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ABSTRACT

Altitudinal zonation of rain forests was investigated on Bukit Belalong (913 m), Brunei. Mean
annual rainfall was 4100 mm at 45 m and 5500 mm at 913 m. Mean annual temperatures
were 25.7 °C (45 m) and 21.8 °C (913 m).

Three 0.25 ha plots were set up at each of three altitudes. At 200 m and 500 m there was
evergreen lowland rain forest and at 850 m there was lower montane rain forest (LMRF).
The Dipterocarpaceae had the highest proportion of basal area throughout, but their
importance declined in the LMRF where the Fagaceae, Myrtaceae and Lauraceae were
increasingly important.

Soils in the LMRF were more organic and had higher concentrations of total nitrogen and
phosphorus and the soils from 500 m were the most acid and least base saturated. Rates of
nitrogen mineralisation and soil concentrations of inorganic nitrogen did not differ
significantly among altitudes.

The rates (t ha™ yr) of total small litterfall and leaf litterfall were significantly lower in the
LMREF (10.6 and 7.9 at 200 m; 10.5 and 7.9 at 500 m; 8.3 and 6.0 at 850 m). Litterfall nutrient
concentrations were similar among altitudes, but smaller quantities of litterfall nutrients were
cycled at 850 m. The mass (t ha™') of the small litter layer was similar throughout (5.2 at 200
m; 6.1 at 500 m; 5.2 at 850 m) but leaf litter k; values were lower at 850 m (2.4 at 200 m; 2.4
at 500 m; 2.0 at 850 m).

Fine root (<5 mm) mass (t ha™) in the top 100 cm of soil was 8.3 (200 m); 12.0 (500 m); 10.6
(850 m). Rates (t ha™ yr) of fine root growth (estimated by ingrowth bags) were 0.9 (200 m);
2.2 (500 m); 0.5 (850 m).

A bioassay experiment using rice was made at 30 m and 913 m. Nutrients were more
limiting in the montane soil, but climate was of overriding importance for rice growth.

It seems that the LMREF is not nutrient limited and the lower temperatures at 850 m are the

primary cause of the change in species composition and reduction of stature there.
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CHAPTER 1. ALTITUDINAL ZONATION ON TROPICAL MOUNTAINS

Introduction

In recent years tropical montane forests have been the focus of considerable interest and
cloud forests' were the subject of a review by Stadtmuller (1987) and a conference held in
Puerto Rico in 1993 (Hamilton, Juvik & Scatena 1993). Aslowland forests disappear montane
forests will contribute an increasing proportion of the remaining rain forests. They are
important in watershed protection and the soils can retain and ’store’ water, maintaining
water supplies to downstream areas during rainless periods. There is a wealth of epiphytes,
ferns, herbs and shrubs as well as trees in montane forests and the proportion of endemics
can be high.

With increasing altitude on wet tropical mountains there is a reduction in the stature of the
trees and leaves are smaller and thicker. Montane forests are divided into Upper Montane
Rain Forest (UMRF), at higher altitude, in which the majority of the trees have a low stature
(<20 m), and leaves which are predominatly microphylls or leptophylls (Raunkier 1934), and
Lower Montane Rain Forest (LMRF) in which the tallest trees reach 35 m or more and the
majority of the trees are mesophyllous. These Formations are found throughout the tropics,
but the altitude at which they occur varies between mountains, On small, isolated
mountains, particularly those close to coasts, the zonation of the vegetation is compressed,
and this has been ascribed to a Massenerhebung or mass elevation effect (Grubb 1971, 1977;
Weaver et al 1986). The Massenerhebung effect was first recorded in the Alps and is the
phenomenon that on large mountains and in the central regions of large mountain ranges the
air temperature is higher than it would be at the same altitude on a smaller mountain

(Whitmore 1984). In the classical model the extensive surfaces of large mountains are heated

! Montane forests characterised by persistent cloud cover at the vegetation level. See Hamilton
et al (1993) for complete definition.



by exposure to intense solar radiation which raises the temperature of the surrounding air,
and allows plants to extend their altitudinal range. Of the mountain ranges in South East
Asia only the central range in New Guinea, and to a lesser extent, the Barisan Range of
Sumatra, are likely to be extensive enough to exhibit any mass heating effect (Whitmore
1984). Temperature alone is not the over-riding factor in setting the relatively low limits of
montane forests on small, isolated mountains because the lapse rates on such mountains are
similar to those of other small mountains.

Brown (1919) recognised that the lower limit of the cloud cap that routinely formed on
Mount Maquiling in the Philippines coincided with the transition from tall, large-leaved
forests to low, small-leaved forests, and this conclusion has been supported by numerous
observations (Weaver et al 1986; Stadtmuller 1987; Proctor et al 1988). The compression of
altitudinal zonation on small isolated mountains is not due to a temperature effect, but is
related to the environmental conditions associated with a cloud cap. An alternative name
for this phenomenon is the ‘coastal proximity zonation effect’ (Bush 1986), but cloud forest
is not found on all coastal tropical mountains, nor is it restricted to them. It seems that a
high atmospheric moisture content rather than a coastal location is the important factor since
on Java the cloud forest is more widely distributed in the wetter western parts of the island
(Van Steenis 1972).

Within montane forests temperatures are lower than in lowland forests and thus the degree
of saturation of a given body of air is higher. Wind speeds are higher and precipitation
increases due to the orographic effect and increased horizontal precipitation from fog.
Clouds and fog also reduce the intensity of solar radiation. Montane soils are wetter because
of the high levels of atmospheric moisture, and acidic, nutrient-poor mor humus, or even
peat may form. Thus there is a complex suite of interrelated environmental factors in
montane forests and the precise causes of altitudinal zonation of forests generally remain a

matter for conjecture (Bruijnzeel & Proctor 1993). No single factor has yet been found that



can be applied to all situations, and nor is such a factor likely to be found (Whitmore 1984).

Wind

The greater wind speeds that occur at higher elevations may have considerable effects on
vegetation. Isla Margarita, off the coast of Venezuela, is subject to strong north-easterly trade
winds for almost the entire year. The wind causes severe stunting of UMRF, which is only
4 m high, on the windward slopes of the mountains (Sugden 1986). The distribution of
similar forest on the Serrania de Macuira, Colombia, is also related to the prevailing winds
(Dupuy, Santamaria & Cavelier 1993). Lawton (1982) found that in Costa Rican montane
forest trees on ridges which are exposed to higher windspeeds than those in gullies have
thicker trunks and stouter twigs than similar-sized trees of the same species growing in

gullies. Stunting of ridge trees was interpreted as a response to the mechanical stress of

winds.

Drought

With increasing altitude leaf thickness tends to be greater and there is an increase in the
thickness of the outer epidermal walls and in the incidence of multiple palisade layers and
hypodermis (Buckley et al 1980). The small, sclerophyllous xeromorphic leaves are
superficially similar to the sclerophylls of drought-adapted mediterranean plants and have
been called pachyphylls (Grubb 1974). Whitmore (1984) noted the occurrence of the most
distinctive, stunted montane forests on ridges, knolls and summits and suggested that as
these sites receive water only from precipitation their soils were likely to be more vulnerable
to drought than the soils of hillsides and saddles. He discussed the relative importance of
drought in the altitudinal zonation of forests on a series of Malaysian mountains and
concluded that drought was an important factor on at least some of them. Bruijnzeel (1990)

described a stunted, 5 m tall, sclerophyllous forest on Mount Bloomfield in the Philippines,



whose occurrence is related to the exceptionally shallow soils and strongly seasonal climate.
However, studies on Malayan (Buckley, Corlett & Grubb 1980) and Jamaican (Kapos &
Tanner 1985) UMREF trees showed that xeromorphic montane plants were not able to reduce
water loss to a greater extent than lowland species. Kapos & Tanner (1985) showed that
although Jamaican mor ridge forest had the shortest trees with the most xeromorphic leaves
of four sites, water was most consistently available there. Gap (col) forest included the tallest
trees with the least xeromorphic leaves, but the lowest soil water potentials were measured
there. It should be borne in mind that an absolute measure of the water-efficiency of these
forests would require determination of transpiration rates, leaf area index and net
assimilation rate.

Though there have been reports of UMRF die-back following a severe drought in Sri Lanka
(Werner 1988), Bruijnzeel et al (1992) found indirect evidence that a prolonged drought on
Gunung Silam, in Sabah had more deleterious effects in lowland than in montane forest. In
the lowland forest the litter-layer mass measured in two successive years showed
considerable differences, but this was not seen in the montane forest. Just prior to the first
sampling in July and August 1983 the area had suffered a long-lasting drought which
aparently caused increased litterfall in the forests below the cloud cap. The litter-layer mass
was less in 1984 in the lower forests and this was interpreted as a widespread retention of

the new leaves which had replaced those affected by drought in 1983 (Bruijnzeel et al 1992).

Nutrient limitation

Indications of nutrient limitation in montane forests come from litterfall studies, bioassays
in montane soils and fertilisation experiments. Comparison of 62 litterfall studies in tropical
forests (Vitousek 1984) showed low nitrogen concentrations in litterfall from montane forests
compared with lowland forests, but no clear pattern with phosphorus. Vitousek & Sanford

(1986) concluded that whilst lowland forests on oxisol/ultisol soils are rich in nitrogen and



may be phosphorus limited, montane forests in general appear to be low in nitrogen and
upper montane forests cycle substantially less nitrogen than do lower montane forests.

Bruijnzeel & Proctor’s (1993) review of litterfall studies at different altitudes on single
mountains supported these earlier suggestions: in the five studies with relevant data, litterfall

nitrogen concentrations declined with altitude whilst litterfall phosphorus concentrations did

not vary consistently.

A bioassay experiment using soils from the Jamaican montane forests (Healey 1989)

supported the results of the litterfall (Tanner 1980) and fertilisation studies (see below).

Nitrogen and phosphorus addition were found to significantly increase the growth of a grass

species in montane soils, and these results agree with a number of agricultural studies on

similar soils in the area.

