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ABSTRACT 

fcANDBOUWUNIVERSITEU 
57AGENINGEN 

van Rompaey R.S.A.R. (1993). Forest gradients in West Africa : a spatial gradient analysis. 
Doctoral thesis, Wageningen Agricultural University, The Netherlands, xxii + 142 pp., 5 
tables, 61 figs., 3 text boxes, 3 apps., 250 refs., 13 items in software list, 51 terms in 
glossary, Eng., French and Dutch summaries. ISBN 90-5485-120-1. 

Forest gradients were studied at two levels of scale in West Africa, west of the Dahomey interval. 
At a regional scale, the forest gradient in SE Liberia and SW C6te d'lvoire was analysed using 
forest inventory data from the pre-logging era. In total 22 000 ha of forest were fully inventoried. 
53 large tree species were* used for the ordination. Spatial gradient analysis was applied to the 
forest ordination scores and a gradient map was produced with isoscore lines. This forest gradient 
was related to climate, relief and lithology. 

At a local scale, forest gradients were studied along three catenas in Tai" National Park, SW C6te 
d'lvoire. The sample plots of 22 to 25 ha were subdivided in contour sample plots, covering 2 ha 
each, using digital terrain models. The ordination of the trees above 70 cm diameter in these 
subplots allowed to conclude that the slope gradients are sliding gradients superimposed on the 
regional gradient and that moisture conditions are likely to control these gradients. 

Forest management should take into account these forest gradients in forest inventory and adapt 
silvicultural methods and species choice to the position on the gradient. Conservation of biodiver­
sity is needed over the entire gradient and a 'Green Sickle' is proposed to link National Parks and 
Forest Reserves from the savanna down to the Atlantic coast. 
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Stellingen 

1 De grote verscheidenheid aan bossen in West-Aftika rechtvaardigt het vervangen 
van de term "het tropisch regenwoud" door de meervoudsvorm "tropische regen-
bossen". 

Dit proefschrift 

2 De boomsoortensamenstelling in de Westafrikaanse regenbossen is niet chaotisch 
of toevallig bepaald, maar vertoont een duidelijke ordening langs gradienten, 
bepaald door klimaat, moedergesteente en positie in het landschap. 

Dit proefschrift 

3 Steekproefmethoden volgens toeval, al dan niet na stratificering, benutten 
onvoldoende de ordening van natuurlijke vegetatie langs gradienten. 

ALDER D . & SYNNOTT T.J. (1992). 

PERMANENT SAMPLE PLOT TECHNIQUES FOR MIXED TROPICAL FOREST. 
TROPICAL FORESTRY PAPERS 25, OXFORD FORESTRY INST. 

4 Er bestaan geen homogene proefvlakken in tropische regenbossen, en ook geen 
herhalingen. 

Dit proefschrift 

5 Het nemen van onafhankelijke steekproeven binnen een en hetzelfde ekosysteem is 
een contradictio in terminis. 

Dit proefschrift 

6 Het uitblijven van overeenstemming over een wereldboskonventie tijdens de 
UNCED-konferentie in Rio wordt onder andere veroorzaakt door verschillen in 
kulturele grondhouding van mensen tegenover bossen. 

7 Engels is geen bosbouwtaal en vormt dus een hindernis voor het wetenschappelijk 
denken over, en het publiceren van bosbouwwetenschap. 

8 Rekenbladprogramma's laten toe, in tegenstelling tot databaseprogramma's, 
kreatief en soepel gegevens in de computer in te voeren en te verwerken omdat in 
elk hokje op het formulier de ruimte praktisch onbeperkt is. 

9 In der Beschrankung wird man niemals Meister. 

10 Indien men wetenschap ziet als vissen in open water, dan heeft beleids-
ondersteunend onderzoek meer weg van vissen naar de goudvis in het aquarium. 

11 Een kathedraal met te veel stellingen is ook niet mooi meer. 

Stellingen behorende bij het proefschrift: 
"Forest gradients in West Africa : a spatial gradient analysis" 

Renaat S.A.R. van Rompaey 
Wageningen, 29 juni 1993 



Aan mijn vader, 
Prof.dr. Jan Van Rompaey 



PREFACE 

De natuur heeft me altijd al geboeid en mijn keuze voor de studie van bosbouwingenieur was dan 
ook ingegeven door het verlangen meer te Ieren over die natuur en hoe mensen ermee omgaan. Ik 
volgde het curriculum van de tropische bosbouw omdat dit een wijdere horizon bood en je er 
leerde over de grote verscheidenheid van mensen, dieren en planten over de gehele wereld. Het 
was Prof.dr.ir. J. Schalck die me stimuleerde om een afstudeervak in de tropen te doen, o.a. met 
zijn boeiende colleges over toegepaste tropische plantensystematiek. Het boek van Marius Jacobs 
(1982) over het tropisch regenwoud heb ik toen helemaal uitgelezen. Suriname werd mijn 
tropendoop. Ik bestudeerde er met ir. Jan Mallants als begeleider en Prof.dr.ir. M. Reynders als 
promotor de groei van bomen in natuurlijk bos in de uitgestrekte binnenlanden. Van op de 
Voltzberg keek ik voor het eerst in mijn leven uit op niets dan natuur, tot aan de horizon. 

