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ABSTRACT 

Meer, P.J. van der (1995). Canopy dynamics of a tropical rain forest in French Guiana. PhD 
thesis, Wageningen Agricultural University, The Netherlands, x + 149 pp., 25 figs, 17 tables. 
Dutch, English and French summaries. 
ISBN 90-5485-453-7 

The canopy dynamics (i.e. the formation and closure of canopy gaps) of a tropical rain forest 
in French Guiana are described. The formation of canopy gaps is investigated. The difficulties 
with gap size measurements are studied, and causes and consequences of treefalls and 
branchfalls are examined. It is concluded that canopy gap location is not random. Soil factors 
may make some areas in the forest hot spots of disturbances, whereas other areas are less 
frequently disturbed. Furthermore, the closure of canopy gaps and tree seedling performance 
in gaps are discussed. Recruitment in gaps is largely determined by the fortuitous occurrence 
of seedlings and sapling that were present before the gap was formed. Specialisation of species 
is discussed and its concluded that detailed information on micro-habitat availability (in gaps) 
and on micro-habitat needs of species may indicate which individuals at which location have 
the highest chance of survival. Finally, the potential application of these findings for 
application in forest practices are examined. 
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Stellingen behorende bij het proefschrift getiteld "Canopy dynamics of a tropical rain forest in 
French Guiana" van P.J. van der Meer, te verdedigen op 20 October 1995. 

1. Open plekken zijn niet alleen voor planten maar ook voor onderzoekers de "hot spots" van 
tropisch regenbos. 

2. Bij het vergeüjken van het ontstaan van open plekken in tropische regenbossen wordt vaak 
onvoldoende rekening gehouden met (1) de invloed van de gehanteerde definitie van open 
plekken en (2) de onnauwkeurigheid van het meten (dit proefschrift). 

3. Niet alle vallende bomen maken een open plek (dit proefschrift). 

4. Niet alle open plekken zijn gevormd door gevallen bomen (dit proefschrift). 

5. In het onderzochte bos in Nouragues ontstaan open plekken niet geheel willekeurig 
verspreid: hun locatie hangt samen met bodemfactoren (dit proefschrift). 

6. Randen van grote open plekken worden regelmatiger verstoord door nieuwe vallende 
bomen en takken dan kleine open plekken (dit proefschrift). 

7. Het bestuderen van de populatie-dynamiek van (boom-)soorten is essentieel voor het beter 
begrijpen van het functioneren van tropische bosecosystemen. 

8. De snelheid en manier van het ontstaan en dichtgroeien van open plekken in natuurlijk 
regenbos moet als uitgangspunt dienen bij het ontwerpen van ecologisch verantwoorde 
uitkapsystemen. 

9. Het aantal wetenschappelijke publicaties over tropisch regenbos is postitief gecorreleerd 
met de omvang waarmee tropisch regenbos verdwijnt. 

10. Als het tropisch regenbos omschreven kan worden als de "groene hel", en het schrijven 
van een proefschrift als de "papieren hel", dan is het beter branden in de groene dan in de 
papieren hel. 

11. Het sterk groeiende aantal AIO's leidt tot een steeds groter wordende probleemgroep op 
de arbeidsmarkt: de baanloze doctoren. 

12. Voor bomen is het net zo belangrijk als voor mensen om op het juiste tijdstip op de juiste 
plaats te zijn. 
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Voorwoord 

Mijmeringen van een jonge doctor in spé.... 

En daar zit je dan, het concept proefschrift naast je, klaar, af ! Al die jaren heb je hier naar 
uitgekeken en inderdaad, het kan dus niet anders dan een beetje tegenvallen nu. Wel een lekker gevoel 
dat het af is maar toch blijft er iets knagen omdat je het idee hebt dat het toch beter, anders, leuker had 
gekund. Maar goed, dat is het kruis datje denk ik als perfectionist/twijfelaar met je mee moet dragen. 

De basis voor dit proefschrift werd gelegd in November 1989, gedurende een "droomreis" naar 
Frans Guyana. Tijdens deze reis bestudeerden we met het kronendak-vlot de toppen van het regenbos. 
Vervolgens bezochten we het diep in het oerwoud verborgen onderzoeksstation Nouragues, waar je 
slechts per helikopter kon komen. Diep onder de indruk raakte ik daar van wat volgens mij één van de 
mooiste plekken op aarde is, en het was dan ook een perfecte plek voor een promotie-onderzoek. In de 
daarop volgende jaren heb ik met veel plezier in Nouragues gebivakkeerd: het leven midden in de natuur 
onder vrij primitieve omstandigheden was een zeer bijzondere ervaring: de grootsheid van het oerwoud, 
de schitterende planten en de onverwachte ontmoetingen met dieren hebben veel indruk op me gemaakt. 
Bc zal nooit het panorama vanaf de "inselberg" vergeten: zover het oog reikt onverstoord regenbos 
zonder ook maar een spoor van menselijke beschaving. De vele mede-onderzoekers in Nouragues, die 
een grote verscheidenheid aan onderwerpen onderzochten, maakten de veldwerk-perioden niet alleen 
leuk maar ook zeer leerzaam. Desondanks heb ik het verblijf in het bos ook weleens vervloekt: 
maandenlang opgesloten, levend in een klein kamp met continu dezelfde mensen om je heen kan af en 
toe heel benauwend worden. Ook de eentonigheid brak me soms weleens op: de komst van de helikopter 
was vaak de meest enerverende gebeurtenis van de maand, met als het meezat stapels post. En gelukkig 
zat het meestal mee, en blijft "Nouragues" een onvergetelijke ervaring. 

Na in totaal ongeveer anderhalf jaar in Nouragues geleefd te hebben krijg je het idee dat je de 
werking van het regenbos een heel klein beetje begint te begrijpen. Maar ook zie je steeds meer 
wonderlijke dingen waarvan de exacte werking of functie een raadsel is, en realiseer je je steeds meer 
dat "het functioneren" van tropisch regenbos een zo complexe puzzel is dat het wel nooit volledig 
begrepen zal worden. In dit proefschrift licht ik enkele stukjes uit die puzzel en probeer te doorgronden 
hoe die stukjes werken. Ik hoop dat deze kennis iets zal kunnen bijdragen aan het vinden van goede 
manieren om het regenbos te gebruiken én te behouden. 

