Table 8.1 because definitions of sun fleck activity are 

specific to each study. However, all the values shown for PPFD measurements are 

based on average readings over 5- or 10-min intervals and this permits a reliable 

comparison among the rainforests. Nonetheless, caution must be applied in the case of 

irradiance measurements because of the range of instruments and sampling rates used by 

various researchers. In addition, researchers are not consistent about what radiant and 

photon flux densities constitute a sunfleck; the definitions used in this thesis for 

irradiance (50 W m-2) and PPFD (50 ~ mol m-2 s-1) are similar to those used in recent 

studies in other forests (eg Pearcy, 1983, 1987; Chazdon and Fetcher, 1984; Chazdon, 

1986; Lee, 1987, 1989). 

It would appear from the comparisons made in Table 8.1, that the second 

hypothesis, cited above, should be accepted in part because sun flecks represent a less 

significant portion of the daily total radiation in the understoreys of upland and 

montane rainforests in the study area. Apart from the estimates derived from the 

fisheye photographs that tend to over-estimate direct PPFDs in the understorey, the 

percentages of daily total PPFD contributed by sunflecks in the Curtain Fig and Mt 
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Bellenden Ker understoreys range from 6-21 %; this compares with a range of 10-78% 

reported for the other rainforest understoreys shown in Table 8.1. Similarly, the 

percentages of daily total irradiation contributed by sun flecks in these forest 

understoreys range from 2-29% compared with 11-70% for rainforest understoreys 

elsewhere. The discrepancy between the range of values given in this study for the 

Curtain Fig forest (Table 8.1) and those reported by Pearcy (1987) for the same forest is 

due to the same factors described earlier. 

Further evidence that sunflecks playa less significant role in the carbon and 

energy balances of understorey plants in upland and montane rainforests is 

demonstrated by comparing frequency distributions of PPFD among forests. The highest 

lO-min average reading (sunfleck) recorded in the Curtain Fig understorey was 442.6 Il 

mol m-2 s-l, although most sunflecks were between 50 and 200 Il mol m-2 s-l (Fig. 7.11). 

This observation is supported by independent measurements made by Pearcy (1987) in 

the understorey of the same forest (Table 8.1), where he reported that most sun flecks 

were less than 250 Il mol m-2 s-l. In the same study, he also found that only 32% of the 

daily carbon gain in understorey tree seedlings was due to sunflecks. In some tropical 

rainforest understoreys (Table 2.3), sunflecks are responsible for up to 60% of the daily 

carbon gain in understorey plants under sunny conditions. Moreover, it would appear 

that sunflecks play an almost insignificant role in the energy and carbon balances 

within the Mt Bellenden Ker forest understorey because over the period of 

measurement, they never exceeded 751l mol m-2 s-l. The light environments within this 

montane tropical forest will be discussed further in Section 8.3. 

Herein lies the main difference between understorey light conditions in upland 

and montane rainforests in the study area and those elsewhere: because of the cloudy 

trade-wind coast climate (Gentilli, 1972), sunflecks are less intense in the Curtain Fig 

and Mt Bellenden Ker forests than those measured in other tropical rainforests. Leaf 

flutter due to the steady trade wind would also reduce the intensity and duration of 

sunflecks in the understoreys of these forests throughout most of the year. However, 

the frequency distributions of PPFD and irradiance appear to be more or less the same 

for all rainforests, exhibiting high degrees of positive skewness and kurtosis. In other 

words, diffuse PPFDs (ie intensities less than 50 Il mol m-2 s-l) typically contribute over 

90% of those found in the understorey over the course of a day (Bjorkman and Ludlow, 

1972; Pearcy, 1983, 1987; Chazdon and Fetcher, 1984; Chazdon, 1986; Lee, 1987; 

Oberbauer et al., 1988). 

Furthermore, it would appear that most diffuse PPFDs within the Curtain Fig 

understorey (Fig. 7.11) and Mt Bellenden Ker understorey (Fig. 7.15) are above the light 

compensation points reported thus far for understorey plants (Table 2.3), which implies 

that sunflecks are less critical for maintaining a positive carbon balance in plants 
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growing in these understoreys. By comparison, in deeply shaded closed-canopy sites in 

the Costa Rican rainforest described earlier, Chazdon (1986) found that where diffuse 

midday PPFD was below 5!l mol m-2 s-l, sun flecks provided the light energy needed to 

maintain the positive carbon balance. In the same study, it was shown for three species 

of understorey palms, that positive carbon gain occurred at daily total PPFDs greater 

than 0.20 mol m-2 per day. As shown in Table 8.1, mean daily total PPFD for rainforest 

understoreys examined in this study are well above this amount, ranging from 0.65-5.3 

mol m-2 per day; this compares with a range of 0.21-3.6 mol m-2 per day for rainforest 

understoreys elsewhere. 

In apparent contrast to upland and lowland rainforests in the study area, 

sunflecks appear to contribute a significant amount to the daily total irradiation in the 

understorey of the Pine Creek forest (Table 8.1) and, therefore, the second hypothesis 

should be rejected in the case of this lowland rainforest. Although 10-min average 

PPFD was not measured in the Pine Creek understorey, it is likely that sunflecks playa 

more important role in the annual carbon balance of this forest. This generalisation is 

based on the fact that radiant flux densities are much higher within this forest in July 

(Table 7.7 and Fig. 7.21) than those within the Curtain Fig forest at the same time of 

year (Table 7.8 and Fig. 7.23). On the basis of measurements of irradiance and PPFD 

made within the Curtain Fig forest, it is estimated that sunflecks contributed 40 to 60% 

of the daily total PPFD within the Pine Creek understorey in July. This range is 

similar to that reported by Pearcy (1983) for the understorey of the Hawaiian forest 

which has a similar stature (15-20 m) to the Pine Creek forest (Fig. 5.5). In the same 

forest, he also found that sunflecks were responsible for up to 60% of the carbon gain in 

understorey seedlings, almost twice as much as the figure given by Pearcy (1987) for 

understorey seedlings in the Curtain Fig forest during the dry season. 

In regard to light utilisation by understorey plants in the Curtain Fig and Mt 

Bellenden Ker forests it would appear that post-illumination C02 fixation, which 

allows for the equivalent of a few extra seconds of light-saturated photosynthesis 

following a sunfleck (Chazdon and Pearcy, 1986 a), may be less important in these 

understoreys because of the general lack of sun fleck activity, particularly during 

periods of prolonged cloudy weather. On the other hand, this process is likely to be 

more important to the total carbon gain of seedlings and saplings in the Pine Creek 

forest understorey because of the greater sunfleck activity in this forest. 

The literature review also made a few generalisations about the non

photosynthetic characteristics of understorey plants. It was shown that beneath dense 

rainforest canopies there are spectral changes which are of obvious physiological 

significance, notably the drastic reduction in red and blue wavebands. Research has 

demonstrated that light quality, as well as the quantity of light received by plants in 
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tropical rainforests, affects numerous life cycle factors, such as germination, 

establishment, growth, survivorship and reproduction (Figs. 2.6 and 2.7). Variations in 

light quality, and the red to far-red (R:FR) ratio in particular, appear to control the 

morphological characteristics of plants growing in the understorey. It was determined 

that beneath dense canopies, R:FR ratios are generally less than 0.5 and in open 

daylight they are typically greater than 1.0 (Smith and Morgan, 1981). 

Table 8.1 compares mean R:FR ratios for lowland, upland and montane rainforests 

in the study area with tropical and c:ubtropical rainforests elsewhere. With the 

exception of the Curtain Fig understorey after the cyclone, mean R:FR ratios for all the 

understoreys are less than 0.5, with the range of values confirming that the quantity of 

far-red light in the understorey can be 2- to 8-times that of red light. Such low R:FR 

ratios, together with generally low PPFDs, must affect growth and development 

processes in understorey seedlings and saplings within these rainforests. 

The pre- and post-cyclone light measurements for the understorey of the Curtain 

Fig forest (Table 8.1) provide a unique opportunity to discuss the likely effects of this 

kind of disturbance on the ecophysiology and dynamics of rainforests growing in regions 

affected by tropical cyclones; the most obvious and dramatic effect being the 

significant increase in direct, diffuse and total site factors and R:FR ratios as a result of 

the slight-to-moderate canopy disturbance caused by the cyclone (Table 7.12 and Fig. 

7.31). In absolute terms, it was shown that mean (potential) daily PPFD increased by 

60% within the understorey immediately after the cyclone (Table 7. 13). Such profound 

changes in both the quantity and spectral quality of light available to plants in the 

understorey would have important implications for the physiological and ecological 

processes shown in Fig. 2.6 and 2.7. The increase in sunfleck activity following the 

cyclone would immediately affect photosynthesis rates, stomatal responses, leaf 

temperature, seed germination and morphogenesis (Fig. 2.6). On the other hand, the 

general increase in light availablity in the understorey would affect plant growth, 

seedling establishment, morphology, survivorship and reproduction at the scale of 

weeks to months following the cyclone. However, over longer time scales (perhaps 

greater than 12-24 months), and assuming no further cyclone damage, one would expect 

canopy density (and hence understorey light conditions) to return more or less to the 

pre-cyclone state. 



314 

8.2 A COMPARATIVE EVALUATION OF TREEFALL GAP LIGHT 

ENVIRONMENTS WITHIN TROPICAL RAINFORESTS 

Light availability is undoubtedly the major limiting resource in tropical rainforest 

understoreys. As we have seen, the shaded understorey is noted for its dark, moist 

appearance interrupted by occasional sunflecks. Very few tree species are able to 

complete their life cycles in the shaded understorey; they rely instead on openings or 

gaps in the canopy as a means of receiving sufficient light for growth and reproduction 

(Denslow, 1987). 

As already discussed in the literature review, rainforest trees can be broadly 

classified into those that only regenerate in gaps (so-called large gap specialists or 

pioneer species) 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). Of the 700 plus tree species growing in northeast 

Queensland rainforests only 20 or so regenerate exclusively in large gaps or open areas 

(Thompson et al., 1988). The vast majority are able to grow, albeit slowly if not at all, 

in the understorey, but require a canopy gap to reach maturity. For this reason, it is now 

widely recognised that gaps caused by the death or forced toppling of a single tree or 

small group of trees are central to the function and structure of tropical rainforests. Yet, 

on average, only 1-2% of the canopy area is disturbed each year by treefalls (Denslow, 

1987; Whitmore, 1988). Many would argue that this small area is sufficient to 

maintain structural and floristic diversity in these forests. In other words, we should 

view a rainforest as a 'dynamic' ecosystem with tree fall gaps being constantly created 

by disturbances and filled-in by regrowth of seedlings and saplings from below and by 

canopy closure from above. 

However, it was concluded that, unlike rainforest understoreys, it is difficult to 

compare light measurements among treefall gaps because of the combined effect of 

factors such as latitude, time of year, slope angle and aspect, forest height and gap 

configuration. Consequently, two research hypotheses were developed in regard to 

treefall gap light environments in northeast Queensland rainforests: 

(1) 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; and 

(2) 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. 
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In formulating these hypotheses, it was suggested that it would be naive to consider 

only gap size and latitude as the main factors affecting gap light regimes and 

associated vegetation dynamics. The validation of these hypotheses has important 

implications for improving our knowledge and understanding of: rainforest regeneration 

in gaps and clearings following natural and human disturbance, rainforest management, 

plantation forestry practices, and reforestation of degraded areas such as mine sites 

and road cuttings. 

It is evident from the information summarised in Table 8.2, that quantitative 

data on irradiance and PPFD within treefall gaps in tropical rainforests is rather 

scant. Chazdon and Fetcher (1984) reported an annual mean percentage transmission of 

9% for a 200 m2 gap in the Costa Rican rainforest referred to in the previous section; 

this value compares well with the values shown in Table 8.2 for 100-130 m2 gaps in the 

Curtain Fig forest. It is also evident that there are considerable differences in relative 

irradiance and PPFD levels among apparently similar gaps, and this is most likely due 

to the various factors affecting light availability within gaps described above. 

Unfortunately, there are few studies examining seasonal changes in light 

availability within treefall gaps to compare with this study. However, there is some 

evidence in support of accepting the first hypothesis cited above. For example, within 

a 400 m2 gap in the Costa Rican rainforest described above, Chazdon and Fetcher (1984) 

found that the percentage transmission of PPFD ranged from 20 to 35% over the year; 

this compares with a yearly range of 11.9 to 45.4% for 200 m2 gaps in the Pine Creek 

forest, and 22.4 to 60.1% for a 500 m2 gap in the Wongabel forest (Table 8.1). 

Furthermore, computer simulations in Chapter 4 (Fig. 4.2) have demonstrated that 

seasonal changes in light availability across a range of gap sizes at 20° 5., a similar 

latitude to northeast Queensland, are greater than at the equator. It is not 

unreasonable to assume, therefore, that seasonal changes in light availability within 

small and large rainforest gaps at northeast Queensland latitudes are greater than 

those found within similar gaps at or near the equator. 

Despite the obvious problems in comparing treefall gap light regimes among the 

various rainforests shown in Table 8.2, it is clear that mean daily total irradiation and 

PPFD within these gaps are greater than values reported for adjacent understoreys 

(Table 8.1) and less than values experienced by canopy emergents. Consequently, as a 

result of the death or forced toppling of a single tree or small group of trees there is a 

dramatic change in both the quantity and spectral quality of light reaching the forest 

floor. The constant shade with random patches of direct light (sunflecks), that 

typifies light conditions in the understorey beneath an intact canopy, is suddenly 

replaced by a light regime that has more predictable diurnal and seasonal patterns. 



Location Mean percent Mean percent Mean total Mean total Mean irradiance Mean PPFD Mean red to Reference 
(Latitude) transmission transmission daily irradiation daily PPFD (range) (range) far-red 

of irradiance of PPFD (range) (range) Wm-2 fl. mol m- 2 s-1 (R:FR) ratio 

(range) (range) MJ m-2 /day mol m-2 /day (range) 

Curtain Fig (1 70 1 7' 5) 12.3 8.9 3.18 4.72 70.2 104.4 0.72 ## 

100-130 m2 gaps (5.9-18.6) (3.6-14.2) (1.02-5.33) (1.39-8.06) (0-1060.1 ) (0-2045.4) (0.46-0.88) This study 
(January and July) 

Curtain Fig (17" 17' 5) 36.5 12.6 

300 m2 gap, (0-2000.0) 1.24 ## Pearcy (1987) 
(October) 

Curtain Fig (170 17' 5) 11.3 8.6 0.80 ## 

100-130 m2 gaps # (5.5-26.2) (2.4-20.0) (0.57-1.11 ) This study 
(Full Year) 

Wongabel (170 17' 5) 37.2 25.4 1.25 ## 

500 m2 gap # (22.4-60.1 ) (10.2-40.3) (1.05-1.45) This study 
(Full Year) 

Pine Creek (160 59' 5) 23.0 12.7 1.06 ## W 

200 m2 gaps # (11.9-45.4) (5.3-30.2) (0.82-1.33) This study I---' 

(Full Year) 0\ 

Mt Bellenden Ker 
(17" 17' 5) 11.6 6.0 1.9 1.9 47.4 48.4 0.60 ## This study· 
150 m2 gap (0-161.6) (7.9-167.0) 

(June) 

La Selva, Costa Rica 27.5 7.2 166.0 1.13 ## Chazdon & 
(100 26' N.) (20.0-35.0) (3.9-13.6) (0-1100.0) (1.01-1. 23) Fetcher (1984) 

400 m2 gap 
(Wet & Dry seasons) 

# based on estimates derived from fisheye photographs 
## R:FR estimated using Eqn 7.3.1 

Table 8.2. A comparative summary of treefall gap light environments within tropical rainforests, 



Location Mean percent Mean percent Mean total Mean total Mean irradiance Mean PPFD Mean red to Reference 
(Latitude) transm iss ion transmission daily irradiation daily PPFD (range) (range) far-red 

of irradianca ofPPFD (range) (range) Wm-2 Il. mol m-2 s-l (R:FR) ratio 

(range) (range) MJ m-2 Iday mol m-2 /day (range) 

La Selva, Costa Rica 9.0 2.3 53.2 0.72 ## Chazdon & 

(100 26' N.) (1.5-3.1 ) (0-220.0) Fetcher (1984) 

200 m2 gap 
(Dry season) 

La Selva, Costa Rica 37.5 28.9 175.1 368.0 0.90 
(100 26' N.) unsp. gaps (4.1-90.0) (29.5-770.0) (44.4-1603.0) (0.59-1.25) Lee (1987) 

(April) 

B. C. I., Panama 75.5 67.6 418.0 994.8 1.15 
(go 9' N.) unsp. gaps (37.4-96.1 ) (158.6-702.0) (347.0-1730.0) (0.97-1.17) Lee (1987) 

(April) 

Sumatra, Indonesia 19.8 7.2 167.7 1.00 ## Torquebiau (1988) 
t-i (1" 5' S.) 
1\1 
0" 320 m2 gap (2 days) .... 
/I) 

00 Sumatra, Indonesia 3.0 1.1 25.3 0.42 ## Torquebiau (1988) 

~ (1" 5' S.) 

....... 320 m2 gap-edge (2 days) 

Q w 
::s La Selva, Costa Rica 3.1 I-' 
r+ (100 26' N.) (1.0-5.1 ) Chazdon (1986) -..J 
~. 

150 m2 gap 
/I) (Wet & Dry seasons) 0.-
-:-' 

La Selva, Costa Rica 1.1 
(100 26' N.) (0.8-1.4) Chazdon (1986) 

150 m2 gap-edge 
(Wet & Dry seasons) 

La Selva, Costa Rica 1.8 
(100 26' N.) (0.2-3.3) Chazdon (1986) 

200 m2 gap-edge 
(Wet & Dry seasons) 

La Selva, Costa Rica 2.6 
(100 26' N.) (0.6-4.6) Chazdon (1986) 

400 m2 gap-edge 
(Wet & Dry seasons) 

Penang, W. Malaysia 37.0 1.25 ## Raich (1989) 
(50 28' N.) 
100 m2 gap (10 mths) 

# based on estimates derived from fisheye photographs 
## R:FR estimated using Eqn 7.3.1 
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As shown in Table 8.2, a large range of radiant and photon flux densities are 

experienced within tree fall gaps, and like the understorey, the frequency distribution 

of light exhibits strong degrees of positive skewness and kurtosis (Figs. 7.12 and 7.13). 