Deze Surinameavonturen brengen me bij dr.ir. Reitze de Graaf, aan wie ik te danken heb dat ik 
voor dit onderzoek werd aangesteld. Zijn enthoesiast vertelde ervaringen uit Suriname kwamen me 
later nog vaak van pas, en zijn begeleiding tijdens mijn AlO-schap, door dik en dun, hield me 
overeind. 

Ir. Fred Vooren, directeur van het Centre Neerlandais bij Abidjan, was mijn bosbouwcollega 
overzee en bron van kennis van het Afrikaanse bos. Zijn prima ondersteuning tijdens het veldwerk 
in Ivoorkust heb ik zeer gewaardeerd. 

Prof.dr.ir. R.A.A. Oldeman ontstak de lont van dit onderzoek en naar het eind toe was hij de 
motor was om de vele ideeen en ervaringen tot een gestroomlijnd proefschrift om te vormen. De 
vele gesprekken die we bij hem thuis voerden, zijn voor mij een blijvende bron van inspiratie en 
verdieping. 

Je voudrais exprimer ma gratitude a M. le Ministre de la Recherche Scientifique en C6te d'lvoire 
qui m'a offert une authorisation de recherche dans son pays. Aussi Theo de la Station Ecologique 
a Tai, Angelo Muchetti de BTA, et Claude Frischknecht de EFBA a Zagne, je vous remercie pour 
votre hospitality et votre amitie\ Bien sur aussi Daouda Sidibe et Pierre P0I6 qui m'ont assiste en 
permanence en foret et a Abidjan et tous les Africains dont je garde de bons souvenirs de notre 
cooperation. Un grand merci sur le plan logistique, resp. mecanique pour Emmanuel et Abdoulaye 
du Centre Neerlandais et pour tous ceux qui ont rendu agreable mon sejour en Afrique. 

Zelf eigenlijk nog een beetje student heb ik de compagnie van de Wageningse studenten erg 
geapprecieerd: Antoinette Staffers, Pans Boddez, Ellen Schmidt, Paul Albers, Luc Jans, Lourens 
Poorter, Maarten de Klerk, Marc Parren, Kees Nooren, Frank Rademacher, Peter Sloot en de 
vele andere die steeds maar uit Nederland kwamen aanstromen. Mijn bijzondere dank gaat uit naar 
drs. Gerrit-Jan van Herwaarden die de bodemkartering van de drie onderzoeksgebiedjes verzorg-
de, samen met de studenten Kees Nooren en Frank Rademacher. Mijn collega's uit andere 
disciplines binnen het projekt in Ivoorkust (Leonie Bonneliin, ir. Henk van Reuler, dr.ir. Anneke 
de Rouw, drs. Hans Vellema, ir. Joep Slaats, ir. Jetse Stoorvogel, dr.ir. Wouter Blokhuis, ir. 
Ellen Schmidt, ir. Peter Sloot, ir. Gerard Hazeu) maakten het onderzoek nog een stuk interessan-
ter. Ik leerde in team te werken en de middenweg te zoeken tussen gezellig samen en kreatief 
alleen bezig zijn. De meme pour mes collegues au DCGTx, a 1'IGCI, au Centre Suisse et a 
FIIRSDA et pour mes amis en C6te d'lvoire. I would also like to thank Peter Weinstabel, Jochen 
Weingart and Reinhart Wolf from the German Forestry Mission to Liberia, for their kind 
reception in Monrovia in April 1990. They handed me over most of the information and data from 
Liberia used in this book. 



In Wageningen is er tussentijds en vooral na terugkeer ook goed voor me gezorgd. De mensen op 
Bureau Buitenland, Hans, Eric, Philip en andere, en op de vakgroep Bosbouw, o.a. Marthy, 
Michael, Bert, Ed, Joke, Job, Annelies waren steeds voor me in de weer. Jullie hebben me steeds 
vooruitgeholpen en het was meestal nog gezellig ook. Niet te vergeten is ook de Werkgroep 
Ivoorkust die een team vormde over de grenzen van de vakgroepen heen. 

Mijn dank ook aan de vrienden en collega's op de vakgroep Bosbouw en op andere vakgroepen, 
aan dr.ir. M.A.J, van Montfoort voor het statistisch advies en aan de teken- en de fotolokatie op 
de Biotechnion. Ir. Boudewijn de Roover van het Laboratorium voor Teledetektie en Bosbeheers-
regeling te Gent maakte het mooie plaatje op de voorkaft en wist me te interesseren voor 
satellietbeelden en landinformatiesystemen. Wout Bomer, fotograaf bij het ISRIC in Wageningen, 
maakte de opnamen van de lakprofielen op de achterkaft. Het LEB-Fonds ben ik erkentelijk voor 
de financiele steun bij de vierkleurendruk van de kaft. 

My international colleagues Dr. Mike Swaine and Dr. Denis Alder are thanked for their 
enthusiasm. Et Dr. Henri-F61ix Mattre et Dr. Jean Maley pour leur encouragement lors de mes 
visites a Paris et a Montpellier. 