..ende bedankjes. 

Tijdens en bij al dat wetenschappelijke gepuzzel heb ik heel wat hulp van anderen gehad. Ten eerste 
natuurlijk van Door. Van al die mensen die ik verder ga noemen is zij verreweg de belangrijkste geweest 
die ervoor gezorgd heeft dat dit boek hier nu zo voor U ligt. Zeker in de beginjaren waren de langdurige 
maar gelukkig tijdelijke "scheidingen" niet leuk, en voelden we ons vaak als een zeemans-paar. Ook de 
laatste maanden waren niet makkelijk, het leek er soms wel eens op dat ik met het proefschrift getrouwd 
was in plaats van met haar. Het is een cliché en het is dus echt waar: zonder haar steun had ik dit nooit 
kunnen doen. 

Van de wetenschappelijke vrienden en vriendinnen wil ik allereerst Frans Bongers bedanken: zijn 
tomeloze enthousiasme en energie, gekoppeld aan een zeer heldere blik op alle zaken maakten hem een 
perfecte, zeer betrokken begeleider. Zonder hem had het proefschrift er toch wel wat anders uitgezien. 
Hij was altijd aanspreekbaar, en hij heeft ondanks de voor hem ook hectische laatste maanden veel tijd 
voor het lezen van alle hoofdstukken gemaakt. Verder ben ik hem ook als mens erg gaan waarderen, en 
denk ik met veel plezier terug aan de perioden in Nouragues wanneer hij daar ook was. Een groot 
gedeelte van mijn tijd, zowel achter mijn buro als in het veld, heb ik samen met collega-AIO Frank 
Sterck doorgebracht. Ik denk dat ik ook met hem enorm geboft heb, vooral het gemak waarmee Frank 
onder de moeilijkste omstandigheden toch bleef doorgaan was voor mij een belangrijke inspiratiebron. 
Ook Professor Oldeman ben ik zeer erkentelijk als initiator van dit project: zijn motiverende hulp en 
kundig advies waren bijzonder belangrijk en heb ik zeer gewaardeerd. Mijn promotoren Professor 



Wessel en Professor Werger wil ik beiden bedanken voor hun support en hun adequate en snelle 
commentaar op de vele manuscripten. 

Tijdens het veldwerk in Frans Guyana werd ik geholpen door een aantal studenten: Lars Chatrou en 
Ad Koning; Job Engelage, Patrick Jansen en Lidewij van Katwijk; Andreas Hofinann; Yonke van 
Geloven, Jan Jansen en Kees Konings; Jan-Willem Gunnink, jullie wil ik graag hartelijk bedanken voor 
de samenwerking en gezelligheid. Ook Peter Leersnijder, Door, Joep en Marian wil ik bedanken dat ze 
het aangedurfd hebben mij te bezoeken in Frans Guyana en te helpen met het vaak saaie veldwerk. 
Daragh Little ben ik erkentelijk voor de analyse en interpretatie van een groot aantal fish-eye foto's. 

Je voudrais exprimer ma gratitude au directeur de la station "Les Nouragues", Pierre 
Charles-Dominique (CNRS-Ecotrop de Brunoy), pour son assistance et pour m'avoir autorisé à 
travailler aux Nouragues. Bernard Riéra m'a beaucoup aidé des le début de mon projet. Ensuite, je 
voudrais remercier toute l'équipe "Nouragues" de Brunoy pour leur assistance et leur hospitalité, 
aux Nouragues mais aussi pendant les visites à Brunoy. Je voudrais spécialement remercier les 
collègues avec qui j'ai passé plusieurs séjours aux Nouragues: spécialement Denis Larpin et Marc 
Théry m'ont beaucoup aidé pendant mon premier séjour, et Shu-Yi Zhang avec qui j'ai passé beacoup 
de temps "en brousse". Ensuite, j'ai appris beaucoup de choses sur la "vie en foret" de Desmo et 
Wemo Betian, et je garde un très bon souvenir de leur compagnie. Je voudrais aussi remercier le 
directeur de l'ORSTOM Cayenne, M. Rocheteau, et le directeur du laboratoire de Botanique de 
l'ORSTOM Cayenne, J.J. de Granville, pour m'avoirpermis de utiliser leurs commodités à Cayenne. 
Les collaborateurs du Laboratoire de Botanique, et spécialement Fanchon Prévost et Daniel 
Sabotier, ont contribué à faciliter mes passages à Cayenne. 

Tussen de veldwerkperioden door en tijdens het schrijven van het proefschrift heb ik met veel plezier 
op de vakgroep Bosbouw vertoeft: bedankt allemaal. De vele kamergenoten die ik in de loop der jaren 
heb "versleten" wil ik bedanken voor zowel de gezelligheid als ook de momenten van stilte, zodat 
uiteindelijk dit proefschrift er toch is gekomen. Collega-ecologen en mede AIO's, en met name Hank 
Bartelink, Frans Bongers, Kunfang Cao, Patrick Jansen, Jan den Ouden, Mare Parren, Rob Peters, 
Lourens Poorter, Toon Rijkers, Renaat van Rompaay en Frank Sterck ben ik dankbaar voor de vele 
adviezen, discussie-bijeenkomsten, en de rode strepen in concepten. Praktische hulp heb ik ook van vele 
andere vakgroepgenoten mogen ontvangen: Jantine Varekamp en Ed de Bruin wil ik graag danken voor 
het vele uren scannen en verwerken van fish-eye foto's, en de hulp bij talloze andere hand- en 
spandiensten. Secretariële assistentie heb ik ook in ruime mate ontvangen waarvoor allen hartelijk dank: 
vooral Ruud Plas die altijd aanwezig was om te faxen en de broodnodige cafeïne te verschaffen (en het 
doel leeg te houden), en Joke Jansen en Kathinca Huisman die zowat iedere week op taart trakteerden. 
Michael Hegeman en Peter Leersnijder waren nooit te beroerd om mijn rokende computer weer tot 
bedaren te brengen. Willem Scholten en de andere mensen van de kas worden bedankt voor hun 
belangstelling en assistentie. Wijlen Bob Schalk wil ik hierbij graag memoreren: zijn enthousiasme en 
kennis hebben we al vanaf vroeg in het project moeten missen. Verder wil ik graag Hans ter Steege 
(Tropenbos Guiana) bedanken voor zijn hulp bij het gebruik van zijn programma Hemiphot. 

