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Summary

1. In the moist tropics, studies have demonstrated poor seedling establishment of late-
successional trees on lands cleared of forest. Our study examined the potential for
establishing late-successional tree species that dominate the canopy of rainforest by
planting within and adjacent to experimental openings that were created within a
Pinus caribaea plantation.

2. We tested five canopy tree species (Dipterocarpus zeylanicus, Mesua ferrea, Shorea
disticha, S. megistophylla and S. trapezifolia) of tropical forest in south-western Sri
Lanka. Seedlings were monitored for 2 years within treatments that removed either
three rows or one row of Pinus canopy, a canopy edge treatment and a control that
left the canopy intact.

3. The greatest growth and dry mass for all species were in the canopy removal
treatments. In particular, S. trapezifolia and S. disticha exhibited the greatest height
growth in these treatments. In the three-row canopy removal treatment, M. ferrea
had a significantly lower dry mass than the other species.

4. Differences were shown in the number and area of leaves among species. Shorea
trapezifolia and, to a lesser degree, S. disticha increased area by increasing leaf
production. Dipterocarpus zeylanicus and, to a lesser degree, M. ferrea increased area
by increasing the size of individual leaves.

5. Guidelines based on results from this study recommend that species grow best
when seedlings are planted within openings created by the removal of three rows of
Pinus canopy. Where planting without canopy removal is required, S. disticha or S.
megistophylla should be selected because of greater shade and drought tolerance.

6. This experiment demonstrated that Pinus can be used as a nurse for facilitating the
establishment of site-sensitive tropical forest tree species that are late-successional. In
particular, results have application for similar mixed dipterocarp forest types in south-
east Asia.

Key-words: Dipterocarpus zeylanicus, enrichment planting, Mesua ferrea, Shorea
disticha, S. trapezifolia.
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Introduction

Sinharaja Man and the Biosphere Reserve (6°21'N,
80°21’E) is Sri Lanka’s only remaining relatively intact
hill rainforest. This rainforest is part of the mixed-
dipterocarp type that dominates the forested regions
of south and south-east Asia (Whitmore 1984). High
tree species endemicity (64% as defined by Gun-

atilleke & Gunatilleke 1985) and the biogeographic
significance of the island as a relic of Gondwanan
origin (Ashton & Gunatilleke 1987) make protecting
the Sinharaja forest and nearby logged forests man-
aged by the Sri Lanka Forest Department important.
However, private land surrounding these forests has
almost all been converted to plantation crops (tea,
rubber) (Ishwaran & Erdelen 1990). Much of the
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remaining government land that borders these forests
can be described as abandoned agricultural lands that
were formerly forested and that have now reverted to
fire-maintained shrublands dominated by kekilla fern
Dicranopteris  lineariz  Gleicheniaceae  (Cohen,
Singhakumara & Ashton 1995). Some Pinus caribaea
var. hondurensis (Sénécl) Barr. et Golf. has been
planted on kekilla in the hill regions of central and
south-western Sri Lanka. The rationale for doing this
was to initiate a small pulpwood industry, and to
protect the upper watershed catchments from erosion
and the consequent sedimentation of soil at dam sites
downstream.

New mandates by the Forest Department of Sri
Lanka call for the renewed protection of all rainforest
reserves, including Sinharaja. Government policies
now prevent encroachment of remaining rainforest,
and call for restoration of their floristics and structure
where these forests have been degraded. However, the
late-successional canopy tree species that create the
habitat for fauna and the environment for many sub-
canopy plants of the mature rainforest, require par-
ticular conditions for their early growth and estab-
lishment. Research has demonstrated that differences
in canopy opening sizes within rainforests promote
differences in regeneration survival and growth of late-
successional canopy tree species (Hartshorn 1978;
Oldeman 1978; Whitmore 1978; Denslow 1980, 1987;
Bazzaz 1984; Raich & Gong 1990; Turner 1990). Stud-
ies have also shown that the variation in micro-
environment (e.g. light quality and quantity; soil
moisture and nutrient status) (Chazdon & Fetcher
1984; Canham et al. 1990; Ashton 1992) can affect
seedling survival and growth within the opening itself
and beneath the adjacent forest canopy (Brandani,
Hartshorn & Orians 1988; Uhl et al. 1988).

For Sri Lanka, studies have demonstrated this
variability in survival and growth for the late-suc-
cessional canopy trees of the Sinharaja rainforest in
relation to light and soil moisture (Ashton & Berlyn
1992; Ashton 1995; Ashton, Gunatilleke & Gun-
atilleke 1995) and soil nutrient status (Gunatilleke et
al. 1996). Results showed that these tree species are site
specific and require protection from the desiccating
effects of full sun. Though critical for the restoration
of key attributes of rainforest habitat and structure,
these species cannot be planted in the open or in any
exposed position (Ashton ez al. 1995; Gunatilleke et
al. 1996).

Studies have demonstrated the ability of pioneer
rainforest trees to establish beneath P. caribaea (Par-
rotta 1995). Many studies have also demonstrated the
use of partial shade provided by the rainforest canopy
for the enrichment planting and release of slower
growing late-successional trees that were not rep-
resented in the composition of a future stand (Wor-
mald 1992). Only a few studies have examined the
effectiveness of planting fast-growing plantation spec-
ies to assist below-canopy establishment of late-suc-

cessional tree species on cleared lands (Dawkins 1949;
Wormald 1992). No studies have examined the use of
Pinus for promoting the establishment and suc-
cessional development of tropical late-successional
tree species on formerly cleared and then abandoned
sites.

Evidence from the documentation of land aban-
donment and successional development of forests of
temperate regions (Raup 1966) supports our sup-
position that this idea should be tested in the tropics.
In temperate circumstances of eastern North America,
colonization by conifers on abandoned farmland has
facilitated the understorey initiation (sensu Oliver &
Larson 1990) of many angiospermous tree species that
would be considered mid- to late-successional (Lutz
1928; Billings 1938; Oosting 1942; Bormann 1953;
Bowman 1979; Chapman et al. 1982).