De kritische lezers van de manuscripten, Prof.dr.ir. I.S. Zonneveld, Prof.dr. M.J.A. Werger, 
dr. Frans Bongers, dr.ir. Rob Peters, ir. Lourens Poorter, ir. Marc Parren, ir. Fred Vooren 
worden bedankt voor hun opmerkingen en suggesties. Het Engels in dit boek was nooit zo mooi 
geworden zonder de rode pen van Mevr. Joy Burrough-Boenisch. De prachtige kaarten zijn van de 
hand van Piet Versteeg van de tekenlokatie Biotechnion. The following authors are thanked for 
their permission to reproduce figures: A.G. Voorhoeve, J.L. Guillaumet, A.P. Vooren, M. 
Sachtler, and P. Bosnian. Een aantal foto's werden me ter beschikking gesteld door P. Albers, H. 
Dop, M.P.E. Parren en A.P. Vooren. De overige foto's heb ik zelf genomen. 

Niets van dit alles was gerealiseerd zonder de nooit aflat end e zorg en liefde van Moeke, en van 
mijn allerliefste Sandra. 

Wageningen, 31 maart 1993 

Renaat van Rompaey 
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SUMMARY 

The tropical rain forests of West Africa, west of the Dahomey interval, once covered some 40 
million ha. Being on the western fringe of the African continent, they receive abundant rainfall 
from the SW monsoon. Further inland, rainfall gradually decreases and the forests give way to 
savanna and ultimately to the Sahara desert. 

This Upper Guinea forest block used to cover most of Liberia and parts of C6te d'lvoire and 
Ghana. Here, deforestation rates are among the fastest in the world. Humans have reduced the 
forest cover by some 80 %. Most of the forest has been converted to agricultural land. Fire and 
heavy timber mining have left the remaining forest in a poor state. Sustainable forest management 
has not yet been attained. A key prerequisite for achieving such management is more and better 
knowledge of the ecology of these complex and highly diverse ecosystems and of their species. 

Gradients are gradual changes in space e.g. of species composition in the ecosystems. In this book 
forest gradients are studied at two levels of scale: the regional forest gradient from the coast to the 
forest-savanna boundary, and local gradients along slopes in the landscape. The species composi­
tion of the large forest trees with a diameter exceeding 70 cm was studied; this entailed adapting 
the existing methods used in vegetation science to cope with these huge subjects. In West African 
forest exploitation 70 cm diameter is a common limit for selective cutting of trees. 

At the regional scale, the spatial gradient analysis consisted of a three-step approach: 
1. ordination of forest areas and species; 2. spatial interpolation of the ordination scores of the 
forest areas; 3. relating spatial trends in species composition to trends in rainfall and patterns in 
lithology and relief. 

Tree species composition in a forest area was determined by using forest inventory data from the 
pre-logging era in SE Liberia and SW C6te d'lvoire. These data were ordinated together with data 
from three sample plots of 20 ha each established in Tai National Park. The old and new sample 
plots together covered 21 640 ha. Of the largest tree species, 53 were retained for the ordination. 

The forest gradient was mapped by interpolating lines of equal ordination scores and plotting these 
on the map. The ordination table allowed these ordination scores to be translated into the corre­
sponding species composition. Each tree species has an individual position along the gradient, 
given by its ordination score. The ecological range of the species is indicated by the range of 
sample scores in which it occurred. The gradient map with isoscore lines provides a valid 
alternative to mapping by types or classes and overcomes the problem of transitional types. 

Over 400 km a pronounced regional forest gradient was found from the Liberian coast towards the 
forest-savanna boundary in C6te d'lvoire. This gradient correlated well with the SW-oriented 
rainfall gradient. On part of the map the forest gradient showed an anomaly. The forests on a 
band of sericite-chlorite schist from TaT National Park towards the NE were ranked 'wetter' than 
expected from their position on the rainfall gradient. Apparently, the rainfall effect was compen­
sated by the greater moisture content of the soils derived from sericite-chlorite schist. Further­
more, the rain shadow of Putu range (753 m above sea level) was reflected in the forest gradient 
by a zone of fast compositional change. These results are comparable with those of other studies 
on the regional forest gradients in Ghana, C6te d'lvoire and Liberia. 

Forest gradients along slopes spanning a 20 to 40 m elevation interval were studied in Tai 
National Park in sample plots at three locations: near Zagne" in the drier north-west (plot size 
23 ha), near Tai in the middle (25 ha) and near Para in the wetter south-west of the Park (22 ha). 
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All trees in these plots with a diameter larger than 70 cm were recorded and mapped. Swamp 
areas were excluded from these plots. A digital terrain model and a physiographic soil map were 
prepared for each site. 

The approach used for the analysis of the slope gradient contained the same elements as for the 
regional gradient, but in reverse order: 1. the soil survey revealed that the spatial trend in 
environmental variation was related to local elevation; 2. thus, contour samples of trees growing 
within an elevation interval were composed. A series of 11 or 12 consecutive intervals was 
calculated at each site in such a way that each sample covered 2 ha. 3. Tree species composition 
was determined per sample and all samples of the three sites were ordinated together using 
Detrended Correspondence Analysis (DCA). The sample scores on the first ordination axis were 
plotted against elevation to check the hypothesis of elevational gradients. Tree density, species 
richness, basal area and stem biomass per contour sample were analysed in a similar way for 
elevational trends. 