De vele vakgenoten die één of meerdere manuscripten kritisch hebben doorgelezen worden bedankt 
aan het eind van ieder desbetreffend hoofdstuk. Voor hoofdstuk 7 wil ik speciaal Reitze de Graaf 
bedanken voor commentaar, en Susan Parren voor de correcties van de engelse tekst. Isabelle 
Borst-Lancelot wordt bedankt voor de franse vertaling van de samenvatting. De stichting "Het 
Kronendak" ben ik veel dank verschuldigd voor het financieren van het project. Het bestuur van de 
stichting "Het Kronendak" wil ik danken voor het in mij gestelde vertrouwen. 

Flip van Wijngaarden wordt meer dan hartelijk bedankt voor zijn hulp bij het vervaardigen van de 
voorkant van dit boek. Tenslotte wil ik mijn familie en vrienden bedanken voor de steun, begrip en de 
vele "brieven naar het oerwoud". 

Peter van der Meer, 
Wageningen, september 1995. 
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General Introduction 

Tropical rain forests 

Tropical rain forests occur in the warm, ever-humid areas between the tropics of Cancer 

and Capricorn. They are found in areas where in general, the mean monthly temperature is 

never below 18° C, and annual rainfall exceeds 2000 mm (e.g. Jacobs 1981; Whitmore 1990). 

In this large globe-spanning zone of tropical rain forest potential, forests may show a marked 

variation: without considering azonal forests (e.g. mangroves, swamp forests, heath forests 

etc.), species composition and structure of rain forests vary between continents, and 

regionally. 

Tropical rain forests have several characteristics in common, however. They all consist of 

woody, evergreen vegetation. Trees make up most of the biomass. Their crowns generally 

form a canopy between 30 - 50 metres above the ground, but emergent trees may reach up to 

about 70 metres. The overwhelming diversity of plant and animal species is one of the most 

noted features: tropical rain forests, which cover only seven percent of the earth's land area, 

are believed to contain more than half of all plant- and animal species (Wilson 1988). 

In some areas, indigenous people still totally depend on forest resources for their daily 

living. On a much larger scale, tropical forests are being used by "urbanised" people; they 

provide wood, meat, fish, fruits, rattan, medicines, and many other kinds of products. 

Conversion of tropical rain forests into agricultural lands, and at a smaller scale logging of 

forests for wood, are two of the main causes of the rapid decline of tropical rain forests (e.g. 

Werger 1992; Whitmore & Sayer 1992). One way which may help to stop this deforestation is 

to develop alternative ways to use the forest in a "sustainable" way (Gomez-Pompa & Burley 

1990). Also, it is important to know how to preserve the immense diversity of these forests, 

which can only be achieved through a proper understanding of the ecology of tropical rain 

forests (see reviews by Gomez-Pompa et al. 1990; Lieth & Werger 1989). 

The canopy of tropical rain forests 

The upper layer of the forest, "the canopy", is an important part of tropical rain forests. 

Most of the photosynthetically active foliage of tropical rain forests is found here: a large 

proportion (up to 99 %) of the daily sunlight is intercepted by the forest canopy (e.g. Canham 

etal. 1990; Kira & Yoda 1989). Another important feature of tropical rain forest canopies is 

that plant diversity is high, for instance through the diverse communities of vascular epiphytes 

(e.g. Nadkarni 1994). The forest canopy provide habitats for many animals species: Erwin 

(1982) estimated that insect communities in the canopies of tropical rain forests 

accommodated some 30 million species. 



Chapter 1 

Since the early 1970's there has been a vast increase in the number of studies focusing on 

forest canopy structure (Nadkarni & Parker 1994). Several new access methods were 

developed or more intensively used (rope climbing, tree-top raft, aerial walkways, crane, 

spikes, etc.). Also, several international research groups have been formed which focus on 

different aspects of canopy biology (Stork & Best 1994). 

Nadkarni & Parker (1994) define the canopy of a tropical rain forest as "the combination 

of all foliage, twigs, fine branches, epiphytes, as well as the interstices in a forest". In this 

thesis, "forest canopy" will be used as a rather loose term to address the uppermost vegetation 

layer of the forest, without specific details on for instance the depth of this layer. It is 

important to note that in most cases, the forest canopy is not a clear continuous layer of leaves 

and branches, but is rather an open, uneven layer with many interstices. Also, the vertical 

height of the uppermost part of this layer may vary between lower than one metre in canopy 

gaps (see below), and 50 metres or higher in closed forest. 

Canopy dynamics in tropical rain forests 

Major catastrophes such as landslides, volcanic eruptions, fire, and hurricanes or cyclones 

may severely disturb large parts of rain forest areas (e.g. Ashton 1993; Garwood etal. 1979, 

Walker et al. 1991a; Webb 1958; Whitmore 1990). Ashton (1993) suggests that on the long 

term these catastrophes may affect the physiognomy, structure and species composition of the 

forests. However, large scale disturbances do in general not affect the principles of forest 

dynamics (e.g. population dynamics of species, growth of individual plants, etc.) on a local, 

shorter time scale. Usually, large scale disturbances occur at relatively (human life) long time 

intervals, e.g. once every century or millennium. Hurricanes may occur more frequently, but 

are mostly confined to coastal areas (e.g. Walker etal. 1991b). In Amazonian rain forest, large 

blowdowns (> 30 ha) may also cause disturbance at a local scale, but are not believed to be an 

important mechanism of forest dynamics on a regional scale (Nelson et al. 1994). 

On a smaller time- and spatial scale, tropical rain forests are dynamic. From many studies 

done in different rain forests all over the world it becomes clear that forest canopies are 

regularly opened up by the fall of trees or big branches. This creates gaps in the forest canopy, 

and there a new vegetation starts to develop which eventually closes the gap. Consequently, 

the forest canopy is a mosaic of patches of different canopy height and structure. The 

principles of this process were first described by Aubreville (1938) and Richards (1952), and 

were later elaborated by Hartshorn (1978), Oldeman (1978) and Whitmore (1978). This 

process of small scale canopy disturbance and the concomitant forest development ("patch 

dynamics"; White & Pickett 1985) plays an important role in the population dynamics (e.g. 

recruitment, growth, survival) of many species of tropical rain forests (for reviews see 
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Bongers & Popma 1988; Denslow 1987; Pickett & White 1985; Platt & Strong 1989). In this 

thesis, I will focus on these small scale canopy dynamics of tropical rain forests. 

