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1 General introduction 

In tropical rain forests, canopy openings created by treefall gaps are important sites for the establishment and 

growth of trees (Brokaw, 1985; Denslow, 1980; Hartshorn, 1980; Whitmore, 1989). Within gaps new trees grow 

up, and a mature canopy will eventually be attained. Therefore, gaps are a critical phase in the forest cycle 

because what grows up determines the floristic composition of the future stand. Which species will most likely 

occupy the space in the canopy is still open to question. Some authors hypothesized that the probability of a 

particular tree species replacing a fallen tree in the canopy is mainly determined by competition for resources 

among established seedlings and saplings and recently germinated seedlings in the complex environment of a 

gap (Denslow, 1980; Hartshorn, 1980). An alternative hypothesis emphasizes the relative abundance, 

distribution and size of seedlings and saplings already present in the understorey at the time of gap formation as 

the key factors determining the species most likely to fill up the space in the canopy (Hubbell and Foster, 1986; 
Denslow, 1987 and references therein). 

These two pathways of tree replacement afler canopy disturbance arc reflected in the two main regeneration 

stnllcgies often distinguished among rain forest trees: the pioneer and climax strategy. Swaine and Whitmore 

(1988) defined climax species as species able to germinate, establish and grow in the deep shade of the forest 

understorey. Their growth and survival, however, is greater in canopy openings than in understorey. In contrast, 

pioneer species only establish and grow in the high light environments of large gaps. In these gaps, the 

light-demanding, competitively superior, pioneer species are the first to monopolize resources and space. Small 

canopy openings, in contrast, seem to favour shade-tolerant climax species, species which arc already present in 

the understorey as seedlings and saplings prior to gap creation. 

Natural and logged-over forests differ in the rate and size of gap creation. Gaps found in exploited forest are 

generally larger and will appear more frequently than those created under natural conditions. Therefore, 

knowledge of the patterns and processes with which species regenerate in small and large gaps can be seen as an 

essential prerequisite for the design of forest management systems based on ecologically sound harvesting 

procedures and the natural dynamics of tropical rain forests. 

In this report I examined inherent differences in survival and growth of tree seedlings in deep shade in 

relation to seed size. These factors partly determine the relative abundance of seedlings and saplings and their 

size in the forest understorey prior to gap formation. Secondly, I studied survival and growth of tree seedlings 

differing in regeneration strategy, in canopy openings. Thereafter, the results of botl1 studies are used in a simple 

model which aims to evaluate the relative importance of growth and seedling size for regeneration of tree 

species in small and large gaps. The work reported here was carried oul within the framework of the Tropenbos 

Programme in Guyana al their research site in the Mabura Hill region located in north central Guyana about 235 
km south of Georgetown between 5° 16' and 5° 19' north latitude ancl 58° 40' and 58° 48' west longitude. 
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2 Survival and growth in shade in relation to seed s ize 

2.1 Introduction 

In the shaded understorey of a closed-canopy forest, survival is, among others, an important factor determining 

the abundance and distribution of tree species in the understorey of rain forests prior lO gap creation and thus 

partly determines the probability that a particular tree species replaces a fallen tree in the canopy. 

Species that become established in closed, shaded habitats tend to have larger or heavier seeds than those 

that typically become established in sunlit, early successional habitats. Salisbury (1942, 1974) was the first to 

demonstrate this relationship among plant species from moist environmenL<> in Britain. In an analysis of the 

California flom involving nearly 2,500 taxa, Baker (1972) found the same relationship for trees, but not for 

herbs and grasses. He attributed the latter result in part to the confounding effects of drought, noting that 

desiccation stress showed a strong positive correlation with seed size, and was negatively correlated with the 

degree of shading. In the lowland tropical forests of the Manu National Park of Peru, Foster and Janson (1985) 

found that trees requiring large light gaps for seedling establishment tended to have smaller seeds than those that 

become established beneath closed-canopy forests. This difference remained significant even when dispersal 

syndromes, growth form and plant height were statistically corrected for. 

Solar radiation is a key factor determining seedling morLality in the shaded understorey, either directly when 

light conditions arc below a seedling's whole-plant light compensation point; the amount of light necessary for 

photosynthesis to balance the needs of respiration, or indirectly when production docs not compensate for the 

loss of plant tissue due to herbivory or due to an increased susceptibility to fungal infection. 

Seedling survival in shade is t.herefore dependent on: I) the total amount of seed reserves (embryo and 

endosperm), 2) the rate with which these reserves are reallocated to leaves, stems and roots, and 3) the rate of 

carbon fixation and respiration of the seedling under the prevailing light conditions. From this it would follow 

that seedling survival is positively related to seed size only when planL<> are growing at light intensities below 

their whole-plant light compensation point. If they grow at higher light levels the amount of seed reserves and 

the rate of reallocation of these reserves will become of less importance for survival, but of course still affect 
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their growth. In other words, a strong positive relationship between survival and the amount of seed reserves 

among plant species is likely to arise only when plants differing in seed mass are growing at very low light 

intensities, or light intensities which are below the whole-plant light compensation point of most species. 

Consequently, the relationship between survival and seed size will becor.1e weaker with increasing light 

intensity. 

To test this hypothesis I studied the growth and survival of tree seedlings in different degrees of shade to 
establish whether there is a tight relationship between seed size and survival in different levels of low light 

availability, and whether species differing in shade tolerance partition their dry matter differently over leaves, 

stems and roots; organs responsible for photosynthesis, support and spatial positioning of leaves and the 

acquisition of soil resources, respectively. Thirdly, this study seeks to answer whether small differences in light 

intensity, in a range often found in tropical rain forest understories, affect the growth and partitioning of tree 

seedlings. From this study pioneer species were excluded in order to establish whether seed mass, and not a suite 

of other attributes associated with the pioneer and climax strategy (sensu Swaine and Whitmore, 1988), 

determines survival of tree seedlings in the shaded understorey of a closed canopy forest. This is especially 

relevant since most pioneers have small seeds and, by definition, fail to establish in the shaded understorey. 
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2.2 Methods 

2.2.1 Site 

This study and the one presented in chapter 3 was carried out near the Mabura Hill Forest Reserve, located in 

north central Guyana, S.A. near a timber concession (5° 13' N, 58° 48' W), 250 km south of the capital, 

Georgetown, at the southern fringe of the white sand area. The area ha<> a unifonn and gently undulating 

topography penetrated by laterite ridges, and is covered with seasonal evergreen tropical rain forest (Lindeman 

and Mori, 1989). The climate is tropical with a high daily average temperature of 25.9 °C. Rainfall averages 

2700 mm annually, with two distinct wet seasons; May to Mid-August and Mid-November to January. 

Although, in some years the short wet or short dry season may be completely absent (Ter Steege and Persaud, 

1991). 

2.2.2 Study species 

Survival and growth of a number of climax tree species, differing in seed mass, in different shade treatments 

were studied in two experiments. In the first experiment, which ran for a period of one year and started i n  June 

1991, the following six tree species were studied in four different shade treatments: Mora excelsa Benth., 

Chlorocardium rodiei (Schomb.) Rohwer, Richter & v.d. Werff, Dicymbe altsonii Sandw., Peltogyne venosa 

(Yahl) Benth., Chamaecrista adiantifolia (Benth.) Irwin & Bameby var. pteridophylla (Sandw.) Irwin &
Bameby and Diospyros ierensis Britt. Eperua falcata Aublet and Dimorphandra conjugata (Splitg.) Sandw .. 

complemented this set of species in February and May 1992, respectively, to further analyze the relationship 

between seed size and seedling size in deep shade. In the second experiment growth and morphological 

development was studied of another eight tree species: Dimorphandra conjugata (Splitg.) Sandw., Ormosia 

Table 2.1 
Llst of rainforest tree species, their seed mass and seed reserve mass (embryo and endosperm (if present)). 

Species 

Dimorphandra conjugata (splitg.) Sandw. 

Chamaecrista adiantifolia (Benth.) Irwin & Barneby 

var. Pteridophylla (Sandw.) Irwin & Barncby 

Peltogync vcnosa (V ah!) Benth. 

Parkia nitida Miq. 

Ormosia coccinea (Aublct) B.D. Jackson 

Diospyros icrensis Britt. 

Poecilanthe hostmanii (Bcnth.) Amshoff 

Llcania hetcromorpha Benth. var. perplexans Sandw. 

Eperua falcata Aublct * 

Ormosia coutinhoi Duckc 

Dicymbe altsonii Sandw. 

Carapa proceraDC. 

Catostemma commune Sandw. 

Chlorocardium r odiei (Schomb.) Rohwer, Richter & v.d. Wcrff 

Mora excclsa Bcnth. 

* =Species grown in 0% full sunlight only. 
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Seed mass (g) Reserve mass (g) 

0.261 0.064 

0.112 0.102 
0.305 0.237 
0.595 0.416 
0.669 0.519 
l .0 1 3  0.980 
1.410 1.308 
2.115 1.554 
4.994 4.854 
9.960 7.835 
8.446 8.024 

19.078 14.942 
23.934 21.565 
41.610 32.170 
53.422 52.460 
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Figure 2.1 

Photosynthetic photon flux density (PPFD, mol m·2) measured between 5:30 am and 6:30 pm on 19 November 
1992. PPFD was measured in three shade boxes (60 cm above soil level) and in t11e centre of a large gap (Full
sunlight, FS). Measurements were made with four Li- l 90SA (Li-Cor, Nebraska, USA) radiation sensors and two 
Li-1000 (Li-Cor) dataloggers. Total daily photosynthetic photon flux density was 39.4 mol m·2. Seedlings in 1% 
FS, 2% FS and 4% FS received 0.34, 0.82 and 5.30 mol m·2, respectively. 

occinea (Aublet) B.D. Jackson, Ormosia coutinhoi Ducke, Licania heteromorpha Benth., Carpata procera DC., 
Parkia nitida Miq., Catostemma commune Sandw., Poecilanthe hostmanii (Benth.) Amshoff. This latter 
experiment (one shade treatment only) ran for six months and started in October 1992. All of these study species 
can be classified as climax species (sensu Swaine and Whitmore, 1988) and canopy trees (the latter 
classification is based on height at maturity and other life history characteristics). See for further information on 
their ecology and distribution Ter Steege (1990), Ter Steege et al. (1992), and Polak (1992). See Table 2.1 for
list of study species, their dry seed mass and seed reserve mass (embryo and endosperm (if present)).

2.2.3 Harvest procedure and measurements 

Seeds of these species were collected in the field and placed in trays filled with sand and watered daily. Upon 
germination l 00 seeds (25 seeds per treatment) were planted in 3L. plastic bags filled with sand, and thereafter 
randomly assigned to one of four shade treatmenL<; (mean values of total daily photon flux density measured in 
the various shade treatments are presented in brackets): 0% FS (0% Full sunlight), l % FS (0.9 % Full sunlight), 
2% FS (1.8 % Full sunlight) and 4% FS (4.3 % Full sunlight). An additional 25 seeds were used to determine 
seed reserve mass (Table 2.1). Approximately once every month seedlings were supplied with a NPK-fertilizer 
containing 14 % nitrogen, 16 % phosphate and 18 % potassium (DSM Morcels N.V. Ghent, Belgium), to ensure 
non-limiting nutrient conditions for seedlings differing in size. 

Seedling mortality in the various treatments was monitored for a minimum of 12 months and scored weekly. 
At the same time seedling height, the number of leaves and leaflets (if present), the length and width of the 
longest leaf or leaflet and the stem diameter of all seedlings was measured to assess the morphological 
development of these species in shade. 