Rates of decomposition and nitrogen mineralisation decline with altitude and it has been

suggested that this might cause nutrient limitations (Heaney & Proctor 1989; Marrs et al

1988). However, rough estimates by Bruijnzeel ef al (1992) suggested that atmospheric inputs

of nutrients to montane forests might exceed rates of uptake by up to a factor of five to ten.

Fertilisation experiments in Jamaican (Tanner et al 1990) and Venezuelan (Tanner, Kapos &

Franco 1992) montane forests both showed that nitrogen and phosphorus addition can
increase girth increments. The response to fertilisation varied among species, and whilst
most showed an increase others showed no response or a reduction in mean increment. In
the Venezuelan experiment leaf litterfall was significantly increased by addition of nitrogen
either singly or in combination with phosphorus, but addition of phosphorus alone had no
effect. The nutrients were only added singly in the Jamaican experiment and though an
increase in leaf production was inferred for some species it was not found for all.

The responses to added nutrients were slow and the increased growth incorporated a small
proportion of these nutrients. The location of the ‘missing’ nutrients was unclear, but it was

suggested that they were either in an unsampled plant fraction, immobilised in the soil or



removed by leaching and denitrification. Thus despite evidence of nutrient limitation
montane forests appear to be unable to effectively exploit excess supplies of these nutrients.

There are not yet any results from fertilisation experiments in lowland forests with which to

compare these studies.

Plant-soil interactions

If nutrients are present in adequate quantities why do the trees exhibit signs of limitation?
Grubb & Tanner (1976) suggested that the extreme acidity (pH 2.8-3.5) of Jamaican mor ridge
soils excluded taller species from the very stunted forests -on these soils. Hydrogen-ion
toxicity may be an explanation for the exclusion of lowland species from low-stature montane
forests at low altitudes on small mountains (Grubb 1989).

Whilst the short-facies LMRF on Gunung Silam has low rates of nutrient uptake, rates of
transpiration are also low (Bruijnzeel et al 1992). Relatively crude short-term water balance
calculations suggested that in the shorter forests transpiration was 24% of the potential
Penman evaporation, whilst in taller forest at lower altitude it was 47%. Bruijnzeel et al
(1992) hypothesised that phenolic compounds leached from litter interfered with ion uptake,
transpiration and photosynthesis. The causes of the high concentrations of phenolic
compounds in the leaves of trees from the shorter forest are unclear, but may be related to
their role as ‘filters’ that absorb and reduce the UV flux reaching certain plant tissues. UV-B
radiation is absorbed by the atmosphere and thus levels are higher at high altitudes. Plants
grown at high UV-B levels tend to be small, with small, thick leaves which possess a
hypodermis (Flenley 1992). Well-watered plants grown under low levels of light (both
conditions common in montane forests) tend to be more sensitive to UV-B radiation than
plants grown under constant higher light levels (Bruijnzeel & Proctor 1993). Flenley (1993)
has suggested that the presence of stunted forests at low altitudes on coastal mountains may

be related to enhanced UV-B radiation due to reflection from the sea. This hypothesis



remains untested.
The accumulation of organic matter and the high acidity of UMREF soils can be interpreted
as a ‘one-sided positive feedback switch’ sensu Wilson & Agnew (1992). The lignin-rich and

phenol-rich leaves of UMRF trees decay slowly (Grubb 1977) and soils thus soils tend to
become more organic and more acid, excluding LMRF species which cannot compete under

these conditions and reinforcing the boundary between the two formations.

The aims of this study

The study of altitudinal zonation on tropical mountains is complicated by the interaction of
climatic, soil and plant variables. The gradual ecotone between lowland forest and LMRF
has received less attention than the more dramatic ecotone between LMRF and UMRF and
there is a need for work to clarify the reasons for the former.

Bukit Belalong (913 m) is a small mountain c. 50 km from the coast. A cloud cap forms only
occasionally at the summit and tall-stature LMRF is found from about 750 m to the summut.
The mountain thus serves as a ‘baseline’ location for work on forest stunting on small
tropical mountains. The aims of this study are firstly to comprehensively describe the
vegetation and the physical environment on Bukit Belalong and relate the findings to work
on other South East Asian mountains, and secondly to investigate the role of the physical
environment in the altitudinal zonation of the forests. The study will investigate the relative

importance of the direct effects of climate on plant growth and the secondary effects of

climate which might restrict nutrient supply and limit growth.



CHAPTER 2. THE PHYSICAL ENVIRONMENT

INTRODUCTION

Negara Brunei Darussalam (Brunei) is an independent Sultanate of 5,765 km* on the north-
west coast of Borneo (Figure 2.1a). The present study was carried out as part of the 1991-
1992 Brunei Rainforest Project, jointly administered by the Universiti Brunei Darussalam and
the Royal Geographical Society, London.

The Project was based at the recently completed Kuala Belalong Field Studies Centre (FSC),
located on the Belalong River in the Batu Apoi Forest Reserve (4° 32’ N, 115° 10’ E) in the
Temburong District of Brunei (Figure 2.1b). The Project area was c. 5,000 ha of the 48,854 ha
Reserve and extended from the junction of the Belalong and Temburong Rivers (30 m) to the
summit of Bukit Belalong (913 m). None of the Reserve has been logged and human
disturbance is limited to small-scale hunting and the collection of some non-wood forest
products by local Iban villagers. In March 1991 the Minister of Industry and Primary

Resources announced plans for a National Park including the Batu Apoi Forest Reserve

which would be about 10% of the total land area of Brunei.

GEOLOGY AND (GEOMORPHOLOGY

Bukit Belalong is wholly underlain by sedimentary rocks of the Temburong Formation
(Brondijk 1963). The Formation dates from the Middle Oligocene to the Early Miocene (16-30
million years ago) and consists almost entirely of strongly folded, dark grey shales with
occasional thin beds of quartzitic sandstone and very rarely thin limestone beds. These rocks
were originally assigned to the Setap Shale Formation (Wilford 1961), but Brondijk (1963)
discerned the separate Temburong Formation which incorporates the older, more argillaceous
succession found in Temburong. The older name is still sometimes used because the

distinction between the two Formations has not yet been mapped. There are a few small
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outcrops of sandstone on Bukit Belalong, but none of these occurred near the study plots,
which were all located on shale.

Recent tectonic movements have led to rapid uplift of the area (estimated at 0.75 mm yr™,
Dykes 1994) and have resulted in erosion which has produced the rugged topography.
Valleys are separated by narrow ridges which are often only a few metres wide with steep

slopes that occasionally exceed 60°. Most hillsides bear evidence of landslides of varying

s1zes.

CLIMATE

Bukit Belalong

An automatic weather station (AWS1) was located near Kuala Belalong (30 m) (Figure 2.2),
on a small hillock (45 m) from which the vegetation was cleared, from 18 June 1991 until 22
April 1992. A similar weather station (AWS2) was sited at the summit of Bukit Belalong (913
m) from the 8 of May 1991 to 23 April 1992 (Figure 2.3). The weather stations (manufactured
by the Didcot Instrumentation Company, Shaw 1988) used a Kipp solarimeter to measure
short wave radiation and a Rimco tipping bucket rain gauge. The net radiometer,
anemometer, wind vane and the temperature sensors were designed by the Institute of
Hydrology. The air temperature and wet bulb depression were measured by two dry and
one wet bulb platinum resistance thermometers housed in a thermal radiation screen. Hourly
means from these instruments and daily totals of rainfall and Penman evaporation were
recorded by a Campbell Data Logger. Rainfall was also measured daily from 1 February
1991 in a manual rain gauge at the FSC.

The monthly rainfall totals, the number of rain-free days per month and the mean monthly
air temperatures are listed for the months during which complete data were collected (Table
2.1) The longest rain-free periods recorded were seven days by AWS1 (24-30 August 1991)

and twelve days by AWS2 (9-21 June 1991). The total rainfall for May 1991 to April 1992 is
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Figure 2.3. Automatic weather station (AWS2) at 913 m on the summit of Bukit Belalong, Brunei.
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estimated at c. 3200 mm at Kuala Belalong and c¢. 4300 mm at Bukit Belalong, and its monthly
distribution is given in Figure 2.4. Rainfall for the months lacking complete data were
estimated from regressions between the monthly totals for the manual rain gauge at KBFSC
and the monthly totals at the two AWS’s (AWS1 r’=98.6%, n=9, p=0.000; AWS2 r*=90.6%,

n=10, p=0.000). Most rain falls in intenée localised events due to convection cells which form

during the afternoon. Rain was uncommon before midday.

Monthly rainfall totals (1973-1992) were obtained from ngabat Agricultural Station, 9 km

to the north-west of Kuala Belalong. Mean annual rainfall for these years was 4086 mm, and

from May 1991 to April 1992 3200 mm (78% of the mean) was recorded. If it is also assumed

that the rainfall at KBFSC during that period was also c. 80% of the annual mean, it is

estimated that the mean annual rainfall at Kuala Belalong is ¢. 4100 mm and at Bukit

Belalong c. 5500 mm. Occult precipitation was not measured by the weather stations, but

may be important at 913 m (Poulsen & Pendry 1994), and this will be discussed in Chapter

7.

Rainfall tends to be highest in May and December, but seasonality is unpredictable. February

and March 1992 were unusually dry and during these months only 45% of their mean rainfall

(1973-1992) fell at Semabat. This value is similar to that for February and March 1983, when

only 42% of the mean rainfall was recorded. During 1983 a widespread drought had serious
impacts on forests throughout Borneo (Ashton 1989), and the data collected for 1991-1992 can
be used to investigate the effects of occasional droughts on Bornean forests.

At 45 m mean monthly temperatures were similar from July 1991 to March 1992, but they
were more variable at 913 m where the difference between monthly means was up to 2.5 °C
(Table 2.1). This is reflected in the more variable mean maximum and minimum
temperatures at 913 m (Table 2.2). Diurnal ranges were lower at 913 m. The mean
temperatures for July 1991 to May 1992 were 25.7 °C at 45 m and 21.8 °C at 913 m, indicating

a lapse rate of 0.45 °C 100 m™. The daily totals of solar radiation were more variable at 913

13
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the mean monthly rainfall (1972-1991) at Semabat Agricultural Station.
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Table 2.1. The monthly total rainfall (mm), number of rainless days per month and mean daily
temperature (°C) from July 1991 to March 1992 at Kuala Belalong (70 m) and Bukit Belalong (913 m),
Brunei.