Formation of canopy gaps 

In tropical rain forests, between 0.5 and 3.6 % of the trees ( > 10 cm diameter) die per year 

(Phillips & Gentry 1994). A large proportion of these trees falls down, and may create canopy 

gaps ("hole in the forest canopy existing through all height levels", after Brokaw 1982). 

Estimates on the forest area which is annually affected by canopy gaps range in general 

between 1-2 % (using Brokaw's (1982) gap definition) (e.g. Clark 1990; Harthorn 1990; Jans 

etal. 1993). 

Canopy gaps are easily detected in a tropical rain forest through the increased light levels 

on the forest floor. In contrast, it is very hard to determine borders of canopy gaps. In general, 

vegetation density decreases gradually from the undisturbed, closed forest, towards the gap 

centre, and there is no clear border between the gap area and the adjacent undisturbed forest. 

The height of the canopy is often used to determine gap borders: Brokaw (1982) for instance 

borders a gap where vegetation is taller than two metres. Several other gap definitions are 

used to measure gap sizes, and this is a major problem when comparing results between sites 

(Clark 1990). 

In the neotropics, the rate of canopy gap formation has been investigated in less than ten 

sites (e.g. overview in Hartshorn 1990). Most of these studies were done in the relatively small 

rain forest area of Central-America. The rain forests of South America are proportionally very 

poorly investigated. Of the approximately 3 million km2 of lowland rain forest in the Amazon 

Basin (dos Santos 1987), the rate of gap formation was studied on five sites with a total area 

of only 42.5 ha (0.425 km2). Most of these 42.5 ha were investigated in French Guiana: 21.3 

ha at Paracou by Durrieu de Madron (1994), and 18.8 ha at the Piste de St. Elie by Riera & 

Alexandre (1988). In Venezuela (Uhl & Murphy 1981) and in Ecuador (Kapos et al. 1990) 

relatively small areas were sampled (1 ha and 2 x 0.7 ha respectively). In French Guiana, 

between 1.1 - 1.3 % of the canopy was annually opened up by canopy gaps. Accordingly, the 

turnover time ("number of years it takes to cover a unit area of forest with gaps"; Hartshorn 

1990) of these forests varies between 91 and 77 years. Uhl & Murphy (1981), assuming that 

gaps persist for five years, estimated that 1.0 % of the studied rain forest was annually 

disturbed by canopy gaps (turnover time = 100 years). Kapos et al. (1990) found that 1.4% 

and 5.1. % of the forest canopy was open in two sites of differing soil type and topography. 

It has often been suggested that gaps are spatially clustered: once a canopy gap is formed, 

the chances increase that a new gap will be formed in its direct neighbourhood. This would be 

caused by increased turbulence around gaps (Brokaw 1985; Hubbel & Foster 1986a), 
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variation in local topography (Poorter et al. 1994), or the asymmetrical crown shape of trees 

around gaps (Young & Hubbell 1991). This may have implications for the population 

dynamics of many species, and eventually also for the structure of the forest. For instance, 

species which can only germinate in gaps ("pioneer" species; see below) will, as a result of gap 

clustering, show a clustered spatial distribution. 

Canopy gap environments 

In canopy gaps, availability of plant resources is generally enhanced compared with the 

resource availability under closed forest. The nutrient availability might increase through the 

decomposition of fallen debris, although the rate at which this occurs might be marginal 

(Vitousek & Denslow 1986; Uhl et al. 1988). However, the increase in light availability, in 

gaps but also in the first metres of the adjacent forest, is generally thought to be the most 

important factor affecting forest regeneration (Clark 1990). In general, light availability 

beneath a closed canopy is some 1-2 % of the light availability above the canopy, whereas in 

canopy gaps light availability may increase to 30 % or more (Canham et al. 1990; Chazdon & 

Fetcher 1984). 

The spatial and temporal variation in light availability may be considerable in tropical rain 

forests. The spatial variation in light availability is caused by the differences between gaps (e.g. 

difference in gap size, gap shape etc.), and also by the internal variation in vegetation structure 

within gaps (Bazzaz & Wayne 1994; Brown 1993; Canham 1988; Chazdon 1992; Raich 1989; 

Rich et al. 1993; Smith et al. 1992; Whitmore et al. 1993). Temporal variation in the 

light-environment of gaps may also be large, for instance through the ingrowth of crowns of 

surrounding trees (Denslow & Hartshorn 1994). 

Stochastically occuring events like tree- and branchfall, create environmental heterogeneity 

on a micro-scale. According to the gap partitioning and niche differentiation theory, this 

environmental heterogeneity can be exploited by many different species (e.g. Grubb 1977, 

Denslow 1980; Orians 1982; Ricklefs 1977). In contrast with the gap partitioning and 

specialisation concept, it has been proposed that most species are generalists, which is 

promoted by biotic uncertainty (Hubbell 1979; Hubbell & Foster 1986b). In this view, gap 

filling is largely determined by the growth of seedlings or saplings which were present before 

the gap was created. 

Vegetation development in canopy gaps 

When a gap is formed, the remnant vegetation typically forms a low, uneven canopy layer, 

which is usually not higher than several metres. At some places in gaps, a vegetation layer may 
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be absent, for instance where large stacks of fallen debris have destroyed and covered all 

pre-existing vegetation. In newly created canopy gaps, a new patch of forest starts to regrow. 

This forest patch will form a more or less closed vegetation cover, which gradually grows up 

to the original canopy stature. Whitmore (1978) identified gap, building, and mature forest 

patches, and Oldeman (1990) distinguished reorganising, aggrading, biostatic and degrading 

"eco-units" or "regeneration units" ("every surface on which at one moment in time a 

vegetation development has begun, of which the architecture, eco-physiological functioning 

and species composition are ordained by one set of trees until the end'). Torquebiau (1987) 

described a dipterocarp rain forest in Indonesia in terms of a mosaic of eco-units, using tree 

size and tree architecture to distinguish between different types of eco-units. In three 

investigated sites, between 14.7 - 17.9 % of the forest surface was in young eco-units 

(reorganising & aggrading), between 77.4 - 84.2 % in mature (biostatic) forest, and between 

1.2 - 4.7 % in senescent (degrading) forest. 