As a rule, diffuse PPFDs (ie intensities less than 50 /J. mol m-2 s-l) contribute more than 

70% of those found in small gaps over the course of a day in tropical rainforests (Fig. 

7.13, this study; Chazdon and Fetcher, 1984; Chazdon, 1986). However, unlike the 

understorey, the direct light component in gaps consists of prolonged periods of 

unintercepted sunlight during the middle of the day, as well as the usual sunflecks at 

other times of the day. Superimposed over this diurnal light regime, there are 

seasonal changes in sun-earth geometry that affect the penetration of direct sunlight 

into these gaps. The gap light regime is further complicated by the configuration of 

the gap itself. Results of modelling light availability within treefall gaps (Table 

7.17) have shown that seasonal variations in direct light within small and large 

elliptical gaps that are orientated east-west are greater than those found for the exact 

same gaps orientated north-south. 

In addition to the dramatic increase in light quantity in the understorey 

following a treefall, there are important changes in the spectral quality of the light. 

As already discussed in the previous section, the red to far-red (R:FR) ratio is 

generally less than 0.5 within tropical rainforest understoreys (Table 8.1). Because 

many plant species have seeds that will not germinate until R:FR ratios are constantly 

high (Morgan and Smith, 1981), the creation of a gap by a treefall is vital for their 

survival as the canopy opening results in a significant increase in the proportion of red 

light reaching the forest floor. It can be seen in Table 8.2, that mean R:FR ratios for 

various treefall gaps range from 0.42 to 1.25 with an overall mean of 0.94; this 

compares with an overall mean of 0.37 for the rainforest understoreys shown in Table 

8.1. 

The literature review also emphasised the extreme microclimate conditions 

experienced by seedlings and saplings within large treefall gaps. During the middle of 

the day plants growing in these gaps experience radiant flux densities that are similar 

in intensity to those experienced by canopy emergents. Consequently, they have to 

contend with higher leaf temperatures and transpirational demands than plants 

growing in the understorey and small gaps. Few shade-tolerant tree species are 

capable of surviving the extreme conditions in large gaps; instead these gaps are 

colonised by shade-intolerant (pioneer) species that either grow fast or adjust 

physiologically to the profoundly altered microclimate (Fetcher et al., 1985). 

The large gap strategists (pioneers) are generally found in gaps that have 

average light levels in excess of 10-20% full sun (Schulz, 1960). Conversely, the small 

gap strategists (shade-tolerant tree species) prefer small gaps that have average light 
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levels less than 10% full sun. Accordingly, large gap strategists have high light 

compensation points and high rates of maximum (light saturated) photosynthesis, 

while small gap strategists have comparatively lower light compensation points and 

rates of maximum photosynthesis (Table 2.3). Consequently, an examination of the 

various gaps shown in Table 8.2 would suggest that large gap strategists are most likely 

to be found in gaps over 150 m2. 

Considerable changes in both the quantity and spectral composition of light 

available to dormant seeds, seedlings and saplings in the understorey following a 

treefall and subsequent creation of a canopy gap, will undoubtedly affect the 

physiological and ecological processes shown in Figs. 2.6 and 2.7. The sudden increase 

in diffuse, and particularly red-enriched direct light, would affect photosynthesis 

rates, stomatal responses, leaf temperature, seed germination and morphogenesis at 

time scales lasting from a few seconds to several hours. The general increase in light 

availability would also affect plant growth, seedling establishment, morphology, 

survivorship and reproduction at the scale of weeks to months. Finally, depending on 

the size of the original gap, the increased light availablity would affect phenology, 

leaf turnover, whole-plant growth, plant architecture and nutrient cycling at the scale 

of months to years (Fig. 2.6). 

As stated in Chapter 4, the results of Simulation 1 (Fig. 4.2, Appendix C: Tables 

C.l to C.7) emphasise the profound influence of latitude on solar radiation 

availability in rainforest gaps and clearings, particularly at higher latitudes 

Perhaps the most important finding in Simulation 1, is that at 40° S. there is 

theoretically no time of the day throughout the year, on a horizontal surface, when 

direct-beam irradiance reaches the centre of rainforest gaps with forest height to gap 

diameter (h:d) ratios greater than 1:1 (Fig. 4.2). In other words, if sun flecks are 

excluded for modelling purposes, then no direct light will ever reach the centre of 

small-to-Iarge single treefall gaps within rainforests at this latitude. Given the fact 

that single treefalls are the most common disturbance event in rainforests (Brokaw, 

1985) and the importance of direct light for physiological and ecological processes such 

as photosynthesis, morphogenesis, seed germination, survivorship and reproduction 

(Chazdon, 1988), it would appear that geographical location (latitude) is an 

undisputed limiting factor to rainforest function, particularly gap-phase dynamics. 

Consequently, the effect of latitude on light availability within small treefall gaps 

may explain the general decrease in regional rainforest diversity from tropical to 

temperate eastern Australia (Stocker, 1988). 

The results shown in Fig. 4.2 assume that latitude and the effective size of gaps, 

as determined by the forest height to gap diameter ratio, are the main factors 

controlling the availability of light in gaps. However, if light availability is the 
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main limiting resource in rainforests, then studies of gap environments and dynamics 

need to take into account the other factors affecting light availability within gaps. In 

particular, slope inclination, slope aspect and sky conditions are likely to influence 

light regimes within treefall gaps. The second hypothesis, cited above, was 

developed to test this proposal. 

The results of Simulations 2 and 3 (Figs. 4.4, 4.5 and 4.8, Appendix C: Tables C8 

to C28) provide substantial evidence for the acceptance of the second hypothesis. In 

particular, the results of Simulation 2 support the notion that slope inclination and 

aspect are more important to rainforest function at higher latitudes than at lower 

latitudes. It was demonstrated that a steep north-facing (equatorward) slope at 20° S. 

experiences relatively constant solar radiation conditions throughout the year, 

compared with a steep south-facing (poleward) slope at the same latitude (Fig. 4.4, 

Tables C8 to CI4). This has important implications for energy-balance processes, 

particularly evaporation and transpiration rates from the soil and vegetation located 

on these slopes (Oke, 1987). Plants growing on steep north-facing slopes at 20° S. have 

to contend with constantly high radiation levels, even during the winter months which 

at this latitude correspond, more often than not, with the dry season. On the other 

hand, plants growing on south-facing slopes at 20° S. have to contend with the highest 

radiation levels at the summer solstice because such slopes are inclined towards the sun 

at this time (Fig. 4.4). However, during the dry winter months south-facing slopes at 

this latitude are inclined away from the sun and consequently experience lower 

evapotranspiration rates. It would appear that there is a need for more meso-scale 

studies examining relationships between species composition and topography in the 

wet tropics region because the inventory surveys published to-date (eg Webb and 

Tracey, 1981; and Tracey, 1982) have considered mostly broad scale environmental 

gradients and interrelationships between species composition and climatic and edaphic 

factors. 

According to Oke (1987: 175), the naturally uneven configuration of the landscape 

produces a wide spectrum of microclimates, and these have important implications for 

other aspects of the physical environment, such as hydrologic and geomorphic 

processes; ultimately, plant and animal habitats are directly and indirectly affected, 

resulting in distinctly different assemblages of flora and fauna on slopes of different 

angle and aspect. In northeast Queensland, at a similar latitude to 20° S. (Fig. 4.4), it is 

not uncommon to find open sclerophyll (fire- and drought-resistant) forest growing on 

steep north-facing slopes and closed canopy rainforest on remaining slopes, presumably 

because of some of the factors described above. 

At 40° S., there are pronounced differences in solar radiation loadings between 

north- and south-facing slopes (Fig. 4.5, Tables C.15 to C.21). North-facing slopes 
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experience consistently higher radiation levels than south-facing slopes which are 

always inclined away from the sun, even at the summer solstice. A study by Aisenshtat 

(1966), examining the effects of topography on the surface energy balance of bare ground 

in the Turkestan Mountains (41° N.), showed that a 31 ° south-facing (equatorward) 

slope received almost 3-times more net radiation than a 33° north-facing (poleward) 

slope. It was shown, that the south-facing slope pumped more than 3-times as much 

sensible heat into its lower atmosphere; Oke (1987) maintains that such strong 

differential heating is likely to produce local slope winds. Although this study 

concerned energy-balance conditions above bare ground only, it nevertheless 

demonstrates the large differences in energy budgets likely to be found among differing 

slope aspects in the mid-to-high latitudes. 

The simulations have also shown, that at 40° S. direct radiation is unable to 

reach the centre of small-to-Iarge single treefall gaps (ie. h:d ratios greater than 1:1) 

in rainforests growing on horizontal and south-facing slopes (Fig. 4.5). However, at 

this latitude, small-to-Iarge single treefall gaps located in rainforest growing on 

north-facing slopes do experience some direct radiation during the summer months 

(September-March). This undoubtedly promotes forest regeneration within such gaps 

because of the paramount importance of direct light to physiological and ecological 

processes, such as photosynthesis, morphogenesis, seed germination, plant growth, 

survivorship and reproduction (Chazdon, 1988). 

The results of Simulation 3 (Fig. 4.5, Appendix C: Tables C.22 to C.28) have 

demonstrated the important effects of sky conditions on light regimes above and at the 

centre of rainforest gaps and clearings at 20° S. Some of these simulations have shown 

that plants growing within small gaps may benefit from increased background diffuse 

light under cloudy skies, but only in situations where direct light (sunflecks excepted) 

is unable to reach their leaf surfaces. 

The Sky-Canopy-Gap-Irradiance (SCANGIR) Model (Chapter 3) may be used to 

estimate diurnal and seasonal differences in the availability of diffuse and direct 

solar radiation within rainforest gaps and clearings for locations experiencing distinct 

macroclimatic cloud regimes. For example, because of the prevalent cloud cover 

experienced by montane tropical rainforests, the proportion of direct-beam radiation 

within large and small treefall gaps in these forests will be significantly lower than 

that found within similar treefall gaps in lowland tropical rainforests. In the next 

section, light regimes within montane tropical rainforests will be discussed in more 

detail. 

Accounting for diurnal and seasonal changes in cloudiness and subsequent effects 

on the availability of light, particularly direct light, within treefall gaps would 

have important implications for physiological and ecological processes over time (Fig. 



322 

2.6) and space (Fig. 2.7). For example, on a seasonal time scale, many tropical areas 

have distinct wet and dry seasons with corresponding levels of cloudiness. It has 

already been demonstrated for 20 humid tropical stations that seasonal variations in 

cloud cover affect total irradiation and sunshine duration at the earth's surface (Table 

3.3). Thus, if some index of cloudiness is available from standard meteorological 

measurements, such as estimates of proportion of cloud cover or number of raindays per 

month, then it should be possible to fine-tune the estimations of daily PPFD within 

rainforest understoreys and gaps obtained using the fisheye photography technique. 

Likewise, on a diurnal time scale, the SCANGIR Model can be used to simulate a 

range of sky conditions above a rainforest gap over the course of a day. For example, 

lowland tropical regions experience a distinct diurnal cloud regime, typically cloudless 

before solar noon followed by varying depths of cumulus cloud development in the 

afternoon. This would have implications for plants growing at particular locations 

within a gap; plants growing on the western-side of the gap would experience more 

direct light because of the generally cloudless sky conditions before midday, while 

those growing on the eastern-side of the gap would experience less direct light because 

of the cloud development in the afternoon. Furthermore, treefall gaps located on steep 

east-facing slopes would experience greater quantities of direct light than similar 

treefall gaps located on steep west-facing slopes. The internal heterogeneity of plant 

species found within treefall gaps in tropical rainforests (Denslow, 1987) may 

therefore be explained, in part, by the corresponding complexity of the internal gap 

light regime. Brandani et al. (1988), argue that the internal heterogeneity of gaps is 

probably one of the factors helping to maintain the high tree species richness 

characteristic of tropical rainforests. 

According to Mooney et al. (1980: 25), knowledge of the physiological ecology of 

tropical plants is essential to our understanding of the functioning and effective 

management of natural tropical ecosystems as well as plantation and agroforestry 

systems. This is concerned with determining how organisms acquire and allocate 

resources (light, water and nutrients) in specific environmental complexes. In a partial 

response to these proposals, this thesis has argued that light availability within 

understoreys of tropical rainforests is restricted to photosynthetically inactive shade 

light, interrupted by occasional high intensity, short-duration sunflecks, whose 

spectral composition is similar to the light above the forest. Research throughout the 

tropics has shown that very few rainforest tree species can grow and reproduce within 

the shaded understorey because of the generally low light levels. Over the past 

decade, researchers have demonstrated experimentally that treefall gaps are central 

to the functioning of tropical rainforests because of their role as sites for regeneration of 

most rainforest canopy trees (Denslow, 1987). Perhaps the most important finding to 
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arise out of this research is that the most useful tree species possess a high degree of 

shade tolerance. 

However, at the time of writing this thesis, only one researcher (Hartshorn, 

1989) has attempted to design a management system for tropical rainforests that 

capitalises on forest dynamics and gap dependency. His paper presents preliminary 

results from a study on the application of gap theory to forest management in the 

Peruvian Amazon; the aim being to manage heterogeneous tropical forests for sustained 

yield timber by harvesting narrow strip clear-cuts, which promotes natural 

regeneration of native tree species. The so-called Palcazu Forest Management Model 

involves clear-cut strips (30-40 m wide) rotated through a production unit on a 30-40 

year cycle. Hartshorn (1989: 568) claims that it is difficult to estimate how many tree 

species might be lost during subsequent rotations from production forest managed under 

the strip clear-cut system, but the loss certainly will be much less than losses occurring 

when large areas are clear-cut or converted to other land use. Moreover, in the 

conclusion he states that basic research on tropical forest dynamics and gap theory can 

lead to economically viable and socially attractive management of tropical forests 

that contributes significantly to the conservation of biological diversity. 

Implicit in our understanding of gap dynamics is a detailed understanding of the 

light environments of gaps, and the SCANGIR Model attempts to account for all the 

factors affecting light regimes within gaps. As stated in the introduction, ecologists 

and foresters have tended to only consider latitude and the effective size (forest height 

to gap diameter) of gaps as the main factors affecting light availability within gaps. 

The results presented in Chapter 4 of this thesis have demonstrated that, together 

with latitude and gap size, slope angle, slope aspect and sky conditions also influence 

the diurnal and seasonal distribution of direct and diffuse radiation within gaps and 

forest clearings. Hence, the SCANGIR Model could be used in conjunction with the 

Palcazu Forest Management Model, described above, to produce 'ideal' light conditions 

for regeneration of shade-tolerant tree species at a particular site. This could be 

achieved by altering the width and compass direction (orientation) of the clear-cut 

strips for specific latitudes, forest heights and topographies. 

In addition, the SCANGIR Model and gap theory could be applied in the case of 

rehabilitating rainforest sites in the Wet Tropics World Heritage Area that have been 

disturbed by activities such mining and road construction, as well as reforestation of 

degraded areas away from rainforest boundaries on land formerly occupied by 

rainforest, such as old dairy farms on the Atherton Tableland. The SCANGIR Model 

would predict diurnal and seasonal distributions of direct and diffuse solar radiation at 

a particular site in relation to average diurnal and seasonal cloud regimes. On the 

basis of these estimates and physiologies of native tree species, managers could then 
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apply gap theory to promote the eventual dominance of the. site by shade-tolerant 

(small gap) tree species. In some situations, it may be necessary to manually revegetate 

sites with suitable tree species, while in other situations it may be necessary to control 

the growth and subsequent dominance of the site by pioneer (large-gap) tree species 

that originated from adjacent forest areas. On the other hand, at very exposed sites 

that have been severely degraded it may be better to revegetate the disturbed area 

with useful pioneer tree species, planted in mono specific stands, with a view to future 

timber extraction. 

Understanding tree fall gap light environments and gap theory may also benefit 

selective logging practices. This thesis has demonstrated significant differences in 

light quantity and quality among elliptical gaps with different orientations at 17° S. 

(Tables 7.17 and 7.18), and because selective felling of individual trees within a 

rainforest generally results in the formation on an elliptical gap, similar to those 

shown in Plates 7.5 and 7.7, then it should be possible to manipulate regeneration 

processes by controlling the direction of treefalls. Forest managers could achieve 

regeneration of useful shade-tolerant tree species in tropical rainforests by ensuring 

that trees were felled in a north-south, rather than an east-west, direction because the 

latter would create light regimes of greater benefit to shade-intolerant (pioneer) tree 

species that are generally of little commercial value. On the other hand, in 

subtropical and temperate rainforests, shade-tolerant tree species would benefit from 

east-west treefall gaps because of the consistently lower solar angles at latitudes 

corresponding with these forest types (Fig. 4.1). However, forest managers would also 

need to take into account local forest height and topography at the site of the proposed 

treefall. 

8.3 LIGHT ENVIRONMENTS WITHIN MONTANE TROPICAL RAINFOREST 

IN NORTHEAST QUEENSLAND 

The following research hypothesis was developed in regard to light environments 

within montane tropical rainforest in northeast Queensland: 

Reduction in photosynthetic photon flux density (PPFD) by cloudiness decreases 

productive capacities of montane rainforests compared with lowland rainforests in 

northeast Queensland. 

This hypothesis was developed as a result of several detailed studies showing 

that above-ground primary productivity and biomass are generally lower in montane 
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rainforests compared with lowland rainforests (Grubb, 1977; Tanner, 1980; Medina and 

Klinge, 1983), and the explanation put forward by Richards (1952) and Grubb (1977) 

that these observations were due to lower temperatures and higher cloud cover (and 

hence decreased solar radiation) experienced by the montane rainforests. However, 

Jordan (1983) maintains that there is doubt as to whether the effect is direct or 

indirect. Leigh (1975) supports an indirect effect by attributing decreased productivity 

to decreased transpiration rates on mountain tops which results in a slower rate of 

nutrient uptake through the trees. This so-called 'transpiration theory' argues simply 

that lower rates of transpiration are caused by higher humidities, which result from 

lower temperatures. The rejection of the above hypothesis would thereby lend support 

to Leigh's transpiration theory. 