Examples of temperate studies that have examined
the use of Pinus plantations to assist the establishment
of late-successional tree species have been mostly
restricted to the former German Democratic Republic
where Quercus petraca (Mattuschka) Liebl. was
planted beneath P. sylvestris L. (Ebling & Hansen
1988), and Fagus sylvatica L. was planted beneath P.
sylvestris (Dittmar & Knapp 1986). These plantings
were done beneath the existing forest canopy. Results
from these studies have been mixed with species show-
ing satisfactory establishment, but relatively slow
growth, except for the more shade- and drought-tol-
erant F. sylvatica which showed reasonable growth in
comparison to advanced regeneration under similar
canopy light environments.

Our study examined the potential for establishing
late-successional tree species that dominate the can-
opy of the Sinharaja rainforest by planting within and
adjacent to experimental openings that were created
within a P. caribaea plantation.

Methods and materials

SITE DESCRIPTION

The study was located in a P. caribaea plantation
bordering the Sinharaja MAB reserve in south west
Sri Lanka. The rainforest adjacent to the study site
has been described as belonging to the Mesua-Shorea
type (De Rosayro 1942; Gunatilleke & Ashton 1987).
Mean monthly temperature ranges between 18°C and
27°C with an annual rainfall of between 3500 and
6000 mm. The topography of the region is one of
ridges and valleys with altitudinal ranges between 600
and 1000 m. The soils are classified as red-yellow pod-
sols (Moorman & Panabokke 1961) or ultisols
(USDA, Soil Conservation Service 1975), underlain
by khondalitic gneiss (Cooray 1967).

The study site was located on the lower part of a
midslope (30° slope, southern aspect) that was ori-
ginally cleared of forest for swidden cultivation in the
1950s and subsequently abandoned. Repeated fires
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promoted the establishment of kekilla fernland. In
1978 the Forest Department of Sri Lanka planted the
site with P. caribaea at a 2 x 2-m spacing. Before
commencement of our experiment, samples of mineral
soil were taken from the top 15cm, air dried (27°C),
crushed and sieved. Soil was then measured for pH,
total soil nutrients were extracted using a Kjeldahl
digest, and organic carbon was measured in the man-
ner used by Walkley & Black (1934). Available nutri-
ents were extracted to | N ammonium acetate buffered
to pH 7. Soil data from the P. caribaea plantation
were compared with soil data collected in the same
manner by Ashton et al. (1995) from valley and
midslope sites of the Sinharaja MAB reserve (Table
1). No significant differences exist among sites for
amounts of soil K, but the valley site had significantly
higher amounts of Mg than the Pinus or midslope
sites. Percentage carbon, percentage nitrogen and
amount of Ca in the Pinus soil were significantly
greater than both of the rainforest sites. We speculate
that this might be related to the slower decomposition
of the needle litter in the Pinus soil as compared to
the leaf litter of the rainforest sites.

EXPERIMENTAL DESIGN AND
ENVIRONMENTAL MEASUREMENTS

Tree species for the experiment were chosen based
on knowledge gained from previous experiments that
examined establishment patterns (Ashton et al. 1995;
Gunatilleke et al. 1996). Five tree species were selected
that grow on the mid- to lower slopes and that domi-
nate the canopy of mature phase rainforest (sensu
Watt 1947; Whitmore 1984). The species were Dipter-
ocarpus zeylanicus Thw., Mesua ferrea L., Shorea dis-
ticha (Thw.) Ashton, S. megistophylla (Thw.) Ashton
and S. trapezifolia (Thw.) Ashton. Except for M. fer-
rea (Clusiaceae), all other species in this experiment
are in the timber tree family Dipterocarpaceae.

The lower slopes and smaller valleys with large stre-
ams support S. megistophylla. Shorea trapezifolia
characteristically occupies the deep soils of midslopes
and ridges, but can occur with S. megistophylla in the
smaller valleys. Shorea disticha predominates on the

same kind of sites as S. trapezifolia, but can also occur
on more rocky ridges or with S. megistophylla on
the lower slopes. Dipterocarpus zeylanicus occurs on
bottomlands and larger valleys with small rivers. It
can occur with S. megistophylla, but usually domi-
nates the canopy of stands along larger water courses.
Mesua ferrea occurs as a canopy or subcanopy tree
with S. megistophylla and is usually associated with
the larger water courses along which D. zeylanicus can
also be found. It is slower growing and more shade
tolerant than the other study species (Holmes 1957,
1958).

Species growth was evaluated over a 2-year period
in four treatments. Three of the treatments involved
the removal of a part of the P. caribaea canopy (15m
in height). The fourth was an under-planting beneath
a closed canopy of P. caribaea where no trees were
removed. The three canopy removal treatments com-
prised (i) one row of P. caribaea removed (4-m strip
width); (ii) three rows of P. caribaea removed (8-m
strip width); and (iii) under-planting beneath three
rows of P. caribaea adjacent to three rows of P. cari-
baea canopy removal. To avoid the environmental
effects of canopy removal, the under-planting treat-
ment where no canopy trees were removed was located
at least 20m away from any of the canopy removal
treatments. All treatments were aligned north—south.
Pinus rows were therefore removed parallel to the
direction of the slope and resembled narrow clearcut
strips that were 140m in length. All four treatments
were also blocked together within the Pinus plantation
at three different locations.