The contour sampling technique proved to be appropriate for the analysis of floristic slope 
gradients in large trees. The spatial autocorrelation of the contiguous samples is assumed to 
counterbalance the small number of trees per sample. The species order resulting from this 
ordination was similar to the one obtained in the regional gradient and hence, could be interpreted 
as a wet-dry axis. On the three sites species composition changed from "drier" species upslope to 
"wetter" downslope. The lower slope on a drier site was similar in species composition to the 
upper slopes of its wetter neighbour. Thus, slope gradients are sliding gradients on the regional 
forest gradient. The regional gradient was related to rainfall and lithology. These factors are , 
largely expressed in soil moisture availability. Hence, gradients in moisture availability probably \ j \ / \ 
explain the forest gradients along slopes. ' 

Tree density and species richness of the large trees decreased towards the wet end of the gradient, 
both between sites, e.g. from Zagne" to Para, and within the Ta'i site, from upper slope to lower 
slope. This trend in species richness of the large trees contradicts one of the tenets of the 
Pleistocene forest refugia theory, namely that species richness increases towards the core area of a 
refugium. A Pleistocene refugium is hypothesized to have existed in the Grabo hills to the 
southwest of Tai" National Park. 

Basal area curves showed a peak in middle slope positions and declined towards both the upper 
and lower end of the catena. A general trend of increasing wood density of the large tree species 
was found towards the wet end of the gradient. 

Some implications of the continuous variability model are evaluated as a scientific basis for forest 
management and conservation of biodiversity. At the regional scale, forest management should be 
adapted to the individual position of each forest area along the gradient. The tree species chosen 
and the forest land evaluation should both reflect this position. Catena plots are suggested as more 
appropriate for forest inventory than random sampling in areas with pronounced slope gradients. 

Any conceivable strategy for conservation of biodiversity in West Africa must aim at protecting 
forests along the entire gradient, because at any point along the gradient different species attain 
their optimum. A "Green Sickle" is advocated which, if adopted and implemented, would link 
National Parks and forest reserves from the savanna down to the Atlantic coast. 

In western C6te dTvoire there are two promising areas where conservation efforts could still 
produce worthwhile results: 1. the hills of Grabo, a hypothetical Pleistocene forest refugium with 
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a high degree of endemism in C6te d'lvoire, which merits the status of national park; 2. the 
semi-deciduous forests, which contain many species not found in wetter forests. 

Regional and local gradients result in a great diversity of forests in West Africa. The satellite 
image on the front cover confirms this broad variation. Forests are not just hectares, trees not just 
cubic metres. Management of the most species-rich ecosystems on earth is a challenge for present 
and future generations. It will need international support and the efforts of all those fascinated by 
this pearl of our blue planet. 
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SAMENVATTING 

Bosgradienten in West-Afrika: een ruimtelijke gradientanalyse 

In West Afrika ten westen van het Dahomey interval lagen vroeger 40 miljoen hectare tropische 
regenwouden. De vochtige zuidwest-moesson zorgt voor overvloedige regenval aan deze rand van 
het Afrikaanse continent. Dieper landinwaarts neemt de neerslag snel af en groeit er geen bos 
meer, maar savanne totdat uiteindelijk enkel nog woestijn rest. 

Dit zogenaamde bosblok van Hoog-Guinea ligt voornamelijk in Liberia en in zuidelijke delen van 
C6te d'lvoire en Ghana. Deze regio kent Sen van de hoogste ontbossingspercentages ter wereld. 
Door toedoen van de mens is het bosareaal er teruggebracht tot £en vijfde van de oorspronkelijke 
bedekking. Het meeste bos werd tijdelijk of permanent omgezet in landbouwcultures. Het 
resterende bos is door vuur en "houtmijnbouw" zwaar toegetakeld. Duurzaam bosbeheer wordt 
nog weinig toegepast in deze landen. Zo'n beheer vergt goede kennis van de ekologie van deze 
complexe en hoogbiodiverse ekosystemen en van de dier- en plantesoorten die er leven. 

Gradienten zijn geleidelijke veranderingen in de ruimte in b.v. soortensamenstelling in de 
ekosystemen. In dit boek worden bosgradienten geanalyseerd op twee schaalniveau's: de regionale 
bosgradient vanaf de kust, waar de hoogste neerslag valt, tot waar bos overgaat in savanne, en 
plaatselijke bosgradienten langs hellingen in het landschap. De studie concentreert zich op de grote 
boomsoorten die dikker dan 70 cm worden, wat in West-Afrika een gebruikelijke diameterlimiet is 
voor selektieve kap. De bestaande methodieken uit de vegetatiekunde heb ik aangepast aan het 
groot formaat en het verspreide voorkomen van deze bomen. 

Voor de ruimtelijke gradientanalyse in zuidoost-Liberia en zuidwest-C6te d'lvoire hanteerde ik 
een aanpak in drie stappen: 1. ordinatie van bosgebieden en boomsoorten; 2. ruimtelijke 
interpolatie van de ordinatiescores van de bosgebieden; 3. het relateren van ruimtelijke trends in 
soortensamenstelling aan de neerslaggradient en aan patronen in moedergesteente en relief. 

De boomsoortensamenstelling van de bosgebieden haalde ik uit de resultaten van bosinventarisaties 
die de grootschalige "houtmijnbouw" voorafgingen. Deze gegevens werden geordineerd samen 
met gegevens van drie eigen proefperken in TaT Nationaal Park, elk tussen 22 en 25 ha groot. In 
totaal waren gegevens beschikbaar van 21 640 ha oude en nieuwe opnamen. De ordinatie is 
gebaseerd op 53 boomsoorten die de grootste bomen van het bos leveren. 