Only limited data are available for detailed comparisons of PPFD measurements 

in the Mt Bellenden Ker forest with those in other tropical rainforests (Tables 8.1 and 

8.2). It would appear that daily total PPFD in the understorey of the Mt Bellenden 

Ker forest is within the range of values reported for rainforest understoreys in 

northeast Queensland and elsewhere (Table 8.1). Moreover, there is little evidence 

that cloud cover has reduced the availability of PPFD above the Mt Bellenden Ker 

forest because the ratio of irradiance to PPFD in the large clearing (Table 7.5) is 

similar to those found above the Curtain Fig forest at a lower altitude (Table 7.4). 

The results presented for the four micro-environments in the Mt Bellenden Ker 

forest (Table 7.5) suggest that reduction in PPFD by cloud cover would not limit the 

rates of photosynthesis. Median PPFD in the large clearing (Fig. 7.14) or upper canopy 

is nearly always above the range of light saturation levels of 100-800 Il mol m-2 s-l 

measured for rainforest plants (Table 2.3). In the remaining micro-environments (Fig. 

7.14), median PPFDs are still higher than known light compensation points for 

understorey or shade-grown rainforest plants (Table 2.3), even in the shaded 

understorey. Furthermore, Chazdon (1986) has shown, for three species of understorey 

palms, that daily total PPFD must be greater than 0.20 mol m-2 per day for positive 

carbon gain over a 24-h period. The daily total for the Mt Bellenden Ker understorey 

near the winter solstice is about 4-times this amount (Table 7.5). 

Table 8.3 provides conservative estimates of daily total irradiation under 

cloudless skies and nimbostratus cloud for the solstices and equinoxes for Mt Bellenden 

Ker as calculated by the Sky-Irradiance Model (Section 3.1). In the large clearing, the 

ratio of surface to extraterrestrial irradiation for the 2-day measurement interval was 

0.60 (Table 7.5) which is close to the mean dry season value of 0.57 given in Table 3.3 for 

the humid tropics, in general. If the canopy transmission coefficients for the Mt 

Bellenden Ker forest (Table 7.5) are assumed to be constant and daily total irradiation 

above the forest assumed to be isotropic under the nimbostratus cloud, then on the 



Date 

Dec 22 

Mar 21/Sep 23 

Jun 22 

Extraterrestrial 
irradiation 

(MJ m-2 per day) 

41.6 

36.3 

27.0 

326 

Cloudless-sky 
irradiation 

(MJ m-2 per day) 

29.1 

25.4 

18.9 

Nimbostratus cloud 
irradiation 

(MJ m-2 per day) 

4.5 

4.1 

3.1 

Table 8.3. Extraterrestrial, cloudless-sky (potential) and heavily overcast 
(nimbostratus cloud type) irradiation for Mt Bellenden Ker at various times of 
the year. Estimates calculated using the Sky-Irradiance Model (Chapter 3). 
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shortest day (June 22) daily total irradiation above the forest will be about 3.1 MJ m-2 

per day (Table 8.3) and daily irradiation in the understorey will be about 0.24 MJ m-2 

per day (as summing a canopy irradiance transmission coefficient of 0.079, Table 7.5). 

Given the mean ratio of irradiance to PPFD of 1: 0.64 (Table 7.5), then the estimated 

minimal value of daily total PPFD in the understorey under nimbostratus cloud will be 

0.17 mol m-2 per day, slightly lower than the minimum level for positive carbon gain 

over 24-h given by Chazdon (1986) for understorey palms. The conservative estimate 

here is based on the lowest likely daily total PPFD above the forest during heavy 

nimbostratus cloud conditions, although lower levels are likely beneath cumulonimbus 

cloud (Reynolds et al., 1975). Using the same procedure, the lowest likely daily total 

PPFDs in the lower-canopy and small gap under nimbostratus cloud are 0.64 and 0.37 

mol m-2 per day, respectively. 

Two conclusions are pertinent to the perceived effects of cloudiness on canopy 

productivity in montane tropical rainforests. First, in this study, exposed conditions in 

the large clearing (or upper canopy) allowed light-saturated levels of 

photoassimilation, even during heavy cloud. Second, estimated minimum levels of 

daily irradiation and PPFD in lower-canopy, gap and understorey micro-environments 

are similar to or exceed values for positive carbon gain in understorey plants reported 

elsewhere. On the basis of this study, the hypothesis that reduction in PPFD by 

cloudiness decreases productive capacities of montane (cloud) forests must be seriously 

questioned, if not rejected, and some other hypotheses put forward to explain the 

generally lower productivity of these forests, such as the transpiration theory devised 

by Leigh (1975). 

8.4 liGHT ENVIRONMENTS ACROSS THE OPEN FOREST-RAINFOREST 

BOUNDARY IN NORTHEAST QUEENSLAND 

Changes in the location of boundaries between rainforests and eucalypt forests in the 

tropics and subtropics of eastern Australia are related to changes in the disturbance 

regime (Unwin et al., 1985, 1988; Stocker and Unwin, 1986). In the absence of fire, 

rainforest on many sites will advance into areas dominated by fire-tolerant, open forest 

or grassland species, mainly of the genus Eucalyptus, and in time the pyrophytic 

vegetation will be replaced. Rainforests may be replaced by pyrophytic vegetation 

following fire, or other forms of disturbance which results in fire being able to 

penetrate the rainforest boundary. Boundary dynamics of rainforest in northeast 

Queensland are of particular importance to the conservation and management of 
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rainforest in this region, as a substantial portion of the remaining rainforest occurs as 

small, isolated patches (Australian Heritage Commission, 1986). 

The dynamic nature of rainforest open forest boundaries in northeast Queensland 

gives rise to a sharp spatial transition between closed canopy vegetation (rainforest) 

and sclerophyllous vegetation with a relatively open canopy (Fig. 5.7). This floristic 

transition is accompanied by marked changes in microclimate: temperature range, 

humidity and light availability, particularly near the ground (Unwin et al., 1985). 

Light availability to seedlings and saplings in the transition 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 (Unwin et al., 1985; Duff, 

1987). The pyrophytic species of open forest and grassland are incapable of early 

growth under a closed canopy, while young individuals of rainforest species are 

generally fire sensitive and relatively slow growing in the open forest environment. 

The boundary may vary, in the space of a few metres, from the extremes of the light 

intensities experienced in the open to those found in the understorey beneath an intact 

canopy. This change is most rapid close to the forest floor, and this is likely to exert a 

strong influence on the distribution, establishment and success of seedlings in the early 

stages of recruitment. As a result of these observations, the following research 

hypothesis was developed in regard to light environments across the open forest

rainforest boundary in northeast Queensland: 

The light regime experienced by plants growing in the rainforest-open forest boundary 

(ecotone) is similar to that experienced by plants within treefall gaps. 

It has already been demonstrated in the previous section that small treefall gaps 

are important sites for regeneration of primary (shade-tolerant) tree species, because of 

the favourable light regime afforded by small canopy openings. Conversely, large gaps 

are frequently colonised by pioneer (shade-intolerant) tree species that prefer the 

exposed light regime and associated microclimate afforded by large canopy openings. 

Hence, validation of the above hypothesis would pennit forest managers to apply gap 

theory to the rainforest-open forest boundary with the view to either stabilising or 

expanding the rainforest edge. 

The range of diffuse site factors in the open forest and tall open forest (Table 7.17: 

zones A and B) are similar to those reported by Anderson (1981) for open eucalypt forest 

in southeast Australia of 28 to 56%. Likewise, diffuse site factors for the rainforest 

understorey (zones D and E) are similar to those reported for lowland and upland 

rainforest in the study area (Tables 7.12 and 7.15). However, the means given for young 

and mature rainforest at Kirrama (Table 7.19) are somewhat higher than the value of 
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1.5% given by Bjorkman and Ludlow (1972) for the deeply shaded subtropical rainforest 

understorey, described earlier. The reason for this was attributed to the fact that their 

light measurements were only representative of an extreme shade microsite in that 

forest. 

Unfortunately, direct site factors for open eucalypt forest are not included in the 

paper by Anderson (1981) to compare with this study. However, the direct site factors 

given for the Kirrama rainforest understorey (Table 7.19: zones D and E) compare well 

with those reported for lowland and upland rainforest in the study area (Table 7.12 

and 7.15) and also with the range of 0 to 17% reported by Pearcy (1983) for the 

Hawaiian forest understorey, referred to in Table 8.1. 

There is evidence in support of accepting the hypothesis, cited above, because 

mean diffuse and direct site factors for the ecotone (Table 7.19: zone 0 are similar to 

the range of values reported for small and large treefall gaps within several 

rainforests in the study area (Table 7.17). Likewise, the mean red to far-red (R:FR) 

ratio in the ecotone (Table 7.19) is within the range of those found in small and large 

treefall gaps (Table 7.18). However, because of the high variability in diffuse and 

direct site factors within the ecotone (Table 7.19: zone 0, this zone should be treated 

by forest managers as a 'transition', with a continuum of light regimes that resemble 

the following micro-environments: open forest> large gap> small gap> rainforest 

understorey. 

Mean total PPFD (2.72 mol m-2 per day) in the mature rainforest (Fig. 7.34, zone 

E) is within the range of 0.21 to 5.3 mol m-2 per day given for the tropical and 

subtropical rainforest understoreys in the study area and elsewhere (Table 8.1). The 

results indicate that PPFD levels in the young and mature rainforest understoreys (Fig. 

7.34 and 7.35) under cloudless and stratus cloud conditions are more than enough to 

facilitate daily positive carbon gain in understorey species (Chazdon, 1986). However, 

daily PPFD in the rainforest understorey is almost certainly insufficient for the shade 

intolerant (pioneer) tree species that require high light intensities, high R:FR ratios 

and high soil temperatures for germination and seedling establishment (Bazzaz and 

Pickett, 1980). These species prefer the more open light environments on the rainforest

tall open forest margin (Unwin et ai., 1985) or the light conditions experienced within 

larger rainforest gaps (Denslow, 1987). Typically, these pioneer species exhibit rapid 

early growth with characteristic high light-saturated photosynthetic rates but low 

respiration rates (Table 2.3). Thus, at some point in the transition zone between tall 

open forest and young rainforest (Fig. 7.34), daily PPFD is probably insufficient for 

daily positive carbon gain in the pioneer species. 

Moreover, the results presented here (Table 7.19 and Fig. 7.34) suggest that, 

towards the rainforest end of the transition zone, light conditions are probably similar 
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to those experienced within small treefall gaps in mature rainforests. Typically, such 

light conditions are preferred by shade tolerant (primary) tree species that are unable 

to grow and reproduce successfully in the adjacent shaded rainforest understorey and to 

compete with the fast growing pioneer species at the more open end of the transition 

zone. 

It would appear, therefore, that understanding the light availability continuum 

across the open forest-rainforest boundary and the associated plant photosynthetic and 

photo morphogenetic responses are essential for conservation and management of 

remaining rainforest patches in northeast Queensland. For example, a detailed study 

of seed germination across ecotones in the Ivory Coast (Ponce de Leon, 1982) has shown 

that many rainforest seeds and seedlings do not survive when they are exposed to the 

high temperature fluctuations, lower humidity and periodic fire that are typical of 

the nearby open forest (savanna) environment. The exposed savanna environment 

prevents the establishment of the rainforest tree species in the open forest, but when 

fire is excluded from the ecotone community, some of the resistant seed species can 

become established, thereby initiating the colonisation of the open forest by the 

rainforest (Ponce de Leon, 1982). Over time, as the microclimatic conditions are 

changed by the presence of the rainforest pioneer (shade-intolerant) species, the 

remaining rainforest plants can germinate under their shade. 

Hence, two management and reforestation strategies are suggested for the 

rainforest-open forest boundary (ecotone) in northeast Queensland: (1) prevent fire 

occurring near the rainforest margin (zone C) with the eventual aim of extending 

rainforest into areas presently occupied by open forest species; and (2) reforestation of 

severely degraded boundary sites with shade-intolerant (pioneer) tree species to 

encourage the eventual spread of more shade-tolerant (primary) tree species from the 

adjacent rainforest. Of the 700 plus tree species growing in northeast Queensland 

rainforests (Tracey 1982) about 20 or so regenerate exclusively in large gaps or open 

areas and could therefore be used for this purpose. 



331 

CHAPTER 9 

CONCLUSION AND RECOMMENDATIONS 

9.1. CONCLUSIONS 

9.1.1 The Aims 

The seven (7) specific aims of this thesis, outlined at the end of chapter 2, have been 

achieved: (1) a computer model for the estimation of solar radiation regimes within 

rainforest openings that incorporates gap size, forest height, slope angle and apect, sky 

conditions, and daily and seasonal variation in the position of the sun was developed 

and presented in Chapter 3; (2) the results of three computer simulations which 

demonstrated, respectively, the effects of latitude, slope inclination and sky conditions 

on solar radiation regimes within rainforest gaps and clearings were evaluated in 

Chapter 4; (3) the temporal and spatial distributions of photosynthetic photon flux 

density (PPFD) and irradiance within canopy, gap and understorey micro-environments 

for lowland, upland and montane rainforests in the study area were evaluated in 

Chapter 7; (4) the influence of solar declination (time of year) on the standard 

deviation, skewness and kurtosis about the mean of PPFD and irradiance within 

canopy, gap and understorey sites was examined for the selected rainforests; (5) 

conservative estimates of the contribution of sunflecks to the daily total PPFD and 

irradiation within the selected rainforest understoreys at contrasting times of the year 

were made; (6) within-gap variability of PPFD and irradiance at contrasting times of 

the year was examined for the selected rainforests; and (7) seasonal variations in 

light availability across the open forest-rainforest boundary (ecotone) were also 

evaluated in Chapter 7. 

9.1.2 The Materials and Methods 

The materials and methods used to obtain quantitative data on the temporal and 

spatial distribution of solar radiation above and beneath rainforests were described in 

Chapters 3 and 6. 

The Sky-Canopy-Gap-Irradiance (SCANGIR) Model was developed in Chapter 

3. This was in response to indications arising out of the literature review which 

highlighted that the effective size of treefall gaps (ie forest height to gap diameter) 
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and latitude are not the sole factors controlling the availability of light and 

associated vegetation dynamics. Three computer simulations were generated using the 

SCANGIR Model which aimed, respectively, to demonstrate the effects of latitude, 

slope inclination and sky conditions on light availability across a range of effective 

gap sizes. The effective gap sizes were adjusted in an attempt to simulate canopy 

openings created by single- and multiple-treefalls, and human-made forest clearings. 

It was concluded that the SCANGIR Model is an improvement on existing models of 

this type because it permits the estimation of effective gap light regimes by 

incorporating, together with forest height, gap size and latitude, factors such as slope 

angle, slope aspect, sky conditions, and daily and seasonal variation in the position of 

the sun. It was also proposed that the SCANGIR Model could be applied equally well 

to non-vegetated surfaces, such as urban canyons. 

Chapter 6 dealt with the direct and indirect measurement and analysis of solar 

radiation in the open and within several northeast Queensland rainforests. 

Radiometric sensors were used for the measurement of short-wave irradiance (0.3-3.0 

Ilm) and photometric sensors were used for the measurement of photosynthetic photon 

flux density (PPFD = 0.4-0.7 Ilm). This chapter also included a critical evaluation of a 

purpose-built photometric sensor, constructed especially for the project. It was 

demonstrated that this inexpensive light sensor compares well with a commercial 

quantum sensor in terms of the following specifications: risetime, spectral 

characteristics, cosine response and linearity under artificial and natural light 

conditions. However, the results indicate that the purpose-built sensor is not suitable 

for field measurements requiring accuracies within ±5%. 

Sampling techniques applied to the radiometric and photometric sensors were 

standardised for all field measurements (ie lO-sec scans averaged every lO-mins), with 

the exception of some 10-sec instantaneous readings. It was argued that the lO-min 

average sampling technique would be sufficient to indicate major sunfleck events in 

rainforest understoreys, while keeping the quantity of data to be analysed to 

manageable levels. However, the results presented in Chapter 7 for upland and 

montane rainforests have shown that a shorter averaging period, perhaps 2-mins, 

would be preferable for forest understoreys with lower levels of sunfleck activity. 

Furthermore, with the advent of powerful portable microcomputers, it would seem that 

data management problems are no longer the issue they were previously. 

It was argued that temporal and spatial distributions of light are both required 

to fully characterise the complex light environment in rainforests. To achieve this 

objective, variations among characteristic micro-environments, such as canopy, gap and 

understorey, were analysed as well as variations within these micro-environments 

themselves. It was also argued that these micro-environments represent the range of 
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light regimes experienced by plants in rainforests. The understorey illustrates the 

generally low light conditions prevalent beneath a closed canopy where only 

extremely shade-tolerant species can survive and reproduce successfully. The treefall 

gaps are fairly typical of the light regimes created by the death or forced toppling of a 

single tree or small group of trees, and such canopy openings are considered as essential 

for the regeneration of most rainforest trees. Finally, above the forest is representative 

of the light conditions experienced by emergents in the upper canopy. 

Different data analysis techniques were applied to the 10-min average 

irradiance and PPFD readings and the 10-sec instantaneous PPFD readings obtained 

from sensors placed within these micro-environments. Together with the usual 

descriptive statistics, a number of higher-order moments about the mean (ie standard 

deviation, skewness and kurtosis) were applied to the lO-min average readings. The 

frequency distributions of 10-min average irradiance and PPFD were also examined 

using class intervals, adjusted to the range of light intensities experienced within the 

micro-environments. On the other hand, the lO-sec instantaneous PPFD readings were 

analysed using linear and logarithmic classification schemes. It was argued that the 

linear classification is useful for emphasising order-of-magnitude differences among 

micro-environments, while the logarithmic classification is more useful in conjunction 

with photosynthesis studies because of the non-linear photosynthetic response to light. 

The hemispherical (fisheye) canopy photography method, described in Chapter 

6, 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 manual technique for determining direct and diffuse site factors beneath plant 

canopies from fisheye photographs pioneered by Anderson (1964 a,b) with the Sky

Irradiance Model presented in Chapter 3 of this thesis. 

9.1.3 The Results and Synthesis 

The results obtained from the computer simulations and field measurements were 

presented in Chapters 4 and 7, respectively, and comparative evaluations were made in 

Chapter 8. 