Measures of daily photosynthetic photon flux
(DPPF) were made using a data logger (LI-1000,
LiCor, Lincoln, Nebraska) and quantum sensors (LI-
190Z, LiCor, Lincoln, Nebraska). Sensors were placed
at the centre of each treatment 1 m above the ground
surface to avoid shading from ground vegetation. This
height was usually above the tallest planted seedlings.
In certain situations where taller seedlings were above
the sensor, the sensor was moved along the centre of
the treatment to a position that avoided shading from
the seedling canopy. Measures of DPPF were re-
corded at 10-s intervals and stored as a mean every 10

Table 1. Soil pH, organic carbon and nutrients in the Pinus caribaea plantation with comparative data from valley and
midslope sites of the Sinharaja MAB rainforest. K = available potassium; Mg = available magnesium; Ca = total calcium.
Data are means with standard errors in parentheses. Data from rainforest valley and mid-slope sites were from samples
collected by Ashton et al. (1995). Letters qualitatively indicate significant differences (a > b > ¢) according to Duncan’s

multiple range test (p < 0-05)

P. caribaea Valley Midslope
pH 4-31 (0-02)a 4-37 (0:13)a 3-87 (0-18)b
% carbon 6:02 (0-21)a 2-05 (0-42)b 1-44 (0-29)b
% nitrogen 0-16 (0-02)a 0-12 (0:01)b 0-10 (0-01)b
Kugg™ 21-71 (0-60)a 29-00 (2-00)a 27-50 (3-00)a
Mg (ugg™") 1804 (1-44)b 37-50 (1-10)a 20-50 (3-40)b
Ca(ugg™ 111-81 (9-83)a 77-00 (6:50)b 59-50 (6-:50)b
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min over the course of a 12-h period (06:00-18:00
hours). Measurements were repeated on three sunny
days for each treatment plus the control during the
months of January and February 1993.

The amount of DPPF received at the centre of the
three-row canopy removal treatment (X = 22:13 mol
m~2 day~!, S, =0-78) was similar to the amount
received at the centre of a 450-m? canopy opening in
the Sinharaja rainforest (Ashton 1992). The DPPF
received at the centre of the one-row canopy removal
treatment (X = 10-35 mol m~2day~', S, = 0-95), the
three row under-planting (X = 4-95 mol m~2 day~/,
S, =206) and the closed canopy under-planting
(X =331 mol m~? day~!, S, = 1-29) were, respec-
tively, the same as that at the centre, the outside edge
and the inside edge of a 250-m? canopy opening in
the Sinharaja rainforest (Ashton 1992; Ashton et al.
1995). No treatment in our study had amounts of
DPPF that were as low as that measured at the ground
surface beneath the closed canopy of the Sinharaja
rainforest. Measurements of DPPF beneath the closed
canopy of Sinharaja rainforest made by Ashton (1992)
have generally not exceeded 0-92 mol m~2 day .

For each treatment, single seedlings of each species
were planted together at one location to evaluate com-
parative performance. Five individuals were therefore
planted in randomly assigned positions at the corners
of a square, with one additional individual at the
centre. For a group, 1-m spacing was used among all
seedlings except the centre which was slightly less.
Groups were planted at 5-m intervals along a single
transect. Each transect was positioned in the centre of
each treatment and aligned north-south along the
length of the treatment. Twenty seedling groups were
therefore planted along a single transect within a treat-
ment. To avoid shading at the northern and southern
ends of each treatment, plantings started and stopped
20 m inside the strip edge. There were therefore three
transects per treatment, each being represented in a
different block, with a total of 60 planted seedling
groups. All seedlings were 1-year-old stock collected
from the 1989 mast year and grown in polythene pots
(20cm diameter across the top; 30 cm depth) under
50% shade and in well-watered conditions at the nur-
sery of the Sinharaja field station. Seedlings selected
for planting were of approximately the same height
(X =25cm, S, = 3cm) with no sign of leaf damage
from herbivore or pathogen.

GROWTH MEASUREMENTS

All treatments were planted in August 1991 and clean
weeded at regular intervals over a 2-year period. At
the end of 2 years (August 1993) measures of height,
basal stem diameter and number of leaves were taken
on surviving individuals, and mortality was recorded.

Also at that time, a sample of 12 seedlings was
taken for destructive sampling from each species and
treatment. Seedlings were selected equally, but at ran-

dom from each block and treatment. All were dug up
and the roots carefully washed free from soil in a
bucket of water. They were then taken to the lab-
oratory at the University of Peradeniya. Areas were
measured using a LiCor 3100 (Lincoln, Nebraska) for
three randomly selected mature leaves per seedling.
Subsequently, all seedling parts (leaves, stem, roots)
were dried at 80°C for 48 h. Dry mass for each species
and treatment were then recorded for seedling parts.
Total leaf area for a seedling was calculated by mul-
tiplying the mean leaf area for a given species and
treatment by the leaf number for a seedling.
Analyses of variance using SAS (Ray 1982) were
carried out on seedling mortality, height, basal stem
diameter, number of leaves, leaf area of individual
leaves, total leaf area, total dry mass, and dry masses
of leaf, stem and roots. Analyses were with factorial
combinations of the four treatments, the three blocks,
and the five species. Where appropriate, Duncan’s
multiple range test was used to test for differences
among treatments for each species (P < 0-05).

Results

MORTALITY

Analysis of variance showed significant differences in
mortality among treatments (Fi; 54 = 5:33; P < 0-01),
and among species (Fyu .4 = 4:38; P < 0-01). No sig-
nificant difference was found in the interaction among
treatments and species, or among treatment blocks.
Mortality after 2 years was greatest for S. trapezifolia
in the canopy underplanting (CU) treatment (Fig. 1).
Apart from the relatively poor survival of S. tra-
pezifolia in the CU, almost all other treatments and
species had less than 10% mortality after 2 years.
Shorea megistophylla and D. zeylanicus had lower
mortality than the other species in the canopy removal
treatments. For D. zeylanicus, mortality increased
with treatments associated with lower amounts of
DPPF. For all treatments mortality of M. ferrea was
consistently 8-10%.

HEIGHT AND BASAL STEM DIAMETER

Analysis of variance showed significant differences in
height among treatments (F3 50 = 180-57; P <
0-0001) and among species (Fiq 150 = 48:57; P <
0-0001). Analysis of variance showed no significant
difference in interaction among treatments and spec-
ies, or among treatment blocks.