Kuala Belalong Bukit Belalong
Rainfall Rainless Average Rainfall Rainless Average
(mm) days temperature (mm)}) days temperature

(°C) (°C)
July 1991 148.0 17 26.3 190.0 14 23.0
August 131.5 14 25.9 180.5 15 23.1
September 492.5 4 25.6 651.5 3 22.4
October 210.5 9 25.3 278.5 5 21.8
November 564.0 3 25.1 717.0 1 21.4
December 2920 6 254 330.0 5 21.5
January 1992 153.0 14 25.3 277.5 12 20.6
February 121.5 17 25.4 91.5 13 20.6
March 1025 18 26.9 235.5 15 21.8
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Table 2.2. The mean daily maximum and minimum temperatures (°C) and mean daily diurnal range
of temperatures from June 1991 to March 1992 at Kuala Belalong (70 m) and Bukit Belalong (913 m),
Brunei. The values are the means for each month with the ranges in parentheses.

Kuala Belalong Bukit Belalong
Maximum Minimum Diurnal Maximum Minimum Diurnal
temperature  temperature range temperature  temperature range
("C) (°C) (°C) (°C)

June 1991 - - 29.7 20.3 94
(22.3-33.1) (18.7-21.4) (3.4-12.4)

July 33.7 22.4 11.0 29.5 19.8 9.7
(28.0-36.4) (21.0-23.7) (6.6-14.0) (22.5-33.2) (17.9-21.6) (4.6-13.3)

August 32.8 22.3 10.5 29.6 20.0 9.6
(27.4-35.3) (20.8-23.8) (6.6-14.0) (24.5-33.4) (18.2-21.7) (4.3-12.8)

September 32.8 22.2 10.7 28.6 194 9.2
(28.8-35.4) (21.3-23.4) (6.7-13.3) (24.6-31.9) (17.9-21.4) (6.2-13.1)

October 31.9 22.0 9.9 27.8 18.9 8.9
(28.2-34.7) (20.7-23.6) (6.0-11.9) (24.5-30.4) (17.5-20.6) (5.8-10.7)

November 31.1 22.2 9.0 26.9 18.8 8.2
(29.0-32.9) (21.5-23.2) (6.7-11.4) (24.0-29.7) (18.1-19.6) (5.2-10.9)

December 31.0 22.6 8.4 26.7 18.8 7.9
(26.7-32.6) (21.2-24.0) (4.0-10.4) (23.4-29.5) (17.9-19.9) (4.9-11.2)

January 1992 30.9 22.3 8.5 25.7 18.1 7.6
(27.7-34.6) (21.0-23.4) (4.6-11.3) (22.4~27.8) (16.9-18.9) (4.6-9.9)

February 32.0 21.9 10.1 26.2 17.6 8.6
(27.7-34.6) (19.2-23.4) (4.9-13.6) (22.9-28.4) (15.5-18.8) (5.6-11.8)

March 35.0 22.4 12.5 28.5 18.2 10.4
(30.8-37.1) (19.9-24.1) (7.2-15.2)  (24.1-31.3) (16.7-19.6) (5.8-13.7)

16



m (Table 2.3), but the averages for July 1991 to March 1992 are very close (15.63 MJ m* at 45
m and 15.71 MJ m* at 913 m). The maximum values of insolation were higher at 913 m and
the convergence of the means is due to the occasional formation of a cloud cap at the
summit. The formation of a cloud cap was infrequent and unpredictable.

Wind speeds were higher at 913 m (Table 2.4), and the mean daily values were 0.47 m s™ at
45 m and 0.89 m s’ at 913 m. Penman open-water evaporation estimates could not be
calculated for the entire pefiod because of problems with the net radiometers, and data are
only given for those months for which reliable data were collected (Table 2.5). Penman
evaporation was more variable at 913 m and both the maximum and minimum daily totals

were recorded there. However, the mean daily totals for the six months during which both

AWS’s functioned were similar.

Comparisons with Gunung Silam

Hydrological observations have been made on Gunung Silam, Sabah (5° N, 119° E), 350 km
east of Bukit Belalong, by Proctor et al (1988) and Bruijnzeel et al (1992). Although Bukit
Belalong and Gunung Silam (884 m) are of a similar size and are at about the same latitude
there are a number of differences between the climates for the two mountains which have
important implications for their vegetation.

Mean annual rainfall on Gunung Silam (2132 mm at 10 m, 1970-1988; estimated to be 2600
mm at 884 m) is low compared with Bukit Belalong, and it is prone to dry spells of a few
months which occur at 5-11 yearly intervals in relation to the El Nino effect (Bruijnzeel et al
1992). Gunung Silam is on the coast (the summit is less than four km from the sea) and
typically a cloud cap develops at the summit during late morning and by mid afternoon
extends to 650 m before dispersing in the early evening. Occult precipitation within the
cloud cap was estimated at 0.4 mm d (Bruijnzeel et al 1992), or about 9% of ordinary rainfall.

Average temperatures are slightly higher on Gunung Silam (27.6 °C at the base and 23.7 °C
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Table 2.3. The mean daily solar radiation (MJ m?) from June 1991 to March 1992 at Kuala Belalong
(70 m) and Bukit Belalong (913 m), Brunei. The values are the means for each month with the ranges
in parentheses. ’-’ indicates that data are not available for that month.

Solar radiation

(MJ m™)
Kuala Belalong  Bukit Belalong

June 1991 - 17.5
(5.7-25.2)

July 16.3 17.6
(9.5-20.4) (7.6-24.1)

August 14.6 16.7
(8.2-20.5) (7.2-24.3)

September 15.0 15.6
(7.8-18.6) (8.3-22.6)

October 15.0 15.3
(7.1-18.6) (8.0-21.5)

November 154 14.9
(9.9-18.9) (8.5-21.2)

December 14.6 13.2
(9.1-18.3) (9.4-18.4)

January 1992 15.1 13.7
(9.5-20.2) (7.7-19.9)

February 16.2 15.4
(8.8-19.1) (9.9-24.9)

March 18.5 19.3
(12,3-21.8) (8.8-24.8)
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Table 2.4. The mean wind speed (m s™) from June 1991 to March 1992 at Kuala Belalong (70 m) and
Bukit Belalong (913 m), Brunei. Measurements were made at a height of 2 m in the centre of a cleared
area. The values are the means of the average daily wind speed with the ranges in parentheses. =’
indicates that data are not available for that month.

Mean daily wind speed
(ms™)
Kuala Belalong  Bukit Belalong
June 1991 - 0.88
(0.46-1.33)
July 0.55 0.65
(0.42-0.69) (0.56-1.49)
August 0.52 0.90
(0.37-0.66) (0.63-1.33)
September 0.51 0.97
(0.42-0.69) (0.60-1.70)
October 0.46 0.79
(0.37-0.55) (0.33-1.20)
November 0.42 0.76
(0.34-0.56) (0.37-1.21)
December 0.39 0.80
(0.30-0.52) (0.38-1.30)
January 1992 0.41 0.87
(0.31-0.54) (0.58-1.41)
February 0.45 1.00
(0.29-0.57) (0.65-1.54)
March 0.53 0.95
(0.31-0.65) (0.63-1.19)
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Table 2.5. The mean estimated daily Penman evaporation (mm) from June 1991 to February 1992 at
Kuala Belalong (70 m) and Bukit Belalong (913 m), Brunei. The values are the means of the average
daily evaporation with the ranges in parentheses. ‘-’ indicates that data are not available for that
month (see text).

Mean Penman evaporation

(mm d7)
Kuala Belalong Bukit Belalong
June 1991 - 3.58
(1.11-5.47)
July 3.39 3.53
(1.80-4.51) (1.44-4.92)
August 3.06 3.38
(1.64-4.48) (1.44-5.18)
September - 3.19 .
(1.43-4.75)
October - -
November 3.16 2.80
(1.96-4.06) (1.52-3.87)
December 3.08 2.57
(1.79-4.16) (1.76-3.85)
January 1992 3.27 2.69
(1.88-4.49) (1.46-3.92)
February 3.55 3.03
(1.72-4.31) (1.79-4.65)
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at the summit) than at similar altitudes on Bukit Belalong, and the lapse rate (0.35 °C 100 m
below the cloud cap and 0.17 °C 100 m" within it) is lower than on Bukit Belalong. The more
exposed coastal location of Gunung Silam is reflected in the higher mean daily windspeeds
there than on Bukit Belalong (1.5 ms™ at the base and 2.6 ms™ at the summit). Within the

cloud cap Penman evaporation rates were about 3.6 mm d™, compared with 5.1 mm d™* at the

base, a reduction of about 30%.

SOILS

Introduction

Soil surveys in tropical forests generally rely on sampling on a single occasion because of the
logistical problems of working in remote areas. However, seasonal fluctuations may be
important, particularly for nitrogen supply. Touber et al (1989) suggested that in the absence
of repeated sampling, emphasis should be geared towards analysis of ‘topsoil parameters
with a permanent character’. A potential problem is that such analyses give no insight into
the nutrient dynamics of the soil system. A small pool of plant available nutrients might be
supposed to indicate nutrient limitation, but without an indication of rates of turnover of that
pool an accurate assessment cannot be made. This section will describe the physical and
chemical properties of the soils collected at one sampling time at the three altitudes and will
then discuss the results of an experiment to investigate nitrogen dynamics in soils from Bukit
Belalong.