Chapter 4 presented the results of three computer simulations. The first 

simulation attempted to demonstrate the effects of latitude on the availability of 

solar radiation, and direct-beam radiation in particular, within rainforest gaps and 

clearings. On the basis of simulations that assumed a cloudless sky, zero slope, no 

sunflecks and a 10-60 m tall forest, it may be concluded that: 
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(1) seasonal variations in daily total irradiation above the forest canopy and in small

to-large clearings increase with increasing latitude; 

(2) at 40° South, the latitude corresponding with temperate rainforest in Australia and 

New Zealand, there is theoretically no time of the day throughout the year, when 

direct irradiance reaches the centre of small-to-Iarge single treefall gaps; and 

(3) given the fact that single treefalls are the most common disturbance event in 

rainforests and the importance of direct light for numerous physiological and 

ecological processes in forests, then latitude is an undisputed limiting factor to 

rainforest function, particularly gap-phase dynamics. 

The second simulation addressed a deficiency in the literature, by attempting to 

demonstrate the effects of slope angle and aspect on the availability of solar radiation 

within rainforest gaps and clearings. The following conclusions may be drawn as a 

result of the computer simulations for six slope inclinations at 20° and 40° South that 

assumed cloudless skies, no sun flecks and a 10-60 m tall forest: 

(1) slope angle and aspect are more important to rainforest function, particularly gap

phase dynamics, at higher latitudes than at lower latitudes; 

(2) small-to-Iarge rainforest clearings located on steep north-facing (equatorward) 

slopes at 20° South experience relatively constant radiation conditions throughout the 

year, compared with clearings of the same size located on steep south-facing 

(poleward) slopes at this latitude; 

(3) as a consequence of the effects of slope inclination on radiation loadings within 

small-to-Iarge rainforest clearings at 20° South, tree seedlings and saplings growing in 

such clearings located on steep north-facing slopes have to contend with constantly 

high transpirational demands coupled with high soil evaporation rates, while those 

located in similar clearings on steep south-facing slopes have only to contend with 

high transpirational demands and soil evaporation rates at or near the summer 

solstice; and 

(4) at 40° South, small-to-Iarge single treefall gaps located on moderate-to-steep 

north-facing slopes experience some direct light during the summer months, and this 

undoubtedly promotes forest regeneration within such gaps. 
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The third simulation attempted to demonstrate the effects of sky conditions on 

the availability of solar radiation within rainforest gaps and clearings. This 

simulation is considered the first of this kind because other models dealing with light 

regimes in forest openings have only considered potential (cloudless-sky) radiation. As 

a result of computer simulations for three cloud types at 20° South that assumed zero 

slope, no sunflecks and a 10-60 m tall forest, it may be said that: 

(1) daily total irradiation available at the canopy surface declines steadily with 

increasing cloud depth (ie. cirrostratus> altostratus> stratus); 

(2) during the winter months (April-August), mean irradiance levels within small 

treefall gaps under cirrostratus and altostratus cloud are almost twice the intensity of 

levels experienced under cloudless skies because of an increase in the diffuse component 

of the total radiation under cloudy skies; and 

(3) tree seedlings and saplings growing within small treefall gaps may benefit from 

increased background diffuse light under cirrostratus and altostratus cloud, but only in 

situations where direct light is unable to reach their leaf surfaces. 

Chapter 7 presented the results of field measurements undertaken at three sites 

in northeast Queensland (Topaz, EI-Arish, Atherton) and within lowland, upland and 

montane rainforest in the study area. It was necessary to obtain base-line data on solar 

radiation variability within the Wet Tropics study area because long-term records 

were only available for one site - Pin Gin Hill. The main findings arising from one 

year's measurement of daily total irradiation at the three sites, may be summarised as 

follows: 

(1) the highest annual total irradiation was recorded at Atherton, the driest site, 

followed by Topaz and El-Arish, respectively; 

(2) daily total irradiation was lowest during the winter months (April-Iuly) because of 

the lower solar angles and reduced day length, with the effect being enhanced by 

general cloudiness due to prevalent southeast trades during these months; 

(3) daily total irradiation was highest during the pre-monsoon months (September

December) because of the higher solar angles and increased day length, with the 

generally clear conditions being maintained due to weak southeast trades during these 

months; and 
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(4) because of the cloudy trade-wind coast climate, annual total irradiation within the 

Wet Tropics of northeast Queensland lies at the mid-to-Iower end of the range found for 

other locations in the world's humid tropics. 

The detailed field measurements, examining the temporal (diurnal and seasonal) 

and spatial distributions of solar radiation above and beneath several northeast 

Queensland rainforest types, are considered to be the most comprehensive in this region 

to date, and it is hoped that this research will contribute to existing and future studies 

on the ecophysiology and dynamics of rainforest vegetation in the region and 

elsewhere. 

As a consequence of the results presented in Chapter 7 and the comparative 

evaluations made in Chapter 8, the following conclusions may be stated about 

rainforest understorey and gap light environments in the study area: 

(1) daily total irradiation and PPFD levels within the understoreys of lowland, 

upland and montane rainforests in northeast Queensland are 2- to 5-times higher than 

those reported for several equatorial rainforests and similar to that reported by one 

researcher for an Hawaiian forest understorey, at a similar latitude to the study area; 

(2) because of the cloudy trade-wind coast climate, high intensity, long-duration 

sunflecks are more the exception than the rule within upland and montane rainforest 

understoreys in the study area, and are therefore likely to play only a small role in the 

carbon balance of understorey plants in these forests; 

(3) sunfleck activity within the understorey of a lowland rainforest in the study area 

is similar to that reported for tropical rainforests elsewhere, where studies have 

confirmed their importance to the carbon balance of understorey plants; 

(4) the frequency distributions of irradiance and PPFD within understoreys and 

treefall gaps in the study area are similar to rainforests elsewhere, exhibiting 

moderate-to-high degrees of positive skewness and kurtosis, with diffuse fluxes 

typically contributing over 90% of those found in the understorey over the course of a 

day; 

(5) mean daily (potential) PPFD increased by 60% within the understorey of an upland 

rainforest in the study area following slight-to-moderate canopy damage caused by a 

tropical cyclone, and this significant change demonstrates the important effects of this 
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kind of disturbance on both the quantity and quality of light available to understorey 

plants; 

(6) unlike rainforest understoreys, whose light regimes comprise of constant shade 

with random sunflecks, the light regimes within treefall gaps have more predictable 

diurnal and seasonal patterns; 

(7) seasonal changes in light availability within small and large treefall gaps in 

northeast Queensland rainforests are greater than those found within similar treefall 

gaps in equatorial rainforests; 

(8) results of modelling light availability within several treefall gaps in the study 

area 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; and 

(9) there are order-of-magnitude differences in light availability across the range of 

small-to-Iarge gaps analysed in this study, and this undoubtedly controls the 

microclimate and subsequently the ecophysiology of tree seedlings and saplings 

growing within these gaps. 

In addition to the studies examining temporal and spatial distributions of solar 

radiation within rainforest understoreys and treefall gaps, this thesis has presented 

results from two case-studies examining light environments within montane tropical 

rainforest and across the open forest-rainforest boundary, respectively. 

Light environments within montane tropical rainforests on the summit of Mt 

Bellenden Ker have several important characteristics, which may be summarised as 

follows: 

(1) reduction in PPFD by cloudiness does not appear to limit the rates of photosynthesis 

for plants growing within canopy, gap and understorey micro-environments, because 

median PPFD in the upper canopy is nearly always above the range of light saturation 

points reported for rainforest plants, and in the lower-canopy, gap and understorey 

median PPFDs are higher than known light compensation points reported for 

understorey or shade-grown plants; 
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(2) estimated minimum levels of daily total PPFD in lower-canopy, gap and 

understorey micro-environments under nimbostratus cloud are similar to or exceed 

values for positive carbon gain in understorey plants elsewhere; and 

(3) reduction in PPFD by cloudiness does not appear to decrease productive capacities of 

montane (cloud) forests, and hence the results of this case-study lend support to Leigh's 

(1975) Transpiration Theory as the main reason for the lower primary productivity of 

these forests. 

Finally, it may be concluded that light environments across the open forest

rainforest boundary (ecotone) at Kirrama exhibited the following features: 

(1) under cloudless skies daily direct PPFD declined semi-exponentially across the 

boundary during the summer months (September-March) and linearly during the winter 

months (April-August), while daily diffuse PPFD declined linearly across the 

boundary throughout the year; and 

(2) the results presented in this case-study suggest 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 transition 

zone, light conditions are similar to those experienced within large treefall gaps in 

rainforests. 

As stated in Chapter 1, the objectives of this thesis have contributed 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. Specifically, the work presented in this thesis has attempted to quantify 

the temporal and spatial distribution of solar radiation within natural and modified 

rainforest systems. It has been argued throughout that solar radiation (light) is the 

major limiting resource in tropical rainforests. Hence, if we are to assess the 

consequences of rainforest conversion to simpler systems, such as pasture and 

plantations, then we need to expand our rather limited knowledge of the temporal and 

spatial distribution of light, as well as other environmental resources such as water 

and nutrients, within natural and modified systems. Furthermore, it was suggested 

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. 

The scientific management implications of the methods and results presented in 

this thesis were evaluated in Chapter 8. Firstly, this work has contributed to 
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improving our knowledge and understanding of rainforest regeneration following 

natural disturbances such as treefalls and cyclones. It is hoped that this work will also 

contribute to studies concerned with the ecophysiology and dynamics of rainforest 

vegetation. In agreement with research conducted within rainforest understoreys 

elsewhere, this thesis has shown that only extremely shade-tolerant herbs and shrubs 

are able to survive and reproduce in the shaded understorey and that treefalls are 

essential for regeneration of most tree species in rainforests. Given the importance of 

tree fall gaps for rainforest function, it was rather surprising to find that light 

environments within gaps were so poorly documented in the literature. This thesis has 

attempted to improve our knowledge of light regimes within treefall gaps, and it may 

be concluded that if light availability is the main limiting resource in rainforests, then 

studies of gap environments and dynamics must take into account all the factors likely 

to influence light availability within gaps, such as forest height, gap diameter, slope 

angle, slope aspect, sky conditions and daily and seasonal variation in the position of 

the sun. 

Secondly, this work has provided valuable quantitative data on the temporal 

and spatial distributions of light across the open forest-rainforest boundary (ecotone), 

and there is little doubt that understanding the light availability continuum and 

associated plant responses across the boundary are essential for conservation and 

management of remaining rainforest in northeast Queensland because a substantial 

portion remains as small, isolated patches. 

Thirdly, this work has contributed to forest management strategies following 

human disturbance, including rehabilitation of degraded sites within rainforest 

patches or on the rainforest margin, and reforestation of cleared areas away from the 

rainforest margin, such as abandoned agricultural land. It has been advocated that the 

SCANGIR Model (Chapter 3) and gap theory can be applied by forest managers to 

promote the eventual dominance of disturbed sites by shade-tolerant (primary) tree 

species. To achieve this aim, it may be necessary, in the first instance, to plant shade

intolerant (pioneer) tree species and to subsequently introduce shade-tolerant species 

beneath the pioneer tree canopy. 

Finally, this work has contributed to forestry logging practices. It would seem 

that understanding treefall gap light environments and gap theory may benefit 

selective logging practices because this thesis has demonstrated marked differences in 

light quantity and quality among elliptical gaps with different orientations. It may 

also be said that the SCANGIR Model has numerous applications in strip clear-cut 

timber harvesting techniques, whereby it was suggested that 'ideal' light conditions 

for regeneration of useful shade-tolerant tree species could be achieved by altering 
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the width and orientation of the clear-cut strips in accordance with latitude, forest 

height and local topography. 

9.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

(1) The SCANGIR Model (Chapter 3) should be modified to simulate solar radiation 

regimes in elliptical, rather than only circular gaps, with the diffuse radiation being 

treated as anisotropic, rather than isotropic. 

(2) While the vertical distribution of light within tropical rainforest canopies has 

been adequately described, virtually nothing is known about the horizontal 

variability of light within rainforest canopies. It is therefore suggested, that a 'tram

line' system, similar to that used by Baldocchi et al. (1984 a, b), be established within 

the canopy of a tropical rainforest to quantify variations in light across the horizontal 

plane at several heights within the canopy. 

(3) This thesis has only presented preliminary results on seasonal variations in light 

availability across the open forest-rainforest boundary, as determined from fisheye 

photographs. Because light availability to seedlings and saplings in the boundary 

zone (ecotone) has been identified as one of the critical factors controlling boundary 

dynamics and subsequent rainforest stability, then it is vital that diurnal variations in 

light across the boundary be quantified as well, preferably in conjunction with 

ecophysiology studies. 

(4) Because of the rapid conversion rates of the world's tropical forests, there is a 

definite need for comparative studies of light quantity and quality within successional 

(secondary) forests of different age and species composition; this research should be 

carried out in collaboration with studies of the ecophysiology and dynamics of 

regenerating tree seedlings and saplings. 

(5) There is a clear need for more research into forest-atmosphere interactions in the 

Wet Tropics study area. The present study of solar radiation regimes within rainforest 

understoreys, gaps and clearings should be extended into a general study of radiation 

exchange (energy balance) within these micro-environments. This would ideally 

require measurements of incoming and outgoing short- and long-wave radiation above 

the canopy, within the canopy itself, in treefalls of varying sizes, within the shaded 

understorey and across the open forest-rainforest boundary (ecotone). If possible, 
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measurements should be conducted within these micro-environments for rainforest 

located on slopes with different angles and aspects to account for variations in net 

radiation and the likely effects on evapotranspiration, environmental heating and 

photosynthesis. This would seem to be particularly important in the Wet Tropics 

region because most of the remaining rainforest is located on mountainous terrain. 

Finally, this knowledge of energy-balance and forest microclimate should be directly 

applied to the practical problems of rainforest management and silviculture. 
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APPENDIX A 

BASIC PROGRAM FOR THE CALCULATION OF SOLAR 
DECLINATION, ALTITUDE AND AZIMUTH 
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0010 REM SOLAR DECUNATION, ALTITUDE AND AZIMUTH PROGRAM 
0020 REM BY SM TURTON (1987) 
0030 INPUT "LATITUDE (- FOR S HEM) IN DECIMAL DEG ";LA 
0040 PRINT:INPUT"DAY #, MONTH # ";D,M 
0050 INPUT "LEAP YEAR (Y OR N) ";L$:CLS 
0060 IF L$="Y" THEN L=1 ELSE L=2 
0080 TD=(INT(275*M/9)-L*INT((M+9)/12)+D-30) 
0085 PI=4* ATN(1 ):CF=PI/180:LA=LA *CF 
0090 DA=2*PI*(TD-.3)/365.25:REM DAY ANGLE 
01 00 REM SOLAR DECUNATION EQUATION 
0110 SD=.006918-.399912*COS(DA)+.070257*SIN(DA) 
0120 SD=SD-.006758*COS(2*DA)+.000907*SIN(2*DA) 
0130 SD=SD-.002697*COS(3*DA)+.00148*SIN(3*DA) 
0140 PRINT "DAY OF THE YEAR = ";TD 
0150 PRINT "SOLAR DECLINATION = ";SD/CF:PRINT 
0160 FOR H=O TO 90 STEP 15:REM HOUR ANGLE OF THE SUN 
0170 SA=SIN(LA)*SIN(SD)+COS(LA)*COS(SD)*COS(H*CF) 
0180 SA=ATN(SA/SQR(1-SA'\2)) 
0190 AZ=ATN(SIN(H*CF)/(COS(H*CF)*SIN(LA)-TAN(S D)*COS(LA))) 
0200 IF AZ<O THEN AZ=AZ+PI 
0205 IF AZ=O THEN 220 
0210 IF LA<O THEN AZ=PI-AZ 
0220 PRINT"HOUR ANGLE ";H; 
0230 PRINT" ALTITUDE ";SNCF;" AZIMUTH ";AZlCF 
0240 NEXTH 
0250 PRINT :PRINT "CLICK TO CONTINUE":WHILE MOUSE (0)<>1 :WEND 
0260 CLS:GOTO 10 
0270 END 

PROGRAM DETAILS 

Lines 10-50: The latitude of the site (treated as negative in the southern hemisphere), 
and the day and month are entered. 

Lines 60-85: This short algorithm calculates the day number (January 1st =1). 
Lines 90-240: The main algorithm that calculates solar declination, solar altitude, 

and solar azimuth for: every hour from solar noon to sunrise/sunset. 
Remark (REM) statements are provided for various equations referred 
to in the text (Chapter 2). 