For all species greatest height was attained in the
three-row (3R) canopy removal treatment and least
height was attained in the closed canopy under-plant-
ing (CU) (Fig. 2). However, the Shorea species showed
no significant difference in height between the 3R, the
one-row (1R) canopy removal treatment, and the three-
row under-planting (3U) treatment (Table 2). For D.
zeylanicus and M. ferrea, the 3R treatment was sig-
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Fig. 1. Seedling mortality by species and treatment after 2 years: 3R, three-row canopy removal; 1R, one-row canopy removal;
3U, three-row under planting; CU, closed canopy under-planting. One block contains 20 seedlings per species. Bars indicate

1 standard error of the mean.

nificantly different in height from the 1R, 3U and CU
treatments. For the treatments that promoted the gre-
atest heights, comparisons among species revealed S.
trapezifolia, S. disticha and S. megistophylla to have
attained significantly greater height than D. zeylanicus
and M. ferrea. In the CU treatment the same trend was
noticeable, but M. ferrea attained significantly greater
height than D. zeylanicus. Both species were again shor-
ter than the Shorea spp. in the CU treatment (Fig. 2).
Analysis of variance also showed significant differ-
ences in basal stem diameter among treatments

(Fa,1180 = 110-53; P < 0-0001), among species
. B D. zeylanicus 207
Height B M. ferrea
S. disticha
B S. megistophylla
O S. trapezifolia 15
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(Fuaais0) = 11-04; P < 0-0001) and in interaction
among species and treatments (Fi51150) = 3-28;
P < 0:01). No significant differences were found
among treatment blocks.

The greatest basal stem diameter for all species was
again in the 3R treatment. Shorea trapezifolia and
D. zeylanicus had significantly thicker stems in this
treatment as compared to the other species. However,
in the CU treatment, analyses revealed that S. meg-
istophylla had the thickest stem diameter, and D. zey-
lanicus, M. ferrea and S. trapezifolia had the thinnest
stem diameters (Fig. 2).

Basal stem diameter

MAAANAANNNANNNNRNNNNNNY

3U CuU

Fig. 2. Seedling height and basal stem diameter after 2 years: 3R, three-row canopy removal; 1R, one-row canopy removal; 3U, three-row under
planting; CU, closed canopy under-planting. Bars indicate 1 standard error of the mean.
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Table 2. Differences in height, basal stem diameter, leaf number, leaf area, total leaf area, total dry mass and component dry
masses (root, stem, leaves) and dry mass ratios (root, stem, leaves) between treatments for each species. Letters qualitatively
indicate significant differences (a > b > ¢) according to Duncan’s multiple range test (p < 0.05). Treatments: 3R, three row
removal; IR, one row removal; 3U, three row underplanting; CU, closed canopy underplanting

Height Basal stem diameter Leaf number Leaf area
3R IR 3U CU 3R IR 3U CU 3R 1R 3U CU 3R IR 3U CU
D. zeylanicus a b b c a ab b c a a a a a a b c
M. ferrea a b b c a ab b c a b b c a a a a
S. disticha a a a b a a a b a a a b a a a a
S. megistophylla a a a b a a a b a ab b c a a a a
S. trapezifolia a a a b a a a b a ab b c a a a a
Total area Total dry mass Root dry mass Stem dry mass

3R IR 3U CU 3R IR 3U

CU 3R IR 3U CU 3R IR 3U CU

D. zeylanicus a a a b a b b
M. ferrea a ab a b a b c
S. disticha a a a b a ab ab
S. megistophylla a a ab b a be b
S. trapezifolia a b ab c a ab be

c a ab ab b a b b c
d a b b c a b bc [¢
b a ab .ab b a ab ab b
[¢ a ab b c a b b [¢
c a ab b [¢ a ab b c

Leaf dry mass

Root mass ratio

Stem mass ratio Leaf mass ratio

3R IR 3U CU 3R IR 3U

CU 3R IR 3U CU 3R IR 3U CU

D. zeylanicus a b b c a a a
M. ferrea a b [¢ d a a a
S. disticha a a a a a a a
S. megistophylla a b b [¢ a a a
S. trapezifolia a ab bc c a a a

a a a a a a a a a
a a a a a b b b a
a a a a a a a a a
a a a a a b ab a ab
a a a a a a a a a

LEAF NUMBER, INDIVIDUAL LEAF AREA AND
TOTAL LEAF AREA

Analysis of variance for number of leaves showed
significant differences among treatments (Fis ) =
18:38; P < 0-0001), among species (F 20 = 75-30;
P < 0-0001), and in interaction among species and
treatments (Fi20 = 8:70; P < 0-0001). No sig-
nificant difference was found among treatment blocks.
Unlike measures of height and basal stem diameter,
number of leaves had an F-value for differences among
species that was much larger than the F-value for
differences among treatments. This suggested that leaf
number was a measure that better described differ-
ences in species morphology compared to differences
in growth among treatments.

In all treatments S. trapezifolia had the greatest
number of leaves followed in order by S. disticha,
S. megistophylla, M. ferrea and D. zeylanicus (Fig. 3,
Table 2). The greatest number of leaves was in the 3R
treatment and the least was in the CU.

For areas of individual leaves, analysis of variance
revealed differences among treatments (F(3 0 =
20-40; P < 0-0001), among species (F 20 = 220-96;
P < 0-0001) and in interaction among species and
treatments (F15 20, = 17:35; P < 0-0001). F-values for
leaf area differences reflected similar trends to those

for number of leaves. This again suggested that leaf
area better described differences in species mor-
phology than differences in performance of species
among the treatments. Again, no significant difference
was found for differences among treatment blocks.

Trends in areas of individual leaves among species
were different compared to trends among species for
leaf number. Dipterocarpus zeylanicus had the largest
leaves followed in order by S. megistophylla, M.
ferrea, S. disticha and, lastly, S. trapezifolia (Fig.3,
Table 2). This trend is virtually the reverse of that for
leaf number. The only exception was for M. ferrea,
which had both relatively smaller leaves and a low
number. Except for D. zeylanicus and M. ferrea, leaf
area did not vary noticeably across treatments for the
other species.