After 12 months 8-12 mndomly selected seedlings were harvested. For those species and treatments in which 
less than I 0 seedlings had survived the shade treatment, no plants were harvested (unless indicated differently). 
Harvested seedlings were separated in leaves (leaf blades), stems and leaf petioles (stems) roots, and if present 
the remaining cotyledons. Leaf area was determined with a Li-3100 (Li-Cor Inc., Lincoln, Nebraska, USA). 
After oven drying at 70 °C the dry mass of the various plant parts were determined. From these primary data the 
following growth parameters were determined: the leaf area ratio (LAR, m2 kg·1, leaf area per unit plant mass), 
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Figure 2.2 

The relationship between total dry seed mass (g, [log-scale]) and seed reserve mass (embryo and endosperm (if 
present))(g, [log-scale]) of 15 tropical rain forest tree species from Guyana, S.A.. See for list of species Table 
2.1. 

net assimilation rate ((NAR, g m·2 day·1; bioma"s production per unit of leaf area and time), relative growth rate 
(RGR, mg g·1 day-1; biomass production per unit of biomass present per unit of time), specific leaf area (SLA, 
m·2 kg-1; leaf area per unit of leaf ma<;s), leaf weight ratio (L WR, g·1 g·1; leaf mass per unit of plant mass), root
weight ratio (RWR, g·1 g·1; root mass per unit of plant mass), stem weight ratio (SWR, g·1 g·1; stem and petiole 
mass per unit of plant mass). 

2.2.4 Shade treatment 

The experiment was conducted in a nursery located in the centre of a large clearing. To establish shade 
conditions three nursery benches were modified into so-called 'shade boxes' (length: 6m, width lm and height 
0.9 m) with a few layers of neutral shade cloth. A fourth shade box (no-light (0% FS)) was constructed outside 
the nursery with black plastic screening, covered with a layer of white plastic to reflect sunlight. 

The amount of solar radiation (total daily photon flux density (PPFD)) in the three shade boxes was measured 
simultaneously and continuously with four radiation sensors (li-l 90SA) and two Li-1000 DataLoggers (Li-Cor 
Inc., Lincoln, Nebraska, USA) at 12 different locations at 30 cm and 60 cm above pot level, in each shade box. 
From this extensive data set, 36 sunny days, defined as days on which the total daily photon flux density 
exceeded 30 mol m·2 ctay·1, were selected for analysis of the variation within and between shade boxes. One 
sensor was p laced in each shade box, except for the 0% FS treatment, and one radiation sensor was mounted on 
top of the nursery to measure total daily PPFD's. The 0% FS treatment was mea<;ured independently on other 
days during the experiment. Sec Fig. 2.1 for photosynthetic photon flux density measured in three shade boxes 
and above the nursery between 5.30 am and 6:30 pm on 19 november 1992. 
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2.3 Results 

2.3.1 Inherent variation in seed reserve mass 

Inherent differences in dry seed mass (fruil mass for Chlorocardium rodiei) among 15 tropical rain forest tree 

species was high (I: 10,000). Results furlher showed Lhal dry seed mass was positively correlated with seed 
reserve mass (embryo and, if present, endosperm) (Fig. 2.2). 95% or more of lhe total seed mass of all species 

was invested in seed reserve mass, except for Dimorphandra conjugata. This species invested less lhan 25% of 

its dry seed mass in seed reserves. This difference might be related to habitat differences. Seeds of 

Dimorphandra were collected outside the Mabura Hill region, in a dry evergreen 'Dakama' forest, where 

Figure 2.3 (see also page 15) 

Seedling survival in 0%, 1 %, 2% and 4% Full sunlighl for six tropical rain foresl tree species differing in seed 

reserve mass. See text for details on light climate in the various shade treatments and Table 2.1 for lhe species' 

mean dry seed mass. Species are arranged from lop to bottom in order of increasing seed mass. 

' 
' 

'q 

\ 
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drought appears to be an important factor determining the fate of seeds and seedlings. In this environment a 
thick, heavy seed coat might protect the embryo from dehydration. 

2.3.2 Survival in shade 

Species differed in their ability to survive in shade (Fig. 2.3). All species survived in 4% FS, but only one 
species, Ch/orocardium rodiei, survived in 0% FS in the first year after germination. Results further showed that
Diospyros, Mora and Dicymbe exhibited an increase in mortality with decreasing light availability (Fig. 2.3).
Survival in shade and dry seed reserve mass were positively correlated in 0% FS only (Fig. 2.4). In this 
comparison the slope of the linear regression equation of the number of surYiving seedling versus time was used 
as an index of shade tolerance (STI). Note that in addition to the six species presented in Fig. 2.3, two more 
species, Eperuafalcata and Dimorphandra conjugata, arc included in Fig 2.4. Their survival was monitored in
0% FS only, clue to space limitations in the other shade boxes. In l, 2, and 4(.i/; FS no such positive relationship 
between seed mass and shade tolerance was found. 

15 
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Figure 2.4 

Seedling mortaliLy in 0% Full sunlight. The shade tolerance index (STI, see text for definition) plotted against 

the seed reserve mass of eight tropical rain forest tree species. The following species are presented from left to 
right: Dimorphandra conjugata, Chamaecrista adiantifolia, Peltogyne venosa, Diospyros ierensis, Eperua 

falcata, Dicymbe altsonii, Chlorocardium rodiei and Mora excelsa. Regression equation: y = 0.293 X + -1.625, 

where X =seed reserve mass (loglO mg), and Y =shade tolerance index); R = 0.69, P < 0.05. 

2.3.3 Morphological development and plant dimensions 

Chlorocardium rodiei and Peltogyne venosa arc presented in Fig. 2.5 to illustrate the morphological 

development of a large and small-seeded tree species in the first 250 days after germination. Chlorocardium 

reached a greater height and produced more leaves and a thicker stem diameter than Peltogyne venosa in 1, 2 

and 4% FS (Fig. 2.5). Both species first grew rapidly in height to 30 and 9 cm, respectively. Thereafter growth 

in height ceased. Results further showed that Chlorocardium reached its final seedling height well before it 

produced its maximum number of leaves. Peltogyne demonstrated the same response, but less prominent. 

Thirdly, seedlings in 0% FS grew more slowly and their height after 250 clays was higher than those growing at 

higher light intensities (1, 2 and 4% FS). Results further revealed that Chlorocardium in 0% FS was still 

growing in height afler 250 days, whilst Peltogyne ceased growing after 20 days. 

The number of leaves increased with increasing solar radiation in boLh species (Fig. 2.5B). However, 

Chlorocardium produced more leaves than Pe/togyne. In 0% FS, Chlorocardium did not produce a single leaf 

for a very long time, whereas leaf production of Peltogyne was not affected by Lhe various shade treatments. 

Peltogyne produced iL� first Lwo leaves (four leaflets) in all treatments after the same number of days. 

The stem diameter of Chlorocardium increased in all treatments with time, and final differences in stem 

diameLer were posiLively correlated with solar radiation (Fig. 2.SC). Results for Peltogyne are more difficult to 
interpret. For example, seedlings in 0% FS demonstrated a reduction in stem diameter with time. This response 

is most likely due to lignification of the stem. Lignification in other treatments was compensated for by growth 

in diameter. 

After growing for one year in deep shade, tree seedlings differed in height, leaf area, diameter and total dry 

mass. These size parameters were all positively related with the species' seed reserve mass. Large-seeded species 

produced taller and heavier seedlings, with more leaf area, and a thicker stem than small-seeded species (Fig. 

2.6). Findings further suggest that leaf area, diameter and total dry weight significantly increased with increasing 

light availability (Fig 2.7, and Table 2.2). However, the extent to which these size parameters differed among 

shade treatments was not the same. For example, between-treatment differences in total dry matter and leaf area 

were large in comparison with those in height. 

The same relationship between size parameters and seed reserve mass was also found in a comparison of 14 
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Figure 2.5 

Height (A), number of leaves or leafleL<; (B) and stem diameter (C) of Chlorocardium rodiei (a large-seeded spe

cies) and Peltogyne venosa (a small-seeded species) versus time in 0%, I%, 2% and 4% Full sunlight. In B the 

number of leaves and leaflets are presented for Chlorocardium and Peltogyne, respectively. Figures show the 

typical morphological development of a seedling in shade. 
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Figure 2.6 

The height (cm), leaf area (cm2), diameter (mm) and total dry weight (mg) of six tropical rain forest tree species

after growing for one year in deep shade (1 % FS). The size parameters are plotted versus seed reserve mass. See 

Table 2.1 for seed reserve mass and text for details on light climate. Linear regression analysis revealed 

significant (P < 0.05) relations between height, leaf area, diameter and total dry mass versus seed reserve mass 

(loglO mg). 

tropical rain forest tree species after growing for six months in shade (Fig. 2.8). See for species and seed mass 

Table 2.1. 

2.3.4 Growth and its components 

After growing for one year in deep shade ( I% FS) large-seeded species had a lower LAR and SLA and a higher 

SWR than small-seeded species (Fig. 2.9). Inherent differences in RGR, L WR and RWR, however, were not 

significantly correlated with the species' seed reserve mass. The RGR of species increased with increasing light 

availabilitv (Fig. 2.10 and Table 2.2). All st udy species had a positive RGR in 4% FS and a negative RGR in 1 % 

FS, e xcept for Chamaecrista. This species had the highest RGR in 4% FS, and demonstrated a marked reduction 

in RGR with decreasing light availability. Secondly, Chamaecrista had a positive RGR in all shade treatments, 

which means that iL<> whole-plant light compensation point (LCP), measured over the first year after 

germination, lies below 0.9 % f ull s unlight (1 % FS shade treatment). For Peltogyne, this whole-plant LCP lies 

in-between 0.9 and 1 .8 % f ull s unlight ( 2% FS shade treatment), and for Diospyros, Dicymbe, Chlorocardium 

and Mora between 1 .8 and 4.3 % FS (4% FS shade treatment). Res ults f urther showed that Chlorocardium and 

Mora e xhibited minor differences in RGR across shade treatments, in comparison with small-seeded species 

such as Chamaecrista. 
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Figure 2.7 
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The height (cm), leaf area (cm2), diameter (mm) and total dry weight (mg) of six tropical rain forest tree species
after growing for one year in 1, 2 and 4 % ful l  sunlight. Sec text for details on light climate. Mean values of 8-12
replicates are presented. Ca= Chamaccrista adiantifolia, Pv = Peltogyne venosa, Di= Diospyros ierensis, Da = 
Dicymbe altsonii, Cr = Chlorocardium rodiei, Me= Mora excelsa. 

After one year, Chlorocardium and Mora had retained their cotyledons, whereas all other species had shed 
theirs. The cotyledons of Mora, however, were small, dehydrated and shrivelled, and their mass was excluded 
from total dry mass (Fig. 2.6 and 2.7). LAR values were based on leaf area present and dry matter invested i n  
leaves, stems and rooL<>. In other words, LAR was based o n  plant organs constructed with seed reserves and 
newly fixated carbon and acquired minerals. 

Betwccn-trealment differences showed that all species had a higher LAR in 1 % FS than in 4% FS. Again ,  
results indicate that between-treatment differences were larger for  smal l -seeded species than for  large-seeded 
species (Fig. 2.10, and Table 2.2 (note the significant species* treatment interaction). 

The species' SLA was also negatively correlated with the species' seed reserve mass, whereas the L WR was 
not related to seed reserve mass. This suggest that inherent differences in LAR were mainly due to differences i n  
SLA. Results further showed that th e  SLA increased with decreasing l ight availability, whereas the L WR o f  all 
species increased with decreasing sunlight. 