De bosgradient werd in kaart gebracht door lijnen van gelijke ordinatiescore te interpoleren. Deze 
scores langs de eerste ordinatieas werden aan de hand van de ordinatietabel vertaald naar een 
bepaalde soortensamenstelling. Elke soort blijkt een individuele positie langs de gradient in te 
nemen. Haar ekologisch optimum wordt gegeven door de ordinatiescore en de ekologische 
amplitude van de soort is af te lezen aan het bereik aan opnamescores waarin de soort voorkomt. 
De gradientkaart met isoscore lijnen is een alternatief voor kartering aan de hand van types of 
klassen en lost het probleem op van de overgangstypes. 

Uit de resultaten bleek dat er een uitgesproken bosgradient ligt over 400 km vanaf de Liberiaanse 
kust tot waar de savanne begint in C6te d'lvoire. Deze gradient loopt grotendeels parallel met de 
ZW-NO georienteerde neerslaggradient. Op een deel van de kaart wijkt de bosgradient af van de 
neerslaggradient. Dit blijkt te zijn op een band met sericiet-chloriet schist als moedergesteente die 
vanuit TaT Nationaal Park naar het NO loopt. De mindere neerslag wordt hier kennelijk gecom-
penseerd door meer bodemvocht in de kleiige bodems die uit de schist gevormd zijn. Een zone 
van snelle verandering in soortensamenstelling op de bosgradientkaart in Liberia is vermoedelijk te 
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wijten aan de regenschaduw van de Putu berg (753 m boven zeeniveau) en het omliggend plateau. 
De resultaten zijn vergelijkbaar met die van andere bosgradientstudies in Ghana, Cote d'lvoire en 
Liberia. 

Bosgradienten langs hellingen met een hoogteverschil van 20 tot 40 m werden onderzocht op drie 
plaatsen in Ta'i Nationaal Park: bij Zagne" in het drogere NW, bij Tai in het midden en bij Para in 
het nattere ZW. Alle bomen dikker dan 70 cm werden opgenomen en gekarteerd binnen een 
proefperk van respectievelijk 23, 25 en 22 ha. Valleibos werd niet in het proefperk opgenomen. 
Van elke studiegebied werd een digitaal terreinmodel en fysiografische bodemkaart gemaakt. 

De aanpak voor de analyse van de hellinggradienten was analoog met die van de regionale 
gradient, maar de redenering werd in omgekeerde volgorde gevoerd: 1. de bodemkaart leerde dat 
de ruimtelijke trend in milieuvariatie afhing van de plaatselijke hoogteligging; 2. dus besloot ik, 
achteraf weliswaar, contouropnamen samen te stellen langs de hoogtegradient. In elk proefperk 
werd een reeks van 11 of 12 opeenvolgende hoogte'intervallen berekend met als randvoorwaarde 
dat elke contouropname 2 ha moest bestrijken. 3. De boomsoortensamenstelling binnen elke 
contouropname werd vastgesteld en alle opnamen van de drie gebieden samen werden geordineerd 
met correspondentieanalyse (DCA). De opnamescores langs de eerste ordinatieas werden uitgezet 
tegen hoogteligging om na te gaan of er een hellinggradient was. Ook boomdichtheid, soorten-
rijkdom, grondvlak en stambiomassa werden uitgezet tegen hoogteligging. 

De contouropnametechniek bleek geschikt om floristische hellinggradienten te onderzoeken van 
de grote bomen. De schijnbare nadelen verbonden aan het klein aantal bomen per opname worden 
ondervangen door de ruimtelijke autocorrelatie tussen aangrenzende opnamen. De soortsvolgorde 
bij deze ordinatie leek sterk op die van de regionale gradient en kon bijgevolg geinterpreteerd 
worden als een droog-nat as. Naar beneden toe langs de helling kwamen in de drie studiegebieden 
steeds 'nattere' soorten voor. De soortensamenstelling beneden aan de helling bij Zagne' sloot aan 
bij die bovenaan de helling in Tai en idem dito voor Tai en Para. Dit geeft aan dat de hellinggra­
dienten schuivende gradienten zijn over de regionale bosgradient. Neerslag en moedergesteente 
bepaalden grotendeels de regionale gradient en beide faktoren komen tot uitdrukking in het 
beschikbaar vocht in de bodem. Het is dus aannemelijk dat hellinggradienten in de boomsoortensa­
menstelling verklaard kunnen worden vanuit bodemvochtgradienten langs die helling. 

De dichtheid en soortenrijkdom van grote bomen nam af naar het natte uiteinde van de gradient; 
dit was het geval tussen studiegebieden, van Zagne" naar Para, maar ook binnen het proefperk in 
Ta'i, van bovenaan de helling naar beneden toe. Deze trend in soortenrijkdom gaat in tegen 66n 
van de stellingen van de Pleistocene refugia theorie, namelijk dat de soortenrijkdom zou toenemen 
naar het kerngebied van een refugium toe. Er wordt een refugium verondersteld ten zuiden van 
Ta'i Nationaal Park bij de heuvels rond Grabo. 

Het grondvlak bleek het hoogst op het midden van de helling en neemt af naar de top en naar de 
vallei toe. De gemiddelde dichtheid van het hout van de grote boomsoorten leek toe te nemen naar 
het nattere uiteinde van de gradient. 