Lines 250-270: The values are displayed on the screen. 
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APPENDIXB 

BASIC PROGRAM FOR THE SKY-CANOPY-GAP-IRRADIANCE 
(SCANGIR) MODEL 
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0001 REM WRITTEN BY SM TURTON (1987-88) 
0002 DIM R1 (1 000),R2(1 000),R3(1 000) 
0005 GOSUB 2000 
0006 F $ =" #####. #": G $= "###### .#": H $ =" #############. #" 
0007 INPUT"OUTPUT FILE NAME";NA$ 
0008 OPEN "0",#1,NA$ 
0010 CLS 
0023 DEF FNB(X)=-ATN(X/SQR(-X*X+1 ))+1.5708 
0024 DEF FNA(X)=ATN(X/SQR(-X*X+1)) 
0110 CF=.0174533:PI=3.141592654# 
0120 SC=1367:B=.91 :A=.51:T =.7 
0200 PRINT "INPUT PARAMETERS" 
0210 PRINT :PRINT "LATITUDE OF SITE IN" 
0220 PRINT "DECIMAL DEGREES (-VE FOR S HEM) ":INPUT LA 
0225 IF ABS(LA»66.5 THEN 210 
0226 INPUT "DAY #, MONTH # ";D,M 
0227 INPUT "LEAP YEAR (Y OR N) ";L$ 
0228 IF L$="Y" THEN L=1 ELSE L=2 
0230 TD=(I NT(275 *M/9)- L *1 NT (( M+9)/12)+ D-30) 
0232 IF TD>365 THEN 230 
0234 PRINT "INCLINATION OF SURFACE FROM" 
0235 PRINT "THE HORIZONTAL (DEG) ":INPUT BT 
0236 IF BT>90 THEN 234 
0237 PRINT "SURFACE AZIMUTH ANGLE" 
0238 PRINT "EAST IS +VE, WEST IS -VE," 
0239 PRINT "NORTH IS 180, SOUTH IS 0 ":INPUT U 
0240 PRINT "ENTER REQUIRED TIME INTERVALS" 
0250 PRINT "BETWEEN IRRADIANCE ESTIMATES (IN SECS) ":INPUT K 
0260 PRINT "ENTER GAP DIAMETER IN METRES ":INPUT GD 
0270 PRINT "ENTER MEAN HEIGHT OF FOREST' 
0280 PRINT "AROUND THE GAP IN METRES ":INPUT GH 
0300 REM ECCENTRICITY CORRECTION EQUATION 
0310 EO=1 +.003*COS((2*PI*TD/365.25)*CF) 
0320 REM DAY ANGLE EQUATION 
0330 DA=(2*PI*(TD-1 )/365.25)/CF 
0340 REM SOLAR DECLINATION EQUATION 
0350 SD=.006918-.399912*COS(DA *CF)+.070257*SIN(DA *CF) 
0351 SD=SD-.006758*COS(2*DA *CF)+.000907*SIN(2*DA *CF) 
0352 SD=SD-.002697*COS(3*DA *CF)+.00148*SIN(3*DA *CF) 
0353 SD=SD*(180/PI) 
0355 Z=K 
0360 K=K/240 
0400 REM SOLAR GEOMETRY FOR GAP 
0405 IF GH=O THEN VF=1 :GOTO 500 
0410 G=ATN(GH/(GD/2))/CF:REM GAP GEOMETRY 
0430 REM SKY-VIEW FACTOR (%) 
0440 VF=ATN(GD/(GH*2))/CF:VF=SIN(VF*CF):VF=VF*VF 
0450 IF GH=O THEN VF=1 
0500 REM LOOP SIMULATION 
0505 GOSUB 700 
0510 FOR H=11 0 TO 0 STEP -K:REM MORNING 
0511 GOSUB 520 
0512 NEXTH 
0515 FOR H=O-K TO -110 STEP -K:REM AFTERNOON 
0516 GOSUB 520 
0517 NEXTH 
051 8 GOTO 654 
0520 REM SOLAR ALTITUDE EQUATION 
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0530 SA=SI N(LA *CF)*SIN(SD*CF) 
0535 SA=SA+COS(LA*CF)*COS(SD*CF)*COS(H*CF) 
0540 SA=FNA(SA):SA=SNCF 
0550 REM INCLINED SURFACE COMPUTATIONS 
0555 TH=(SIN(LA *CF)*COS(BT*CF)-COS(LA *CF)*SIN(BT*CF)*COS(U*CF)} 

*SIN(SD*CF)+(COS(LA *CF)*COS(BT*CF)+SIN(LA *CF)*SI N(BT*CF) 
*COS(U*CF))* COS(SD*CF)*COS(H*CF)+COS(SD*CF} 
*S I N (BT*CF) *SI N( U*CF} *S I N (H*C F) 

0560 TH=FNB(TH}:TH= TH/CF 
0580 REM SOLAR RADIATION COMPONENTS 
0590 M=1/SIN(SA *CF) 
0595 GOSUB 2052 
0596 BB=SC*EO*T"M*SIN(SA*CF):REM DIRECT-BEAM 
0597 DD=A*(B*SC*EO*SIN(SA*CF)-BB):REM DIFFUSE CLOUDLESS SKY 
0598 DD=.5*DD*(1 +COS(BT*CF}):REM DIFFUSE INCLINED SURFACE CLOUDLESS 
0599 D1 =A *(B*SC*EO*SIN(SA *CF)-T1 )/(1-A):REM DIFFUSE CLOUDY SKY 
0600 D1 =.5*D1 *(1 +COS(BT*CF)):REM DIFFUSE INCLINED SURFACE CLOUDY 
0603 ZA=90-SA 
0605 BB=BB*(COS(TH*CF)/COS(ZA*CF)):REM DIRECT INCLINED CLOUDLESS 
0606 IF D1 >= T1 THEN D1 = T1 
0607 IF N=1 THEN 620 
0608 B1=T1-D1 
0609 B1 =B1 *(COS(TH*CF)/COS(ZA*CF)):REM DIRECT INCLINED CLOUDY 
0610 T1 =B1 +D1 :TT = T1 :BB=B1 :DD=D1 
0620 IF 90-TH<G THEN BB=O 
0621 F SA=<O THEN DD=O:IF SA =<0 THEN BB=O 
0627 IF BB<O THEN BB=O 
0628 IF SA<O THEN SA=O 
0633 DD=DD*VF:TT =BB+DD 
0635 PRINT#1,USING "##.#";SA;:PRINT#1,USING F$;BB; 

:PRINT#1,USING F$;DD;:PRINT#1,USING F$;TT 
0644 PRINT :PRINT "SOLAR ALTITUDE ";:PRINT USING F$;SA 
0645 PRINT "BEAM";:PRINT USING F$;BB;:PRINT" DIFFUSE"; 

:PRINT USING F$;DD;:PRINT" TOTAL";:PRINT USING F$;TT 
0646 BB=BB*ZJ1000:REM AVERAGES IN KJ/M 
0647 DD=DD*Z/1000 
0648 TT = TT*Z/1 000 
0649 R 1 =R 1 +(BB) :R2=R2+(DD) :R3=R3+(TT) 
0652 RETURN 
0654 CLOSE#1 :CLS 
0655 PRINT "DAILY INTEGRALS BASED ON ";ZJ60;" MIN VALUES" 
0660 PRINT "IN KILOJOULES PER sa METRE" 
0665 PRINT :PRINT "DIRECT-BEAM";:PRINT USING G$;R1 
0666 PRINT "DIFFUSE-SKY";:PRINT USING G$;R2 
0667 PRINT "TOTAL";:PRINT USING G$;R3 
0680 PRINT :PRINT "MEAN DAILY FLUXES BASED ON ";ZJ60;" MIN VALUES" 
0681 PRINT "IN WATTS PER sa METRE" 
0682 WS=-TAN(LA*CF)*TAN(SD*CF):REM SUNRISE HOUR ANGLE 
0683 WS=FNB(WS):WS=WS/CF 
0684 DN=.13333333#*WS:REM DA YLENGTH IN HRS 
0685 PRINT "DAYLENGTH (HRS)";:PRINT USING F$;DN :DN=DN*3600 
0686 PRINT :PRINT "DIRECT-BEAM";:PRINT USING F$;R1 *1 OOO/DN 
0687 PRINT "DIFFUSE-SKY";:PRINT USING F$;R2*1000/DN 
0688 PRINT "TOTAL";:PRINT USING F$;R3*1000/DN 
0696 GOTO 900 
0700 REM DISPLAY ROUTINE 
0705 CLS 
0710 PRINT "DAY OF THE YEAR ";TD 
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0720 PRINT "LATITUDE ";LA;" DEGREES" 
0721 PRINT "SOLAR DECLINATION ";:PRINT USING F$;SD 
0725 PRINT "CLOUD-TYPE - ";C$ 
0730 PRINT "GAP DIAMETER ";GD;" METRES" 
0740 PRINT "MEAN CANOPY HEIGHT ";GH;" METRES" 
0745 PRINT "SLOPE ANGLE ";BT;" DEG" 
0748 PRINT "ASPECT ";U;" DEG" 
0780 PRINT "SKY VIEW FACTOR ";VF 
0785 PRINT :PRINT "CLICK TO CONTINUE":WHILE MOUSE (0)<>1 :WEND 
0789 CLS 
0790 PRINT :PRINT "RADIATION COMPONENTS WATTS PER SO METRE" 
0800 PRINT "AT THE CENTRE OF THE GAP":PRINT 
0805 PRINT "VALUES ARE GIVEN EVERY ";Z/60;" MINS" 
0810 RETURN 
0900 PRINT :PRINT "CLICK TO CONTINUE":WHILE MOUSE (0)<>1 :WEND 
0910 GOT02 
0930 END 
2000 REM SUBROUTINE FOR CLOUD TYPES 
2005 CLS:PRINT "CLOUD TYPES" 
2010 PRINT :PRINT "(1) CLOUDLESS" 
2015 PRINT "(2) CIRRUS" 
2020 PRINT "(3) CIRROSTRATUS" 
2025 PRINT "(4) ALTOCUMULUS" 
2030 PRINT "(5) ALTOSTRATUS" 
2035 PRINT "(6) STRATOCUMULUS" 
2040 PRINT "(7) STRATUS" 
2041 PRINT "(8) NIMBOSTRATUS" 
2042 PRINT :INPUT"SELECT OPTION (NUMBER) ";N 
2043 IF N=1 THEN C$="CLOUDLESS" 
2044 IF N=2 THEN C$="CIRRUS" 
2045 IF N=3 THEN C$="CIRROSTRATUS" 
2046 IF N=4 THEN C$="ALTOCUMULUS" 
2047 IF N=5 THEN C$="ALTOSTRATUS" 
2048 IF N=6 THEN C$="STRATOCUMULUS" 
2049 IF N=7 THEN C$="STRATUS" 
2050 IF N=8 THEN C$="NIMBOSTRATUS" 
2051 RETURN 
2052 REM CLOUD-IRRADIANCE REGRESSIONS 
2053 IF N=1 THEN 2090 
2055 IF N=2 THEN T1 =-120.84+20.75*SA-.093*SA"2:REM CIRRUS 
2060 IF N=3 THEN T1=-139.36+20.37*SA-.087*SA"2:REM CIRROSTRATUS 
2065 IF N=4 THEN T1 =-81.11 + 12.51 *SA-.053*SAII2:REM ALTOCUMULUS 
2070 IF N=5 THEN T1=-61.51+10.22*SA-.048*SAII2:REM ALTOSTRATUS 
2075 IF N=6 THEN T1 =-48.11 +8.07*SA-.033*SAII2:REM STRATOCUMULUS 
2080 IF N=7 THEN T1=-32.2+5.78*SA-.025*SAII2:REM STRATUS 
2085 IF N=8 THEN T1 =-1 0.42+3.82*SA-.024*SAII2:REM NIMBOSTRATUS 
2088 IF T1<0 THEN T1=0 
2090 RETURN 

Lines 1-200: 
Lines 200-280: 

PROGRAM DETAILS 

Parameters are set, and variables and functions defined. 
Input parameters are entered, including sky conditions, latitude, day 
and month, slope angle and aspect, time interval required for 

irradiance estimates, diameter of the circular gap, and height of the 
surrounding forest. 



Lines 300-633: 

Lines 635-654: 
Lines 655-930: 
Lines 2000-2090: 
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The main algorithm that calculates direct, diffuse and total irradiance 
at the prescibed interval for the particular set of input parameters. 
Remark (REM) statements are provided for various equations referred 
to in the text (Chapters 2 & 3). 
Routine that writes simulated data into a named ASCII file. 
The main screen output display routine. 
Routine which calculates total irradiance beneath the seven cloud 
types using the regression equations defined in Table 3.4. 
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APPENDIXC 

DESCRIPTIVE STATISTICS APPLIED TO THE SCANGill. 
MODEL SIMULATIONS IN CHAPTER 4 
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----------------------------------------------------------------
TOTAL IRRADIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SO mean±1 SO mean±1 SO mean±1 SO mean±1 SO 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 602.6±326.3 641.3±350.5 654.8±361.3 648.3±361.3 618.7±364.1 

(Dec 22) 664.1 709.7 722.9 713.0 676.7 
(5.1-1001.8) (3.8-1071.8) (0.7-1104.3) (4.2-1098.2) (9.6-1053.7) 

54.2% 54.7% 55.5% 55.7% 55.9% 
n = 359 n = 377 n = 397 n = 412 n = 441 

-20.0° 620.6±335.7 650.1 ±356.5 657.5±363.9 641.0±358.6 604.0±339.1 
(Jan 221 684.5 716.4 723.0 706.2 662.2 

Nov 22) (5.2-1030.9) (1.6-1087.8) (0.6-1106.6) (0.4-1086.8) (5.0-1028.9) 
54.1% 54.8% 55.4% 55.9% 56.1% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 654.2±353.3 664.8±361.2 652.3±356.0 614.7±339.5 558.3±309.1 
(Feb 221 722.1 733.3 718.6 679.3 611.9 

Oct 22) (5.5-1085.3) (4.0-1106.6) (3.7-1089.1) (1.3-1033.6) (3.7-941.9) 
54.0% 54.3% 54.6% 55.2% 55.4% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 667.4±360.1 654.4±353.7 617.8±335.1 559.3±304.8 481.1 ±263.8 
(Mar 211 736.8 722.3 681.5 616.1 528.9 

Sep 23) (5.6-1106.6) (4.9-1086.1) (4.1-1027.5) (3.1-933.1 ) (2.1-806.2) 
53.9% 54.1% 54.2% 54.5% 54.8% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+11.0° 654.2±353.3 611.4±330.7 549.6±299.1 472.5±254.4 375.9±203.2 
(Apr 221 722.1 675.0 606.7 520.8 413.4 

Aug 22) (5.5-1085.3) (4.0-1014.8) (1.0-914.9) (4.8-783.3) (2.6-625.2) 
54.0% 54.1% 54.4% 53.8% 54.1% 

n :;: 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 620. 6±335. 7 562.2±304.7 486.7±262.9 393.7±212.5 290.0±154.2 
(May 221 684.5 623.8 540.0 433.7 318.4 

Jul 22) (5.2-1030.9) (2.9-934.2) (2.9-807.6) (2.0-653.5) (3.9-479.0) 
54.1% 54.2% 54.0% 54.0% 53.2% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 602.6±326.3 538.3±293.0 458.9±246.9 362.2±193.6 253.2±135.5 
(Jun 22) 664.1 594.0 506.1 401.1 277.8 

(5.1-1001.8) (1.1-896.4) (3.9-760.3) (4.2-598.7) (1.1-419.5) 
54.2% 54.4% 53.8% 53.5% 53.5% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.l. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) above the forest (forest height to diameter ratio = 0:0) 
under cloudless skies. The mean, standard deviation, median, range and 
coefficient of variation (cv) are given for 0°, 10°, 20°, 30°, and 40° South at solar 
declinations (8) approximately equal to the 22nd day of each month. 
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----------------------------------------------------------------
TOTAL IRRADIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SO mean±1 SO mean±1 SO mean±1 SO mean±1 SO 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 545.7±354.3 586.3±377.6 600.4±389.9 593.5±388.0 562.5±373.2 

(Dec 22) 634.2 679.4 692.6 682.8 646.4 
(4.1-972.0) (3.1-1042.3) (0.6-1074.9) (3.3-1068.8) (7.7-1024.1) 

64.9% 64.4% 65.0% 65.5% 66.4% 
n = 359 n = 377 n = 397 n = 417 n = 441 

-20.0° 565.1 ±362.9 595.9±383.1 604.2±389.6 586.8±384.4 546.8±366.3 
(Jan 221 654.2 686.1 692.8 675.9 632.0 

Nov 22) (4.2-1001.2) (1.3-1058.3) (0.5-1077.2) (0.3-1057.3) (4.0-999.2) 
64.2% 64.3% 64.5% 65.5% 67.0% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 599.1 ±381.2 611.3±387.7 597.4±383.4 588.9±366.3 500.3±335.9 
(Feb 221 691.8 703.0 688.3 649.1 581.9 

Oct 22) (4.4-1055.8) (3.2-1077.2) (3.0-1059.7) (1.0-1003.9) (2.9-911.9) 
63.6% 63.4% 64.2% 65.6% 67.1% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 612.9±387.9 599.3±381.5 561.3±363.1 500.8±332.3 416.9±291.5 
(Mar 211 706.5 692.0 651.3 586.1 499.2 

Sep 23) (4.4-1077.2) (3.9-1056.6) (3.2-997.8) (2.5-903.1 ) (1.6-776.0) 
63.3% 63.7% 64.7% 66.4% 69.9% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+ 11.0° 599.1 ±381.2 554.7±358.7 490.7±326.6 408.6±282.1 299. 9±227.8 
(Apr 221 691.8 644.8 576.6 491.2 114.7 

Aug 22) (4.4-1055.8) (3.2-985.1 ) (0.8-884.9) (3.8-753.1 ) (2.1-595.1 ) 
63.6% 64.7% 66.6% 69.0% 75.9% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 565.1 ±362.9 503 .8±332.4 423.8±290.7 320.6±238.2 187.2±160.4 
(May 221 654.2 593.7 510.3 404.8 108.4 

Jui 22) (4.2-1001.2) (2.3-904.2) (2.3-777.4) (1.6-623.4) (3.1-449.7) 
64.2% 66.0% 68.6% 74.3% 85.7% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 545.7±354.3 478.9±320.3 392.5±275.2 284.2±217.3 90.4±30.6 
(Jun 22) 634.2 563.9 476.5 114.0 104.6 

(4.1-972.0) (0.9-866.3) (3.1-730.0) (3.4-568.6) (0.9-115.0) 
64.9% 66.9% 70.1% 76.5% 33.8% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.2. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 1 :4) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (8) approximately equal to the 22nd 
day of each month. 
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----------------------------------------------------------------
TOTAL IRRADIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SO mean±1 SO mean±1 SO mean±1 SO mean±1 SO 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 403.8±389.9 454.3±417.7 473.3±429.9 464.2±427.5 428.6±409.2 

(Dec 22) 75.5 75.7 75.7 75.7 75.6 
(2.5-927.3) (1.9-998.0) (0.7-1104.3) (2.1-1024.7) (4.8-979.7) 

96.6% 91.9% 90.8% 92.1% 95.5% 
n = 359 n = 377 n = 397 n = 417 n = 441 

-20.0° 425.8±401.9 465.8±423.9 476.2±430.9 456.1 ±423.4 409.5±399.7 
(Jan 221 75.6 75.7 75.7 75.6 75.5 

Nov 22) (2.6-956.7) (0.8-1014.1 ) (0.3-1033.2) (0.2-1013.1) (2.5-954.7) 
94.4% 91.0% 90.4% 92.8% 97.6% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 469.4±422.8 481.5±431.2 466.8±424.6 421.9±402.6 345.7±362.2 
(Feb 221 75.7 75.7 75.7 75.6 75.2 