Finally, the species' RWR was not related to the species' seed reserves and all species invested more dry 
matter in their roots in 4% FS than in 1 % FS. 

The dry matter percentages of whole-plants and leaves did not show a marked relationship with mean seed 
reserve mass (Fig. 2.11). However, the dry matter percentages of leaves and whole-seedlings were higher in  4% 

FS than in 1% FS (Fig. 2.12). 
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Table 2.2 
ANOVA results of size and growth parameters of six tropical rainforest tree species (species) growing for one year in three different shade 

treatments (1, 2 and 4% full sunlight). See text for light climate and study species. 

Species Treatment Interaction 

Size parameters 
Height cm "** n.s . • 

Diameter cm ••• ••• . ... 

Leaf area cm 2 *** ••• • 

Total seedling dry mass g *** •** ••• 

Growth paramt.>ters 
Leaf area ratio m

2 
kg ·l ••• ••• • •• 

Specific leaf area m
2 

kg.
1 *** ••• ••• 

Leaf weight ratio g g ·l *** ... *** 

Stem weight ratio g g·1 ••• ... n.s. 

Root weight ratio g g·1 *'* ••• • •• 

Other parameters 
Dry matter percentage (leaves) *** ••• • •• 

Dry matter percentage (whole-plant) ••• *** *** 

Symbols used:* * *  = P < 0.(lOJ; "'* = P < 0.01; • P < O. l and n.s. =not significant. 

Figure 2.8 

Height (cm) and stem diameter (mm) of 14 tropical rain forest tree species after growing for six months i n  shade 
(2% full sunlight). Open symbols indicate tree species presented in Fig. 2.7. Sec text for details on light climate 
and Table 2.1 for l ist of species and their dry seed mass. Linear regression analysis revealed a significant 
relationship between these size parameters and seed reserve mass (P < 0.05). 
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2.4 Discussion 

2.4.1 Survival in shade 

Seedling survival was positively correlated with seed reserve mass in 0% FS, bul nol in I, 2 and 4% FS. The

results for 1, 2 and 4% FS are in agreement with Augspurger (1984) who found that survival in shade was not 

relaled LO inilial seed reserve mass of eighteen wind-dispersed tree species. However, seed mass of species tested 

in her study were very much smaller than the ones used here, and the range in seed size was small relative to the 

full range in seed size often found in tropical moist forest trees. The present study further showed that minor 

differences in sunlight determine whether seed reserve mass and survival in shade arc positive correlated or not. 

For example, studies conducted at light levels above 1.8 % full sunlight (2% FS), are less likely to reveal a 

significant correlation between survival and seed reserve mass, than those conducted below 1.8 % full sunlight. 

This finding might also explain Augspurger's finding. 

Furthennore, it is important to mention that we excluded herbivores and fungi from the experiment and 

watered the plants weekly, and thus excluded interactions of shade with these factors in the present study. Ng 

(1978), i.e. found in his studies on Malayan seedlings, that seedlings from small-seeded species were more 

susceptible to drought and fungal pathogens than seedlings from large-seeded species. 

Secondly, recent work showed that seedlings from large-seeded species tolerate defoliation better than those 

from small-seeded species (Armstrong and Westoby, 1993). 

In conclusion, the present findings show that the relationship between survival and seed reserve mass was 

strong and positive in deep shade, but weakens with increasing light availability, and that no relationship was 

found when photosynthetic photon flux density was above the whole-plant light compensation point of most 

species studied. However, 

this study excluded the effects of drought, fungal pathogens and herbivory. Factors causing mortality among tree 

seedlings in shade. 

2.4.2 Growth and partitioning in shade 

Growth and size of seedlings in relation to seed reserve mass 

What other advantages do large seeds confer upon a seedling? Foster (1986) listed a number of possible 

advantages of large seeds. For example, il might enhance the ability of seeds to persist in reduced light 

intensities until suitable light or moisture conditions arise by providing for metabolic requirements during 

quiescent periods. Secondly, large seeds might provide secondary compounds for dcfcnse of persistent seedlings 

against pathogens and predators during periods of low energy availability. Thirdly, the ability lo replace lost or 

damaged tissue in persistent seedlings might be higher in large-seeded species than small-seeded species. And 

finally, large seeds provide energy for construction of large amounts of photosynthetic tissue needed to maintain 

a positive carbon balance or enable the planL� to growth into higher light intensity strnta. An evaluation of the 

first three mechanisms that might have led to larger seed sizes is discussed in Foster (1986), and will not be dealt 

with in the present report. The possibility that large seeds provide energy for construction of large amounts of 

photosynthetic tissue needed to maintain a positive carbon balance is not supported by this study. Large seeded 

species do construct more leaf area per unit of time in the early stages of seedling development (Fig. 2.6), but 

their LAR ,  leaf area per unit seedling mass, is lower than small-seeded species (Fig. 2.9). 

Large-seeded species produce larger seedlings than small-seeded species. For example, the present study 

showed a strong and positive relation between stem height, stem diameter, leaf area and total dry matter of tree 

species and their seed reserve mass. These results arc consistent with those of Grime and Jeffrey (1965), Howe 

and Richter (l 982) and Howe et al. (1985). For example, Grime and Jeffrey (1965) found a strong positive 

correlation between log mean weight of seed reserve and log maximum height attained in vertical gradients of 

sunlight among 9 herbaceous and woody species from grasslands and forests. This result probably explains why 
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Figu re 2.9 

The relative growth rate (RGR, mg g· 1 day" 1 ), leaf area ratio (LAR, m2 kg.1) ,  specific leaf area (SLA, m2 kg'1) ,
leaf weight ratio ( L  WR, g g' 1 ), root weight ratio (RWR, g g·1) and stem weight ratio (SWR, g g·1) of six tropical
rain forest tree species after growing for one year in deep shade (1 % Full sunlight, sec text for details on light 
c limate). Growth parameters are plotted against the dry seed reserve mass (mg, log-scale). Linear regression 
analysis revealed significant (P < 0.05) relations between LAR, SLA and SWR versus seed reserve mass (log10
mg). 

both authors find a positive correlation between seed size and shade tolerance. In the vertical sunlight gradients 
to which the seedlings were exposed, larger individuals experience a h igher light environment than the smaller 
seedlings in their study. A positive correlation between seed size and seedling size was also observed in a 
comparative study on 200 Malayan forest tree species (Ng, 1978). Howe and Richter (1982) reported on the 
effects of initial seed mass on seedling characteristics in a Panamanian population of Virola surinamensis, a 
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Figure 2.10
The relative growth rate (RGR, mg g· 1 day' 1 ) ,  leaf area ratio (LAR, m2 kg. 1 ) ,  specific leaf area (SLA, m2 kg'1),
leaf weight ratio (LWR, g g·1 ) ,  root weight ratio (g g· 1 ) and stem weight ratio (SWR, g g· 1 ) of six tropical rain
forest tree species after growing for one year in  1, 2 and 4% full  sunlight (sec text for details on l ight climate). 
Mean values of 8-12 replicates are presented. Ca = Chamaecrista adiantifolia, Pv = Peltogyne venosa, Di = 

Diospyros ierensis, Da = Dicymbe altsonii, Cr = Ch!orocardium rodiei, Me= Mora excelsa. 

canopy tree in which mean seed mass of different adults ranges from 1.34 to 4.04 g. They also found a 

significant effect of parental source on seedling height, leaf length and dry shoot mass. 

Growth rate and growth parameters 

The growth rate of various species increased with increasing light availability. Results further showed that 
small-seeded species demonstrated a larger difference in RGR between the highest and lowest shade treatment 
than large-seeded species. For example, Chamaecrista had the highest RGR in 4% FS, and demonstrated a 

23 



Figure 2.11 

The dry matter percentages (DMP, %) of leaves and whole-plants of six tropical rain forest tree species in deep 

shade (1 % full sunlight). Sec Table 2.1 for species used and text for details on light climate. Linear regression 

analysis revealed no significant relationship between DMP of leaves and whole-plants versus seed reserve mass. 

marked reduction in RGR with decreasing light availability, whilst Mora and Chlorocardium demonstrated a 

modest difference in RGR between both shade treaLmcnL'>. However, these inherent and environmentally 

induced differences in RGR can not easily be translated in the whole-plant light compensation point of tree 

seedlings. Partly, because differences in RGR arc the net result of two intrinsically different phases in the 

morphological development of tree seedlings. In the first phase, a hetcrotrophic phase, th� seed reserves are 

converted in leaves, stems and roots, and part of the reserves are used in plant respiration. This means that in 0% 

FS all tree species exhibit a negative RGR, since part of their seed reserves are lost and no carbon fixation 

occurs. Immediately after leaf construction another phase, the autotrophic phase, in the development of 

seedlings begins. These two phases in the development of tree seedlings overlap in time, and the period over 

which they simultaneously affect biomass production increases with increasing seed mass. In other words, 

whether a seedling has a positive or negative RGR over a particular time interval is dependent on 1) total mass 

of seed reserves, 2) inherent differences in the rate of reserve conversion, 3) the pattern of dry matter 

partitioning and leaf area construction, and 4) the balance of photosynthesis and respiration per unit plant mass. 

Finally, these four factors arc in turn affected by the prevailing light conditions. Despite this complex interaction 

of factors contributing to the RGR measured in the early phase of seedling development, some conclusions can 

be drawn. First, large-seeded species arc more likely to exhibit low RGR's since phase one has a more prominent 

effect on RGR, than it has in small-seeded species. Secondly, the shorter the time interval over which RGR is 

measured, starting from germination, the lower the RGR measured. 

For reasons mentioned above, inherent differences in the whole-plant light compensation point are difficult to 

assess. They are partly determined by the developmental stage of the seedling, the amount of seed reserves 

present and, the length of the period over which the RGR is measured. However, even if inherent differences in 

RGR arc measured over an interval no longer affected by initial seed reserves, problems will arise, because the 

partitioning of biomass and leaf area are ontogcnctically controlled, and plant organs differ in their tum-over 

rate. This means that growing plants invest less dry matter in leaves than stems and roots, and thus their 

whole-plant light compensation point will increase with increasing total biomass. Sec for example Fig. 2.13, in 

which dry matter partitioning and leaf area ratio of two common tree species from nutrient-poor white sand 

forests: Dicymbe altsonii and Catostemma commune, arc plotted versus the height of the seedlings and saplings. 

Results further showed that absolute differences in RGR of species growing in I% and 4% FS increases with 

decreasing seed mass. This indirectly supports the above mentioned considerations. The RGR of small-seeded 
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Figure 2.12 

The dry matter percentages (DMP, %) of leaves and whole-plants of six tropical rain forest tree species i n  I ,  2
and 4% Full sunlight. Sec text for species used and details on light climate. Mean values of 8-12 replicates 
(except for Mora excelsa) arc presented. Ca = Charrwecrista adiantifolia, Pv = Peltogyne venosa, D i = 

Diospyros ierensis, Da = Dicymhe altsonii, Cr = Chlorocardium rodiei, Me = Mora excelsa. 

species in the first year after gcnnination is mainly dctcnnined by their production in the autotrophic phase and 
thus differences in the amount of quantum flux density must result i n  more prominent differences in RGR, i n  
comparison with large seeded-species. 