Marrs et al (1988) found lower rates of nitrogen turnover along an altitudinal transect on
Volcin Barva, but also found that amendment with various nutrients affected rates of

turnover. The mineralisation experiment therefore tests the effect of added nutrients on rates

of nitrogen turnover.
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Materials and Methods

Soil sampling

A soil pit was dug from 1 m to 5 m outside each of nine 50 m x 50 m plots which had been
set up for the forest description (Chapter 3), at a site which was considered typical of the
plot. Each pit was dug to a depth of 1.5 m or less if the bedrock was reached first. The
profiles were described using the nomenclature from Hodgson (1974), and Munsell charts
(Munsell Color Company 1971) to distinguish the colours. Landon (1992) recommended that
samples from many tropical soils without distinct horizons should be collected at fixed
depths. The depths selected (0-5 cm, 5-20 cm and 20-100 cm) corresponded roughly to the
horizons which were at similar depths in all profiles. Between 5-20 cm and 20-100 cm soil
was collected at several depths and bulked to make a single composite sample representative
of the depth range.

In addition surface-soil samples were collected at ten random points in each plot using an
open-ended, 10 cm x 10 cm stainless steel box inserted into the soil to a depth of 5 cm. Two
samples were collected, the first for bulk density determination and the second for the

estimation of the nitrogen mineralisation and nitrification rates and other chemical and

physical analyses. All soil samples were air dried in the field and returned to Stirling for

analyses.

Soil physical and chemical analyses

The bulk-density samples were oven dried at 105 °C and weighed. The degree of stoniness

(g stones 100 cm™ sample) was estimated by removing stones (>5 mm along any axis) and
weighing. Roots were also separated and weighed (see Chapter 5). Soil bulk density (g soil

cm™ sample) was calculated by subtracting the mass of stones and roots from the total mass

of the sample.

The samples were ground gently and sieved through a 2-mm mesh. Soil pH was measured
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on 10-g subsamples mixed with 25 ml of deionised water and left to equilibrate for 2 h. The
moisture content of air dried soils was determined by heating subsamples to 105 °C for 16
h, and the same subsamples were used to measure loss-on-ignition by heating to 375 °C for
16 h. Total nitrogen and total phosphorus were measured in 0.2-g subsamples digested in
4.4 ml of a sulphuric acid/hydrogen peroxide mixture with a selenium catalyst (Allen 1989).
Nitrogen was measured as ammonia on an FIAStar 5100 flow injection analysis system
(Tecator application note AN 50/84 1984). Phosphorus was measured on the FIA system by
the ammonium molybdate/ stannous chloride method (Tecator application note AN 60/83
1983). Available phosphorus was extracted from 2.5-g subsamples shaken with 100 ml 2.5
% (v/V) ac.etic acid and measured on the FlAstar system by the same method. Exchangeable
cations were extracted from 5-g subsamples by ten successive additions of 1 M ammonium
acetate and measured on a Varian AA-575 atomic absorption spectrophotometer. Potassium
and sodium were measured by emission and calcium and magnesium by absorption An
air/acetylene flame was used for all elements except calcium for which a nitrous
oxide/acetylene flame was used. For total acidity, exchangeable aluminium and hydrogen
measurement, 5-g subsamples were leached with ten successive additions of 10 ml of 1 M
potassium chloride. A 5 ml aliquot of the extract was titrated against 2.5 mM sodium
hydroxide to determine total acidity, and aluminium was measured by titration against 5 mM
hydrochloric acid after addition of 1 ml 1 M sodium fluoride; hydrogen was then estimated
by subtraction. Cation exchange capacity (CEC) was calculated as the sum of total
exchangeable cations plus total acidity. Percentage base saturation was calculated as the
proportion of exchangeable cations (excluding aluminium and hydrogen) to CEC. Particle-
size analyses were made using the Bouyocos hydrometer method (Allen 1989) on samples

from one randomly selected pit at each altitude and three randomly selected surface soil

samples from each plot.
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Nitrogen mineralisation and nitrification

Surface soils (0-5 cm) were sampled as described above, and the samples to be used for the

nitrogen mineralisation and nitrification experiment were treated as follows. The samples

were sorted to remove stones, roots and large fragments of organic material (>5 mm along

longest axis) and aggregates were crumbled till they were no bigger than 10 mm. Each

sample was divided into four fractions which were treated as follows.

Fraction 1, for the determination of initial concentration. The fraction was extracted

immediately to determine the ammonium and nitrate/nitrite concentratiéns. From here on

nitrite/nitrate will be referred to simply as nitrate since nitrite concentrations are likely to be

low in these soils which do not suffer waterlogging and anaerobic conditions (Tanner 1977).

Twenty g (fresh weight) of soil were extracted in 100 ml 1.5 M potassium chloride containing

3 mg 1" mercuric chloride (to prevent bacterial and fungal growth) by stirring by hand for

1 min and allowed to equilibrate for 2 h.

Fraction 2, for the field incubation. About 200 ml of soil were placed in a plastic bag and the
top folded down to prevent the entry of water, but to allow gaseous exchange. The bag was
then placed at the site of collection and covered with a thin layer of leaf litter. The samples
were collected and extracted after 21 d.

Fraction 3, for the laboratory incubation. This fraction was treated the same as fraction 2
except that the soils were incubated under shade at the Field Studies Centre.

Fraction 4, for moisture determination and chemical analyses (see previous section).

In addition, bulk soil samples (c. 3 kg) were collected from the random positions in plots 1-3
and 7-9. The samples were sorted as described above and sieved through a 4.75 mm mesh.
Two 20-g subsamples were extracted immediately as described above and ten 50-g
subsamples were allocated in pairs to the following nutrient treatments which were all added
to the fresh soils in 6 ml of solution or in addition to 6 ml of deionised water:

(a), no nutrient addition, 6 ml deionised water only; (b), 100 mg nitrogen (as ammonium
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chloride) kg™ soil; (c), 5 mg phosphorus (as sodium dihydrogen phosphate) per kg™ soil; (d),
20 g calcium (as calcium carbonate) per kg™ soil and (e), 20 g calcium (as calcium sulphate)
per kg soil. The subsamples were incubated under ‘laboratory conditions’ (see fraction 3

above) for 21 d before extraction.

The extracts were frozen for two months before return to Stirling where they were kept at
2 °C until analysis. The samples could not be analysed for a further eight months because
of technical problems. Ammonium was measured on an FlAstar flow injection analysis
system (Tecator application note AN 50/84 1984) and nitrate was measured as nitrite after

reduction by a cadmium column (Tecator application note AN 62/83 1983).

Results

Physical and chemical descriptions of the soils

A brief description of one soil profile from each altitude is given in Table 2.6 and descriptions
of the other six profiles are found in Appendix 1. Soils were at least 1.4 m deep in all pits
at 200 m and 500 m, but at 850 m bedrock was reached in two of the plots, at 80 cm in plot
8 and 120 cm in plot 9. At all altitudes the profiles were broadly similar. There were no
surface accumulations of organic matter although the loss-on-ignition (LOI) of the samples
increased with altitude (Table 2.8). Stones were frequent in all profiles, especially in the pits
at 200 m and 850 m and they became much more frequent at depth (Table 2.7). Surface soil
bulk densities (corrected for stoniness) were highest at 200 m and lowest at 850 m (Table
2.10), and the samples from 850 m were the stoniest.

Chemical analyses of samples from the soil profiles (Table 2.8) show that the surface layer
(0-5 cm) was always more acid and had higher values of LOI and higher concentrations of
total nitrogen and phosphorus, acid extractable phosphorus and exchangeable cations than
deeper samples. CEC and base saturation also declined with depth in all profiles. Clay

content was highest in the 20-100 cm layer at 500 m and 850 m, but highest in the surface
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Table 2.6. Profile descriptions from one soil pit at each of three altitudes on Bukit Belalong, Brunei.

Plot 1, 200 m.

O, (4-8)-0 Litter layer. Sharp boundary with mineral soil.

Al, 0-2 Loose, crumbly, organic, granular ¢. 4 mm. Moderately plastic. Occasional
small stones, no mottles. Matrix 7.5 YR 5/4 brown, organic matter 7.5 YR
5/4 dark brown. Regular, clear boundary.

A2, 2-7 Porous, granular 1-4 mm. Very plastic. Occasional small stones, no mottles.
5 YR 5/6 yellowish red. Regular, clear boundary.

B, 7-60 Sticky, granular 8 mm-1 cm. Very plastic. 15-60 cm stones 30%. At 10 cm 5
YR 5/8 yellowish red, >40 cm 5 YR 6/6 reddish yellow.

Plot 6, 510 m.

O, (34)-0 Litter layer. Sharp boundary with mineral soil.

Al, 0-(2-6.5) Dry, crumbly, open, organic. Non plastic. Occasional small stones, no
mottles. Matrix 3.5 YR 4/4 dark brown, organic matter 7.5 YR 3/2 dark
brown. Clear, wavy boundary.

A2, (2-6.5)-(7-9) Porous, fine granular 2 mm. Non plastic. Occasional small stones, no
mottles. 7.5 YR 4/4 brown. Clear wavy boundary.

B, (7-9)-120 Sticky, granular 2 mm. Very plastic. 40-75 c¢m, stones 30%; 75-120 cm stones
60%. 7.5 YR 5/8 strong brown.

C, >120 Weathered shale, 80%.

Plot 9, 880 m.

Litter layer. Sharp boundary with mineral soil. |

Al, 0-9 | Porous, crumbly, granular 3 mm. Non plastic. Occasional small stones.
Slight mottle 10 YR 5/4 yellowish brown/5 YR 5/6 yellowish red. Matrix 7.5
YR 4/4 yellowish red. Regular, clear boundary.

A2, 9-(21-24) Porous, sticky, fine granular 5 mm. Moderately plastic. Occasional small
stones. 7.5 YR 5/6 strong brown. Irregular, clear boundary.

B, (21-24)-70 Large granular 8-15 mm. Very plastic. 30-70 cm, stones 35%. 7.5 YR 6/8 |

reddish yellow.
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Table 2.7. Mean percentage of stones (area of profile face) at a range of depths (5-100 cm) in three soil
profiles at each of three altitudes on Bukit Belalong, Brunei.