De continue verandering van de bossamenstelling heeft implikaties voor het bosbeheer en het 
natuurbehoud. Langs de regionale gradient moet het bosbeheer aangepast worden aan de 
individuele positie van elk bosgebied. Dit uit zich dan in een aangepaste boomsoortenkeuze en een 
individuele evaluatie van de standplaats. In de bosinventarisatie sluiten catena-opnamen beter aan 
bij de realiteit van de gradienten langs hellingen dan willekeurig uitgelegde opnamen. 
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Natuurbehoud in West-Afrika moet zich richten op bescherming van bossen over de gehele 
gradient. Op elke positie van deze gradient zijn er weer andere soorten die hun optimum bereiken. 
Een 'Groene SikkeF wordt voorgesteld om Nationale Parken en bosgebieden te verbinden vanaf 
de savanne tot aan de Atlantische kust in Liberia. 

Binnen westelijk Cdte d'lvoire worden in het bijzonder twee gebieden genoemd waar natuurbe-
scherming nog veel resultaat kan boeken: 1. de heuvelruggen van Grabo, een verondersteld 
Pleistoceen regenwoudrefugium met vele soorten die binnen C6te d'lvoire enkel daar voorkomen. 
Dit gebied verdient de status van Nationaal Park; 2. de half-bladverliezende bossen die ook veel 
specifieke soorten herbergen. 

De regionale en lokale bosgradienten geven aanleiding tot een grote verscheidenheid aan bossen in 
West-Afrika. Het satellietbeeld op de kaft van dit boek staaft deze rijkdom. Bossen zijn meer dan 
hectares land en bomen meer dan kubieke meters hout. Een duurzaam beheer van de soortenrijkste 
ekosystemen op deze aarde vormt een uitdagende taak voor deze en volgende generaties. Die zal 
gedragen moeten worden door de hele internationale gemeenschap en door ieder die gefascineerd 
raakte door deze parel van onze blauwe planeet. 
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RESUME 

Gradients floristiques dans la foret dense de 1'Afrique de l'Ouest: une analyse 
spatiale 

II y un Steele et a l'Ouest de Fintervalle de Dahomey, 1'Afrique &ait couverte de 40 millions 
hectares de forSt dense. Les pluies du mousson arrosaient abondamment cette bordure du continent 
africain. Plus a Finterieur, la pluviosite' diminuait et la savane et finalement le d&ert succ&leraient 
a la veg&ation forestiere. 

Ce qui reste maintenant de ce bloc forestier, dite de "Haute Guinee", se trouve au Libera et dans 
les parties mendionales de la C6te d'lvoire et du Ghana. Cette region connait un des plus forts 
taux de dSboisement du monde. L'homme a r&luit le couvert forestier jusqu'a un cinquieme de 
1'original. La plupart de ces terrains ont &6 converti en terres agricoles. La reste de la foret a 6t6 
gravement d&erioree par les feux de brousse et par l'exploitation 'miniere' du bois. Les forets n'y 
sont pas encore g6rees de facon soutenu. Pour developper une gestion soutenue, il est indispensa­
ble de reunir au prealable des bonnes connaissances autant de l'6cologie de ces Scosystemes com­
plexes et hautement diverses, que des especes veg&ales et animales qui les constituent. 

Un gradient constitue une transition graduelle dans l'espace, par exemple, de la composition 
floristique. Dans ce livre j'ai analyst des gradients floristiques dans la forSt dense a deux niveaux 
d'integration, respectivement le gradient regional climatique allant de la c6te a la limite foret-
savane, et des gradients toposequentiels. L'&ude portait sur les grandes especes arborescentes, 
pouvant atteindre un diametre de 70 cm, limite habituelle de la coupe selective en Afrique de 
l'Ouest. Les m&hodes habituelles phytosociologiques ont done 6t6 adaptees a la grande taille de 
ces arbres et a leur abondance souvent faible si Ton compte par hectare. 

Pour Vanalyse spatiale du gradient regional dans le Sud-est du Libera et dans le Sud-ouest de la 
Cote d'lvoire j'ai proc&le' en trois etapes: 1. en appliquant l'analyse factorielle de correspondance 
aux forets et aux especes; 2. en calculant Interpolation spatiale des scores des forets; 3. en 
etablissant les correlations entre les tendances spatiales dans la composition d'especes et le 
gradient climatique regional, la roche-mere et le relief respectivement. 

Afin de caracteriser la composition floristique des forets, j'ai utilise1 les donnees provenant des 
inventaires nationaux au Liberia et en C6te d'lvoire. lis d&rivent la situation de ces forets avant 
la grande vague d'exploitation forestiere. En complement de ces anciennes donnees j'ai Stabli 
l'ordination des donnees prelevees dans ce but sur trois parcelles d'&ude dans le Pare National de 
Ta'i, couvrant entre 22 et 25 ha chacune La surface totale des forets inventorizes autrefois et plus 
recemment est de 21 640 ha. L'analyse de correspondance est bas6 sur 53 especes de grands 
arbres. 