Gap regeneration originates from different sources. Small gaps usually fill by lateral branch 

growth from adjacent trees (Bazzaz 1984; Denslow 1987). With an increase in gap size, gap 

regeneration originates relatively more from saplings (advanced regeneration) and sprouting of 

damaged plants. Finally, very large gaps are mainly filled by new colonisers, germinating from 

seeds which either (1) were present before or (2) arrived after the moment of gap creation 

(Bazzaz 1984). Despite this knowledge about the general pathways of gap filling, the exact 

processes and rates of canopy gap closure in tropical rain forests are still poorly understood. 

Tree seedling responses to formation of canopy gaps 

Plants which have a similar life strategy have been classified in functional groups 

(Simberloff & Dayan 1991). Some species only germinate in canopy gaps ("pioneers species"), 

whereas others can successfully recruit beneath a closed canopy, but need gaps for advance 

growth ("non-pioneer species") (Swaine & Whitmore 1988). This is of course a very broad 

generalisation, and is based on the ideas of Van Steenis (1958) ("nomad" and "dryads"), and 

MacArthur & Wilson (1967) ("r" and "K" strategies). Oldeman & van Dijk (1990) not only 

used the plant's strategy during germination and seedling phase, but also during later phases of 

its life, to classify trees into six "tree temperaments". The temperaments range from plants 

which are shade-tolerant during their entire life cycle ("hard strugglers"), via plants that 

change during their life cycle from shade tolerant to light demanding ("strugglers", "struggling 

gamblers") or vice versa ("gamblers", "gambling strugglers"), to plants which require light 

throughout their entire life cycle ("hard gamblers"). 

The recruitment, growth and survival of seedlings are critical limiting stages in the 

population structure of tree species (Clark 1986). The effects of canopy gaps on recruitment, 

7 



Chapter I 

growth and/or survival of tree-seedlings have been extensively studied during the last decades. 

Most of the studies are performed under controlled or manipulated conditions. Several 

approaches are used: (1) exposing seedlings to different, controlled light levels (e.g. 

Augspurger 1984; Ashton & De Zoysa 1989; Cornelissen et al. 1994; Kamaluddin & Grace 

1993; Turner 1989); (2) placing or planting seedlings in gaps and understorey conditions (e.g. 

Bongers et al. 1988; Denslow et al. 1990; De Steven 1988; Howe 1990; Osunkoya et al. 

1993; Popma & Bongers 1988; Schupp 1988); (3) creation of artificial gaps, and studying 

patterns of recruitment, growth and/or mortality of (established) seedlings therein (Brown & 

Whitmore 1992; Kennedy & Swaine 1992; Newell et al. 1993; Raich & Khoon 1990; ter 

Steege et al. 1994). Despite the range of methodologies used and the different species studied, 

most studies conclude that light gaps enhance seedling growth, although in some cases 

seedling growth decreased in very large gaps. 

In contrast, only a small proportion of "canopy gap - seedling" studies were performed in 

situ, i.e. investigating the effect of natural gap formation on actual rates of recruitment, 

growth and survival of naturally occurring seedlings. For instance, Clark & Clark (1987) 

found that gaps were not necessary for germination and establishment of Dipteryx 

panamensis, but that seedling growth was enhanced by gaps. Nunez-Farfan & Dirzo (1988) 

found differences in seedling performance between gap zones: for instance, Cecropia 

obtusifolia survived better in the crown than in the root zone (cf. Orians 1982) of gaps. 

Turner (1990a) found that seedling growth was enhanced in gaps, but that survival rates of 

seedlings in gaps did not differ from survival rates under closed canopies. In another study, 

Turner (1991b) found seedlings to germinate more readily under canopy shade than in canopy 

gaps, but seedling survival and growth was higher in gaps. 

Experimental studies are well suited and needed to answer particular questions (e.g. effect 

of light) about specific aspects (e.g. growth of species) of the forest regeneration process and 

the role of canopy gaps therein. However, to understand the population dynamics of tree 

species in tropical rain forests, and how they are affected by the formation of canopy gaps, in 

situ studies of recruitment, growth and survival of seedlings are essential. Of course, this 

should be followed by studies on subsequent sapling growth and survival (Barton 1984; 

Brokaw 1985; Clark et al. 1993; Uhl et al. 1988; Welden étal. 1991), and by studies focusing 

on later stages in the tree's life cycle (Ashton & Hall 1993; Körnig & Balslev 1994a & 1994b; 

Lieberman & Lieberman 1987; Milton et al. 1994). 

Aim and outline of this thesis 

The principal subject of study in this thesis concerns the canopy dynamics of a tropical rain 

forest in relation to natural tree- and branchfalls: the canopy dynamics (here defined as "all 
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changes in the structure of a forest canopy") in a tropical rain forest are mainly caused by the 

formation and closure of canopy gaps. As mentioned before, major catastrophes are not 

considered here. In this study, I want to reveal (1) how, and how often canopy gaps are 

formed by means of treefalls and branchfalls ; (2) how, and how fast canopy gaps close; and 

(3) how canopy gaps affect the population dynamics of tree seedlings. 

Chapter 2 investigates how three different gap definitions result in different gap size 

estimates, and how this affects the calculation of the turnover time. The significance, accuracy, 

and the practical workability of gap definitions are discussed. 

In Chapter 3, I study the annual number and spatial distribution of fallen and damaged 

trees in Nouragues. Also, some of the causes of the tree- and branch-falls are revealed. 

Furthermore, the spatial relation between treefalls and/or branchfalls, and existing canopy gaps 

is investigated. Finally, consequences of tree- and branchfalls in terms of canopy gaps are 

explored. 

In Chapter 4, the formation and closure rates of canopy gaps in the Nouragues forest is 

investigated. The number, size, and total area covered by canopy gaps is described for a three 

year period. I investigate whether old gaps increase the chances of the formation of a new gap 

nearby. Furthermore, the change in canopy openness during three consecutive years is studied. 

Chapter 5 focuses on vegetation development in canopy gaps, and how this varies between 

large and small gaps. Vegetation structure was determined in six recently created canopy gaps, 

and was determined again two years later. Patterns of vegetation growth and mortality are 

studied, and differences between large and small gaps are analysed. I try to estimate how fast a 

new canopy will form in small and large gaps. 