Small-seeded species had a higher LAR than large-seeded species in deep shade. In this comparison I 
excluded the dry m ass of cotyledons fro m  the total plant mass. If done otherwise a decrease in LAR would 
simply follow from an increase in seed mass in short-tenn experiments when seedlings use only a fraction o f  
their seed reserve. In addition this finding explains the i nverse relationship between growth and seed size 
(though not significant). For example, large seedlings invest proportionally more dry matter in their supporting 
structures instead of their photosynthetically active plant parts. This means that the ratio of photosynthetic 
structures and non-photosynthetic tissues of a plant decreases with increasing size. If light availability d o es not 
change substantially with an increase in height above the forest floor, this increase in height is not compensated 
fo r  by a more favourable light climate and thus higher NAR. The expected relationship is  more likely to occur i n  
field conditions in which a small increase i n  height results in a substantial increase in light availability, such as  
in grasslands (Grime, 1966). 

W hat causes the inverse relationshi p between seed size and LAR? Do large-seeded species invest less dry 
m atter in t11eir leaves than small-seeded species, or do they have a lower SLA. The SLA was found to be an 
important factor contributing to the observed difference in LAR. Large-seeded species had lower SLA's  than 
small-seeded species. The reason for this is unknown. It might be that large-seeded species invest more o f  their 
reserves in their leaves, resulting in more leaf mass per unit leaf area, or they invest more in secondary 
compounds for defcnse against herbivory. 

In the present set of species a close relationship between seed reserve mass and the relative amount o f  
biomass invested in roots, as observed by others was not found. Given the implications of such a relationship 
more studies are recommended on this aspect. Such a relationship, however, suggest that large-seeded species 
arc less vulnerable to drought, as was found by Ng in a comparison of Malayan tree species. However, a 
seedling's root system has various functions and thus its size should not simply be interpreted as bei ng an 
adaptation to only one of its functions. For example, large-seeded species produce tall and heavy seedlings 
w hich might need more anchoring than small-seeded species. A larger root system might thus simply be the 
result of more woody roots responsible for anchorage and not, or far less, for water and nutrient acquisition. 

Environmentally induced di fferences in LAR confirm the well established response of plants to shade. The 
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Figure 2.13
Total dry mass (TDW, g), leaf arc� ratio (LAR, m2 kg. 1 ) ,  specific leaf area (SLA, m·2 kg- 1 ) ,  leaf weight ratio
(LWR, g g· 1 ) ,  stem weight ratio (SWR, g g· 1 )  and root weight ratio (RWR , g g· 1 ) of Dicymbe altsonii (closed 
symbols) and Cato

.
stemma commune (open symbols) versus height (cm). Field grown seedlings and saplings

from the understorey of a closed-canopy forest (Wallaba forest) in Guyana. 

amount of leaf area per unit of plant  mass increases with decrca<;ing light availability. However, in c ontrast to 
other studies this comparison was found over a small range in l ight availability (from 0 .9  to 4.3% full sunl ight). 
This suggest that seedlings are very sensitive to small changes in light availability. The SLA yielded a similar 
response. The response of species to shade arc also marked and in agreement with c urrent views on how pl2.nt 
species respond to changes in resource availability. 
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2.5 Conclusions

Survival of  tropical rain forest tree seedlings is dependent on the total daily photon flux density in understorey 
conditions. The relationship between the amount of seed reserves, and thus seed size, and survival of seedlings 
decreases with increasing light availability. Chazdon and Fetcher (1984), among others, have shown that light 
availabil ity in tropical rain forest understories are often in the range of  0.5 - 3.0 % full sunlight. This means that 
only in the darkest spots in the forest understorey, seed size strongly determines the survival and thus presence 
in the undcrstorey prior to gap formation. However, at slightly increased light availability ( I% FS < x < 3% FS) 
seed reserves can sti l l  be crucial for plant survival. For example, if carbon fixation docs not compensate for the 
loss of plant tissue due to herbivory. 

Furthcnnore, it was found that large-seeded species produce taller and heavier seedlings with more leaf area 
and thicker stems, than small-seeded species do. Ho ., ever, leaf area expressed per unit of plant mass i s  
negatively correlated with seed mass. Large-seeded species produce seedlings with a lower LAR, and higher 
SWR. In other words they invest more in support tissue and less in leaf area per unit plant mass. Results further 
revealed that this difference in LAR was due to differences in S LA, and not L WR. Large-seeded species had a 
lower SLA than small-seeded species. Whether this result reflects differences in antiherbivore compounds 
invested per unit leaf area is unknown. 

27 





3 Survival and growth in canop y  o penings 

3.1 Introduction 

Some authors have l inked the heterogeneity in gap environments with the great d iversity of tree species found i n  

many tropical rain foresL<>.  They h ypothesized that this diversity may be partly sustained by differen t  

requirements fo r  establishment and early growth among tree species (Ricklefs, 1977; Denslow, 1980; Orians, 

1982; Popma and Bongers, 1988). 

Swaine and Whitmore (1988) distinguished and defined two ecological species groups, extremes of 

evolutionary specialisation , among tropical rain forest tree species: the pioneer and climax species. The climax 

species are able to germinate, establish and grow in the deep shade of a closed-canopy forest understorey, whi ls t  

the pioneer species only establish and grow i n  gaps i n  the forest canopy open to the sky i n  which full sunlight 

penetrates to the forest floor for at least part of the day. This definition focuses on the early stages of a tree's 

life-cycle, that of germination and seedl ing establishment. Some authors further subdivided the pioneers i n  

species which arc tru ly  shade-intolerant and o n l y  regenerate i n  large gaps, where they complete their entire l i fe  

cycle (pioneer species) and species which may b e  shade-tolerant i n  some stage(s) o f  their development, b u t  

wh ich require gaps t o  reach maturity (Denslow, 1980; Hartshorn, 1980; Martinez-Ramos , 1985 a n d  Popma and 

Bongers, 1988). 

Pioneer species possess a w hole syndrome of characters in addition to those used to define them (Whitmore, 

1989;1991). For example, pioneer have copious well-dispersed seeds, fast height growth, low density wood (not 

siliceous), short-l ived leaves, leaves susceptible to hcrbivory due to little chem ical defcnse (Coley, 1983), a h ig h  

morphological plasticity (Hall and S waine, 1980) and a low root/shoot ratio. 

In the present report I will  examine the growth of pioneer and climax species in different natural light 

climates, and growth parameters responsible for the observed differences. I will further investigate inherent 

differences in dry matter partitioning, dry matter percentages and leaf longevity and nitrogen content per unit of 

leaf mass and leaf area. 

In newly created gaps the growth and survival of tree seedlings wil l  be partly determined by their ability to 

29 



compete with neighbouring plants for the same growth-limiting resources (often light). For that reason I will  
also examine inherent differences in growth in height, leaf area and diameter. 

For this study two pioneer and four climax species were selected. Within the set of climax species we 
distinguished two canopy trees and two understorey trees based on their height at maturity and the ability to 
flower and produce seeds in subcanopy conditions. 
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3.2 Methods 

3.2.1 Study species 

Growth and survival of two pioneer and four non-pioneer or climax tropical rain forest tree seedlings were 

studied in different natural light climates. Cecropia obtusa Trecul (Moraceae) and Goupia glabra Aublet 

(Celastraceae) represented the pioneer strategy. Chamaecrista apoucouita (Aublct) Irwin & Bameby 

(Caesalpinioidcac), Peltogyne venosa (Yahl) Bcnth (Cacsalpinioidcac), Duguetia neglecta Sandw. 

(Annonaccae) and Oxandra asbeckii (pulle) R.E. Fries (Annonaccae) were selected as representatives for the 

climax strategy (strategics sensu Swaine and Whitmore, l 988)(Sce for list of species Table 3 . 1 ). The four 

non-pioneer or climax species can be funhcr subdivided into two canopy trees (Chamaecrista apoucouita and 

Peltogyne venosa) and two undcrstorcy trees (Duguetia neglecta and Oxandra asbeckii) ba5Cd on height at 

maturity and other life history characteristics. Hereafter, the study species will be referred to by their generic 

name. 

3.2.2 Growth conditions 

Seedlings of these species were collected in the field and planted in 3 L plastic bags filled with sand. Seedlings 

were watered once a week and supplied with a NPK-fcrtilizcr containing 1 4% nitrogen, 1 6% phosphate and 1 8% 

potassium and trace elements (DSM Morcels N.V. Ghent, Belgium), to ensure non-limiting water and nutrient 

conditions for all seedlings independent of their size. 

After growing for two weeks in intermediate light conditions, seedlings were transferred to the understorey of 

a closed-canopy rain forest (UN), and the edge (ED) and centre (CE) of a multiple-treefall gap. The daily 

photosynthetic photon flux density (PPFD) in these sites was determined with two Li-Cor radiation sensors 

(li-1 90SA) (Li-Cor Inc., Lincoln, Nebraska, USA) on three sunny days. Approximately once every fifteen 

minutes the PPFD was measured at the selected study sites. These sensor readings were then compared with 

measurements taken simultaneously in the centre of a large clearing which served as above-canopy readings. 

The percentages of daily PPFD (mean value and standard deviation) in UN, ED and CE was 2.2% (+/- 2.0%), 

9.4% (+/- 1 .3%) and 30.2% (+/- 0.4%), respectively. 

3.2.3 Harvest procedure and measurements 

Immediately after transferring the seedlings to the various sites (a random block design was used for arranging 

plants), ten randomly selected plants of each species were harvested. Thereafter, eight seedlings per species and 

treatment were harvested after approximately 7, 15 and 25 weeks, respectively. Harvested plants were separated 

into leaf blades (leaves). leaf petioles and stems (stems) and roots. To assess a species' ability to adjust or alter 

Table 3.1 
List of study species, their family name and regeneration strategy 

Species name 

Cecropia obtusa Trccul 

Goupia glabra Aublet 

Chamaccrista apoucouita (Aublct) Irwin & Bameby 

Peltogync venosa (V ah!) Bent h. 

Duguctia ncglecta Sandw. 

Oxandra asbcckii (Pullc) R.E. Fries 

Family name 

Moracaca 

Cclastraccae 

Caesalpinioideac 

Cacsalpinioidcae 

Annonaceae 

Annonaceae 

3 1  

Regeneration strategy 

Pioneer 

Pioneer 

Climax species/ Canopy sp. 

Climax species/ Canopy sp. 

Climax species/Understory sp. 

Climax spccies/Understory sp. 



the morphology of its leaves and, secondly, to determine its ability to produce leaves adapted to high and 
low-light environmenL<>, we subdivided the leaves (final harvest) in those constructed before transferring them to 
the experimental sites (old leaves), and those produced afterwards (new leaves). Of both sets of leaves the mass 
and area were measured separately. Leaf area was determined with a LI-3100 (Li-Cor Inc., Lincoln, Nebraska, 
USA). After oven drying at 70 °C for 48 h the dry weight<; of the various plant parts were determined. From 
these primary data the following parameters were derived: the leaf area ratio (LAR, leaf area per unit plant 
biomas s  (m2 kg-1)), net assimilation rate (NAR, biomass production per unit leaf area and time (g m-2 day-1)) and 
relative growth rate (RGR, biomass production per unit biomass already present per unit of time (mg g·1 day-1)). 
Sec for method of calculating RGR and NAR, Hunt (1982). 

High mortality among seedlings of both pioneer species after 15 weeks in UN and after 25 weeks in ED and 
CE resulted in sample-sizes too small, and possibly biased towards larger individuals, to accurately compute 
their RGR and NAR over the second and third growth inler'·al. In addition, these parameters were not computed 
for Cecropia and Goupia over the first harvest interval, due to their low total dry weight at the beginning of the 
experiment. The RGR and NAR of both pioneer species in UN were therefore omitted ancl for ED and CE 
result<; presented arc based on the second growth interval only. The growth parameters of the climax species are 
the mean values of the three consecutive harvest intervals, unless stated differently. 