Oct 22) (2.7-1011.7) (2.0-1033.1 ) (1.9-1015.5) (0.7-959.4) (1.8-867.0) 
90.1% 89.6% 90.9% 95.4% 101.7% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 482.3±431.6 469.6±423.2 424.2±400.5 343.7±359.1 218.1 ±277.9 
(Mar 211 75.7 75.7 75.6 75.2 74.2 

Sep 23) (2.8-1033.2) (2.4-1012.4) (2.0-953.3) (1.6-858.1 ) (1.0-730.6) 
89.5% 90.1% 94.4% 104.5% 127.5% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+ 11 .0° 469.4±422.8 415.4±395.5 330.8±350.7 193.5±256.7 62.4±18.7 
(Apr 221 75.7 75.6 75.2 74.1 71.7 

Aug 22) (2.7-1011.7) (2.0-940.5) (0.5-839.8) (2.4-707.7) (1.3-75.3) 
90.1% 95.2% 106.0% 132.6% 29.9% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 425.8±401.9 347.0±360.1 224.8±281.8 63.0±18.6 58.9±18.7 
(May 221 75.6 75.3 74.4 72.3 67.8 

Jui 22) (2.6-956.7) (1.4-859.2) (1.5-732.0) (1.0-75.5) (1.9-73.3) 
94.4% 103.8% 125.4% 29.5% 31.8% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 403.8±389.9 313.9±341.0 152.3±217.6 62.4±18.4 56.5±19.1 
(Jun 22) 75.5 75.0 73.9 71.3 65.4 

(2.5-927.3) (0.6-821.2) (2.0-684.6) (2.1-75.1) (0.5-71.8) 
96.6% 108.6% 142.9% 29.7% 33.8% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.3. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 1:2) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (8) approximately equal to the 22nd 
day of each month. 
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----------------------------------------------------------------
TOTAL IRRADIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SD mean±1 SD mean±1 SD mean±1 SD mean±1 SD 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 146.5±296.1 255.6±391.5 286.4±414.8 277.2±408.8 223.6±368.6 

(Dec 22) 30.0 30.1 30.1 30.1 30.0 
(1.0-882.7) (0.8-953.7) (0.1-986.8) (0.8-980.6) (1.9-935.3) 

202.2% 153.2% 144.8% 147.5% 164.8% 
n = 359 n = 377 n = 397 n = 417 n = 441 

-20.0° 202.0±349.1 274.0±404.7 290.7±417.3 266.4±400.8 189.1 ±339.2 
(Jan 221 30.0 30.1 30.1 30.1 30.0 

Nov 22) (1.0-912.2) (0.3-970.0) (0.1-989.1 ) (0.1-968.9) (1.0-910.1) 
172.8% 147.7% 143.5% 150.4% 179.4% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 274.7±404.4 293.4±418.6 274.5±405.4 199.5±348.1 26.4±6.9 
(Feb 221 30.1 30.1 30.1 30.0 30.0 

Oct 22) (1.1-967.5) (0.8-989.1 ) (0.7-971.3) (0.3-914.9) (0.7-30.3) 
147.2% 142.6% 147.7% 174.5% 26.3% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 299.0±420.6 274.9±404.7 192.2±341.3 26.5±6.9 26.0±7.2 
(Mar 211 30.1 30.1 30.0 30.0 29.7 

Sep 23) (1.1-989.1) (1.0-968.2) (0.8-908.8) (0.6-30.3) (0.4-30.3) 
140.7% 147.2% 177.6% 25.9% 27.8% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+ 11.0° 274.7±404.4 174.7±324.6 26.4±7.0 26.0±7.1 24.0±7.5 
(Apr 221 30.1 30.0 30.0 29.6 28.7 

Aug 22) (1.1-967.5) (0.8-895.9) (0.2-30.3) (1.0-30.3) (0.5-30.1 ) 
147.2% 185.8% 26.4% 27.1% 29.9% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 202.0±349.1 26.5±6.8 26.1±7.1 25.2±7.4 23.6±7.5 
(May 221 30.0 30.0 29.8 28.9 27.1 

Ju122) (1.0-912.2) (0.6-30.3) (0.6-30.3) (0.4-30.2) (0.8-29.3) 
172.8% 25.8% 50.3% 29.5% 31.8% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 146.5±296.1 26.4±7.0 25.9±7.1 24.9±7.4 22.6±7.7 
(Jun 22) 30.0 30.0 29.5 28.5 26.1 

(1.0-882.7) (0.2-30.3) (0.8-30.3) (0.8-30.0) (0.2-26.1 ) 
202.2% 26.7% 27.5% 29.7% 53.5% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.4. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 1:1) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (8) approximately equal to the 22nd 
day of each month. 
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----------------------------------------------------------------
TOTAL IRRADIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SD mean±1 SD mean±1 SD mean±1 SD mean±1 SD 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 7.9±1.9 49.5±192.0 149.0±337.7 131.9±319.2 7.8±1.9 

(Dec 22) 8.8 8.7 8.8 8.8 8.7 
(0.3-8.9) (0.2-932.9) (0.3-966.1 ) (0.2-959.8) (0.6-8.9) 

24.7% 387.9% 266.6% 241.9% 24.5% 
n = 359 n = 377 n = 397 n = 417 n = 441 

-20.0° 7.9±1.9 109.9±292.2 151.5±340.5 106.4±287.5 7.8±2.0 
(Jan 221 8.7 8.8 8.8 8.8 8.7 

Nov 22) (0.3-8.9) (0.1-949.2) (0.3-968.4) (0.3-948.1 ) (0.3-8.9) 
24.4% 265.7% 224.7% 270.1% 25.6% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 104.0±284.2 154.9±343.8 115.1±298.6 7.8±2.0 7.8±2.0 
(Feb 221 8.8 8.8 8.8 8.7 8.8 

Oct 22) (0.3-946.7) (0.2-968.4) (0.2-950.6) (0.1-8.9) (0.2-8.9) 
273.3% 221.9% 259.5% 25.6% 26.3% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 158.2±346.7 109.2±290.9 7.9±1.9 7.8±2.0 7.6±2.1 
(Mar 211 8.8 8.8 8.7 8.8 8.7 

Sep 23) (0.3-968.4) (0.3-947.4) (0.2-8.9) (0.2-8.9) (0.1-8.9) 
219.2% 266.4% 24.6% 25.9% 27.8% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+ 11.0° 104.0±284.2 7.9±1.9 7.8±2.0 7.7±2.1 7.3±2.2 
(Apr 221 8.8 8.8 8.8 8.7 8.4 

Aug 22) (0.3-946.7) (0.2-8.9) (0.1-8.9) (0.3-8.9) (0.2-8.9) 
273.3% 24.7% 26.4% 27.1% 29.9% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 7.9±1.9 7.8±2.0 7.7±2.1 7.4±2.2 6.9±2.2 
(May 221 8.7 8.8 8.8 8.5 8.0 

Jul 22) (0.3-8.9) (0.2-8.9) (0.2-8.9) (0.1-8.9) (0.2-8.6) 
24.4% 25.7% 27.2% 29.5% 31.8% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 7.9±1.9 7.8±2.1 7.6±2.1 7.3±2.1 6.4±2.2 
(Jun 22) 8.9 8.8 8.7 8.4 7.7 

(0.3-8.9) (0.1-8.9) (0.2-8.9) (0.2-8.4) (0.1-8.5) 
24.7% 26.7% 27.5% 29.7% 33.8% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.S. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 2:1) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (8) approximately equal to the 22nd 
day of each month. 
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----------------------------------------------------------------
TOTAL IRRAOIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SD mean±1 SO mean±1 SO mean±1 SO mean±1 SO 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 3.6±0.9 3.6±0.9 92.8±278.0 74.1 ±249.1 3.6±0.9 

(Dec 22) 4.0 4.0 4.0 4.0 4.0 
(0.1-4.1) (0.1-4.1) (0.1-961.4) (0.1-955.2) (0.3-4.1 ) 

24.8% 24.6% 299.5% 336.3% 24.4% 
n = 359 n = 377 n = 397 n = 417 n = 441 

-20.0° 3.6±0.9 3.6±0.9 104.1 ±293.3 3.6±0.9 3.6±0.9 
(Jan 221 4.0 4.0 4.0 4.0 4.0 

Nov 22) (0.1-4.1) (0.2-4.1) (0.1-963.7) (0.1-4.1) (0.1-4.1 ) 
24.4% 23.7% 281.7% 24.7% 25.6% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 3.6±0.9 104.9±294.4 3.6±0.9 3.6±0.9 3.6±0.9 
(Feb 221 4.0 4.0 4.0 4.0 4.0 

Oct 22) (0.1-4.1) (0.1-963.7) (0.1-4.1) (0.2-4.1 ) (0.1-4.1 ) 
23.9% 280.5% 24.4% 24.5% 26.4% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 101.9±290.6 3.6±0.9 3.6±0.9 3.6±0.9 3.5±0.9 
(Mar 211 4.0 4.0 4.0 4.0 4.0 

Sep 23) (0.1-963.7) (0.1-4.1) (0.1-4.1) (0.1-4.1) (0.1-4.1 ) 
285.0% 23.9% 24.6% 26.1% 27.8% 

n = 359 n = 359 n = 359 n = 359 n = 359 

+ 11.0° 3.6±0.9 3.6±0.9 3.6±0.9 3.5±0.9 3.4±1.0 
(Apr 221 4.0 4.0 4.0 4.0 3.9 

Aug 22) (0.1-4.1) (0.1-4.1) (0.2-4.1 ) (0.1-4.1) (0.1-4.1) 
23.9% 24.7% 25.3% 27.1% 29.9% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 3.6±0.9 3.6±0.9 3.5±0.9 3.4±1.0 3.2±1.0 
(May 221 4.0 4.0 4.0 3.9 3.7 

Jul 22) (0.1-4.1) (0.1-4.1) (0.1-4.1) (0.1-4.1) (0.1-4.0) 
24.4% 25.8% 27.3% 29.6% 31.8% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 3.6±0.9 3.6±0.9 3.5±1.0 3.4±1.0 3.1±1.0 
(Jun 22) 4.0 4.1 4.0 3.9 3.5 

(0.1-4.1) (0.2-4.1) (0.1-4.1) (0.1-4.1) (0.1-3.9) 
24.8% 25.6% 27.5% 29.7% 32.8% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.6. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 3:1) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (0) approximately equal to the 22nd 
day of each month. 
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----------------------------------------------------------------
TOTAL IRRAOIANCE (W m-2) 

SOLAR 0° S 10° S 20° S 30° S 40° S 
DECLINATION mean±1 SD mean±1 SO mean±1 SD mean±1 SD mean±1 SD 
(Approximate median median median median median 

date) (range) (range) (range) (range) (range) 
cv cv cv cv cv 

----------------------------------------------------------------
-23.5° 2.0±0.5 2.1 ±0.5 67.3±241.3 31.7±165.5 2.0±0.5 

(Dec 22) 2.3 2.3 2.3 2.3 2.3 
(0.1-2.3) (0.1-2.3) (0.1-959.7) (0.1-953.5) (0.1-2.3) 

24.6% 24.5% 358.4% 522.2% 24.5% 
n = 359 n=377 n = 397 n = 417 n = 441 

-20.0° 2.1 ±0.5 2.1 ±0.5 78.3±259.4 2.1±0.5 2.0±0.5 
(Jan 221 2.3 2.3 2.3 2.3 2.3 

Nov 22) (0.1-2.3) (0.1-2.3) (0.1-962.0) (0.1-2.3) (0.1-2.3) 
24.4% 23.6% 331.4% 24.6% 25.5% 

n = 359 n = 375 n = 391 n = 409 n = 429 

-11.0° 2.1 ±0.5 77.7±258.4 2.1 ±0.5 2.1±0.5 2.0±0.5 
(Feb 221 2.3 2.3 4.0 2.3 2.3 

Oct 22) (0.1-2.3) (0.1-962.0) (0.1-2.3) (0.1-2.3) (0.1-2.3) 
23.8% 332.9% 24.2% 24.4% 26.2% 

n = 359 n = 367 n = 375 n = 385 n = 395 

0.0° 79.3±261.0 2.1 ±0.5 2.1±0.5 2.0±0.5 2.0±0.5 
(Mar 211 2.3 2.3 2.3 2.3 2.3 

Sep 23) (0.1-962.0) (0.1-2.3) (0.1-2.3) (0.1-2.3) (0.1-2.3) 
329.1% 23.9% 24.7% 24.7% 26.5% 

n = 359 n= 359 n = 359 n = 359 n = 359 

+ 11.0° 2.1 ±0.5 2.1±0.5 2.0±0.5 2.0±0.5 1.9±0.6 
(Apr 221 2.3 2.3 2.3 2.3 2.2 

Aug 22) (0.1-2.3) (0.1-2.3) (0.2-2.3) (0.1-2.3) (0.1-2.2) 
23.8% 24.6% 25.0% 27.0% 28.8% 

n = 359 n = 351 n = 343 n = 331 n = 319 

+20.0° 2.1±0.5 2.0±0.5 2.0±0.5 1.9±0.6 1.8±0.6 
(May 221 2.3 2.3 2.3 2.2 2.1 

Ju122) (0.1-2.3) (0.1-2.3) (0.1-2.3) (0.1-2.2) (0.1-2.3) 
24.4% 24.5% 25.9% 28.4% 31.9% 

n = 359 n = 345 n = 329 n = 311 n = 287 

+23.5 2.0±0.5 2.0±0.5 2.0±0.5 1.9±0.6 1.8±0.6 
(Jun 22) 2.3 2.3 2.3 2.2 2.0 

(0.1-2.3) (0.2-2.3) (0.1-2.3) (0.1-2.3) (0.1-2.2) 
24.6% 25.3% 27.4% 29.7% 32.6% 

n = 359 n = 343 n = 323 n = 301 n = 275 

Table C.7. Statistical summary showing simulated total irradiance on a 
horizontal surface (W m-2) at ground level at the centre of a circular gap (forest 
height to diameter ratio = 4:1) under cloudless skies. The mean, standard 
deviation, median, range and coefficient of variation (cv) are given for 0°, 10°, 
20°, 30°, and 40° South at solar declinations (8) approximately equal to the 22nd 
day of each month. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
~Q[lb J QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

628.5±358.3 639.2±352.4 516.1±277.0 
688.9 708.7 572.9 

(0.7-1078.7) (0.3-1071.5) (3.9-850.1 ) 
57.0% 55.1% 53.7% 
n = 397 n = 361 n = 323 

526.3±316.6 630.9±350.7 587.9±312.7 
566.5 699.3 659.5 

(0.6-937.6) (0.3-960.5) (3.6-957.0) 
60.2% 54.1% 53.2% 

n = 397 n = 361 n = 323 

663.2±358.3 578.4±313.1 389.7±209.9 
737.3 641.7 426.1 

(0.6-994.9) (0.3-960.5) (3.9-649.7) 
54.0% 54.1% 53.9% 
n = 397 n = 361 n = 323 

626.0±317.4 455.8±237.7 226.6±116.9 
705.9 506.5 236.8 

(0.6-994.9) (0.3-742.6) (3.6-380.1 ) 
50.7% 52.1% 51.6% 

n = 397 n = 361 n = 323 
10° 

645.9±364.9 608.9±339.9 453.0±248.4 
712.3 672.3 498.9 

(0.7-1099.3) (0.3-1027.2) (3.9-758.2) 
56.5% 55.8% 54.8% 

n = 397 n = 361 n = .323 
30° 

583.2±365.9 552.0±345.0 412.5±250.9 
629.3 597.3 440.3 

(0.6-1058.3) (0.3-998.0) (3.6-739.2) 
62.7% 62.5% 60.8% 

n = 397 n = 361 n = 323 

Table C.S. Statistical summary showing simulated total irradiance (W m-2) 
above the forest (forest height to diameter ratio = 0:0) at 20° South under 
cloudless skies. The mean, standard deviation, median, range and coefficient of 
variation (cv) are given for six slope inclinations at the solstices (June 22, 0 = 
+23.5°; December 22, 0 = -23.5°) and equinoxes (March 2l/September 23, 0 = 0.0°). 
Refer to Table C.l for comparison with a horizontal surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
~Q(lb l QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

569.6±387.1 587.4±376.5 466.7±296.9 
658.8 678.7 543.6 

(0.7-1078.7) (0.3-1042.0) (3.1-820.0) 
68.0% 64.1% 63.6% 

n = 397 n = 361 n = 323 

455.8±348.2 579.3±376.6 556.8±317.0 
538.2 671.1 631.9 

(0.5-910.1) (0.2-1034.5) (2.9-928.8) 
76.4% 65.0% 56.9% 

n = 397 n = 361 n = 323 

613.3±381.8 516.4±344.3 297.5±237.8 
707.2 611.7 117.3 

(0.5-1069.5) (0.3-931.1 ) (3.1-619.7) 
62.3% 66.7% 79.9% 

n = 397 n = 361 n = 323 

584.3±335.4 364.7±278.2 96.7±26.6 
677.7 478.3 110.3 

(0.5-967.5) (0.2-714.9) (2.9-113.0) 
57.4% 76.3% 27.5% 

n = 397 n = 361 n = 323 
10° 

593.1 ±388. 7 555.2±363.4 389.9±272.8 
682.4 642.5 470.3 

(0.5-1070.1 ) (0.3-997.7) (3.1-728.1) 
65.5% 65.4% 70.0% 

n = 397 n = 361 n = 323 
30° 

529.8±385.0 498.3±363.2 352.7±265.3 
601.4 571.0 312.0 

(0.5-1030.6) (0.2-970.0) (2.9-711.0) 
72.7% 72.9% 75.3% 

n = 397 n = 361 n = 323 

Table C.9. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:4) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.2 for comparison with a horizontal 
surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
bl Q[tb J QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