Analysis of variance for total leaf area showed sig-
nificant differences among treatments (F 50 = 43-43;
P < 0-0001), among species (Fa) = 28:80; P <
0-0001), and in interactions among treatments and
species (Fii220 = 3-83; P < 0-0001). No significant
difference was found among treatment blocks.

Total leaf area of an individual plant, being a mul-
tiple of individual leaf area and leaf number, showed
much greater F-values for treatment differences com-
pared to the F-values for differences among species.
This composite measure of area based on the product
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Fig. 3. Area of individual leaves, leaf number and total leaf area for seedlings after 2 years: 3R, three-row canopy removal;
IR, one-row canopy removal; 3U, three-row under-planting; CU, closed canopy under-planting. Bars indicate 1 standard
error of the mean.

of individual leaves and number of leaves was there- the greatest total leaf area, followed in order by S.
fore a better reflection of comparative growth per- megistophylla and S. disticha, D. zeylanicus and, lastly,
formance of species among treatments. M. ferrea (Fig.3). In the CU treatment, S. meg-

For all treatments except CU, S. trapezifolia had istophylla had the greatest total leaf area and D. zey-
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lanicus exhibited the least. All species had the greatest
total leaf area per plant for the 3R treatment and the
least total leaf area per plant for the CU treatment.

DRY MASSES OF ROOTS, STEMS AND LEAVES

Analysis of variance for total mass and its component
parts of roots, stem and leaves, revealed significant
differences among treatments and among species. No
significant difference was shown among blocks (Table
3).

For three of the species, total dry mass was greatest
in the 3R treatment followed in descending order by
1R, 3U and lastly CU (Fig. 4, Table 2). An exception
to this trend was exhibited by S. disticha which only
showed significant differences between the CU and all
other treatments, and S. megistophylla which showed
a significantly greater total dry mass for the 3U treat-
ment compared to the 1R treatment.

In the 3R treatment, M. ferrea had a significantly
lower dry mass than the other species. However, for
the CU treatment, S. megistophylla had the greatest
total dry mass, followed in descending order by S.
disticha, S. trapezifolia, D. zeylanicus and M. ferrea
(Fig. 4). Differences among species for the component
parts (roots, stem, leaves) revealed similar trends to
that of total dry mass (Table 2). Differences among
treatments for all component masses were less marked
for S. disticha than for the other species.

Proportional allocation to roots, stem and leaves
for each species are depicted by treatment (Fig. 5).
Proportional dry mass allocation to roots in most of
the treatments was greater for M. ferrea, S. tra-
pezifolia and D. zeylanicus compared to S. disticha.
However, these differences were not significant among

treatments for any of the species. For all species,
greater allocation was made to leaves in treatments
that received lower amounts of DPPF, but again this
was not significantly different in most cases. In most
instances, S. megistophylla allocated noticeably more
dry mass to leaves than the other species.

Discussion

Other studies in this region and elsewhere have
demonstrated the ability of pioneer tree and shrub
species of rainforests to colonize and establish within
P. caribaea (Guariguata, Rheingans & Montagnini
1995; Parrotta 1995; Gamage 1997). This study has
demonstrated that seedlings of late-successional can-
opy tree species can also be established on formerly
cleared forest by planting beneath the canopy of a P.
caribaea plantation.

After 2 years, canopy removal treatments had gre-
ater height growth and dry masses for all tested species
compared to those in the Pinus underplanting. For all
these species the 3R treatment was the best, but in
most instances was not significantly different from
the other removal treatments. Many factors could
account for differences in seedling performance
among treatments. These include below-ground com-
petition for water and nutrients with P. caribaea, poss-
ible allelopathic effects of terpenes and phenolics from
pine needles, or availability of light. We suggest that
for satisfactory establishment, seedlings should be
exposed to amounts of DPPF that are at least half that
found in the open and about 4-5times that beneath
a closed Pinus canopy. These results emphasize the
importance of openings for establishing plantings and
suggest that these manipulations emulate natural for-

Table 3. F-values and significance (¥*P < 0-05; **P < 0-01; ***P < 0-001; NS, not significant) for analyses of variance of total
dry mass, root dry mass, stem dry mass and leaf dry mass. Degrees of freedom are given in parentheses. 3R, three-row canopy
removal; 1R, one-row canopy removal; 3U, three-row under-planting; CU, closed canopy under-planting

Main effects Total Root Stem Leaves
Treatments (3) 42-54%%* 29-22%* 40-96** 20-54%**
Treatment x blocks (6) 1-63 NS 1-79NS 1-04 NS 1-19NS
Species (4) 8-90%** 5-27* 10-09%** 6-73%x*
Treatments x Species (12) 1-18 NS 1-24 NS 0-86 NS 0-54 NS
Block (2) 1-20NS 1-00NS 1-13NS 0-93NS
Subeffects
By species among treatments (3)
D. zeylanicus 19-54** 3-88 NS 24-90%** 20-66**
M. ferrea 41-43%%* 56-:22%*+* 18-23%* 55-13%**
S. disticha 3-93NS 3-95NS 4-:30NS 1-75NS
S. megistophylla 12:33** 11-87%* 23-45%* 16-23**
S. trapezifolia 11-26** 12-63%* 10-55%* 9-80%*
Among species within each treatment (4)
3R 2-07NS 1-44NS 2-07NS 1-33NS
IR 4-28* 17-40%** 5-60* 3-07NS
3U 6-33% 3-77NS 5-63* 8-38%*
CU 11-11%* 21-79%%* 9-26%* 10-83**
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D. zeylanica

est disturbance regimes that release advance regen-
eration (Denslow 1980, 1987; Ashton, Gunatilleke &
Gunatilleke 1993).