In addition, seedling survival was recorded once a week and the height, number or leaves or leaflets ancl stem 
diameter was measured every other week. The height and basal stem diameter of all seedlings were measured to 
the nearest 0.1 cm and 0.1 mm, respectively. The number of leaves or leaflets shed was recorded twice a week. 
These data were used to calculate mean leaf production, mean leaf loss and mean net rate of leaf production of 
the various species in the different natural light climates over time. 

Chemical analysis 

After measuring the plants' clry weight, the organic nitrogen contem was clcterminccl by digesting plant material 
in sulphuric acid using a mixture of sodium sulphate, copper sulphate and selenium, in a ratio of 1.55 : 97.0 : 

1.55 (w/w) as a catalyst. The diluted digestions were analyzed colourimctrically on a continuous flow analyzer 
(Skalar analytical, Breda, The Netherlands). 

Statistical analysis 

Analysis of variance (SAS, statistical package) was used to determine signiricant differences in growth 
parameters and plant dimensions between species and experimental sites. 
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3.3 Resull'i 

3.3.1 Survival 

In the deep shade of the forest understorey seedling survival was high for the four climax or shade-tolerant tree 

species, and low for the two pioneer species. For example, survival of Cecropia and Goupia in UN after 15 

weeks was 27.8 and 10.5%, respectively (Fig. 3.1). Results further showed that none of the seedlings of both 

pioneer species survived the full duration (25 weeks) of the experimental period (data not shown). Results also 

revealed that climax species suffered no mortality(< 5%) in ED and CE, while survival of pioneer species was 

higher in ED and CE than in UN, but still less than 100%. For example, 68.4% of Cecropia and 63.2% of 

Goupia seedlings survived in CE and ED, respectively. 

Figure 3.1 
Survival (%) of tropical rain forest tree seedlings differing in regeneration strategy (see text) after 15 weeks in 

the deep shade of the forest understorey (UN), and the edge (ED) and centre (CE) of a multiple-treefall gap. See

for details on light climate text. Co = Cecropia obtusa; Gg = Goupia glabra; Ca = Cluimaecrista apoucouita; Pv 

= Peltogyne venosa; Dn = Duguetia neglecta and Oa = Oxandra asbeckii. 

,Jl � ; ; ; I ; 

Table 3.2 

ANOV A results size and growth parameters of six tropical rainforest tree species growing for 15 weeks in the closed-canopy forest understo

ry, and the edge and ccntcr of a multiplc-trcefall gap. Independent variables: species, site, time, dependent variable: height, diameter, leaf 

area, total seedling dry mass, L\R, SLA, LWR, SWR, RWR. SP=Spccies, L= light climate, T=Timc. 

SP L T SP*L SP*T 

Si1.e dimensions 

height cm *** *** **"' *** *** 

Diameter cm *** *** *** *** ••• 

Leaf area cm *** ••• • •• n.s. • •• 

Total seedling dry mass g *** *** ••• • •• *** 

Growth parameters 

Leaf area ratio m2 kg.1 ... *** *** ••• *** 

Specific leaf area m2 kg.
1 ••• • •• • •• • •• • •• 

Leaf weight ratio g g 
·l ••• * *** * *** 

Stem weight ratio g g 
·l .... *** *** *** ••• 

Root weight ratio g g·1 *** *** *** n.s. *** 
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Figure 3.2 
Relative growth rate (RGR, mg g·1 day"1) ,  net assimilation rate (NAR, g m·2 day"1) and leaf area ratio (LAR, m2

kg.1) of six rain forest tree species in the undcrstorcy of a closed-canopy forest (UN), and the edge (ED) and

centre (CE) of a multiplc-trccfall gap. Mean values for RGR, NAR and LAR (+/- SE) arc presented. See for 

number of replicates and harvest interval text. Species are arranged from left to right in order of decreasing RGR 

in CE. Co= Cecropia obtusa; Gg = Goupia glabra; Ca= Chamaecrista apoucouita; Pv = Peltogyne venosa; Dn 

= Duguetia neg.' �cta and Oa = Oxandra asbeckii. 

3.3.2 Growth and its components 

The climax species showed a positive RGR in UN and a slightly higher RGR in both ED and CE (Fig. 3.2A). 

The RGR's of Cecropia and, to a lesser extent, Goupia were higher than those of the shade-tolerant tree species 

in these sites. Non-destructive measurements further suggested a low, possibly negative growth rate for both 

pioneer species in UN (sec also leaf demography). Between-site differences in RGR of species growing in ED 

and CE were small and statistically not significant for any of the species studied. Within the set of climax 
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Figure 3.3 
The specific leaf area (SLA, m2 kg-1) of tropical rain forest tree seedlings growing for 15 weeks in the shaded 
understorey of a closed-canopy forest (UN) and the edge (ED) and centre (CE) of a mulliplc-trccfall gap. Mean 
values ( +/- SE) arc presented. Sec for number of replicates text. Species arc arranged from left to right in order 
of decreasing RGR in CE. Co = Cecropia obwsa; Gg = Goupia glabra; Ca = Chamaecrista apoucouita; Pv = 

Peltogyne venosa; Dn = Duguetia neglecta and Oa = Oxandra asbeckii.

species results do not indicate differences in growth between canopy trees and understorey trees across 
environments (see also Table 3.2). 

Analysis of the main growth parameters responsible for these inherent and environmentally induced 
differences in RGR, the net assimilation rate (NAR, biomass production per unit of leaf area and time) and leaf 
area ratio (LAR, leaf area per unit plant dry mass), revealed that between-species and between-site differences in 
RGR corresponded closely with differences in NAR (Fig. 3.2B). The climax species exhibited a positive NAR in 
shade, and a higher NAR with increasing solar radiation. Secondly, between-site differences in NAR exceeded 
those in RGR. Results further showed that Cecropia had a higher NAR in ED and CE than those of climax 
species and all species, except Duguetia, had higher NAR's in CE than in ED. Again, the NAR of the two 
pioneer species in UN was not computed due to arguments stated above, and results do not indicate a difference 
within the group of climax species, the two canopy and two undcrstorey trees. 

Cecropia and Goupia had a higher LAR in ED and CE than the climax species (Fig. 3.2C) in the same sites. 
Cecropia and Goupia also had a higher LAR in ED than in CE. The results further showed that climax species 
had a higher LAR in UN than ED and CE, and no differences between both gap environments. These species 
had a similar LAR in ED and CE. 

3.3.3 Seedling morphology 

The LAR can be further factorized in the relative amount of biomass invested in leaves; the L WR, and the 
amount of leaf area constructed per unit of leaf mass; the SLA. The SLA of climax species was higher in UN 
tl.an in ED and CE (Fig. 3.3). Secondly, tl1c SLA of all species was higher in ED than in CE. Results further 
suggest that pioneer species had a higher SLA in ED than climax species. 

Climax species partition proportionally more dry mauer to tl1cir roots in ED and CE than in UN (Fig. 3.4). 

Results further showed no difference in the partitioning of biomass to roots between pioneer and climax species, 
and within the latter group of species, between canopy and undcrstorey trees. In ED and CE pioneer and climax 
species seem LO invest a similar amount of biomass in their below-ground structures. 

Above-ground, seedlings can partition their dry matter either to leaves, the light absorbing and 
photosynthetically active structures of the plant or to support tissues, such as stems and leaf petioles. The LWR 
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The leaf weight ratio (L \VR, g g-1 ), stem weight ratio (SWR, g t1) and root weight ratio (RWR, g t1) of six
tropical rain forest tree species after 15 weeks in the shaded undcrstorcy (UN) and the eclge (ED) and centre 
(CE) of a large multiple-trccfall gap. Species arc arranged from left to right in order of dccrea5ing RGR in CE. 
Mean values ( +/- SE) are presentecl. Sec for number of replicates text. Species are arrnnged from left to right in 
order of decreasing RGR in CE. Co = Cecropia obtusa; Gg = Goupia g/abra; Ca = Chamaecrista apoucouita;

Pv = Peltogyne venosa; Dn = Duguetia neglecta and Oa = Oxandra asbeckii.

of climax species was similar or slightly less in ED and CE than in UN (Figure 3 .4). A closer examination of the 
four climax species after 25 weeks of growth showed that Chamaecrista and I'eltogyne partitioned significantly 
more dry matter to their leaves than Dugu.etia and Oxandra, and the difference in L WR in CE and UN was 
larger for canopy trees than for understorey trees. For example, Chamaecrista and I'eltogyne partitionecl 46 and 
49% of their biomass in leaves, respectively, whereas Duguetia and Oxandra allocated only 37 and 36%, 

respectively, in the same environment. Results further showed that Cecropia partitioned more dry matter to its 
leaves than any of the other species. 
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Table 3.3 
Plant dimensions of six tropical tree species after growing for 0 and 15 weeks in the deep shade of the forest understory (UN). and the edge

(ED) and ccnter (CE) of a multiplc-trcefall gap. 

t=O w t=l5 w 

species/site liN/ED/CE UN ED CE 

avg se avg se avg se avg SC 

leaf area cm2 

Cecropia obtusa 1.55 0.25 2.91 0.25 68.63 19.72 5 1.82 2 1.57 

Goupia glabra 2.94 0.5 1 2.77 0.76 22.30 10.85 15.82 3.56 

Chamaecrista a poucouita 1 1.91 0.70 18.99 1.36 68.43 1 1.37 5 1.86 6.68 

Peltogyne venosa 13.87 1.06 15.52 1.44 25.80 2.58 2 1. 16 2.64 

Duguctia ncglecta 1 1. 18 1.33 13.58 I.5 1  29.07 2. 16 26.62 3.28 

Ox and ra as beck ii 15.83 0.59 2 1.89 1.79 25.46 2. 14 30.02 2.00 

height cm 

Cecropia obtusa 1.4 0.2 3.3 0.4 4.2 0.6 4.0 0.5 

Goupia glabra 3.0 0.3 4. 1 0. 1 5.8 LI 6 . 1  0.5 

Chamaecrista apoucouita 8.9 0.2 9.8 0.2 16.2 1.3 14.3 1.3 

Peltogyne venosa 7.0 0.4 6.8 0.8 7. 1 0.7 8.4 1.0 

Duguetia negl ecta 8.8 0.5 8.3 1.2 1 1.2 0.6 10.3 0.4 

Oxandra asbeckii 10.6 0.4 13.7 1.0 15.0 1.0 16.3 0.7 

diameter cm 

Cecropia obtusa 0.08 0.0 1 0. 14 0.0 1 0.22 0.0 1  0.22 0.02 

Goupia glabra 0.09 0.0 1 0.13 0.03 0.14 0.01 0. 14 0.00 

Chamaecrista apoucouita 0. 13 0.00 0.18 0.00 0.23 0.01 0.23 O.Ql 

Peltogyne venosa 0. 19 0.0 1 0.20 0.0 1 0.22 0.0 1 0.22 0.0 1 

Duguetia neglecta 0.20 O.Ql 0.22 0.0 1 0.26 0.0 1  0.24 0.0 1 

Oxandra asbeckii 0.27 0.0 1 0.29 0.0 1 0.29 0.0 1 0.3 1  0.0 1 

number of leaves (leaflets) 

Cecropia obtusa 5.2 0.2 4.3 0.3 4.3 0.9 3.6 0.5 

Goupia glabra 7.9 0.8 4.0 0.7 8.3 2.4 8.3 1.5 

Chamaecrista a poucouita 2.0 0.0 2.8 0.2 6.5 0.7 5.5 0.3 

Peltogyne vcnosa 4.0 0.0 4.3 0.3 7.0 0.5 5.8 0.5 

Duguctia neglccta 3. 1 0.2 3.8 0.4 5.8 0.4 5.3 0.4 

The stem weight ratio, stem and petiole mass per unit of total plant mass (SWR) of Cecropia was less than 
that of the other species (Figure 3.4). Except for Cecropia and Peltogyne, species also partition relatively less to
their support structures in CE than in UN. 