200 m 500 m 850 m
Depth  Stones Depth  Stones Depth Stones
(cm) (%) (cm) (%) (cm) (%)
5-20 5-15 22 5-10 10 5-20 23
15-20 27 10-20 13
20-100  20-50 27 20-40 13 20-30 32
50-62 50 | 40-75 22 30-40 42
62-73 67 75-80 47 40-50 48
73-100 77 80-100 33 50-70 62
70-80 82
80-100 88
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Table 2.9. Particle-size analyses of soil samples from one soil profile at each of three altitudes on Bukit
Belalong, Brunei. The texture classes follow the USDA system (USDA 1974): SCL, silty clay loam; SL, silty

loam.

Altitude Depth Sand Silt Clay Texture class
(m) (m)  (50pm)  (2-50 pm) (<2 pm)
(%) (%) (%)
200 0-5 51.2 199 28.8 SCL
5-20 52.8 21.3 25.9 SCL
20-100 59.7 18.7 21.6 SCL
510 0-5 60.8 25.4 13.9 SL
5-20 72.9 17.2 9.9 SL
20-100 64.5 18.0 17.5 SL
870 0-5 54.4 30.0 15.6 SL
5-20 64.0 22.9 13.1 SL
20-100 56.6 21.7 21.7 SCL
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Table 2.10. Bulk density of soil (g cm®) (excluding roots and stones >5 mm along the longest axis) and
concentration of stones (>5mm) (g 100 cm® soil) in ten surface soil samples (10 cm x 10 cm area and 5 cm
deep) from three plots at three altitudes on Bukit Belalong, Brunei. Values are the means with the ranges

in parentheses.

Plot Bulk density Stones
(g cm™) (g 100 cm™ soil)
1 0.70 (0.43-1.04) 11.14 0.0-52.9)
2 0.55 (0.39-0.81) 458 (0.2-28.6)
3 0.61 (0.48-0.79) 10.16 (0.0-29.6)
1-3 0.62 8.62
4 0.42 (0.18-0.64) 0.16 (0.0-09)
5 0.39 (0.17-0.65) 1.27 (0.0-10.5)
6 0.55 (0.31-0.85) 2.42 (0.0-12.3)
4-6 0.45 1.28
7 0.43 (0.29-0.61) 15.22 (0.0-40.4)
8 0.36 (0.21-0.47) 21,10 (1.0-31.1)
9 0.41 (0.10-0.74) 2.14 (0.0-11.7)
79 0.40 12.82
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layer at 200 m (Table 2.9).

Differences in the physical and chemical properties of the surface samples among the three
altitudes were tested using the non-parametric Kruskal-Wallis test. Some significant
differences (p<0.05) were found (Table 2.11): LOI, total nitrogen, exchangeable sodium,
aluminium and hydrogen and cation exchange capacity were higher in soils from 850 m
compared with those at 200 m. The soils at 500 m were the most acid and had the highest
concentrations of extractable phosphorus and exchangeable aluminium and hydrogen, but
had the lowest magnesium concentration and base saturation. Calcium concentrations and
base saturation were highest in soils from 200 m. In general the soils at 500 m were more
similar to those at 850 m than those at 200 m. Samples from 850 m had significantly lower

percentages of clay and higher percentages of silt than those from 200 m, whilst the samples

from 500 m were intermediate (Table 2.12).

Nitrogen mineralisation and nitrification

Initial concentrations of ammonium and nitrate jons (fraction 1) were similar at all altitudes
(Table 2.14), though ammonium concentrations were more variable at 850 m. When
expressed on an area basis the highest quantities of both ions were found at 200 m and the
lowest quantities at 850 m. Field rates of mineralisation were more variable within each
altitude than between altitudes, and in many samples from each altitude ammonium
concentrations were found to decline after incubation. Most variation was found at 850 m.
Similarly, rates of nitrification did not differ significantly between altitudes and were most
variable at 850 m. When expressed on an area basis, rates of mineralisation and nitrification
were highest at 200 m and lowest at 500 m. The samples left to incubate in the field suffered
considerable disturbance frc;m both pigs and termites and the numbers of replicates were
severely reduced, especially at 850 m (Table 2.14).

Rates of mineralisation were higher in samples from all altitudes incubated under laboratory
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Table 2.12. The percentages of particles in three textural classes in mineral soils from surface samples (0-5
cm) at three altitudes on Bukit Belalong, Brunei. Values are the means of nine samples at each altitude with

the ranges in parentheses. Significant differences (p<0.05, from Kruskal-Wallis test) are indicated by
superscripts.

Altitude Sand Silt Clay
(m) (>50 um) (2-50 pm) (<2 um)
(%) (%) (%)
200 49.9 2494 25.2°
(42.6-60.9) (21.8-27.4) (12.6-32.2)
500 46.4 29.7A8 23.94%
(29.2-57.0) (22.7-45.4) (17.5-32.0)
850 45.5 36.4° 18.1A

(29.9-59.2)  (21.4-48.0) (12.6-24.1)

Table 2.13. Correlation coefficients with loss-on-ignition for soil nutrient elements, cation exchange capacity
and base saturation in surface soil samples (0-5 cm) at. three altitudes on Bukit Belalong, Brunei. All
correlations are significant at p<0.001, except §, p<0.01; +, p<0.05 or *, not significant. n=30 at each altitude.

Altitude Correlation coefficients
(m)
Nioat  Proal | N Exchangeable cations CEC BS
K Ca Mg Na Al H

200 0931 0.813 0.864 0.782 0.716 0.619 0.858 -0.026* 0.349* 0541F 0.597%
500 0903 0.275*  0.898 0.698 0.085* 0410+ 0417+ 0374+ 0.810 0.679 0.097*

850 0933 0.674 0.880 0792 0.662 0.775 0.772 05763  0.630 0.694 0.308*
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Table 2.14. Concentrations of ammonium - nitrogen and nitrate/nitrite - nitrogen and rates of mineralisation
and nitrification in surface soils (0-5 cm) from three altitudes on Bukit Belalong. The results are expressed
on a mass basis and on an area basis. Values are the means * 95% confidence limits. n=30 for

concentrations, and as stated for the incubations.

N (ng g™) N (kg ha”) N (ng g™ 21 d") N (kg ha' 21 d*)

Altitudle NH-N NO/N NHN NOsN n NHN NO,-N NH,-N NO,-N
(m)

200 8432 52=zxl2 2.60 1.61 23 21135  15.0 +4.6 0.65 4.65
500 8120 6425 1.81 143 17 18134 11.6 £54 0.40 2.60
850 88 £5.2 4.8 2.0 1.75 1.08 9 21198 16.6 £10.7 0.47 3.72

Table 2.15. Rates of mineralisation and nitrification and net increase in mineral nitrogen (pg N g 21 d7) in
surface soils (0-5 cm) from three altitudes on Bukit Belalong incubated for 21 d under identical temperature
regimes at Kuala Belalong Field Centre. The values are the means of thirty samples x 95% confidence limits.

Altitude Mineralisation Nitrification Net mineral nitrogen
added
(m) (ng NH:-Ng'21d")  (pngNO:N g’ 214d7) (rg Ng'21dY)
200 10.1 £5.1 22.8 £5.0 33.0 £7.7
500 14.9 5.7 22.1 £5.2 37.0 £7.5
850 19.9 £9.0 42.8 +11.6 62.7 £16.8
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conditions compared with the same samples incubated in the field (Table 2.15).
Mineralisation rates were highest in the soils from 850 m and lowest in those from 200 m,
but the differences were not significant (one-way ANOVA). Nitrification rates were similar
in soils from 200 m and 500 m, but were significantly higher in soils from 850 m (p<0.001,
one-way ANOVA). The net rate of nitrogen transformation (mineralisation + nitrification)
was also significantly higher in the soils from 850 m (p=0.001, one-way ANOVA).

In the nutrient amendment experiment (Table 2.16), mineralisation showed some response
to the addition of phosphate (-ve), calcium carbonate (+ve) and calcium sulphate (+ve), but
only the response to calcium carbonate was significant (p=0.001, Kruskal-Wallis test).
Nitrification was- inhibited by the addition of ammonium and calciuz;l sulphate though only
the response to ammonium was significant (p<0.01, Kruskal-Wallis test). In five of the six
samples, addition of calcium carbonate also reduced nitrification, but in the soil from plot 9
calcium carbonate increased nitrification and the rate was at least four times that of soils from

other plots. Increased nitrification was found in both of the replicate incubations. Net

mineralisation was significantly affected only by addition of calcium carbonate (p<0.001,

Kruskal Wallis test).

Discussion

The soils at all altitudes on Bukit Belalong were identified as orthic acrisols (FAO/UNESCO
1988) or ultisols (USDA 1975). The soils on the slopes were shallow and appear to be
actively rejuvenating owing to erosion and landslides. Some deep soils due to the
accumulation of debris at the bottom of landslides have been found (A. Dykes personal
communication), but these were the exception . The presence of shale fragments throughout
the profile is indicative of landslides, and their scarcity in the ridge top soils at 500 m
indicate more stable conditions than on the slopes. Ashton (1964) described twenty soil pits

at locations south of Kuala Belalong and identified three soil types in the area: yellow clay
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Table 2.16. Effect of added nutrients on rates of mineralisation (ug NH-N g* 21 d), nitrification (ng NO,-N
g” 21 d"') and net mineralisation (NH-N+ NO;-N g* 21 d?) in surface soils (0-5 cm) from three altitudes on
Bukit Belalong. The values are the means of three samples which were incubated in duplicate, £ 95%

confidence limits.