Le gradient regional, allant de la foret sempervirente a la foret semi-decidue, a 6t6 visualise en 
utilisant des courbes interposes de score egal. Ces scores le long du premier axe sont lies a la 
composition floristique par le tableau de l'analyse de correspondance. Chaque espece occupe une 
position individuelle le long du gradient. L'optimum ecologique de l'espece est donn6 par son 
score, et l'amplitude de l'espece est proportionnelle a l'intervalle des scores des sites ou l'espece 
est pr&ente. La carte du gradient avec des courbes d'isoscore fournit une alternative pour les 
cartes visualisant des types de foret. Du coup, le probleme des types transitionnels se trouve 
resolu. 
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Les r&ultats de l'analyse indiquent qu'il existe un gradient floristique prononce" sur les 400 km 
entre la cdte liberienne et la limite foret-savane en C6te d'lvoire. Ce gradient suit largement le 
gradient pluviom&rique oriente du SW au NE. Sur une partie de la carte, le gradient floristique 
semblait devier du gradient pluviom&rique. Cette deviation s'expliquait par une bande de schiste 
senciteux qui se trouve dans une partie du Pare National de TaT et qui s'etend vers le nord-est. 
Apparemment, il existe une compensation entre une pluviosite" moindre et une capacity plus grande 
de retention d'eau des sols schisteux. Une zone de transition floristique plus rapide au Liberia se 
trouve a l'abri des pluies du au Mont Putu (753 m) et son plateau. Les resultats se joignent a ceux 
d'autres eludes de gradients floristiques au Ghana, en C6te d'lvoire et au Liberia. 

A trois endroits dans le Pare National de Tai', j 'ai etudie le gradient floristique le long d'une 
toposSquence. C'etait pres de Zagne dans une zone moins pluvieuse au nord-ouest du Pare, pres 
de Tai au milieu et pres de Para dans le sud-ouest du Pare ou la foret recoit plus de pluviosite. 
Les pentes couvraient un intervalle de 20 a 40 m en altitude. Tout arbre de plus de 70 cm de 
diametre a ete inventorie et sa position portSe sur la carte dans des parcelles de 23, 25 et 22 ha 
respectivement. Un modele de terrain digital et une carte physiographique ont des sols ete 
construits pour chaque penmetre de recherche. 

L'approche suivie pour l'analyse des gradients toposequentiels est analogue a celui du gradient 
regional, mais le raisonnement a ete suivie en ordre inverse. 1. La carte des sols demontrait que 
la tendance spatiale dans les conditions environnementales dependait de l'eievation. 2. Alors j'ai 
delimit^, a posteriori, des sous-parcelles le long des courbes de niveau. De cette facon j'ai 
compost dans chaque site 11 ou 12 sous-parcelles, chacune couvrant 2 hectares. 3. La composi­
tion floristique des grands arbres a ete calcule" pour chaque sous-parcelle et une analyse de 
correspondance a ete effectue avec ces releves toposequentiels. La relation entre les scores le long 
du premier axe et l'eievation de chaque releve" a ete etudiee. La densite" d'arbres, la richesse en 
especes, la surface terriere et la biomasse des troncs ont ete analyse" le long des toposequences, 
eux, aussi. 

La technique des releves toposequentiels s'est prouve efficace pour l'analyse des gradients 
floristiques parmi les grands arbres. Le desavantage apparent du petit nombre d'arbres par relevS 
a ete corrige par 1 'autocorrelation spatiale entre releves voisins. L'ordre des especes le long du 
premier axe ressemblait beaucoup celui le long du gradient regional. II rut done interprete comme 
un axe indiquant l'humidite du milieu. Sur les trois pgrimetres, des especes "humides" se 
trouvaient en bas de pente. La composition floristique en bas de pente a Zagne correspondait a 
celle de la haute pente a Tai. II en etait de mSme pour Tai et Para. Ceci montre que les gradients 
toposequentiels sont des gradients "glissants superposes" sur le gradient regional. La pluviosite" et 
la roche-mere d&erminent largement le gradient regional. Tous deux s'expriment dans l'humidite 
du sol. Les gradients floristiques le long des toposequences s'expliquent done en majeure partie 
par des gradients d'humidite" du sol d£riv£s. 

La densite d'arbres et la richesse en especes de grands arbres diminuaient tous les deux vers 
l'extremite humide du gradient; ceci etait le cas en allant de Zagne a Para, mais aussi a l'interieur 
de la parcelle de Tai, suivant l'aval de la pente. Cette tendance de richesse floristique decroissante 
parmi les grands arbres contredit Tune des theses de la theorie des refuges forestiers dans le 
Pieistocfene, qui pretend que la richesse en especes devrait augmenter vers le centre plus humide 
du refuge. Je suggere que les collines de Grabo, au sud du Pare National de Tai, faisaient partie 
d'un tel refuge parce que les especes les plus "humides" y sont presentes. 
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La surface terriere culminait a mi-pente et diminuait aussi bien vers le sommet que vers le bas-
fond. Par contre, la density moyenne du bois des grands arbres augmentait vers l'extremite' 
humide du gradient. 

Le changement continu et non pas discret de la composition floristique des forets Ouest-africaines 
a des implications pour leur amenagement et pour la conservation de la biodiversity. Le long des 
gradients, les mesures sylvicoles doivent s'adapter a la position individuelle de chaque partie de 
foret. Ceci s'exprime dans le choix d'especes et dans revaluation individuelle de chaque site 
forestier. Dans la pratique de l'inventaire forestier, ce sont des parcelles couvrant une topos6-
quence entiere qui correspondent au mieux a la realite de gradients toposequentiels, et non pas des 
parcelles choisies stochastiquement. 