3.3.4 Plant dimensions 

The stem height of all species was higher in ED and CE than in UN after 15 weeks (Table 3.3). In UN the 
stem height of Peltogyne and Duguetia did not significanlly increase during the growth period, whereas that of 
Cecropia and Goupia increased significantly in the shaded understorey. A similar result was found for the stem 
diameter. Again, Cecropia demonstrated a strong increase in stem diameter over the first 15 weeks (Table 3.3), 
whereas Peltogyne, Duguetia and Oxandra grew only marginally in stem diameter over the same period. The 
diameter growth of Goupia was modest as well, however, it exhibited a stronger increase over the final harvest 
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The dry matter percentages (DMP, fresh weight:dry weight x 100) of whole-plants, leaf blades (leaves), stems 

and petioles (stems), and rool<; of six tropical rain forest tree species after 15 weeks in the forest understorey 

(UN), and the edge (ED) and centre (CE) of a multiple-treefall gap. Mean values (SE) are presented. Species are 

arranged from left to right in order of decreasing RGR in CE. Co = Cecropia obtusa; Gg = Goupia glabra; Ca = 

Chamaecrista apou.couita; Pv = Peltogyne venosa; Dn = Duguetia neglecta and Oa = Oxandra asbeckii. 

interval (data not shown). 

A similar, though far stronger response was found in total leaf area. For example, Cecropia and Goupia 

demonstrated a forty-fold and ten-fold increase, respectively, in total leaf area over the first 15 weeks in ED, 

whereas a less than twofold increase was found in Oxandra (Table 3.3). Results on the number of leaves present 

at time of harvest showed that this response in leaf area was not t11e result of an equally strong increase in the 

number of leaves. It was due to a pronounced increase in leaf area of individual leaves produced over time. For 

example, the mean leaf area of leaves present at t=O and t=l5 weeks in ED of Cecropia is 0.3 and 16.0 cm2,

while, the same values for Duguetia arc 3.6 and 5.0 cm2, respectively.

3.3.5 Dry matter percentages 

Pioneer species contained less dry matter per unit of fresh weight than shade-tolerant species in their leaves, 

stems and roots (Fig. 3.5). The dry matter percentage (DMP, fresh wcight:dry weight x 100) of leaves, stems and 

roots was highest for Peltogyne and lowest for Cecropia. Results further showed that the DMP of leaves, roots 

and stems were higher in CE and ED tllan in UN. Results also showed that roots had the lowest DMP and stems 

the highest. 
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Leaf production and leaf loss of six tropical rain forest tree species in the shaded understorey of a closed-canopy 
forest (UN), and the edge (ED) and centre (CE) of a multiple-treefall gap. 
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Table3.4 
Nitrogen concentrations of leaves (L'l/C• and u.;cm)' stems (SNC) and roots (Rl\"C) of six tropical rainforest tree species after growing for 

15 weeks in the deep shade of the forest understory (UN) and the edge (ED) and center (CE) of a multiple-trccfall gap. LNC, =leaf nitrogen 

per unit leaf area (g N m'
2 

Jeaf area) and LNCm = leaf nitrogen per unit leaf mass (g N g  ·l leaf mass). 

L'l/Cm SNC RXC LNC. 

Species UN ED CE CN ED CE UN ED CE UN ED CE 

Cecropia obtusa 2.18 2 .90 2.35 1.48 1.66 2.86 l.64 l.97 l.48 0 .75 0.60 0 .59 

Goupia glabra 2.51 2.43 2.18 1.19 1.34 l. 88 1.59 2.00 1.45 0.73 0.52 0 .53 

Chamaecrista apoucouita 2.07 2.45 3.69 1.36 1.54 4.15 1.64 1.73 2.97 0 .97 0.94 0 .92 

Peltogyne venosa 1.41 l.63 2.32 0.85 0.97 2 .40 0 .90 0.96 J.40 0 .87 0.91 1.02 

Duguetia neglccta 2.02 1.78 2.53 1.34 1.33 2.57 1.84 2 .05 3.27 0 .62 0.57 0 .5 7  

Oxandra asbeckii 2.34 2.24 3.71 1.66 1.74 2.60 2.08 2.36 3.50 0.88 0 . 80 1.06 

3.3.6 Leaf demogra phy 

Pioneer and climax species had higher rates of leaf production in ED and CE than in UN (Fig. 3.6). The 

difference in leaf production between ED and CE was small and not significant for any of the species studied. 

The four climax species did not shed any leaves, except Peltogyne, over the first 15 weeks of the experimental 

period. In comrast, the pioneer species showed leaf abscission in UN, ED and CE. Leaf abscission of these 

species was highest in CE and lowest in UN. However, mean leaf loss in UN is based on seedlings that survived 

the growth period. Hence, this procedure underestimates total leaf loss, since seedlings that died within the 

experimental period evidently shed more leaves than they produced. Data on leaf production and leaf abscission 

over the final growth interval (15-25 weeks) showed a modest leaf turnover in the four climax species (data not 

included). 

3.3.7 Nitrogen conte nt  

The four climax species and Cecropia had higher concentrations of organic nitrogen in their leaves (LNCm, g N 

g·1 leaf dry mass) in UN than CE (Table 3.4). Nitrogen content expressed per unit area (LNCa, g N m·2 leaf

area), showed similar results though far less pronounced. Secondly, leaves contained the highest and stems the 

lowest concentration of nitrogen for all species studied. Thirdly, no differences in nitrogen concentration 

between pioneer and non-pioneer or canopy and understorey trees were found. 
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3.4 Discussion 

3.4.1 Survival and growth 

Seedlings of climax species survived equally well in the deep shade of the forest understorey as in the edge and 

centre of a mulliple-treefall gap. The two pioneer species, however, did not survive the adverse light conditions 

of the understorey and suffered modest mortality in both gap environments. This mortality in gaps might have 

been the result of drought, since the initial size of pioneer seedlings, and thus their root systems, were rather 

small in comparison with the other species' root systems. Pioneer species were, therefore, more susceptible to 

drought at midday, when evapotranspiration led to desiccation of the top soil, despite frequent watering. 

Field observations further suggested that pioneer species in both gap environments suffered more strongly from 

herbivory than shade-tolerant species. 

These results of pioneer and climax species growing in gaps and understorey condilions are in agreement with 

earlier  findings of Augspurger (1984), Turner (1990), Denslow et al. ( 1990) and Alvarez-Buylla and 

Martinez-Ramos ( 1992). Augspurger (1984), for example, found in a comparative study of 18 wind-dispersed 

tree species that pioneer species did not survive in shade, not even for a short period (< 10 weeks), and that 

survival in sunlight was higher than in shade for all study species. Thirdly, this study revealed a significant 

positive correlation between survival rates in sun and shade, as wa<; observed in the present study. Augspurger, 

however, attributed the higher mortality in sunlight by the light-demanding species to sub-optimal light 

conditions, instead of drought or herbivory. Turner ( 1990) also investigated the establishment and seedling 

survival of tree seedlings in gap and understorey environments in a forest reserve in Penang, Peninsular 

Malaysia. He found that seeds of Shorea curtisii germinated less well in gaps, but there seedling survival was 

better than canopy-shaded conspecifics. The major cause of mortality in this study appeared to be drought, 

though seedlings were also prone to predalion by small mammals. Finally, Denslow et al. ( 1990) demonstrated 

in a comparative study of three Miconia and four Piper spp. that mortality of high-light adapted Piper spp. was 

significantly higher in understorey environments than gap centres and gap edges. However, this was not found 

for Miconia species. M. barbinervis, a high-light species, had low mortality rates in all environments, and 

mortality rates of M. gracilis, a shade-tolerant species, were consistently high across all environments studied. 

Growth results showed that pioneer species increase their RGR to a much larger extent than climax species do 

with increasing total daily solar radiation. This finding confirmed earlier studies, such as those from Loach 

( 1970), Okali ( 1972), Whitmore and Gong ( 1983), Popma and Bongers ( 1988), Denslow et al. ( 1990) and King 

( 1991). Denslow et al. ( 1990), for example, found high-light adapted Miconia and Piper spp. to have steeper 

light-response growth curves than low-light adapted species of the same two genera. A similar result was found 

by King (1991), who found in a comparison of nine tropical tree saplings of a wet tropical forest in Costa Rica, 

that gap-associated species had a greater growth response to increasing light than understorey-associated 

species. 

The analysis of growth parameters, underlying inherent and environmentally induced differences in RGR, 

revealed a close correspondence between NAR and RGR. Shade-tolerant species exhibited a positive NAR in 

shade, and a modest increase in NAR with increasing light availability. The pioneer species had a low NAR in 

shade and high values were found in the edge and centre of a large gap. Results further showed that all species 

had a higher NAR in gap centre than gap edge. This means that although NAR is closely related to light 

availability, the opposing effect of light on LAR results in a less pronounced relationship between RGR and 

sunlight. 

This suggest that the higher light availability in gap centres in comparison with gap edges is counterbalanced by 

other ionvironmental factors such as: high temperature, low relative humidity, and low water availability in the 

top soil (despite daily watering, sec also section survival). These factors limit growth more strongly in gap 

centre than gap edges. The comparison of RGR, NAR and LAR in understorey and gap conditions, however, 

shows that an increase in light availability results in an increase in NAR which more than compensates the 
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decrease in LAR. The results of the present study further showed no clear difference in LAR between pioneer 

and climax species, nor between canopy and understorey trees. However, all species, except Cecropia, had a 

higher LAR in understorey than in gap edge and gap centre. 

Again, these result are in agreement with those of Loach (1970), Okali (1971), \Vhitmore and G ong (1983) 

and B ongers and Popma (1988). For example, Okali (1971) found that fast growing species, such as Trema, 

Ochroma, Musanga and Ceiba had higher NAR's than shade tolerant ones (Agathis ssp.). In a comparative study 

of ten tropical tree species from Los Tuxlas, Mexico, Popma and Bongers (1988) also found low NAR's for 

pioneers in shady environments and high NAR's in light environments. They further demonstrated a strong 

relationship between NAR and RGR across species and sites. 

3.4.2 Leaf and plant morphology 

Plants grown in shade generally have a higher SLA than those grown in a high-light environment. This 

relationship has been found for herbs and grasses (Fitter and Ashmore, 1974; Pons, 1977) and tree seedlings 

(Langenheim et al., 1984; Chazdon and Field, 1987; Walters and Field, 1987; and Popma and B ongers, 1988). 