438.9±420.8 459.6±416.9 309.9±323.9 
75.1 75.0 73.3 

(0.3-1005.8) (0.2-997.9) (1.9-775.0) 
95.9% 90.7% 104.5% 

n = 397 n = 361 n = 323 

293.9±352.3 455.4±416.2 448.2±364.5 
70.3 70.5 590.6 

(0.3-869.0) (0.2-993.0) (1.8-886.4) 
119.9% 91.4% 81.3% 

n = 397 n = 361 n = 323 

482. 9±428.1 356.8±372.4 64.3±17.7 
662.2 75.0 73.3 

(0.3-1025.7) (0.2-886.9) (1.9-75.1) 
88.6% 104.4% 27.5% 
n = 397 n = 361 n = 323 

424.0±394.9 62.1 ±15.8 60.4±16.6 
70.6 69.4 68.9 

(0.3-926.3) (0.2-70.6) (1.8-70.6) 
93.1% 25.5% 27.5% 

n = 397 n = 361 n = 323 
10° 

467.7±427.3 420.2±399.6 162.1 ±226. 7 
75.1 75.1 73.3 

(0.3-1026.3) (0.2-953.4) (1.9-683.1 ) 
91.4% 95.1% 139.8% 

n = 397 n = 361 n = 323 
30° 

428.4±404.1 394.8±378.1 194.1 ±242.6 
70.6 70.6 70.2 

(0.3-988.9) (0.2-928.1 ) (1.8-668.6) 
94.3% 95.8% 125.0% 

n = 397 n = 361 n = 323 

Table C.lO. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:2) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.3 for comparison with a horizontal 
surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t::jQ[lb j QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

246.0±388.7 269.1 ±397.8 25.7±7.1 
29.8 29.9 29.3 

(0.1-962.1 ) (0.1-953.7) (0.8-30.0) 
157.9% 147.8% 27.5% 

n = 397 n = 361 n = 323 

24.8±6.2 267.4±397.5 258.2±360.9 
27.5 28.1 27.6 

(0.1-28.2) (0.1-951.4) (0.7-844.1) 
25.2% 148.6% 27.6% 

n = 397 n = 361 n = 323 

289.8±415.4 26.4±6.7 25.7±7.1 
29.9 29.5 29.3 

(0.1-982.0) (0.1-30.0) (0.8-30.0) 
143.3% 25.5% 27.5% 

n = 397 n = 361 n = 323 

24.8±6.2 24.8±6.3 24.2±6.7 
27.5 27.7 27.6 

(0.1-28.2) (0.1-28.2) (0.7-28.2) 
25.2% 25.5% 27.5% 
n = 397 n = 361 n = 323 

10° 
284.5±412.2 199.8±346.7 25.7±7.1 

29.8 29.7 29.3 
(0.1-982.5) (0.1-909.2) (0.8-30.0) 

144.9% 173.5% 27.5% 
n = 397 n = 361 n = 323 

30° 
264.1 ±388.4 210.7±343.6 24.2±6.7 

27.7 27.7 27.6 
(0.1-947.3) (0.1 -886.1) (0.7-28.2) 

147.0% 163.0% 27.5% 
n = 397 n = 361 n = 323 

Table c.n. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:1) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.4 for comparison with a horizontal 
surface at 20° S. 
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TOTAL 
IRRADIANCE 

(W m-2 ) 

-23.5° 

(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t:jQ[!b 1 QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

47.7±189.1 106. 9±285. 7 7.6±2.1 
8.6 8.7 8.6 

(0.0-941.5) (0.0-932.9) (0.2-8.8) 
396.7% 267.2% 27.5% 

n = 397 n = 361 n = 323 

7.3±1.8 106.4±285.5 50.0±182.5 
8.1 8.2 8.1 

(0.0-8.3) (0.0-931.9) (0.2-824.1 ) 
25.2% 268.3% 365.1 % 

n = 397 n = 361 n = 323 

138.4±326.4 7.8±2.0 7.6±2.1 
8.7 8.7 8.6 

(0.0-961.4) (0.0-8.8) (0.2-8.8) 
235.9% 25.6% 27.5% 

n = 397 n = 361 n = 323 

7.3±1.8 7.3±1.9 7.1±2.0 
8.1 8.2 8.1 

(0.0-8.3) (0.0-8.3) (0.2-8.3) 
25.2% 25.5% 27.6% 
n = 397 n = 361 n = 323 

10° 
145.1 ±332. 7 7.8±2.0 7.6±2.1 

8.7 25.6 8.6 
(0.0-961.9) (0.0-8.8) (0.2-8.8) 

229.4% 25.6% 27.5% 
n = 397 n = 361 n = 323 

30° 
128.7±306.9 7.3±1.9 7.1±2.0 

8.1 8.2 8.1 
(0.0-927.8) (0.0-8.3) (0.2-8.3) 

238.4% 25.5% 27.6% 
n = 397 n = 361 n = 323 

Table C.12. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 2:1) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, () = +23.5°; December 22, () = -23.5°) and equinoxes (March 
21/September 23, () = 0.0°). Refer to Table C.S for comparison with a horizontal 
surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
~Q[lb j QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

ESl:;!t/West 
mean±1 SO 

median 
(range) 

cv 

ESl:;!lLWest 
mean±1 SD 

median 
(range) 

cv 

3.5±1.0 3.6±1.0 3.5±1.0 
4.0 4.0 4.0 

(0.0-4.1) (0.0-4.1) (0.1-4.1) 
25.3% 25.5% 27.6% 

n = 397 n = 361 n = 323 

3.4±0.8 3.4±0.9 3.3±0.9 
3.7 3.7 3.7 

(0.0-3.8) (0.0-3.8) (0.1-3.8) 
25.2% 25.5% 27.4% 

n = 397 n = 361 n = 323 

77.7±255.2 3.6±1.0 3.5±1.0 
4.0 4.0 4.0 

(0.0-956.8) (0.0-4.1) (0.1-4.1) 
328.4% 25.5% 27.6% 

n = 397 n = 361 n = 323 

3.4±0.8 3.4±0.9 3.3±0.9 
3.7 3.7 3.7 

(0.0-3.8) (0.0-3.8) (0.1-3.8) 
25.2% 25.5% 27.4% 

n = 397 n = 361 n = 323 
10° 

91.8±275.8 3.6±0.9 3.5±1.0 
4.0 4.0 4.0 

(0.0-957.3) (0.0-4.1) (0.1-4.1) 
300.3% 25.5% 27.6% 

n = 397 n = 361 n = 323 
30° 

73.7±242.3 3.4±0.9 3.3±O.9 
3.7 3.7 3.7 

(0.0-923.1 ) (0.0-3.8) (0.1-3.8) 
328.6% 25.5% 27.4% 

n = 397 n = 361 n = 323 

Table C.13. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 3:1) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.6 for comparison with a horizontal 
surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t::jQ[lb l QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 

mean±1 SO 
median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

2.0±0.5 2.0±0.5 2.0±0.5 
2.3 2.3 2.3 

(0.0-2.3) (0.0-2.3) (0.1-2.3) 
25.2% 25.6% 27.5% 

n = 397 n = 361 n = 323 

1.9±0.5 1.9±0.5 1.9±0.5 
2.1 2.1 2.1 

(0.0-2.2) (0.0-2.2) (0.1-2.2) 
25.3% 25.5% 27.6% 

n = 397 n = 361 n = 323 

33.2±169.7 2.0±0.5 2.0±0.5 
2.3 2.3 2.3 

(0.0-955.1 ) (0.0-2.3) (0.1-2.3) 
510.9% 25.6% 27.5% 

n = 397 n = 361 n = 323 

1.9±0.5 1.9±0.5 1.9±0.5 
2.1 2.1 2.1 

(0.0-2.2) (0.0-2.2) (0.1-2.2) 
25.3% 25.5% 27.6% 

n = 397 n = 361 n = 323 
10° 

64.2±235.2 2.0±0.5 2.0±0.5 
2.3 2.3 2.3 

(0.0-955.6) (0.0-2.3) (0.1-2.3) 
366.3% 25.6% 27.5% 

n = 397 n = 361 n = 323 
30° 

36.1 ±172. 7 1.9±0.5 1.9±0.5 
2.1 2.1 2.1 

(0.0-916.6) (0.0-2.2) (0.1-2.2) 
478.7% 25.5% 27.6% 

n = 397 n = 361 n = 323 

Table C.14. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 4:1) 
at 20° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.7 for comparison with a horizontal 
surface at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t::IQ[tb J QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

621.0±361.9 528.4±296.8 305.1±167.9 
672.2 583.2 337.0 

(9.6-1085.6) (0.6-896.5) (1.1-510.1) 
58.3% 56.2% 55.0% 

n = 441 n = 361 n = 275 

576.1 ±361.5 575.2±331.5 384.9±218.2 
609.6 633.7 429.2 

(0.0-1057.2) (0.6-989.4 ) (1.0-649.0) 
62.7% 57.6% 56.7% 

n = 441 n = 361 n = 275 

599.6±320.5 425.7±228.2 195.4±99.5 
662.8 471.3 212.1 

(9.6-992.0) (0.6-704.6) (1.1-318.4) 
53.5% 53.6% 50.9% 
n = 441 n = 361 n = 275 

513.8±243.9 279.5±134.2 1 05.5±35. 7 
582.7 311.6 122.0 

(0.9-787.6) (0.6-436.8) (1.0-134.1 ) 
47.5% 48.0% 33.8% 
n = 441 n = 361 n = 275 

10° 
610.4±348.5 477.2±269.2 250.3±136.4 

663.5 526.1 274.5 
(9.6-1051.5) (0.6-812.2) (1.1-420.0) 

57.1% 56.4% 54.5% 
n = 441 n = 361 n = 275 

30° 

553.1 ±355.8 425.7±228.2 231.8±138.1 
580.1 471.3 236.8 

(9.0-1028.9) (0.6-704.6) (1.0-419.7) 
64.3% 53.6% 59.6% 

n = 441 n = 361 n = 275 

Table C.IS. Statistical summary showing simulated total irradiance (W m-2) 
above the forest (forest height to diameter ratio = 0:0) at 40° South under 
cloudless skies. The mean, standard deviation, median, range and coefficient of 
variation (cv) are given for six slope inclinations at the solstices (June 22, 8 = 
+23.5°; December 22,8 = -23.5°) and equinoxes (March 2l/September 23,8 = 0.0°). 
Refer to Table C.l for comparison with a horizontal surface at 40° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t::/Q[lb J QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

563.3±389.2 474.3±319.5 250.2±182.0 
642.2 553.7 311.1 

( 7 . 6-1 05 6 . 3 ) (0.5-866.5) (0.9-481.6) 
69.1% 67.4% 72.6% 

n = 441 n = 361 n = 275 

515.7±388.4 531.3±348.4 361.4±214.9 
581.4 606.0 404.8 

(7.2-1029.6) (0.5-961.2) (0.8-622.2) 
75.3% 65.6% 59.5% 

n = 441 n = 361 n = 275 

545.0±347.4 344.2±259.4 83.7±30.4 
632.9 441.8 103.8 

(7.6-962.6) (0.5-674.6) (0.9-114.1) 
63.7% 75.4% 33.8% 

n = 441 n = 361 n = 275 

456.9±275.4 96.8±27.2 84.4±28.5 
554.5 111.0 97.6 

(7.2-760.0) (0.5-113.0) (0.8-107.3) 
60.3% 28.1% 33.8% 

n = 441 n = 361 n = 275 
10° 

555.3±373.1 416.8±292.1 129.9±109.6 
633.8 496.2 103.8 

(7.6-1022.1 ) (0.5-782.2) (0.9-391.6) 
67.2% 70.1% 84.4% 

n = 441 n = 361 n = 275 
30° 

499.3±373.6 344.2±259.4 163.2±126.4 
554.0 441.8 106.3 

(7.2-1001.0) (0.5-674.6) (0.8-393.4) 
74.8% 75.4% 77.4% 

n = 441 n = 361 n = 275 

Table C.16. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:4) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 0 = +23.5°; December 22, 0 = -23.5°) and equinoxes (March 
21/September 23, 0 = 0.0°). Refer to Table C.2 for comparison with a horizontal 
surface at 40° S. 



390 

SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
r::lQ[tb 1 QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

Ea~t/West 

mean±1 SO 
median 
(range) 

cv 

Ea~1LWest 

mean±1 SO 
median 
(range) 

cv 

438.0±420.9 329.7±342.9 56.1±19.0 
75.0 73.8 64.9 

(4.8-1012.2) (0.3-821.5) (0.5-71.3) 
96.1% 90.7% 33.8% 

n = 441 n = 361 n = 275 

394.3±409.9 418.6±382.6 257.8±242.9 
70.5 69.3 61.0 

(4.5-988.2) (0.3-918.9) (0.5-582.0) 
103.9% 91.0% 94.2% 

n = 441 n = 361 n = 275 

388.7±386.8 64.3±18.1 56.1±18.9 
75.0 73.8 64.9 

(4.8-918.6) (0.3-75.1 ) (0.5-71.3) 
99.5% 28.1% 33.8% 
n = 441 n = 361 n = 275 

62.0±15.2 60.5±17.0 52.7±17.8 
69.2 69.3 61.0 

(4.5-70.6) (0.3-70.6) (0.5-67.0) 
24.5% 25.5% 33.8% 
n = 441 n = 361 n = 275 

10° 
425.5±407.1 233.6±287.1 56.1±19.0 

75.0 73.8 64.9 
(4.8-978.0) (0.3-737.1 ) (0.5-71.3) 

95.7% 122.9% 33.8% 
n = 441 n = 361 n = 275 

30° 
397.3±388.9 394.8±378.1 52.7±17.8 

70.5 70.6 33.8 
(4.5-959.1 ) (0.2-928.1 ) (0.5-67.0) 

97.9% 95.8% 33.8% 
n = 441 n = 361 n = 275 

Table C.17. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:2) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 0 = +23.5°; December 22, 0 = -23.5°) and equinoxes (March 
21/September 23, 0 = 0.0°). Refer to Table C.3 for comparison with a horizontal 
surface at 40° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
[::JQ[lb J QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 

mean±1 SO 
median 
(range) 

cv 

260.4±396.7 25.7±7.2 22.4±7.6 
29.8 29.5 25.9 

(1.9-968.2) (0.1-30.0) (0.2-28.5) 
152.4% 28.1% 33.8% 

n = 441 n = 361 n = 275 

219.8±369.5 246.4±364.9 21.1±7.1 
28.0 27.7 24.4 

(1.8-946.8) (0.1-876.6) (0.2-26.8) 
168.1% 148.1% 50.9% 

n = 441 n = 361 n = 275 

26.4±6.5 25.7±7.2 22.4±7.6 
29.4 29.5 25.9 

(1.9-30.0) (0.1-30.0) (0.2-28.5) 
24.5% 28.1% 33.8% 

n = 441 n = 361 n = 275 

24.8±6.1 24.2±6.8 21.1±7.1 
27.7 27.7 24.4 

(1.8-28.2) (0.1-28.2) (0.2-26.8) 
24.5% 28.1% 33.8% 

n = 441 n = 361 n = 275 
10° 

226.3±369.2 25.7±7.2 22.4±7.6 
29.7 29.5 25.9 

(1.9-933.9) (0.1-30.0) (0.2-28.5) 
163.2% 28.1% 33.8% 

n = 441 n = 361 n = 275 
30° 

233.5±363.7 25.7±7.2 21.1±7.1 
27.7 29.5 24.4 

(1.8-917.3) (0.1-30.0) (0.2-26.8) 
155.8% 28.1% 33.8% 

n = 441 n = 361 n = 275 

Table c.tS. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:1) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, S = +23.5°; December 22, S = -23.5°) and equinoxes (March 
21/September 23, S = 0.0°). Refer to Table C.4 for comparison with a horizontal 
surface at 40° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
t:jQ[lb 1 QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

Ea~lLWest 
mean±1 SO 

median 
(range) 

cv 

Ea~1LWest 

mean±1 SO 
median 
(range) 

cv 

123.6±307.7 7.6±2.1 6.6±2.2 
8.7 8.7 7.6 

(0.6-947.4) (0.3-8.8) (0.1-8.4) 
396.7% 27.0% 33.9% 

n = 441 n = 361 n = 275 

42.7±177.1 98.7±262.9 6.2±2.1 
8.2 8.2 7.2 

(0.5-927.3) (0.3-856.7) (0.1-7.9) 
414.9% 266.5% 33.8% 

n = 441 n = 361 n = 275 

7.8±1.9 7.6±2.1 6.6±2.2 
8.7 8.7 7.6 

(0.6-8.8) (0.3-8.8) (0.1-8.4) 
24.5% 27.0% 33.9% 

n = 441 n = 361 n = 275 

7.3±1.8 7.2±1.9 6.2±2.1 
8.1 8.2 7.2 

(0.0-8.3) (0.3-8.3) (0.1-7.9) 
24.6% 27.0% 33.8% 

n = 441 n = 361 n = 275 
10° 

7.8±1.9 7.6±2.1 6.6±2.2 
8.7 8.7 7.6 

(0.6-8.8) (0.3-8.8) (0.1-8.4) 
24.5% 27.0% 33.9% 

n = 441 n = 361 n = 275 
30° 

91.6±257.3 7.6±2.1 6.2±2.1 
8.1 8.7 7.2 

(0.5-897.6) (0.3-8.8) (0.1-7.9) 
280.8% 27.0% 33.8% 

n = 441 n = 361 n = 275 

Table C.19. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 2:1) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 
21/September 23, 8 = 0.0°). Refer to Table C.5 for comparison with a horizontal 
surface at 40° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
~Q[tb l QO 

mean±1 SO 
median 
(range) 

cv 

~orth 30° 
mean±1 SO 

median 
(range) 

cv 

SQuth 10° 
mean±1 SO 

median 
(range) 

cv 

South 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

cv 

69.3±239.6 3.5±1.0 3.1±1.0 
4.0 4.0 3.5 

(0.3-942.8) (0.0-4.1) (0.1-3.9) 
345.5% 27.2% 32.6% 

n = 441 n = 361 n = 275 

3.3±0.8 3.3±0.9 2.9±0.9 
3.7 3.7 3.3 

(0.2-3.8) (0.1-3.8) (0.1-3.6) 
24.6% 27.0% 32.6% 

n = 441 n = 361 n = 275 

3.6±0.9 3.5±1.0 3.1±1.0 
4.0 4.0 3.5 

(0.3-4.1) (0.1-4.1) (0.1-3.9) 
24.5% 27.2% 32.6% 

n = 441 n = 361 n = 275 

3.3±0.8 3.3±0.9 2.9±0.9 
3.7 3.7 3.3 

(0.0-3.8) (0.1-3.8) (0.1-3.6) 
24.6% 27.0% 32.6% 
n = 441 n = 361 n = 275 

10° 
3.6±0.9 3.5±0.9 3.0±1.0 

4.0 4.0 3.5 
(0.3-4.1) (0.0-4.1) (0.1-3.9) 