Mineralisation (ng NH, -N g 21 d47)

Altitude Control +NH, +PO, +CaCO, +CaSO,
(m)
200 8.0 £11.5 92.4 +339.0 0.2 +8.2 109.0 £101.5 43.7 £18.4
850 16.7 £10.5 6.1 +£206.5 3.1 4.9 158.7 £138.2 65.8 +20.3
Mean 12.4 +6.53 49.3 +£117.0 1.7 £3.1 133.9 £53.7 54.7 £14.7
Nitrification (ug NOyN g 21 d)
200 33.6 £16.9 -4.9 2.9 37.0 £20.8 13.2 £21.9 3.8 +4.1
850 42.6 £11.6 -6.8 £6.5 45.9 +59.8 529 £112.3 4.7 £28.3
Mean 38.1 £7.5 5.8 £2.2 41.5 £17.6 33.0 £38.1 4.3 7.7
Net mineralisation (ug inorganic N g 21 d)
200 41.6 £25.0 87.5 +3404 37.2 £26.5 122.2 £99.8 47.4 +15.3
850 59.4 +1.25 -0.7 £210.8 49.0 +64.5 211.6 £26.2 70.5 £12.5
Mean 50.5 £12.2 43.4 1185 43.1 +£19.8 166.9 £58.4 59.0 £14.3
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latosols on ridges below 650 m, shallow shale lithosols on ridges above 650 m, clay lithosols
on hillsides up to at least 750 m. The soils at 200 m and 850 m probably correspond to clay
lithosols and those at 500 m to yellow clay latosols. Ashton found a lack of variation in the
profiles despite the rugged physiognomy and sharp differentiation between the flat ridge
tops and steep upper hillsides. However transects encompassing the full range from ridge
top to valley floor revealed differences in pH, texture and soil moisture, with more acid,
friable and drier soils towards the ridges. Illuviation of clay to the subsoil was expected

(Baillie 1989), but this was not found in the profile at 200 m (Table 2.8). This may be a

comparatively young soil with a poorly-developed profile and significant inputs of clay

minerals weathering from fragments of shale at the surface, or the clay may have been

illuvated to the surface layer from further up the slope. The plots at 200 m are roughly

midway between the ridge and Belalong river and thus inputs from up-slope may be

significant. By contrast the plots at 500 m are close to the ridge top and those at 850 m are

not far below the summit and are therefore likely to receive smaller inputs from up-slope.

The clay contents of the surface soils, which were taken from widely dispersed points

throughout the plots, decreased with altitude, and may indicate either this illuviation effect

or reduced weathering at higher altitudes or both. Lower rates of weathering at higher

altitudes are to be expected from the reduction in temperature (Young 1976).

Well developed tropical soils have low silt:clay ratios because of leaching (Burnham 1984),
so it appears that repeated small scale disturbance on the steep Belalong slopes has prevented
the soils from progressing to a deep weathered condition (Baillie & Ashton 1983). Soil
organic matter, particularly in the surface layers, supplies most of the cation exchange
capacity (CEC) of acid, weathered soils because the clay fraction is dominated by minerals
with a low CEC (Sanchez 1976, Young 1976). LOI is considered a reasonable index of soil
organic matter, but the correlation is not perfect because of the loss of structural water from

minerals and volatilization of some compounds at the high temperatures (Allen 1989).
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Nutrient concentrations, CEC and base saturation were regressed against LOI (Table 2.13)
and it was found that total nitrogen, extractable phosphorus and exchangeable potassium
correlated closely with LOI at all altitudes. It was also expected that close correlations would
be found for total phosphorus and extractable calcium, magnesium and sodium, but this was
not the case. CEC correlates closely with LOI at 500 m and 850 m but less so at 200 m and
this may be because of the greater clay content of these soils, offering other sites for cation

exchange.

Bornean lowland forest soils

Comparisons among tropical forest soil analyses are problematic because of the lack of
standard methodologies both in sampling and analysis. Landon (1992) discussed sources of
error in the preparation and analysis of tropical soils and suggested that the results should
be treated as no more than ‘order of magnitude’ estimates. Surface soil pH in the Belalong
samples was similar to that of other Bornean lowland dipterocarp forests (Table 2.17) except
for plots from the lower slopes of the ultramafic Gunung Silam where soils were much less
acid. LOI in the samples at 200 m was typical of the other studies, but at 500 m LOI was
relatively high. Total soil nitrogen at Belalong was within the range of values reported from
other Bornean forests, but total phosphorus was relatively high in the Belalong soils.
Extractable phosphorus varied considerably between the studies reported in Table 2.17 but
this may be due as much to the different extractants used as any real difference between the
soils. Bray type, acid-fluoride extractants can be much more vigorous than dilute acid (Allen
1989). Interpretation of these data is difficult because acid extractions (especially the Bray
type) may liberate substantial amounts of fixed phosphorus and yield high values in soils
which are actually low or deficient in phosphorus (Landon 1992). Concentrations of
exchangeable bases and CEC in Belalong soils were within the ranges reported from other

studies. The high concentrations of calcium and particularly magnesium in the soils from
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Gunung Silam are derived from the base-rich ultramafic parent material.

Although the Belalong soils receive constant nutrient inputs from the weathering of the
parent material, as well as atmospheric inputs, nutrient concentrations are not noticeably
higher than in more stable soils which have deeper weathering fronts such as those at the
Danum Valley, Sabah (Green 1992). Nutrient inputs from weathering shale are likely to be
small and balanced by losses in an ‘open’ type nutrient cycling system as described by Baillie
(1989) and Burnham (1989). Baillie & Ashton (1983) reported that shallow, relatively
unweathered soils are common in lowland forest in north western Borneo and trees often

root into a mixture of soil and partially weathered soil.

Tropical montane soils

Soil analyses from montane forests throughout the tropics have been collated in Table 2.18.
A number of trends can be discerned in spite of the large range of climatic conditions and
parent materials. Soil pH usually falls with altitude, and the most acid soils are generally
found under upper montane rain forests (UMRF), though Kitayama (1992) did not find a
simple pattern on Gunung Kinabalu. His study suffers from a lack of replication in the soil
analyses, and from the complicated changes in lithology on Kinabalu (Burnham 1974).
Veneklaas (1990) reported UMREF on soils with a higher pH than soils in a nearby LMRF at
a lower altitude.

LOI, and consequently total nitrogen, increase with altitude partly because of reduced
decomposition at lower temperatures, but often due to waterlogging in fog-bound UMRF.
UMREF is consequently generally found on the most acid, organic, soils which are relatively
rich in total nitrogen. Total phosphorus is usually about 1 mg g”, but extractable phosphorus
is much more variable and can be found at comparatively high concentrations in some
montane soils (eg Tie et al (1979), Edwards & Grubb (1982) and Kitayama (1992); but see

earlier discussion of phosphorus extractants). Acid soils generally have high phosphorus
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fixation potential (Sanchez 1976) due to iron and aluminium oxides, but this may be reduced
in highly organic montane soils which contain low amounts of mineral soil. Concentrations
of cations vary considerably depending on the parent material, and no generalisations can
be made. Concentrations of total nitrogen and phosphorus and extractable phosphorus in
the soils from 850 m on Bukit Belalong are typical for values reported from lower montane

forest, but quantities of exchangeable cations are towards the low end of the range.

Soil nutrient reserves

Comparisons of concentrations of nutrients in soil may obscure differences between sites
since total quantities of plant available nutrients will depend not only on nutrient
concentrations but also on the volume and bulk density of the soil. The estimation of
quantities of total nutrients in the upper metre of soil (Table 2.19) is strongly affected by the
degree of stoniness, so the data from Table 2.7 were combined with those from Table 2.8 for
the estimations. Samples for measurement of the bulk density in the Belalong soil profiles
had originally been collected using a 5 cm diameter corer, but it was decided that this
method was unreliable because the force required to drive it into stony soils caused excessive
compaction. The bulk density of the stone free soil was estimated at 1.0 g cm™ at 5-20 cm
depth and 1.2 g cm™ at 20-100 cm from data for an orthic acrisol with few stones at the
Danum Valley, Sabah (Green 1992). The quantities of nutrients at a depth of 0-5 cm were
calculated from the data in Tables 2.10 and 2.11. In the past, tropical soils were often held
to have low reserves of nutrients except in the organic surface horizons (Richards, 1952:
Young, 1976), but examination of the nutrient concentrations on a mass basis alone distorts
the true picture because of the large volume and high bulk density of the deeper layers
compared with the surface horizons. The estimates of nutrients in the Belalong soils (Table
2.19) suggest that at all altitudes substantial quantities are held in the soil below 20 cm and

these reserves may be twice the amount in the top 20 cm. Despite generally low nutrient
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Table 2.19. Estimated quantities of elements (kg ha™) in the the upper 1 m of soils at three altitudes on Bukit
Belalong.

Altitude Soil Loss on Soil nutrients (kg ha™)

(m) depth  ignition
(cm) (t ha)

Niee Pro Pew Koen Camaw Mgrn Nagen Alnen  Hgen

200 0-5 37 753 105 011 28 7 10 4 225 5

5-20 87 1700 331 033 68 6 12 12 709 16

20-100 304 5210 1087  1.09 177 14 23 41 2718 45

0-100 428 7664 1523 153 273 27 45 57 3652 66

500 0-5 31 735 68 0.07 17 2 5 2 195 6

5-20 118 2068 356 036 43 7 12 14 931 20

20-100 547 9185 1750 175 197 22 37 73 4155 80

0-100 696 11988 2174 218 @ 257 31 54 89 5281 106

850 0-5 33 798 76 0.8 16 2 5 4 168 5

5-20 124 2248 391 036 94 5 9 17 638 17

20-100 312 4722 1030 103 103 14 21 46 1456 28

0-100 469 7768 1465 147 213 21 35 67 2262 50
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concentrations at 500 m, total quantities of all nutrients (on a volume basis), except

potassium, are higher there than at the other altitudes because there were fewer stones at 500

m.
Estimates of total nutrient reserves in the upper layers of some lowland and montane rain
forest soils (Table 2.20) show that the Belalong soils at all altitudes are fairly nutrient poor.
Total nitrogen content of these soils is low and though total phosphorus reserves are similar

to those at other sites, extractable phosphorus has the lowest value of all these studies.

Quantities of exchangeable cations are also fairly low.

Nitrogen mineralisation and nitrification

There is a problem with the reliability of these results because of the long interval between
extraction and analysis. Inorganic nitrogen in aqueous solution may be converted between
different forms or lost from solution (Allen 1989). Addition of mercuric chlgride,
acidification, cold storage or rapid freezing to -20 °C have been recommended (Martin 1968,
Allen 1989), but no method of preservation is considered acceptable for long term storage.