The present resulL'> confirm this well established negative relationship between light intensity and SLA. Our 

results also suggest that pioneers have higher SLA's than shade-tolerant species in gap environments. Coley 

(1983, 1986; Coley et al. , 1985 ) suggested that climax species invest relatively more dry matter in compounds 

Figure 3.7 
Specific leaf area (SLA, m2 kg-1) of four tropical rain forest tree species in forest undcrstorey (UN) and the edge

(ED) and centre (CE) of a large trecfall gap. Old(O) = mean SLA (SE) at t=O, Old(3) = mean SLA (SE) at t=l5 

weeks (third harvest) of leaves constructed prior to t=O, New(3) = mean SLA (SE) of leaves produced after t=O 

and measured after 15 weeks. Species are arranged from top to bottom in order of decreasing RGR in the high 

light environment of the centre of a large gap. 
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which reduce the seedling's palatability, e.g. tannin and lignin, than pioneer species. This investment increases 

the life-span of leaves, but also reduces the SLA. Our findings are also in agreement with Bazzaz and Pickett 

(1980). Denslow et al. (1990) found high-light demanding species to be more plastic in their SLA with 

decreasing light availability than shade-tolerant species. However, we did not found evidence for such 

strategy-related difference. 

Results further suggest that shade-tolerant species differed in their SLA when grown in shade. The SLA of 

Oxandra and Peltogyne was almost half that of Duguetia neglecta and Chamaecrista apoucouita. However, the 

SLA presented was derived from a seedling's total leaf area and leaf dry mass. This procedure therefore obscures 

tl1c acclimation potential of species in different light climates, since it includes tl1c response of leaves present at 

the start of the trcatmcnL and those constructed aflcrwards. The SLA presented is thus the result of 

morphological and anatomical changes in leaves already present at the start of the treauncnt, leaves constructed 

afterwards, and the proportion of lxHh sets of leaves in te, .ns of mass and area. This should be taken into 

account when inherent and environmentally induced differences in SLA between species differing in growth rate 

and leaf dynamics arc compared. Sec, for example, Fig. 3.7. The SLA of the first leaves of Oxandra and 

Pe/togyne did not change when exposed to low light intensities, whereas new leaves produced in this light 

environment had SLA's which were almost twice as high. Chamaecrista and Duguetia, on the other hand, 

showed that 'old' leaves still responded to the low light levels found in undcrstorey. In other words, leaves or all 

four shade-tolerant species produced in shade had a similar SLA. Differences (sec fig. 3.3) arc therefore the 

result of differences in growth and leaf dynamics. This can also be seen in a comparative study of five tree 

species from tropical deciduous forests in Mexico from Rincon and Huante (1993). They found that Apoplanesia 

paniculata and Heliocarpus pallidus, two gap-requiring pioneer species, showed a more pronounced change in 

SLA over time than the other three species from undisturbed foresL<>. 

Since pioneer species arc characterised by a high leaf turnover, this phenomena overestimates the acclimation 

potential often described for fast-growing pioneer species. 

Inherent and environmentally induced differences in biomass partitioning showed that shade-tolerant species 

invested less dry matter in leaves, whereas partitioning in Cecropia remained the same and increased in Goupia 

glabra with increasing light availability. However, the latter rcsulL<> might be due to different turnover rates of 

leaves and stems, instead of a change in a species' partitioning pattern. Final harvest results showed significant 

differences between UN, ED and CE in the four shade-tolerant species. This indicates that the environmental 

conditions experienced by seedlings growing in ED and CE were different, although these differences were not 

reflected in their RGR. The dry mauer partitioning in rooL'> suggest that a shortage of soil resources, most likely 

water, is the factor limiting growth under these conditions. 

In UN seedling survival clearly depends on the relative amount or dry maltcr invested in photosynthetic 

stmcturcs. However, this might result in seedlings more prone to drought, a factor often responsible for seedling 

mortality in tropical rain forest�. e.g. sec Turner (1990). In other words, seedlings partition their resources to 

maximize growth in shade (a constant stress facLor in forest undcrsLOrey), but, by doing so, become more 

susceptible to infrequently occurring stress factors such as drought. In the present study this did not lead Lo 

increased mortality in climax species, since all seedlings were watered frequently. 

Nitrogen plays an imporumt role in photosynthesis, and therefore, in growth and survival of tree seedlings in 

different natural light climates (Field and fvlooncy, 197 9; Evans, 1983). Secondly, a close relationship has been 

described between the relative growth rate and Lhc relative amount or nitrogen invested in the photosynthetic 

stmcturcs of grasses and herbs (P(Xlrter et al., 1990). Based on these relationships we now adopted an alternative 

approach to plant partitioning: the partiLioning of nitrogen, instead of dry mauer. This yielded the following 

result.� for seedlings grown in a high light environment (site CE): Cecropia and Goupia invested 60 and 52% of 

tl1eir total amount of nitrogen in their leaves, whereas the two undcrstorey trees, D uguetia and Oxandra invested 

only 42 and 3 8% of their nitrogen in leaves. Chamaecrisw and Peltogyne had intermediate values, 51and47%, 

respectively. These results indicate a stronger relationship between plant growth and resource partitioning 

among trees differing in regeneration strategy, than partitioning or dry mallcr. However, in the forest 
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understorcy there was no clear difference in the partitioning of nitrogen to leaves between the species studied. 

Although, all species did show a lower leaf nitrogen ratio (LNR, g N in leaves per g N in whole seedling) in 

undcrstorey than in gap centre, except for Peltogyne. 

3.4.3 P lant sizes and leaf demography 

P lant sizes 

In the edge and centre of a multiplc-trecfall gap Cecropia demonstrated a stronger increase in height than the 

climax species. This response has a survival value in young gaps, where seedlings already present in the 

understorey prior to gap formation and those established shortly after compete for light and soil resources. 

However, such a response is counterproductive in a shaded forest understorey where plants are shaded by the 

forest canopy. 

Several different strategics can be recognized in response to shade, but these may be conveniently reduced to 

three major categories: I) shade avoiders, 2) shade tolerators, and 3) shade requires. The latter species group 

performs better in shade than sunlight; a strategy mre among plants. Therefore, all species studied belong to one 

of the first two categories: shade avoiders and shade tolerators. These two strategies may be thought of as 

adaptations to shade, since in both cases individual plants demonstrate an increase in growth and production in 

the non-shaded habitat. Shade avoiders respond to shade by changes in their morphological development, which 

result, if possible, in the plant growing out of the shade. The alternative strategy, employed by the shade 

tolerators, consist> of a modification in the morphological development of plants such that the plant becomes 

more capable of functioning in shade (Smith, 1981). Grime ( 1966) listed the following major developmental 

responses characteristic for shade avoiders and shade tolerators: shade avoiders demonstrate extreme extension 

growth of stems and petioles, reduced branching (enhanced apical dominance), reduced LAR and increased SLA 

due principally to a decrease in leaf thickness. Shade tolerators, on the other hand, show little or no stimulation 

of extension growth (sometimes inhibition), increased LAR and an increased SLA, increased chlorophyll 

content and increased complexity of photosynthetic machinery (Grime, 1966). 

Data of Cecropia and Goupia growing in the understorey of a closed-canopy forest (data not shown) showed 

that these species partitioned more biomass to their stems and their specific stem length (SSL, stem height per 

unit stem dry mass) was also higher for these pioneer species in comparison with shade-tolerant species in the 

same shaded understorey. This result underwrites the qualitative difference in response to shade between pioneer 

and climax species. A comparison of stem height per unit of dry maner (specific stem height (SSL) revealed that 

pionee r  SJY'vCies produced taller individuals per unit of dry matter invested, and all species had a higher SSL in 

understorcy than in edge and centre. For example, Cecropia demonstrated a sevenfold increase in SSL in 

understorey 

when compared to the centre of a large gap. A possible reason for the high SSL values of pioneer species in 

understorey is the fact that the sc�dlings used in t.hc present experiment still had herbaceous stems. In other 

words the difference might be partly due to differences in ontogeny, induced by environmental (low light) 

conditions, between climax and pioneer species. Since vertical gradient'> in light intensity are less pronounced 

near the forest floor than in a grassland, initial growth in height is likely to be unimportant; here tolerance rather 

than avoidance of shade would appear to have ecological significance (Grime and Jeffrey, 1965). Among the 

climax species we did not found any difference in response to shade between canopy and understorey trees. All 

species can be classified as shade tolcrators. 

The difference between species in relative height, leaf area and stem diameter growth rate arc presented in 

Fig. 3.8. Between-species and -sites differences in relative area growth rate (RAGR, cm m-1 day-1) are greater

than differences in relative height growth rate (RHGR, cm m·1 day-1). Results further demonstrate a close

correspondence between growth in leaf area and growth in biomass (Fig. 3.2). 

These results arc in agreement with Howe ( 1990), who studied the survival and growth of juvenile Virola 

surinamensis (climax species) in Panama in gap centre, gap edge and forest undcrstorey environments. Juveniles 
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The relative height growth rate (RHGR, m m·1 day"1), relative leaf area growth rate (RGR. m2 m·2 day"1) and

relative diameter growth rate (RDGRd cm m·1 day"1) of six tropical rain forest tree species in the shaded

undcrstorey of a closed-canopy forest (UN), and the edge (ED) and centre (CE) of a multiple-treefall gap. 

Species arc arranged from left to right in order of decreasing RGR in CE. Co = Cecropia obtusa; Gg = Goupia

glabra; Ca = Chamaecrista apoucouita; Pv = Peltogyne venosa; Dn = Duguetia neglecta and Oa = Oxandra 

in gaps increa<;ed 616% in height, 1075% in leaf number, and 1800% in total leaf area. Comparable numbers in 

edges were 247%, 378% and 690%; in undcrstorey 33%, 222% and 289%. Which shows that in understorey 

growth in leaf area was far more pronounced than growth in height in comparison with gap conditions. 

Augspurger C.K. (1984) compared growth and survival of 18 wind-dispersed tropical rain forest tree species 

in sunlight and shade in a screened enclosure. Seedling height after 1 year is greater in sun than in shade for all 

species. In the shade, number and length of leaves show little or no change with time; leaf turnover is negligible. 

In the sun, leaf number increases and successively younger leaves mature at larger sizes, and lower leaves were 

shed gradually. Leaf size is greater in the sun than in the shade. 
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Turner (1990) found that shaded seedlings of Shorea curtisii were taller than those in gaps for most of the first 

year, but towards the end of the year the gap seedlings caught up because the forest seedlings grew little after the 

initial shoot elongation. The gap seedlings had a greater ba<;al stem diameter and number of leaves by the end of 

the first year. 

Fetcher et al. (1983) compared lieliocarpus appendiculatis, a pioneer or large gap species of tropical moist 

forest in Costa Rica, and Dipteryx panamensis, a small gap species. Growth in height was greatly affected by 

irradiance, height increased in response to full shade and decreased in full sun in comparison with partial shade, 

whilst height of Dipteryx was unaffected by the irradiance level. However, this comparison was made in shade 

houses created with neutral density shade cloth. 

Results of Denslow et al. 1990, showed that light was the primary factor affecting growth of these plants in 

gap-understorey environments. Within each genus high-light adapted species and shade tolerant species did not 

always respond predictably to differences in light availability. Relative growth rates of two high light species 

(M. barbinervis, P. sanctijelicis) were lower than those of shade tolerant species at gap centre light levels while 

two other species classified as high-light requiring (M. nervosa, P. celebranum) ,grew at rates comparable to 

shade-tolerant species. There was no evidence of decrea<>ecl growth rates in gap centres; other studies have noted 

reduced photosynthetic capacity of some shade-tolerant rain forest species exposed to higher l ight levels 

(Langenheim et al., 1984; Chazclon, 1986). In general high-light adapted species were more plastic (had steeper 

light-response growth curves) than shade-tolerant species. 