In Chapter 6, recruitment, height growth, and mortality of seedlings of three tree species is 

monitored in relation to canopy gaps, with a special focus on light availability. First, I 

investigate whether height growth and mortality of seedlings differs between canopy gaps and 

closed forest. Secondly, within one large gap, spatial distribution of the light availability was 

monitored during two years. I check how the patterns of seedling recruitment, growth and 

mortality within this gap are related to the variation in light availability. 

Finally, in chapter 7 I discuss the major findings of this study, guided by the three 

questions mentioned at the start of this paragraph. The potential of these findings for practical 

applications are briefly discussed. 

French Guiana: research station "Les Nouragues" 

French Guiana is a relatively small country (83.500 km2) in the north-eastern part of South 

America, between 2° and 6° northern latitude, and 52° and 54° western longitude (Figure 1). It 

is situated on the Pre-Cambium Guiana Shield, which extends to Surinam, Guyana, and 
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Figure 1. Location of French Guiana and the biological research station "Les Nouragues" 

Venezuela, totalling an area of some 1.000.000 km2 (Lindeman & Mori 1989). Mean annual 

rainfall in coastal areas of French Guiana amounts to 4000 mm and more, and gradually 

decreases inland to less than 2000 mm in the southern part of French Guiana (De Granville 

1982). Rainfall is seasonal, with drier periods from September to November, and around 

February- March. Mean daily temperatures do not vary much through the year, and normally 

fluctuate around 26° C. 

Most of French Guiana (97.7 %) is covered by evergreen tropical rain forest (Groene 

1989), and relatively little is disturbed by human activity. Species diversity is high: Sabatier & 

Prévost (1989) found 1050 tree species attaining a diameter of at least 10 cm. The total 

number of vascular plants in French Guianan rain forests is estimated at between 6.000 and 

8.000 (De Granville 1982). Also, a high proportion of the vascular species may be endemic 

(Lindeman & Mori 1989). 

In general, the forest grows on poor, well drained, clayey soils. Topography of French 

Guiana is flat, with most of its area between 0 - 200 m a.s.L; its highest peak reaches 851 m 
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(Mount Inini). Inselbergs (granitic outcrops which project above the forest) occur occasionally 

in the inland areas of French Guiana (Sastre & de Granville 1975). 

The biological research station "Les Nouragues" is located at approximately 100 km from 

the coast (4°05' northern latitude and 52°40' western longitude). The station was established in 

1986 by the French research group Ecotrop-Centre National de Recherche Scientifique 

(C.N.R.S.). The evergreen rain forest surrounding the station has been free of human 

disturbance since early 1700, when the last local Indians left the region. The topography is 

determined by a low mountain ridge ("Montagne Balenfois"), with a maximum elevation of 

some 460 m, including an inselberg of some 400 m. The area has well-drained, clayey to 

sandy-clayey ferralitic soils on weathered granite parent material. No long term data on rainfall 

are available, but between 1990 and 1994, the mean annual rainfall was 2920 mm (Figure 2). 

This corresponds with estimates 

of Hoff et al. (1992), who 

indicate that the annual rainfall at 

the (currently abandoned) 

Arataye research station (7 km 

south of Nouragues) varies 

between 3000 and 3250 mm. 

There is a distinct dry season 

around September - October, 

and a slight dip in the amount of 

rainfall around February-March. 

The average daily minimum 

temperature fluctuates around 

21* C, and the daily average 

maximum around 32' C. 

The Nouragues forest is 

dominated by tree species in the 

plant families Lecythidaceae, 

Sapotaceae, Caesalpiniaceae, Chrysobalanaceae and Burseraceae (Sabatier and Prévost, 

1990). The number of individuals of woody plants > 10 cm diameter per ha varies between 

around 470 (around creeks, valley bottoms) and 700 (on crests), and the basal area between 

31 and 46 mVha. Trees are generally not very large, and do seldom exceed one metre in 

diameter. The canopy height varies between 20 and 40 metres, with occasional emergent trees 

up to 60 metres or more. For trees and lianas > 10 cm dbh, species diversity varies between 

148 and 182 species per ha (Sabatier & Prévost 1990). 

Jan Feb Mrt Apr May Jun Jul Aug Sep Oct Nov Dec 

Figure 2. Mean monthly rainfall in Nouragues, based on 
observations in 46 months between January 1990 and December 
1994. Mean annual precepitation is 2920 mm. 
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Most of the research done at Nouragues focuses on processes of forest regeneration, and 

the role of animals therein (e.g. Charles- Dominique 1993; Julien-Laferriere 1993; Théry & 

Larpin 1993). Accessibility of the forest is facilitated by a 100 x 100 m trail system (Figure 3). 

Most of the research presented in this thesis was performed on the 12 ha of forest on a 

plateau. 

Figure 3. Surroundings of the research station "Les Nouragues", indicating the 12 ha plot were most 
of the research took place (after Théry 1990). 
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Defining canopy gaps in a tropical rain forest: effects on 

gap size and turnover time. 

P.J. Van der Meer, F. Bongers, L. Chatrou &B. Riéra 

Acta Oecologica (1994) 15(6): 701-714. 

Abstract 

The effects of different gap definitions on gap size and concomitant changes in turnover time were 
investigated. In a tropical rain forest in French Guiana, 18 canopy gaps were measured using 3 different gap 
definitions. Gap size measures differed significantly between the three gap definitions. Strong positive 
correlations were found between gap sizes according to the different definitions. Effects of gap definitions on 
turnover time calculations were evaluated. It was found that in the studied forest, the turnover time at the forest 
floor is much lower (some 4 to 8 times) than the turnover time at the forest canopy. It is concluded that it is 
doubtful whether it is valid to compare gap- and turnover time studies which have been carried out so far. To 
be able to make valid comparisons between different studies on forest dynamics in the future, it is important to 
reach consensus on the choice and application of one or more clearly defined gap definitions. 