Despite these problems there was remarkably close agreement between the values for the five
initial extractions of the amendment experiment which were extracted in duplicate (one of
the initial extractions from plot 9 was lost because of damage in transit). The nitrate values
in replicates were close, with replicates of two samples having identical values, two others
within 1% and the replicates of the other were within 10%. The ammonium values were less
close, with identical values for the replicates of one sample, and the others differing by 1%,
3%, 8% and 24%. The values for both ions were more variable between incubated replicates.
The pH of each extract was measured since the equilibrium between ammonium ions and
ammonija depends on acidity and in alkali solution tends towards ammonia which may be
lost by volatilization. pH values were between 2.9 and 4.0 except for the amendment

experiment samples to which calcium carbonate had been added and in these extracts the
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Table 2.20. Total nutrients in a range of tropical lowland and montane rain forest soils. ’~’ indicates that no
data are available.

Location Altitude  Depth Soil nutrients (kg ha™)
(m) (cm)
Nrou Prowl Poe  Kon  Capen  Mgpn
Brunei, Belalong'. 200 0-20 2450 436 0.4 96 13 22
500 0-20 2800 424 04 60 9 17
850 0-20 3050 435 0.4 110 7 14
Costa Rica, Volcdn Barva®. 100 0-15 3700 840 . 62 200 32
1000 015 8900 950 - 64 27 25
2000 0-15 10050 700 - 27 42 16
2600 0-15 12000 690 - 71 280 89
Jamaica®, Mor ridge. 1500 045 9000 - - 130 30 400
Mull ridge. 1500  0-40 7000 - . 200 240 150
Wet slope. 1500  0-30 3000 - - 240 1000 400
Gap. 1500 040 9000 . . 160 300 40
New Guinea*, Ridge (I 2500 030 19300 : 133 288 2280 370
Ridge (1) 2500 030 18800 - 138 621 4090 887
Valley 2500 030 21200 . 164 315 2320 431
Slope 2500 0-30 17600 . 205 389 6320 1040
Malaysia, Sabah, Danum’, 200 0-30 1450 650 0.7 190 91 78
Malaysia, Sarawak, Mulu®. 200 0-30 6000 360 . 96 5 22
U.S.A., Hawai'i’. Young lava. 760 - 340 - 10 - - -
1220 - 210 . 7 . - -
1675 - 30 - 1 . . -
Old lava. 760 - 530 - 31 - - -
1220 - 1130 - 02 . - -
1585 - 990 . 60 - “ .

1, This study; 2, Heaney & Proctor (1989); 3, Tanner (1977); 4, Edwards & Grubb (1982); 5, Green (1992); 6, Proctor et al (1983); 7,

Vitousek, Matson & Turner (1988).
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pH's were between 7.3 and 7.6. It is noteworthy that despite the very high pH values in

these extracts large amounts ammonium were measured in them. Accepting the problems

associated with the long-term storage, the data seem to provide a reasonable index of the

rates of nitrogen transformations under different conditions since all the samples were

extracted by the same solution and stored under identical conditions.

Studies of nitrogen dynamics in tropical forest soils have reported a wide range of values

(Robertson 1989). This can partly be explained by methodological differences, but

incubations of a range of soils using the same method have shown a similar range of values

(Vitousek & Matson 1988). -1t is difficult to make comparisons among studies because of

differences in incubation temperature. The length of the incubation is also critical since rates

of nitrogen transformation are not necessarily linear in short term incubations kStanford &

Smith 1972, Chandler 1985). When assessing nitrogen transformations total net nitrogen

mineralisation (the sum of the ammonium and nitrate values) should be considered since all

of the nitrate produced must have been ammonium at some point (Robertson 1982).

Recorded rates of net nitrogen mineralisation in rain forest soils vary between 4 pg N g”soil

d! in Jamaican mull ridge soil (Tanner 1977) and net immobilisation of 3.6 ng N g soil d

in a lowland Hawai’ian soil (Vitousek, Matson & Turner 1988). Net immobilisation of
nitrogen has been reported from two altitudinal sequences of soils in Hawai’i where soils
(dated at 133 and 3100 years old) are developing on lava flows (Vitousek et al 1988), but
Tanner (1977) also found net immobilisation in soils from his Jamaican slope forest site.
Measurements of rates of nitrogen transformation in the field are of more relevance to plant
nutrition than indices of soil mineralisation potential under ideal conditions, but the logistical
problems have restricted the number of studies (Table 2.21). The estimated values of
nitrification and net mineralisation on Bukit Belalong are in the middle of the range of
reported values. Low rates were found in montane forests on Volcin Barva (Marrs et al 1988)

and have been cited as a possible cause of montane forest stunting, but the rates are not as
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Table 2.21. Rates of nitrification (ng NO,-N g™ d*') and net mineralisation (ug NH,-N + NO;-N g? d?) in
surface soils from tropical rain forests.

Location Sample depth Nitrification Net mineralisation
(cm) (rg NO;-N g* d?) (pg NH, -N + NO, -N g' d)
Brunei, Belalong 200 m'. 5 0.71 0.81
Brunei, Belalong 500 m'. 5 0.55 0.64
Brunei, Belalong 850 m’. 5 0.79 0.89
Venezuela, San Carlos, oxisol’. 10 0.50 047
Venezuela, San Carlos, oxisol®. 10 0.12 0.06
Costa Rica, La Selva, inceptisol’. 343 343
Costa Rica, Volcin Barva, 100 m*. 15 1.55 427
Costa Rica, Volcdn Barva, 2600 m*. 15 0.21 0.07

1, This study; 2, Montagnini & Buschbacher (1989); 3, Robertson (1984); 4 Marrs et al (1988).
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low as those reported from the San Carlos forest on an oxisol (Montagnini & Buschbacher
1989). The dramatic decline in nitrogen mineralisation with altitude on Volcidn Barva (even
at 1000 m there was a marked reduction compared with 100 m) contrasts with the
comparatively high values at the highest altitude on Bukit Belalong,

The increases in rates of mineralisation and nitrification in Belalong soils incubated under
laboratory conditions compared with field incubations can best be attributed to the increase
in temperature in the Field Centre. This contrasts with the Volcdn Barva study (Marrs et al
1988) which found that laboratory incubation had no effect on rates. The differences may be
due to differences in moisture contents, which ranged from 30% at 200 m and 50% at 850 m
on Bukit Belalong, whilst on Volcan Barva they were 40% at 100 m and 80% from about 1000
m. It was concluded that the primary factor limiting mineralisation and nitrification in the
Volcédn Barva soils was the high moisture content and without improved aeration and

structure increase in temperature had no effect.

Fertilisation and nitrogen dynamics

The findings of the amendment experiment contrast with some of the results of Marrs et al
(1988) who found that addition of ammonium significantly increased nitrification and they
concluded that nitrification was partially substrate limited. However Chandler (1985) found
that higher ammonium concentrations did not necessarily increase nitrification. Addition
of calcium carbonate to the Volcdn Barva soils stimulated mineralisation more than addition
of calcium sulphate at 100 m and 1000 m though not 2600 m. Nitrification was stimulated
more by calcium sulphate than calcium carbonate, but the effects were less dramatic than on
mineralisation. Total net mineralisation was higher after incubation with calcium carbonate
at 100 m and 1000 m, but higher at 2600 m when calcium sulphate was added. Alleviation

of the low pH therefore had a greater effect at the lower altitudes.
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Conclusions

At 850 m the soils tended to be more organic and have higher concentrations of total nitrogen
and total phosphorus than those from lower altitude. The ridge-top soils at 500 m were the
most acid and leached, with the lowest concentrations of exchangeable cations and the lowest
base saturation. The soils at 500 m were less stony than those at other altitudes, and total
quantities of nutrients were similar amongst the three altitudes and do not indicate lower
supply of nutrients at 850 m.

Inorganic nitrogen pools and rates of nitrogen transformations do not differ significantly
among altitudes on Bukit Belalong. However, the potential for nitrogen mineralisation,
indicated by the rates in laboratory incubations, is highest in the soils from the top plots. The

soils from the highest and lowest altitudes generally responded to nutrient addition in a

similar way. It is concluded that there is no evidence of a decrease in nitrogen supply with

increasing altitude on Bukit Belalong.
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CHAPTER 3. FLORISTICS AND PHYSIOGNOMY

Introduction

It has long been recognised that similar altitudinal sequences of rain Forest formations can

be distinguished throughout the aseasonal tropics (Richards 1952, Whitmore & Burnham

1969). Typically, evergreen lowland rain forest (LRF) gives way to lower montane rain forest

(LMRF) with increasing altitude, and in turn LMRF is replaced by upper montane rain forest

(UMRF). However on some small mountains UMRF may be found directly above LRF and

a separate LMRF does not occur (Whitmore 1984). The LRF, LMRF, UMRF terminology was

introduced by Grubb, Lloyd, Pennington & Whitmore (1963) and their classification is based

on that of Richards (1952). Modified versions were produced by Grubb & Tanner (1976) and

most recently by Whitmore (1984) and it will therefore be referred to as the "Whitmore

classification’.

The most important characters used to distinguish the Formations are the reduction in leaf

size, from the majority of trees having mesophylls in LRF and LMRF to the majority of trees

having microphylls in UMREF; the scarcity of large woody climbers in LMRF and UMRE; the
abundance of vascular epiphytes in LMRF and the abundance of non-vascular epiphytes in
UMREF (Grubb et al 1963). The canopy height of LRF is greater than that of LMRF which is
taller than UMRF. Emergent trees, buttressing, cauliflory and pinnate leaves are all less
frequent in LMRF and UMRF than LRF (Whitmore 1984). This scheme has been widely
applied, but this is at least partly due to its use of unquantified terms such as 'rare’,
‘uncommon’ and ‘frequent’. Whilst some characters, such as buttressing and leaf size , can
be quantified easily, this may be time-consuming for others, particularly abundance of
vascular epiphytes. There is no explicit statement as to whether the terms refer to

individuals or species, or whether more weight should be given to larger individuals, and

there is no indication of the sample plot size or forest growth phase considered. Since leaf
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size rather than stature is the critical character in this classification, distinctive stunted,
bryophyte-rich forests growing in conditions of persistent clouds and fogs may be classified
as either LMRF or UMREF. An alternative term, tropical montane cloud forest (TMCF), is
used to distinguish such forests from other montane and lowland Formations. A complete
definition of this term can*be found in Hamilton, Juvik & Scatena (1993).