Leaf demography 

Pioneer species hacl higher rates of leaf production and abscission than climax species, and both rates increase 

with increasing light availability. This confirms the work of Bentley (1979), Shukla and Ramakrishnan (1984) 
and Bongers and Popma (1990). For example, Bongers and Popma (1990) grew seedlings of eight woody 

species from a lowland tropical rain forest in Los tuxlas, Mexico, in the shaded forest understorey, a small gap 

(50 m2) and a large gap (500 m2). They found that leaf production and leaf loss were enhanced in gaps and leaf

life span increased with the species' RGR in shade. They further found a negative relationship between leaf life 

span and SLA, which was also found by Reich et al. (1992). The latter authors examined whether leaf life span 

is related to other leaf, plant and stand traits of species from diverse ecosystems and biomes. They found a 

strong interdependence among leaf life span, net photosynthetic rate, leaf N concentration, SLA and habitat 

resource availability that may result from allocation trade-offs that either enhance productivity or persistence. 

Apparently plants produce either leaves that possess a high photosynthetic capacity and short life-span, or, they 

produce leaves that can assimilate carbon over a longer period of time, but at a lower rate. They also suggested 

that young isolated individuals and stands of mature trees have a fundamental difference related to leaf life span 

that impacts significantly on productivity. In mature stands, species with longer leaf life-spans accumulate a 

greater absolute and proportional foliage mass and area than species with short leaf life-spans. This compensates 

for low leaf level productivity and enables these species to have annual aboveground net primary production 

similar to species with short leaf life-spans. 
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3.5 Conclusions 

Pioneer species have higher inherent relative growth rates than climax species. In the shaded understorey of a 

closed canopy forest, their growth rate is low and possibly negative, whereas seedlings of climax species still 

grow under these adverse light conditions. Furthennore, results suggest that these differences in growth are the 

result of differences in net assimilation rate, which more than compensated the reverse differences in leaf area 

ratio. A more detailed analyses revealed that pioneer species are characterised by a high SLA, high rate of leaf 

production and rate of leaf loss, a high nitrogen partitioning to leaves and stronger height growth than climax 

species. The growth in height, leaf area, number of leaves and diameter showed that height growth in pioneer 

species occurs at the expense of leaf area growth, whereas the response of climax species to low light intensities 

was the reverse. Results further showed that pioneers respond to shade as shade avoiders, a strategy which 

makes sense in a recently created gap, and climax species as shade tolerators. The third avenue of adaptation to 

shade: shade requires do not seem to occur in this set of species. In general we do not found marked differences 

in the response of canopy and understorey tree species. Apparently they do not differ much in response to shade 

and higher light intensities than understorey trees in their early stages of development. This supports the 

observation made by Swaine and Whitmore (1988) who stated that other subdivisions often made by authors in 

the group of shade tolerant species is ba<>ed on quantitative differences instead of qualitative differences. 
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4 I n h e re nt d i ffe r e n ce s  i n  s e e d l i n g  s i z e  a n d  g ro w t h  r a t e ;  
A n  evaluation of their potential importance for regeneration 

The immediate and perhaps most important effect of canopy opening is  an increase in the duration and intensity 
of direct sunlight to lower strata of the forest (Chazdon and Fetcher, 1 984). During a sunny day, the centre of a 

large gap receives h igher intensity radiation a greater proportion of the time than docs the centre of a small gap 
or the understorey of a c losed-canopy forest. The duration and intensity of solar radiation is therefore positively 
correlated with gap size (Chazdon and Fetcher, 1984; Chazdon, 1 987 and references therein; Brown, 1 993). 

Present findings show that the absolute difference in RGR between inherently slow-growing climax species and 
fast-growing pioneer species increases with increasing solar radiation. For example, the RGR of the study 
species,  which included p ioneer and climax species, in the shcided understorey was rather similar. Other authors 
also found that species-specific differences in RGR when growing in shade or small gaps are rather small. The 
difference in RGR between tree species in understorey and small gaps rarely exceed 10 mg g·1 day· 1 •  In contrast, 
differences in RGR among species in the high light environment of a large gap are much larger. For example, 
Obcrbauer and Donnelly (1986) found an absolute difference in RGR between the shade tolerant Pentacletlzra 

mo.croloba and the pioneer Oclzroma lagopus of 1 00 mg g·1 day· 1 .  At the same time, variation in dry weight of 
seed lings after they have shed their cotyledons or used their food reserves, can vary over several orders of 
magnitude. For example, a pioneer species such as Cecropia produces a seedling of less than 0.00 1 g (the mass 
of its seeds), whereas Clzlorocardium and Mora, large-seeded climax species ,  produce seedlings of more than 1 0  

g .  
To evaluate whether these inherent differences in RGR and seedling size can explain the regeneration success 

of tree species in small and large gaps I constructed a simple model. In the model the following assumptions 
were made: 1) the absolute difference in RGR between fast-growing, small-seeded pioneer and s low-growing, 
l arger-seeded climax species increases with increasing sunlight, 2) pioneer species have a similar or higher RGR 

Figure 4.1 
Results of a model showing the number of days elapsed before a smaller-sized, faster growing pioneer seedling 
produces a seedling equal in biomass of that of a larger-sized, slower growing climax species. The number of 
days to gain equal size are presented on the abscissa. The initial differences in size (total plant dry mass) 
between a pioneer and climax species arc expressed as a ratio on the horizontal axis. Different l ines and symbols 
refer to absolute differences in RGR between pioneer and climax species. 
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than c l imax species in al l l ight environments, except in the forest understorey and 3) shade-tolerant large-seeded 
climax species have larger seedlings than seed lings from small-seeded pioneers. The model now computes the 
number of days elapsing before the smaller-sized, faster growing pioneer seedling produces a seedling equal in 
biomass of that of the larger-sized, slower grower climax species (See Fig. 4.1). For example, if the initial size 
in dry weight of a cl imax species is a thousand times that of  a pioneer species, and the RGR of the p ioneer is 10 
mg g·1 day- 1 higher than that of the climax species, typical for small gaps, then it w i l l  take the pioneer 691 days 
to produce a seedling equal in  size of  that of the cl imax species. However, in large gaps, where the difference in 
RGR between the fast-growing pioneer and slow-growing cl imax species is 80 m g  g·1 day· 1 ,  it  will take the p 
ioneer less than three months (86 days) to catch up with the slower-growing, but initially larger cl imax species. 

The results of the model clearly show that a high potential RGR is an i mportant feature contributing to the 
regeneration success of tree species in  large gaps. In the high light conditions prevail ing in  these gaps, the high 
potential RGR of pioneer species is an important attribute enabl ing the plant to monopolize resources, and 
successfull y  fill up the space in the forest canopy. A large seedl ing or sapl ing size, on the other hand, i s  an 
important feature determ ining the probability of regeneration in small gaps. In these gaps, size differences 
between the seedl ings and saplings of cl imax species already present on the forest floor and new l y  germinated 
pioneer species, are too large to be compensated for by the margi nal ly increased di fference in RGR provoked by 
the sl i ghtly higher l ight intensities. 
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5 I m p l i ca t i o n s  f o r  f o r e st m a n a g e m e n t

The present work showed inherent differences between forest tree species in shade tolerance; the ability to 

survive and grow in the forest understorey, the relationship between seed size and seedling size, and species' 

growth response to canopy gaps. In a s imple model the significance of species-specific differences in relative 

growth rate and seedling size for regeneration in small and l arge canopy gaps were evaluated. The model 

showed that a high potential relative growth rate is an important feature contributing to the regeneration success 

of tree species in large gaps, and a l arge seedling or sapling size is a key factor determining the regeneration 

probability in small gaps. 

These results have important implications for the design of forest management systems based on the dynamics 

of tropical rain forests and ecological ly sound harvesting procedures. For example, gaps found in exploited 

forests arc generally larger and created more frequently than those in natural forests (D. Hammond, unpublished 

results). This means that the rate of success with which tree species regenerate in a forest ecosystem will be 

different  in natural and l ogged forests. In logged foresl'> inherentl y  fast-growing spec ies wil l  regenerate more 

successfully than s lower-growing species, and the abil ity of tree species to survive and growth in shade, or the 

size of their seeds and seedlings will  become less important in logged forests in comparison with natural forests. 

Ultimately, these changes in forest dynamics due to logging, will  affect the future species composition, and 

stocking of commercial timber species, when no silvicultural treatments are applied to circumvent these effects. 

To safeguard species composition and stocking of commercial timber species management systems should 

include timber harvesting procedures which l imit  gap size, so that fast-growing pioneer species are not promoted 

over s lower-growing cl imax species. Secondly, extraction of timber resources should aim to reduce damage to 

seedlings and saplings in the forest understorey, especially of commerciall y  important timber species, to 

increase the probability of climax species present in the understorey to fil l  up the gap in the forest canopy. 

Result  further suggest that manipulation of the advanced regeneration in forest undcrstorcy after logging is more 

effective when the disturbance of the forest canopy is l imited. If large gap are created l iberation of desired tree 

species is less effective since regeneration is more strongly determined by potential differences in growth than 

b y  the relative abundance and size differences of the advance regeneration. These conclusions are especially 

relevant in Guyana, where some of the most valuable timber species are cl imax species with large seeds. 
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6 S u m m a r y 

Openi ngs in the forest canopy are widely recognized as i mportant sites for the establishment and growth of rain 
forest trees. Therefore, gaps are a critical phase in  a forest cycle because what grows up determines the floristic 
composition of the future stand. Two hypotheses explaining the patterns and processes by which fallen trees are 
replaced in the canopy can be distinguished. Some authors hypothesize that the probabil ity that a particular tree 
species replaces a fallen tree in the canopy is mainly determined by the relative abundance, distribution and size 
of seedlings and saplings present in  the forest understorey prior to gap creation. An alternative hypothesis 
emphasizes competition for light and soi l  resources among seedlings and saplings established before and shortly 
after gap creation to the new environmental conditions created as key factors determining the species most likely 
to fil l  up the space in the canopy. 
The present study examined the relationship between seed size and shade tolerance and seedling size; factors 
that partly determine the presence or absence of tree species in the forest understorey, and growth responses and 
their underlying causes of pioneer and cl imax species to increased light levels prevail ing in recently created 
gaps. 
Results show a positive relationship between shade-tolerance and seed size at very low l ight levels. In higher 
l ight intensities o ften experienced by seedlings and saplings in a closed-canopy forest understorey, this 
relationship was not significant. ResulL<> further showed a strong correlation between seed size and seedling size. 
Large-seeded species produced taller and m ore heavier seedlings, with more leaf area and a thicker stem 
diameter than small-seeded species. 
Resul ts also showed that the RGR of pioneer species (generally small-seeded species) in deep shade were close 
to zero, whereas they exhibited a high RGR in gaps. In contrast, c limax species, generally large-seeded species, 
demonstrated a low, but positive RGR in the shade and a marginally higher RGR in more fav0urable light 
condi tions prevail ing in  canopy openings. 

A simple model was constructed to evaluate the potential i mportance of differences in  seedling size and 
growth rate for regeneration in gaps. The model showed that a high RGR is potential ly  an i mportant feature 
determ ining regeneration success in large gaps, whilst ini tial di fferences in seedling size are important for 
growth and establ ishment in small gaps. 
This means that in l ogged forests, where gaps are generally larger and created more frequently than in natural 
forests, the rate of success with which tree species regenerate wil l  be di fferent than in natural forests. In logged 
forests inherently fast-growing species wil l  regenerate more successfully than slower-growing species, and the 
ability of tree species to survive and growth in shade, or the size of their seeds and seedlings wil l  become less 
i mportant than in natural foresL'> .  Ultimately, these changes in forest dynam ics due to logging, wil l  affect the 
f uture species composition, ancl stocking of commercial timber species, when no sil vicullural treatments are 
applied to circumvent these effects . 
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