Key words: canopy gap - disturbance regime - gap definition - gap size - tree/all - tropical rain forest • 

turnover time 
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Introduction 

Small scale disturbance of tropical rain forests by gap producing canopy destruction is 

being investigated extensively. Watt (1947) was one of the first to theorise on gap formation 

in vegetation. This eventually resulted in the development of the concept of small scale 

disturbance in (tropical) forests, where canopy gap creation leads to local forest regeneration 

(Hartshorn 1978; Oldeman 1974, 1978; Whitmore 1975, 1978). Since then, an ever increasing 

number of studies focuses on gaps and vegetation dynamics of tropical forests (for reviews see 

e.g. Clark 1990; Denslow 1987; Hartshorn 1990; Oldeman 1989; Pickett & White 1985; Piatt 

& Strong 1989). 

Natural treefalls are the major small scale disturbance in many tropical rain forests. Gaps 

created in the forest canopy by falling trees or limbs are generally considered to be an 

important factor in maintaining the high species diversity of tropical rain forests (e.g. Brokaw 

& Scheiner 1989; Clark 1990; Connell 1978; Denslow 1987; Hartshorn 1989; Orians 1982). 

Differences in the area affected by canopy gaps as well as the temporal variability in the 

creation of gaps cause environmental heterogeneity between gaps. This is assumed to have 

important consequences for the nature of the gap regeneration (e.g. Piatt & Strong 1989). 

Thus, the disturbance regime of a forest is an important deterministic factor for species 

abundance and forest structure. 

To study how the disturbance regime affects the species abundance and the forest 

structure, we must know how many gaps are annually created and how large they are. Here, 

we can distinguish between studies focusing on quantifying the disturbance regime of a forest 

(e.g. Hartshorn 1978), and studies focusing on the effects of gaps on the population dynamics 

of plants (seedlings) (e.g. Popma & Bongers 1988; Brown 1993). Accordingly, a distinction 

can be made between measuring the direct consequences and the indirect consequences of gap 

creation. A direct result of the creation of a gap is the destruction of a certain volume of 

vegetation in the forest canopy. This may be quantified as the area covered by the vertical 

projection of the hole in the forest canopy (e.g. Brokaw 1982a). The indirect result of a gap 

creation can be quantified by the area at the forestfloor where environmental conditions were 

affected by the gap formation and thus population dynamics of seedlings might be affected 

(e.g. Popma et al. 1988). 

To determine either the direct or the indirect consequences of the gap creation, defining a 

canopy gap in a tropical rain forest and measuring its size is not an easy task. As Brokaw 

(1982a) put it, behind one's desk it is easy to imagine how a treefall gap would look like. In 

the forest however, one will never find such an ideal gap. Canopy gaps are often very 

irregularly shaped openings in the forest canopy, and the border between gap area and closed 
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forest is usually not very clear (Oldeman 1978). During the last decade, at least four different 

gap definitions have been proposed (Brokaw 1982a; Popma et al. 1988; Riéra 1982; Runkle 

1981). Using different gap definitions in gap studies may well result in differences in gap size 

and gap density. Popma et al. (1988) for instance found that Brokaw's definition 

underestimated the area colonised by pioneer plants around gaps by 44 to 515%. 

Consequently, their average gap size was 3.4 times larger than the gap size according to 

Brokaw. Both the availability of several gap definitions, as well as the irregular and often 

vague border between gaps and forest, makes the measurement of gap size complicated. 

Recently, in other studies on gaps and forest regeneration, gaps are defined in terms of 

canopy openness, based on the analysis of hemispherical photographs taken in the centre of a 

canopy gap (e.g. Brown & Whitmore 1992; Brown 1993; Whitmore et al. 1993). Canopy 

openness seemed to be highly correlated with the gap micro climate (Whitmore et al. 1993). 

However, they did not succeed in relating the canopy openness to a measure of gap size at the 

forest floor. 

The "turnover rate" or "turnover time" is generally used to quantify the disturbance regime 

of forests (Hartshorn 1978, 1980, 1990; Brokaw 1982a; Lieberman et al. 1985). The stand 

turnover time is defined as the number of years it takes to cover a unit area of forest with 

gaps, using the average area annually affected by gaps (Hartshorn 1990). However, there are 

some problems with using the stand turnover time. First, in different studies, different gap 

definitions might be used, so that turnover times can not readily be compared (e.g. Clark 

1990). Second, the absolute value of stand turnover time is of limited value. For instance, a 

stand turnover time of 100 year would imply that each spot in the forest would be affected by 

a gap once in every 100 years. In reality this is often not true; some spots may be affected by 

gaps twice or three times in a hundred years, other spots may be affected by gaps once in 200 

years or more. The reason for this is that a new gap may be (partly) superpositioned onto an 

older one (Riéra & Alexandre 1988). Thirdly, as gap formation rate may vary from year to 

year, turnover time calculations which are based on one-time gap surveys might not 

correspond with the real turnover time on the longer term. Finally, differences in minimum size 

of smallest gap category might account for differences in the calculation of the turnover time 

(Clark 1990). 

In this study we investigate how the use of different gap definitions affects gap size, and 

how gap sizes according to different methods relate to each other. It is checked how estimates 

of the turnover time are affected by the use of different gap definitions. Also, the relation 

between the turnover time at the forest floor and the turnover time in the forest canopy is 

evaluated. The significance, accuracy and practical workability of the gap definitions are 

discussed. 
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Study Area 

Data were obtained from the mixed evergreen rain forest surrounding the Nouragues 

field-research station, French Guiana (4°05TST and 52°40'W). The station was established in 

1986 by the French research group Ecotrop-CNRS. The forest has been free of human 

disturbance since the beginning of the 18th century, when the last local Indians left the region. 

The physiography is determined by a low mountain ridge (460 m), including an inselberg of 

some 400 m. The studied forest site has well-drained, clayey to sandy-clayey ferrelitic soils on 

weathered granite parent material. The forest canopy height varies from 20 to 60 m; stem 

densities of trees and lianas over 10 cm diameter average some 535 stems per hectare (van der 

Meer, unpubl.). On 5 transects in the forest surrounding the station (covering 4.8 ha.), some 

180 woody species have been identified so far, the dominant plant families being 

Lecythidaceae, Sapotaceae, Caesalpiniaceae, Chrysobalanaceae and Burseraceae (Sabatier 

and Prévost 1990). Average annual rainfall at the nearest meteorological stations is circa 3800 

mm in Regina (65 km NE from the study site) and circa 3500 mm in St. George (100 km E 

from the study site). There is a distinct dry season from September-November and a less 

conspicuous dry period around February. Average temperature is almost constant all year long 

with a daily averages minimum of circa 21' C and a daily average maximum of circa 32' C. 