The aim of this chapter is to provide complete physiognomic and floristic descriptions of the

forests at the three altitudes on Bukit Belalong and relate them to forests found on other

South East Asian mountains.

Methods

Plot location

Three 50 m x 50 m plots were marked out, without correcting for the slope, in mature forest
at each of three altitudes: plots 1-3 at ¢. 200 m; plots 4-6 at ¢. 500 m and plots 7-9 at c. 850
m. Some details of the plots are given in Table 3.1. Random plot location was not possible
because of the difficult terrain. None of the plots had atypical features and they are treated
as statistically independent samples. The plots were divided into twenty-five 10 m x 10 m
sub-plots which were used as a sample grid. The plots were surveyed along the sample grid
using a clinometer, compass and measuring tape to allow the estimation of the horizontal

area.

Forest description

Within each plot the position of each tree and liana (210 em dbh) was measured to the
nearest 0.5 m, and each was enumerated and tagged with an aluminium tag and aluminium
nail at 140 c:ﬁ above the ground. Girths were measured 10 cm below the tag except where
buttresses, prop roots or damage distorted the trunk, and on these trees girth was measured

at 30 cm above the protrusion. A second nail then marked 10 cm above the point of
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Table 3.1. Some physical characteristics of the plots on Bukit Belalong, Brunei.

Plot

Altitude  Aspect Slope Horizontal
(m) ©) ©) area (ha)
200 210 23 0.23
200 240 25 0.23
210 280 26 0.22
480 80 16 0.24
520 130 21 0.23
510 150 30 0.22
830 40 33 0.21
860 130 35 0.20
880 30 30 0.22
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measurement. For multiple stemmed trees all trunks 210 cm dbh were measured and the
points of measurement marked with a nail as described previously. Only the largest trunk

was tagged. The presence of buttresses in the size categories 250<200 cm and >200 cm was

recorded for each tree.

Voucher specimens for identification were collected from each tree except for those in each

plot which were identified as the same by the experienced tree climber (Mr Baya Busu of the

Forestry Research Institute, Malaysia). Vouchers were deposited at the herbaria of Brunei

(BRUN), Kew (K) and Edinburgh (E). Specialist’s groups were identified at Aarhus

(Fabaceae), the Arnold Arboretum (Dipterocarpaceae), Kew (Arecaceae, Elaeocarpaceae and

Lauraceae) and Oxford (Meliaceae). The rest of the material was identified by myself at

Edinburgh, Leiden and Kew. A list of all those who assisted with the identifications is given

in the acknowledgements.

The numbers of small trees in the following categories were recorded in three randomly

selected 3 m x 3 m quadrats in each plot: seedlings (only the cotyledons or the first pair of
true leaves present); saplings < 1 m tall; saplings 1-3 m tall; trees >3 m tall, dbh <5 cm; trees

>3 m tall, dbh >5 ¢m <10 em. These quadrats were also used to count small woody climbers
(<10 cm dbh), palms (including rattans) and bamboos.

In plots one, five and nine the heights of all the trees were measured using a clinometer and
in each of these plots a 60 m x 7.5 m strip of representative mature forest was selected for
a profile diagram. The size of each crown was estimated by measuring the height to the
emergence of the lowest branch and the furthest horizontal projections of the crown in the
plane of the diagram. Trees shorter than 6 m were not included in the diagrams.

The plot data were analysed on the Fitopac software developed at the Department of Botany
at the University of Campinas, Sdo Paulo, Brazil. This programme collates data on species
and family basal area and abundance, and produces matrices suitable for phytosociological

analyses. The diversity of the plots was compared using the Shannon diversity index H'
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which was calculated using the formula:

H'=-Y" PinP,

where S is the number of species and P; is the proportion of individuals of the ith species
(Kent & Coker 1992). The value of the index is slightly reduced since it assumes that all the

species from a community are included in the sample, a requirement which is unlikely to be

met in a species-rich rain forest.

Classifications of the plots were produced by two contrasting methods; firstly by cluster
analysis and secondly using Twinspan. The Morisita index of community similarity (called
Morisita’s index of overlap by Brower & Zar 1977) refers to the probability that individuals
drawn randomly from each of two sampling units will belong to the same species relative
to the probability of randomly choosing a pair of speéimens of the same species from one of
the sampling units. The index is based on Simpson’s dominance index (1) which is measured
for community 1 by:

7 = > x(x-1)
YON(N,-1)

where ¥x; is the number of individuals of species i in community 1 and N is the total number

of individuals in community 1 (.. N;=2Zx;). Likewise for community 2,

L = E yi(ylﬂl)
> N,(N,-1)

where |, is the Simpson’s Dominance Index, y, is the abundance of species i and N,=Zy,, the

total number of individuals in community 2. The Morisita Index, I,, is given by:
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I - 2Exlyi
Y (I,+L)N\N,

The index can range from 0 (no similarity) to 1 (identical). This index offers a better
assessment of similarities between plots than measures such as Jaccard’s index or Serenson’s
similarity index (Pielou 1984) because it incorporates information on the abundance of each
species instead of simple presence or absence data. The Morisita index may be sensitive to
the abundance of the commonest species, but this will not be a problem in diverse stands,
and it has been considered amongst the most satisfactory of available of indices (Magurran
1988). Fitopac can consider a maximum of 250 species in a cluster analysis so the ‘rare’
species which were only represented by a single individual in the study were excluded from
the analysis and the species list was reduced from 484 to 229. This reduction has negligible
effects on the shape of the dendrogram, but will yield higher coefficients of similarity.

Twinspan produces a hierarchical classification by identification of differential species and
dividing the set of samples into two subsets on the presence of these species in the samples.
Further differential species are then identified and the sub-sets sub-divided until no further
divisions are possible (Kershaw & Looney 1984). Twinspan is thus a quite different approach
to stand classification from the use of cluster analysis. The Twinspan analysis also used the
matrix with the reduced species list but the elimination of the ‘rare’ species has no effect on

the analysis since the programme only considers species present in more than one sample.

Results
Physiognomy
Tree density (>10 cm dbh) increased with altitude whilst basal area declined (Table 3.2),

though basal area was variable within altitude, especially at 200 m where both the highest
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Table 3.2. The density (ha?) of trees and large woody climbers (<10 cm dbh), the basal area (m? ha™),
maximum tree height (m) and the frequency of buttressing (>50<200 cm and >200 cm) in three plots

at each of three altitudes on Bukit Belalong, Brunei.

Plot Density of Basal area = Maximum = Percentage Percentage
trees & lianas  (m*ha?)  tree height of trees with  of trees with
>10 cm dbh (m) buttresses buttresses
(ha™) >50<200 cm >200 cm

1 513 63.6 60 20.2 10.1
2 496 33.4 - 27.8 104
3 527 43.7 - 20.3 11.0
1-3 512 46.9 22.8 10.5
4 638 514 - 28.86 10.5
5 670 47.3 45 24.1 8.9
6 682 54.5 - 23.6 10.8
4-6 663 51.1 25.5 10.1
7 843 394 - 34.3 39
8 765 35.3 - 23.0 4.6
9 786 37.7 33 264 5.7
7-9 798 37.5 27.9 4.7
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and lowest values of basal area for any plot were recorded (63.6 m? ha in plot 1 and 33.4
m* ha in plot 2). Density and basal area were calculated relative to the horizontal area of
each plot rather than the area on the ground. Maximum tree height declined with altitude
from 60 m at 200 m (Koompassia excelsa) to 33 m at 850 m (Shorea sp). Though the tallest tree
measured at 500 m reached 45 m (Swintonia acuta), two individuals of Shorea pauciflora in plot

6 were probably taller (c. 50-60 m), but unfortunately the heights of these trees were not

measured.

Trees at 850 m differed in their diameter class distribution from those at 200 m and 500 m
(Table 3.3), with relatively more trees in the smaller diameter diameter classes at 850 m. The

maximum dbh was 161 cm at 200 m (Shorea laevis), 114.6 cm at 500 m (Swintonia acuta) and
76.1 cm at 850‘rn (Shorea parvifolia). The percentage of trees with small buttresses (<200 cm)
increased slightly with altitude (Table 3.2), but the differences were not significant (one way
ANOVA on arcsin transformed data). Tall buttresses (>200 cm) were less frequent at 850 m.
Fewer small trees (<3 m tall) and seedlings were recorded at 850 m than at the lower
altitudes (Table 3.4), though there were more large understorey trees (> 3 m tall, <10 cm dbh)
at the higher altitude. Woody climbers (<10 cm and >10 cm dbh) were more frequent at 850
m but differences between altitudes were not significant. Rattans were least abundant at 500

m. Climbing bamboos and small arborescent palms (Pinanga species) were only found at 850

m.

The profile diagrams (Figures 3.1-3.3) and photographs (Figures 3.4-3.6) give an overall
impression of the forests at each altitude. The most notable differences between the forest
at 850 m and those at 200 m and 500 m are the reduction of stature and absence of emergent

trees and the comparative evenness of the upper canopy surface.

Floristics

One hundred and sixty-eight taxa of trees and lianas (>10 cm dbh) were recorded from the
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Table 3.3. The percentages of trees and lianas (210 cm dbh) in a series of diameter classes in three plots at each
of three altitudes on Bukit Belalong.

Altitude Diameter class (¢cm)
(m) 10-199 20-299 30-399 40-499 50-599 60-69.9 70-79.9 80-89.9 90-99.9 2100
200 50.7 21.0 12.5 5.7 2.8 3.1 1.1 0.8 0.6 1.7
500 56.3 18.6 11.0 4.8 3.3 1.5 2.0 0.7 0.4 1.5
850 63.3 19.0 9.4 4.5 1.9 0.8 1.0 - - -

Table 3.4. The densities (m™) of trees and arborescent palms (<10 cm dbh), woody climbers (> & < 10 cm dbh)
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