Based on this study, 2-year-old seedlings can be
planted beneath openings that are three rows wide
(8 m) and that are orientated in a N-S direction to
facilitate periods of direct radiation. For our study
site, the greatest height growth was shown by S. tra-
pezifolia, S. disticha and S. megistophylla. All are

M. ferrea S. disticha

dominant canopy trees of the mid- and lower slopes.
The poorest height growth was shown by D. zeylanicus
and M. ferrea, both predominantly valley bottom
species. Further studies should be undertaken to test
plantings beneath wider openings and in the full sun,
as well as within man-made openings to compare the
effects of opening direction (N-S-E-W).

D. zeylanicus and the Shorea spp. had noticeably
greater dry mass in the 3R treatment compared to

S. megistophylla S. trapezifolia
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Fig. 5. Proportional dry mass allocation to roots, stem and leaves after 2 years: W, leaves; @, stem; [], roots.
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that of M. ferrea. The ratio between species height and
dry mass suggests that, relative to the other species,
seedlings of D. zeylanicus and S. megistophylla were
thick-stemmed and stocky. Total leaf area reflected
similar trends as dry mass for the different species.
Species differences were shown in the arrangement
and display of leaf area. Shorea trapezifolia and S.
disticha, species that have slender stems and branches,
increased plant leaf area by increasing leaf production.
Shorea megistophylla and D. zeylanicus, species that
are stocky, increased plant leaf area by increasing leaf
size.

This result is supported by other studies that have
compared leaf morphology of shade and sun leaves
for these species (Ashton & Berlyn 1992; B.M.P.
Singhakumara & P.M.S. Ashton, unpublished data).
These studies reveal that S. megistophylla and D. zey-
lanica have significantly thicker cuticles and leaves,
higher rates of net photosynthesis (Py) and allocate
greater proportions of their dry mass to roots com-
pared to the other species in full sun environments. In
these studies, S. megistophylla and D. zeylanicus have
also been demonstrated to be the most water-use
efficient and sun-tolerant relative to the other species.
Because of these attributes, both S. megistophylla and
D. zeylanicus may be more suited to planting on sites
prone to greater desiccation above-ground, but where
soil water is freely available.

In circumstances where under-planting without
canopy removal is desired, S. disticha and S. megis-
tophylla should be selected for enrichment beneath P.
caribaea rather than S. trapezifolia. Experiments have
demonstrated the susceptibility of S. trapezifolia to
drought in forest understorey conditions (Ashton
1995; Ashton et al. 1995). In these circumstances, S.
trapezifolia has poor root development. For example,
in these studies, S. trapezifolia allocated pro-
portionately less to roots compared to the other Sho-
rea species in the understorey, and also exhibited up
to a five-fold decrease in root mass between seedlings
in the understorey of a ridgetop site compared with
those seedlings in the understorey of a valley site (Ash-
ton et al. 1995).

Results from this experiment can be used to develop
enrichment planting protocols on sites similar to this
study. However, further experimentation should be
undertaken using the same design, but in different
topographic positions (valley, ridge) and with larger
opening sizes, including full open conditions, in order
to verify the site performances of the late-successional
tree species and to develop more fully species selection
criteria for enrichment planting. Also, it should be
recognized that this existing study should continue to
be monitored for a longer period to verify the findings
after 2 years.

The results from this study demonstrate that a plan-
tation species, such as P. caribaea, can play an impor-
tant role in the establishment of late seral tree species
in Mesua—Shorea rainforest. These rainforest tree

species would ordinarily take much longer to re-estab-
lish on abandoned agricultural lands, if at all. The
results from this study also imply that plantations
such as P. caribaea on this site, that do not have the
capability of reproducing viable seed in this environ-
ment, may be useful for the development of suc-
cessional plantation analogues in other regions.

Acknowledgements

We would like to thank the Sri Lankan Forest Depart-
ment for allowing us the use of the field station at the
Sinharaja MAB forest and giving us permission to
carry out our experiment in a P. caribaea plantation
adjacent to the Sinharaja forest. We would also like
to thank the many technical assistants who worked
on this project, the University of Peradeniya, Botany
Department, and the School of Forestry and Environ-
mental Studies, Yale University, for logistical and
technical support. This study was made possible from
funding received from the John D. and Katherine T.
MacArthur Foundation, and Norwegian Aid.

References

Ashton, P.M.S. (1992) Some measurements of the micro-
climate in a Sri Lankan rain forest. Agricultural and Forest
Meteorology, 59, 217-235.

Ashton, P.M.S. (1995) Seedling growth of co-occurring Sho-
rea species in the simulated light environments of a rain
forest. Forest Ecology and Management, 72, 1-12.

Ashton, P.M.S. & Berlyn, G.P. (1992) Leaf adaptations of
some Shorea species to sun and shade. New Phytologist,
121, 587-596.

Ashton, P.M.S., Gunatilleke, C.V.S. & Gunatilleke,
LA.U.N. (1993) A shelterwood method of regeneration
for sustained timber production in Mesua—Shorea forest
of southwest Sri Lanka. Ecology and Landscape Man-
agement in Sri Lanka (eds W. Erdelen, C. Preu, N. Ish-
waran & C. M. Madduma Bandara), pp. 255-274. Margraf
Scientific Books, Weikersheim.

Ashton, P.M.S., Gunatilleke, C.V.S. & Gunatilleke,
L.A.U.N. (1995) Seedling survival and growth of four Sho-
rea species in a Sri Lankan rainforest. Journal of Tropical
Ecology, 11, 263-279.

Ashton, P.M.S. & Gunatilleke, C.V.S. (1987) New light on
the plant geography of Ceylon: I. Historical plant geo-
graphy. Journal of Biogeography, 14, 249-285.

Bazzaz, F.A. (1984) Dynamics of wet-tropical forests and
their species strategies. Physiological Ecology of Plants of
the Wet Tropics (eds E. Medina, H. A. Mooney & C. A.
Vazquez-Yanes), pp. 233—243. Dr W. Junk, The Hague,
Netherlands.