Methods 

Some 20 hectares of forest were partly (at 15 meter on either sites of a 100 x 100 meter 

trail system) searched for recently created gaps. All encountered gaps in the forest canopy, 

created by the fall of either one or more trees, were included. Gaps had to be bigger than 4 m2 

(according to Brokaw) to be considered. Gap size was determined using the gap definitions of 

Brokaw (1982a), Runkle (1981, 1982) and Riéra (1982). The gap definition of Popma et al. 

(1988) proved too difficult to apply, amongst other things because of insufficient knowledge 

about the pioneer species at the study site. As the method proposed by Whitmore et al. (1993) 

does not give a measure of how large the gap area is, this method was also not considered 

here. The 3 gap definitions used are defined and applied as described below. Whilst applying 

all three methods, an optical range finder (Ranging Optimeter 120; range 2-30 meters) was 

used to measure distances. This facilitated the application of all three methods considerably. 

Figure 1 shows a profile diagram of an imaginary treefall gap, visualising how in general the 

gap was bordered according to the 3 gap definitions. 

Brokaw (1982a) defines a gap as "a hole in the canopy extending through all levels down 

to an average height of 2 m above ground. The sides of forest openings are irregular in 

profile, but, for a workable definition, the sides of that space defined as a gap are vertical. 
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(M) 
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RUNKLE 
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Figure 1. Profile diagram of an imaginary treefall gap, indicating the overall situation 
encountered in the field while applying different gap definitions. Trees A and B fell down, 
damaging trees C, D and E. Indicated are borders according to gap definitions given by Brokaw 
1982a), Runkle 1981) andRièra 1982). 

The side at a particular place on the perimeter is located at the innermost point reached by 

foliage, at any level, at that place on the perimeter. " In each gap, the centre point was 

located. The distance from the centre point to the gap edge was measured in the direction of 

fall of the gap creating tree and 7 other directions at intervals of 45°. The edge of the gap was 

determined by the vertical projection of the first vegetation over 2 meters encountered in each 

direction. The gap size was calculated as the surface of the area enclosed by the 8 edge-points. 

Runkle (1981, 1982) defines a gap as "the ground area under a canopy opening extending 

to the bases of the canopy trees surrounding the canopy opening". Runkle considers trees as 

part of the surrounding forest canopy when they have reached a height of between 10-20 

meters and a diameter of over 25 cm. In this study, canopy trees were defined on the basis of 

(1) tree height > 20 m and (2) being part of the surrounding forest. Runkle's gap size was 

calculated using the gap centre as a starting point. Direction and distance from the gap centre 

to the bases of all surrounding canopy trees was measured. The gap size was calculated as the 

surface of the area enclosed by the bases of the surrounding canopy trees. 

Riéra (1982), defines a "chablis" (see Oldeman 1978) rather than a gap as "the liberation 

of a biovolume, in which regeneration is possible". For as many points as necessary, the 

outermost border was determined of the vertical projection of the biovolume of the vegetation 
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which had disappeared as a result of the gap creation. The gap size was calculated as the 

surface of the area enclosed by these border points. 

Differences in gap size between gap definitions were statistically tested using Wilcoxon's 

test (non-parametric; matched pairs). Correlation and regression analyses were done to 

investigate the relationship between gap sizes according to different gap definitions. The 

consequences of different gap sizes (as a result the gap definition used) on stand turnover time 

calculations were estimated. 

Results & Discussion 

Gap size and turnover time 

At the studied area, we detected 18 gaps which were created less than three years ago 

(Riéra, pers. obs.) and which were suitable for our analysis. Gap size differs greatly when 

measured according to one of the three gap definitions studied (Figure 2; Table 1). When a 

gap is measured according to Brokaw its size is significantly smaller than when measured 

Runkle 

Gap definition B r o k a w ^ " * • 

Figure 2. Gap size of 18 canopy gaps measured according to definitions given by Brokaw (1982a), 
Runkle (1981) and Riéra (1982). 
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according to either Runkle or Riéra (Wilcoxon Matched-Pairs Signed-Ranks Test; 2-tailed P < 

0.001). Gap sizes according to Runkle are significantly smaller than gap size according to 

Riéra (Wilcoxon Matched-Pairs Signed-Ranks Test; 2-tailed P = 0.01). The differences in gap 

size can be explained by the different methods of the three gap definitions to border the gap 

area. Also, gap sizes according to different definitions show a strong to very strong positive 

correlation (Table 2). 

Table 1. Mean, standard deviation (S.D.) and range of gap size Çin m3) of 18 canopy gaps, according to the 
gap definitions ofBrokaw (1982a), Runkle (1981) and Riéra (1982). Different letters in superscript at the 
Mean Gap Size's indicate a significant difference (Wilcoxon Matched-Pairs Signed-Ranks Test, p < 0.01) 

Mean 

S.D. 
Min. 
Max. 

Brokaw 

54 A 

57 
4 

183 

Gap Size (m2) 

Runkle 

338 B 

181 
138 
731 

Riéra 

476 e 

331 
54 

1498 

Table 2. Pearson correlation between gap size of 18 canopy gaps according to Brokaw (1982a), Runkle 
(1981) and Riéra (1982). 

Gap Sizes (Definitions) 

Brokaw x Runkle 
Brokaw x Riéra 
Runkle x Riéra 

0.95 
0.71 
0.82 

0.000 
0.002 
0.000 

Regression analysis revealed a strong significant linear relation between Brokaw's gap size 

and Runkle's gap size (R*= 0.90; cv = 18 %; Figure 3). Although significant, the linear 

relationship between Brokaw's gap size and Riéra's gap size was not very relevant as a result 

of the very high coefficient of variation (cv. = 52%). There was no significant linear 

relationship found between Runkle's gap size and Riéra's gap size. Interestingly, the constant 

value in the linear relation between Brokaw's gap size and Runkle's gap size implies that when 

there is no canopy gap (Brokaw's gap size = 0), Runkle's gap size would still be circa 180 m2. 

This is caused by the distance between the stem bases of neighbouring canopy trees. When we 

would assume the "Runkle" gap of 180 m2 to be round in shape, it would have a diameter of 
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