24.5% 27.2% 32.6% 
n = 441 n = 361 n = 275 

30° 
3.3±0.8 3.5±0.9 2.9±0.9 

3.7 4.0 3.3 
(0.2-3.8) (0.1-4.1) (0.1-3.6) 

24.6% 27.2% 32.6% 
n = 441 n = 361 n = 275 

Table C.20. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 3:1) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, 0 = +23.5°; December 22, 0 = -23.5°) and equinoxes (March 
21/September 23, 0 = 0.0°). Refer to Table C.6 for comparison with a horizontal 
surface at 40° S. 
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TOTAL 
IRRADIANCE 

(W m- 2) 
-23.5° 

(Dec 22) 
0.0° 

(Mar 21/Sep 23) 
+23.5° 
(Jun 22) 

--------------------------------------------------------
~Q[tb 1 QO 

mean±1 SO 
median 
(range) 

cv 

North 30° 
mean±1 SO 

median 
(range) 

cv 

South 10° 
mean±1 SO 

median 
(range) 

cv 

Soutb 30° 
mean±1 SO 

median 
(range) 

cv 

East/West 
mean±1 SO 

median 
(range) 

East/West 

mean±1 SO 
median 
(range) 

cv 

29.7±158.9 2.0±0.5 1.7±0.6 
2.3 2.3 2.0 

(0.1-941.1) (0.0-2.3) (0.1-2.2) 
535.2% 27.1% 32.7% 

n = 441 n = 361 n = 275 

1.9±0.5 1.9±0.5 1.6±0.5 
2.1 2.1 1.9 

(0.0-2.2) (0.0-2.2) (0.1-2.1) 
24.6% 27.3% 32.7% 

n = 441 n = 361 n = 275 

2.0±0.5 2.0±0.5 1.7±0.6 
2.3 2.1 2.0 

(0.1-2.3) (0.1-2.2) (0.0-2.2) 
24.6% 27.3% 33.3% 

n = 441 n = 361 n = 275 

1.9±0.5 1.9±0.5 1.6±0.5 
2.1 2.1 1.9 

(0.1-2.2) (0.0-2.2) (0.1-2.1) 
24.6% 25.5% 32.7% 

n = 441 n = 361 n = 275 
10° 

2.0±0.5 2.0±0.5 1.7±0.6 
2.3 2.3 2.0 

(0.1-2.3) (0.1-2.3) (0.1-2.2) 
24.6% 27.1% 32.7% 

n = 441 n = 361 n = 275 

30° 
1.9±0.5 1.9±0.5 1.6±0.5 

2.1 2.3 1.9 
(0.1-2.2) (0.1-2.3) (0.1-2.1) 

24.6% 27.1% 32.7% 
n = 441 n = 361 n = 275 

Table C.2t. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 4:1) 
at 40° South under cloudless skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for six slope inclinations at the 
solstices (June 22, () = +23.5°; December 22, () = -23.5°) and equinoxes (March 
21/September 23, () = 0.0°). Refer to Table C.7 for comparison with a horizontal 
surface at 40° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m-2 ) 

-23.5° 

(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

Qi[[Q~l[Q.lu~ 

mean±1 SO 
median 
(range) 

cv 

Altostratus 
mean±1 SO 

median 
(range) 

cv 

Stratus 
mean±1 SO 

median 
(range) 

cv 

588.0±288.7 544.6±261.2 403.9±188.1 
635.0 598.3 450.3 

(6.2-972.1 ) (0.4-861.0) (0.3-620.3) 
49.1% 47.9% 46.6% 

n = 397 n = 361 n = 323 

287.9±137.9 270.2±125.6 203.3±93.7 
314.5 299.9 227.2 

(0.3-463.5) (3.9-419.0) (0.4-310.2) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

170.6±83.4 159.3±75.2 119.2±55.2 
185.3 174.9 135.5 

(2.0-280.8) (2.3-250.1 ) (0.6-182.7) 
48.9% 47.2% 46.2% 
n = 397 n = 361 n = 323 

Table C.22. Statistical summary showing simulated total irradiance (W m-2) 

above the forest (forest height to diameter ratio = 0:0) at 20° South under cloudy 
skies. The mean, standard deviation, median, range and coefficient of variation 
(cv) are given for three cloud types at the solstices (June 22, 0 = +23,50; December 
22,0= -23.5°) and equinoxes (March 2l/September 23,0 = 0.0°). Refer to Table C.l 
for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep '23) 

+23.5° 
(Jun 22) 

--------------------------------------------------------
Qi[[Ql;11[alul;1 
mean±1 SO 

median 
(range) 

cv 

Altostratus 

mean±1 SO 
median 
(range) 

cv 

Stratus 

mean±1 SO 
median 
(range) 

cv 

529.2±282.9 485.7±253.6 347.9±182.1 
575.0 539.9 399.4 

(5.0-915.2) (0.3-796.0) (0.2-560.9) 
53.5% 52.2% 52.3% 

n = 397 n = 361 n = 323 

230.3±110.4 216.2±100.5 162.7±74.9 
251.6 239.9 181.7 

(2.4-370.8) (3.1-335.2) (0.3-248.2) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

136.4±66.7 127.4±60.1 93.4±44.2 
148.2 139.9 106.8 

(1.6-224.7) (1.9-200.1 ) (0.5-146.1) 
48.9% 47.2% 46.3% 

n = 397 n = 361 n = 323 

Table C.23. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:4) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 0 = +23S; December 22, 0 = -23.5°) and equinoxes (March 21/September 
23, 0 = 0.0°). Refer to Table C.2 for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

Qi[[Q~l[gl!.l~ 

mean±1 SO 
median 
(range) 

cv 

Altostratus 

mean±1 SO 
median 
(range) 

cv 

Stratus 
mean±1 SO 

median 
(range) 

cv 

403.7±294.2 354.2±260 .5 166.7±136.1 
484.8 146.0 127.2 

(3.1-829.8) (0.2-698.5) (0.2-471.7) 
72.9% 73.5% 81.6% 

n = 397 n = 361 n = 323 

143.9±68.9 135.1±62.8 101.7±46.9 
157.3 149.9 113.6 

(1.5-231.8) (2.0-209.5) (0.2-155.1) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

85.3±41.7 79.6±37.6 59.6±27.6 
92.6 87.5 66.7 

(1.0-140.4) (1.2-125.0) (0.3-91.3) 
48.9% 47.2% 46.3% 

n = 397 n = 361 n = 323 

Table C.24. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:2) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 0 = +23,50; December 22, 0 = -23.5°) and equinoxes (March 21/September 
23,0 = 0.0°). Refer to Table C.3 for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

Qi[[Q~t[gtu~ 

mean±1 SO 
median 
(range) 

cv 

Altostratus 
mean±1 SO 

median 
(range) 

cv 

Stratus 
mean±1 SO 

median 
(range) 

cv 

236.5±283.5 162.8±219.3 46.1±14.8 
60.1 58.4 50.9 

(1.2-744.5) (0.1-601.0) (0.1-59.4) 
119.9% 134.7% 32.0% 

n = 397 n = 361 n = 323 

57.6±27.6 54.0±25.1 40.7±18.7 
62.9 60.0 45.4 

(0.6-92.7) (0.8-83.8) (0.1-62.0) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

34.1±16.7 31.9±15.0 23.8±11.0 
37.1 35.0 26.7 

(0.4-56.2) (0.5-50.0) (0.1-36.5) 
48.9% 47.2% 46.3% 

n = 397 n = 361 n = 323 

Table C.2S. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 1:1) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 0 = +23.so; December 22, 0 = -23.5°) and equinoxes (March 21/September 
23, 0 = 0.0°). Refer to Table C.4 for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

Q i [[Qii![;a!!,u~ 
mean±1 SO 

median 
(range) 

cv 

~1!Qstratus 

mean±1 SO 
median 
(range) 

cv 

Stratus 
mean±1 SO 

median 
(range) 

cv 

120.2±239.7 15.4±4.7 13.6±4.3 
17.7 17.2 15.0 

(0.4-704.3) (0.0-19.2) (0.0-17.5) 
199.4% 30.6% 32.0% 

n = 397 n = 361 n = 323 

16.9±8.1 15.9±7.4 12.0±5.5 
18.5 17.6 13.4 

(0.2-27.3) (0.2-24.6) (0.0-18.2) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

10.0±4.9 9.4±4.4 7.0±3.2 
10.9 10.3 7.9 

(0.1-16.5) (0.1-14.7) (0.0-10.7) 
48.9% 47.2% 46.3% 

n = 397 n = 361 n = 323 

Table C.26. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 2:1) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 0 = +23S; December 22, 0 = -23S) and equinoxes (March 21/September 
23,0 = 0.0°). Refer to Table C.S for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m-2) 

-23.5° 

(Dec 22) 

0.0° 
(Mar 21/Sep 23) 

+23.5° 
(Jun 22) 

Qi((Ql21(alWl2 
mean±1 SO 

median 
(range) 

cv 

Altostratus 
mean±1 SO 

median 
(range) 

cv 

Stratus 
mean±1 SO 

median 
(range) 

cv 

74.9±202.1 7.1±2.2 6.2±2.0 
S.1 7.9 6.9 

(0.2-695.2) (O.O-S.S) (O.O-S.O) 
269.7% 30.6% 32.0% 

n = 397 n = 361 n = 323 

7.S±3.7 7.3±3.4 5.5±2.5 
S.5 S.1 6.1 

(0.1-12.5) (0.1-11.3) (0.0-S.4) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

4.6±2.3 4.3±2.0 3.2±1.5 
5.0 4.7 3.6 

(0.1-7.6) (0.1-6.S) (0.0-4.9) 
4S.9% 47.2% 46.3% 

n = 397 n = 361 n = 323 

Table C.27. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 3:1) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 8 = +23.so; December 22, 8 = -23.5°) and equinoxes (March 21/September 
23, 0 = 0.0°). Refer to Table C.6 for comparison with a cloudless sky at 20° S. 
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SOLAR DECLINATION (Approximate date) 
TOTAL 

IRRADIANCE 
(W m- 2) 

-23.5° 
(Dec 22) 

0.0° 
(Mar 21/Sep -23) 

+23.5° 
(Jun 22) 

Qim~::l![S.l.lu::l 
mean±1 SO 

median 
(range) 

cv 

AltQl;ltratus 
mean±1 SO 

median 
(range) 

cv 

Stratus 

mean±1 SO 
median 
(range) 

cv 

54.2±177.3 4.0±1.2 3.5±1.1 
4.6 4.5 3.9 

(0.1-691.9) (0.0-5.0) (0.0-4.6) 
327.315% 30.6% 32.1% 

n = 397 n = 361 n = 323 

4.4±2.1 4.2±1.9 3.1±1.4 
4.8 4.6 3.5 

(0.0-7.1) (0.1-6.4) (0.0-4.8) 
47.9% 46.5% 46.1% 

n = 397 n = 361 n = 323 

2.6±1.3 2.4±1.2 1.8±0.9 
2.9 2.7 2.1 

(0.0-4.3) (0.0-3.8) (0.0-2.8) 
48.9% 47.2% 46.3% 
n = 397 n = 361 n = 323 

Table C.28. Statistical summary showing simulated total irradiance (W m-2) at 
ground level at the centre of a circular gap (forest height to diameter ratio = 4:1) 
at 20° South under cloudy skies. The mean, standard deviation, median, range 
and coefficient of variation (cv) are given for three cloud types at the solstices 
(June 22, 8 = +23.5°; December 22, 8 = -23.5°) and equinoxes (March 21/September 
23, 8 = 0.0°). Refer to Table C.7 for comparison with a cloudless sky at 20° S. 
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APPENDIXD 

BASIC PROGRAMS FOR SORTING PPFD DATA INTO LINEAR 
AND LOGARITHMIC CLASS INTERVALS 
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0005 REM PROGRAM TO COMPUTE FREOUENCY DISTRIBUTION OF PPFD 
0006 REM USING 35 LINEAR AND 35 LOGARITHMIC CLASS INTERVALS 
0007 REM WRITTEN BY SM TURTON (1986) 
0010 . INPUT "NAME OF FILE";I$ 
0020 INPUT "NAME OF OUTPUT FILE (LINEAR CLASSES)";OA$ 
0035 OPEN "I", #1, 1$ 
0040 OPEN "0", #2, OA$ 
0050 IF EOF(1) THEN 1000 
0060 INPUT#1, T$ 
0070 INPUT#1, C6,01,M$ 
0080 INPUT#1, C7,02,M$ 
0090 INPUT#1, C8,03,M$ 
0100 INPUT#1, C9,04,M$ 
0110 INPUT#1, C10,05,M$ 
0120 INPUT#1, C11,06,M$ 
0130 INPUT#1, C12,07,M$ 
0140 INPUT#1, C13,08,M$ 
0150 INPUT#1, C14,09,M$ 
0155 INPUT#1, Z$ 
o 1 60 REM CALIBRATION CONVERSIONS 
0165 01=01*100 
0170 02=02*52.935 
0175 03=03*58.393 
0180 04=04*64.131 
0185 05=05*58.705 
0190 06=06*45.045 
0195 07=07*77.970 
0196 08=08*67.712 
0200 09=09*54.744 
021 0 A= 1 :B=O :X=2520 
0220 PRINT#2, T$ 

0300 REM LINEAR CLASSES SORTING ROUTINE 
031 5 FOR K=O TO 2448 STEP 72 
0316 J=(K+72)/72 
0317 PRINT J,J 
0320 IF OhK THEN 325 
0325 IF 01 <K+72 THEN 330 ELSE 340 
0330 PRINT#2, J,A,B,B,B,B,B,B,B,B 
0331 01=X 
0340 IF 02>K THEN 345 
0345 IF 02<K+72 THEN 350 ELSE 360 
0350 PRINT#2, J,B,A,B,B,B,B,B,B,B 
0351 02=X 
0360 IF 03>K THEN 365 
0365 IF 03<K+72 THEN 370 ELSE 380 
0370 PRINT#2, J, B,B,A,B,B,B,B,B,B 
0371 03=X 
0380 IF 04>K THEN 385 
0385 IF 04<K+72 THEN 390 ELSE 400 
0390 PRINT#2, J,B,B,B,A,B,B,B,B,B 
0391 04=X 
0400 IF 05>K THEN 405 
0405 IF 05<K+72 THEN 410 ELSE 440 
0410 PRINT#2, J,B,B,B,B,A,B,B,B,B 
0411 05=X 
0440 IF 06>K THEN 445 
0445 IF 06<K+72 THEN 450 ELSE 460 
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0450 -PRINT#2, J,B,B,B,B,B,A,B,B,B 
0451 Q6=X 
0460 IF Q7>K THEN 465 
0465 - IF Q7<K+72 THEN 470 ELSE 480 
0470 PRINT#2, J,B,B,B,B,B,B,A,B,B 
0471 Q7=X 
0480 IF Q8>K THEN 485 
0485 IF Q8<K+72 THEN 490 ELSE 495 
0490 PRINT#2, J,B,B,B,B,B,B,B,A,B 
0491 Q8=X 
0495 IF Q9>K THEN 500 
0500 IF Q9<K+72 THEN 505 ELSE 520 
0505 PRINT#2, J,B,B,B,B,B,B,B,B,A 
0506 Q9=X 
0520 NEXTK 
0700 GOTOSO 
1000 CLC6E 

0300 REM LOGARITHMIC SORTING ROUTINE 
0305 FOR M=O TO 33 STEP 1 
0306 J=M+2 
0307 K=M/10 
0310 Z=10 
0316 I=K+O.1 
0318 K=Z"K:I=Z"I 
0319 PRINT J,K,I 
0320 IF Q1>K THEN 325 
0325 IF Q1<1 THEN 330 ELSE 340 
0330 PRINT#2, J,A,B,B,B,B,B,B,B,B 
0331 Q1=X 
0340 IF Q2>K THEN 345 
0345 IF Q2<1 THEN 350 ELSE 360 
0350 PRINT#2, J,B,A,B,B,B,B,B,B,B 
0351 Q2=X 
0360 IF Q3>K THEN 365 
0365 IF Q3<1 THEN 370 ELSE 380 
0370 PRINT#2, J,B,B,A,B,B,B,B,B,B 
0371 Q3=X 
0380 IF Q4>K THEN 385 
0385 IF Q4<1 THEN 390 ELSE 400. 
0390 PRINT#2, J,B,B,B,A,B,B,B,B,B 
0391 Q4=X 
0400 IF Q5>K THEN 405 
0405 IF Q5<1 THEN 410 ELSE 440 
0410 PRINT#2, J,B,B,B,B,A,B,B,B,B 
0411 Q5=X 
0440 IF Q6>K THEN 445 
0445 IF Q6<1 THEN 450 ELSE 460 
0450 PRINT#2, J,B,B,B,B,B,A,B,B,B 
0451 Q6=X 
0460 IF Q7>K THEN 465 
0465 IF Q7<1 THEN 470 ELSE 480 
0470 PRINT#2, J,B,B,B,B,B,B,A,B,B 
0471 Q7=X 
0480 IF Q8>K THEN 485 
0485 IF Q8<1 THEN 490 ELSE 500 
0490 PRINT#2, J,B,B,B,B,B,B,B,A,B 
0491 Q8=X 



0500 . IF 09>K THEN 505 
0505 IF 09<1 THEN 510 ELSE 520 
0510 PRINT#2, J,B,B,B,B,B,B,B,B,A 
0511 ·09=X 
0520 NEXTM 
0700 GOT050 
1000 CLOSE 

405 

PROGRAM DETAILS 

Lines 5-50: Details of names of input and output files are entered 
Lines 60-200: Input ASCII data from the data logger is converted into 

PPFD fluxes ()l mol m-2 s-1). 
Lines 210-220: Parameters are set to a maximum of 2520 )l mol m-2 s-1 

for linear classes and 2512 )l mol m-2 s-1 for logarithmic 
classes (refer to Table 6.17) 

Lines 300-1000: Routine for sorting PPFD data into either 35 linear or 
35 logarithmic class intervals as p~r Table 6.17. The data 
is written to a named ASCII file. 
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