Billings, W.D. (1938) The structure and development of old-
field pine stands and certain associated physical properties
of the soil. Ecological Monographs, 8, 437-499.

Bormann, F.H. (1953) Factors determining the role of lob-
lolly pine and sweetgum in early old-field succession in the
Piedmont of North Carolina. Ecological Monographs, 23,
339-358.

Bowman, 1. (1979) The Draper site: historical accounts of
vegetation in Pickering and Markham Townships with
special reference to the significance of large even-aged
stand adjacent to the site. Settlement Patterns of the Draper
and White Sites: 1973 excavations (ed. B. Hayden), pp.



925
P.M.S. Ashton
etal.

© 1997 British
Ecological Society,
Journal of Applied
Ecology, 34, 915-925

47-58. Publ. No. 6, Department of Archaeology, Simon
Frazier University, Burnaby, B.C., Canada.

Brandani, A., Hartshorn, G.S. & Orians, G.H. (1988)
Internal heterogeneity of gaps and richness in Costa Rican
tropical wet forest. Journal of Tropical Ecology, 4,99-119.

Canham, C.D., Denslow, J.S., Platt, W.J., Runkle, J.R.,
Spies, T.A. & White, P.S. (1990) Light regimes beneath
closed canopies and tree-fall gaps in temperate and tropical
forests. Canadian Journal of Forest Research, 20, 620-631.

Chapman, J., Delcourt, P.A., Cridlebaugh, P.A., Shea, A.B.
& Delcourt, H.R. (1982) Man-land interaction: 10,000
years of American Indian impact on native ecosystems in
the lower Little Tennessee river valley, eastern Tennessee.
Southeastern Archaeology, 1, 115-121.

Chazdon, R.L. & Fetcher, N. (1984) Photosynthetic light
environments in a lowland tropical forest in Costa Rica.
Journal of Ecology, 72, 553-564.

Cohen, A., Singhakumara, B.M.P. & Ashton, P.M.S. (1995)
Releasing rainforest succession: a case study of Dicran-
opteris linearis fernlands in Sri Lanka. Restoration Ecol-
ogy, 12, 24-32.

Cooray, P.G. (1967) An introduction to the geology of
Ceylon. Spolia Zeylanica, 31, 1-314.

Dawkins, H.C. (1949) Timber planting in the Terminalia
woodland of northern Uganda. Empire Forestry Review,
28, 226-246.

Denslow, J.S. (1980) Gap partitioning among tropical rain-
forest trees. Biotropica, 12, 47-59.

Denslow, J.S. (1987) Tropical rainforest gaps and tree species
diversity. Annual Review of Ecology and Systematics, 18,
431-451.

De Rosayro, R.A. (1942) The soils and ecology of the wet
evergreen forests of Ceylon. Tropical Agriculture, 98, 153—
175.

Dittmar, O. & Knapp, E. (1986) The increment performance
of underplanted beech after removal of the Scots pine
overstory. Sozialistiche-Forstwirtschaft, 36, 210-215.

Ebling, K. & Hansen, U. (1988) Oak plantation under the
shelter of old Scots pine. Forst-Und-Holz, 43, 463—467.

Gamage, S. (1997) Feasibility studies on underplanting mul-
tiple use species in buffer zone pine plantations of the Sin-
haraja M AB reserve. M.Phil. thesis, University of Perad-
eniya, Sri Lanka.

Guariguata, M.R., Rheingans, R. & Montagnini, F. (1995)
Early woody invasions under tree plantations in Costa
Rica: implications for forest restoration. Restoration Ecol-
ogy, 3, 252-260.

Gunatilleke, C.V.S. & Ashton, P.S. (1987) New light on
plant geography of Ceylon. II. The ecological biog-
eography of lowland endemic tree flora. Journal of Biog-
eography, 14, 286-307.

Gunatilleke, C.V.S. & Gunatilleke, I.A.U.N. (1985) Phyto-
sociology of Sinharaja—a contribution to rainforest con-
servation in Sri Lanka. Biological Conservation, 31, 21-40.

Gunatilleke, C.V.S., Perera, G.A.D., Ashton, P.M.S.,
Ashton, P.S. & Gunatilleke, I.A.U.N. (1996) Seedling
growth of Shorea section Doona (Dipterocarpaceae) in
soils from topographically different sites of Sinharaja rain-
forest in Sri Lanka. The Ecology of Tropical Forest Tree
Seedlings (ed. M. D. Swaine), pp. 245-266. Parthenon
Press, UNESCO, Paris.

Hartshorn, G.S. (1978) Tree falls and forest dynamics. Tropi-
cal Trees as Living Systems (eds P. B. Tomlinson & M. H.

Zimmerman), pp. 617-638. Cambridge University Press,
Cambridge, UK.

Holmes, C.H. (1957) The natural regeneration of the wet
and dry evergreen forests of Ceylon Part 1. The Ceylon
Forester, 3, 15-41.

Holmes, C.H. (1958) The natural regeneration of wet and dry
evergreen forests of Ceylon Part II. The Ceylon Forester, 3,
111-127.

Iswaran, N. & Erdelen, W. (1990) Conserving Sinharaja—
an experiment in sustainable development in Sri Lanka.
Ambio, 19, 237-244.

Lutz, H.J. (1928) Trends and silvicultural significance of
upland forest successions in southern New England. Yale
School of Forestry Bulletin. New Haven, USA.

Moorman, F.R. & Panabokke, C.R. (1961) Soils of Ceylon.
Tropical Agriculture, 117, 4-65.

Oldeman, R.A.A. (1978) Architecture and energy exchange
of dicotyledonous trees in the forest. Tropical Trees as
Living Systems (eds P. B. Tomlinson & M. H. Zimmer-
man), pp. 656-671. Cambridge University Press.
Cambridge, UK.

Oliver, C.D. & Larson, B.C. (1990) Forest Stand Dynamics.
John Wiley and Sons, New York.

Oosting, H.J. (1942) An ecological analysis of the plant com-
munities of Piedmont, North Carolina. American Midland
Naturalist, 28, 1-26.

Parrotta, J.A. (1995) Influence of overstory composition on
understory colonization by native species in a plantation
on a degraded tropical site. Journal of Vegetation Science,
6, 627-636.

Raich, J.W. & Gong, W-K. (1990) Effect of canopy openings
on the seed germination in a Malaysian dipterocarp forest.
Journal of Tropical Ecology, 6, 203-218.

Raup, H.M. (1966) The view from John Sanderson’s farm.
Forest History, 10, 2-11.

Ray, A.E. (1982) SAS User’s Guide: statistical analysis sytem.
Cary, North Carolina, USA.

Turner, I.M. (1990) The seedling survivorship and growth of
three Shorea species in a Malaysian tropical rain forest.
Journal of Tropical Ecology, 6, 469-477.

Uhl, C., Clark, K., Dezzeo, N. & Maquirino, P. (1988) Veg-
etation dynamics in Amazonian treefall gaps. Ecology, 69,
751-763.

USDA Soil Conservation Service (1975) Soil Taxonomy. A
Basic System of Soil Classification for Making and Inter-
preting Soil Surveys. Agricultural Handbook no. 436.
USDA Soil Conservation Service, Washington DC, USA.

Walkley, A. & Black, I.A. (1934) An examination of the
Degtjareff method for determining soil organic matter and
a proposed modification of the chromic acid titration
method. Soil Science, 37, 29-38.

Watt, A.S. (1947) Pattern and process in the plant
community. Journal of Ecology, 35, 1-22.

Whitmore, T.C. (1978) Gaps in the forest canopy. Tropical
Trees as Living Systems (eds P. B. Tomlinson & M. H.
Zimmerman), pp. 639-655. Cambridge University Press,
Cambridge, UK.

Whitmore, T.C. (1984) Tropical Rain Forests of the Far East.
Clarendon Press, Oxford, UK.

Wormald, T.J. (1992) Mixed and Pure Forest Plantations in
the Tropics and Subtropics. FAO Forestry Paper No. 103,
Rome.

Received 29 February 1996, revision received 25 October 1996



	Cover Page
	Article Contents
	p. 915
	p. 916
	p. 917
	p. 918
	p. 919
	p. 920
	p. 921
	p. 922
	p. [923]
	p. 924
	p. 925

	Issue Table of Contents
	Journal of Applied Ecology, Vol. 34, No. 4, Aug., 1997
	Front Matter
	Surface Dust Impacts on Gas Exchange in Mojave Desert Shrubs [pp.  837 - 846]
	Interactions between Herbivores and Endophyte-Infected Festuca rubra from the Scottish Islands of St. Kilda, Benbecula and Rum [pp.  847 - 860]
	Effects of Dominant Trees and Anthropogenic Disturbances on Species Richness and Floristic Composition of Secondary Communities in Southern Poland [pp.  861 - 870]
	Simulated Field Trials to Evaluate the Effect of Sargochromis codringtoni and Tilapia rendalli on Snails in the Presence and Absence of Aquatic Plants [pp.  871 - 877]
	Effects of Predation and Competition on the Population Dynamics of Tetranychus pacificus on Grapevines [pp.  878 - 888]
	Soil Seed Bank Composition in Relation to the Above-Ground Vegetation in Fertilized and Unfertilized Hay Meadows on a Somerset Peat Moor [pp.  889 - 902]
	Relative Effects of Herbivory by Sheep, Rabbits, Goats and Kangaroos on Recruitment and Regeneration of Shrubs and Trees in Eastern South Australia [pp.  903 - 914]
	Restoration of a Sri Lankan Rainforest: Using Caribbean Pine Pinus caribaea as a Nurse for Establishing Late-Successional Tree Species [pp.  915 - 925]
	Excavation of Red Squirrel Middens by Grizzly Bears in the Whitebark Pine Zone [pp.  926 - 940]
	Assessment of Bird Collisions with Deer Fences in Scottish Forests [pp.  941 - 948]
	The Decline of Heathland Seed Populations Following the Conversion to Agriculture [pp.  949 - 960]
	Nutrient and Microbial Changes in the Peat Profile Beneath Sphagnum magellanicum in Response to Additions of Ammonium Nitrate [pp.  961 - 970]
	Evaluating the Role of Predation in Population Fluctuations of the Soybean Aphid Aphis glycines in Farmer's Fields in Indonesia [pp.  971 - 984]
	Impact of Forest Management on Insect Abundance and Damage in a Lowland Tropical Forest in Southern Cameroon [pp.  985 - 998]
	The Density of Redshank Tringa totanus Breeding on the Salt-Marshes of the Wash in Relation to Habitat and Its Grazing Management [pp.  999 - 1013]
	Long-Term Effects of Logging Residue Addition and Removal on Macroarthropods and Enchytraeids [pp.  1014 - 1022]
	Sensitivity Analysis of a Stochastic Model for the Sheep Blowfly Lucilia sericata [pp.  1023 - 1031]
	When can Reduced Doses and Pesticide Mixtures Delay the Build-up of Pesticide Resistance? A Mathematical Model [pp.  1032 - 1042]
	Temporal and Spatial Dynamics of Beaver-Created Patches as Influenced by Management Practices in a South-Eastern North American Landscape [pp.  1043 - 1056]
	A Proposed Standard Method for Surveying Reptiles on Dry Lowland Heath [pp.  1057 - 1069]
	Movements and Establishment of Reintroduced European Otters Lutra lutra [pp.  1070 - 1080]
	The Effects of Illegal Killing and Destruction of Nests by Humans on the Population Dynamics of the Hen Harrier Circus cyaneus in Scotland [pp.  1081 - 1105]
	Book Reviews
	untitled [pp.  1106 - 1107]
	untitled [pp.  1107 - 1108]
	untitled [p.  1108]
	untitled [pp.  1109 - 1110]
	untitled [p.  1110]

	Back Matter