La conservation de la biodiversity en Afrique de FOuest devrait comprendre la protection de forets 
tout le long du gradient regional. Chaque position sur ce gradient indique Foptimum ecologique 
pour d'autres especes. Un 'Croissant Vert' est propose' qui se fonde sur Fanalyse des gradients et 
qui devrait Her entre eux les Pares Nationaux et les Forets Classees de la savane a la c6te 
atlantique au Liberia. 

Dans la partie ouest de la Cote d'lvoire deux regions existent ou la conservation de la nature peut 
encore espeYer beaucoup de succes. 1. Les collines de Grabo sont un refuge forestier glacial 
suppose ou poussent beaucoup d'especes trouvees nulle part ailleurs en C6te d'lvoire. Ces forets 
mentent le statut de Pare National. 2. Les forets semi-d£cidues qui a leur tour hebergent 
beaucoup d'especes sp£cifiques, meritent d'etre protegees au meme titre. 

Les gradients floristiques regionaux et locaux produisent une grande diversity de forets dans 
l'Afrique de FOuest. L'image satellite sur la couverture de ce livre est une bonne illustration de 
cette richesse. Les forets sont plus que des hectares de terrain vert, les arbres plus que des metres 
cubes de bois. La gestion soutenue de ces ecosystemes les plus divers du monde forme un deTi 
pour les generations actuelles et futures. Ceci demandera le soutien de la communaute internatio­
na l entiere et de chacun qui se trouve a son tour fascine par cette perle verte de notre planete 
bleue. 
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INTRODUCTION 

A green ocean from a bird's eye view, but an ever changing kaleidoscope for the 
experienced observer; such are the forests of West Africa. It is all *forest but no two 
forests are the same. At first glance no order can be detected in this "green hell" 
(Oldeman 1983), but fairly quickly one learns to distinguish swamp forests from *upland 
forests. From the coast inland these upland forests change from evergreen to semi-
deciduous. *Gradients, i.e. gradual changes in space, were the subject of this research. 
They were studied in the large forest trees, and therefore the existing methods used in 
vegetation science had to be adapted to cope with these huge subjects. These forest giants 
are the glory of the West African rain forests (Rollet 1974). 

Spatial gradient analysis 
Forest gradients are studied in the present book at two levels of scale: the regional forest 
gradient from the coast to the forest-savanna boundary, and local gradients along slopes in 
the landscape. On a vegetation map of the world (Walter 1979), West Africa and Russia 
are the classic examples of zonal vegetational change parallel to the equator. On these 
large, flat land masses this pattern is not disturbed by mountain ranges as in the 
Americas. So, it is not surprising that it was the Russian geobotanist L.G. Ramensky 
(1910 ex Sobolev and Utekhin 1973; 1924 ex Whittaker 1967) who first formulated the 
principles of species individuality, vegetation continuity and ecological series, and 
practised the method of *ordination of vegetation releves. 

Ordination, i.e. the arrangement of samples or species in a uni- or multi-dimensional 
order, was the translation by Goodall (1954) of the German "Ordnung" as used by 
Ramensky (1930). Curtis & Mcintosh (1951) and Bray & Curtis (1957) applied ordination 
to releves from an upland forest *continuum in Wisconsin (USA). They recognized that 
the position of a species on such a continuum is controlled by both the biotic and the 
physical environment. In the biotic control model, competition or predation between 
organisms is considered to be the primary *factor structuring the continuum, whereas in 
the environmental control model, factors from the abiotic environment are seen as 
determinants of the variations observed in the occurrence or abundance of organisms 
(Borcard et al. 1992). Hence, a species may be abundant in a releve either because abiotic 
conditions are optimal for it, or because possible competitors are absent. 

From this concept Bray & Curtis (1957) concluded that *patterns and gradients present in 
the vegetation itself should be made clear first, before searching to explain this variation. 
The explanation may lie in the vegetation itself and in its environment. They called their 
approach a 'direct ordination' of the vegetation data set. Whittaker (1967) termed it 
'indirect gradient analysis' in opposition to his own approach in which compositional 
gradients are directly related to environmental gradients. 

I agree with Hill (1973) that Whittaker's terminology of 'direct' and 'indirect' gradient 
analysis is confusing. Ordination is a method or technique and gradient analysis is the 

Each term preceded by an asterisk, is defined in the Glossary. 
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field of research in which it is applied. In the same way, *clustering is a method and 
vegetation ^classification and mapping is the field of research in which it is applied 
(Zonneveld 1988). 

What is a *gradient? Literally, it means "stepping", from Latin gradi: to step, to stride. 
Whittaker (1967) applied the term to the gradual change in vegetation or environment 
when going up a mountain slope or, at the same elevation, when visiting slopes of 
varying exposure around a hill. Here the gradients have a spatial connotation and it is 
indeed possible to stride along them. In mathematics, the gradient vector, symbol 
Vf(x,y,z), at a point has the direction of the greatest change at that point along a 
continuous line, surface or space and as magnitude the rate of change in this direction 
(Gillman & McDowell 1973). Thus, the gradient of a surface indicates the steepest slope 
at a point and the corresponding direction. For non-planar surfaces the gradient changes 
from point to point. No confusion should arise between the gradient and the surface itself, 
the former being determined by the directional derivatives of the latter. If the surface is 
meant, the term ""continuum' is to be preferred. If the direction and rate of change in a 
point are to be expressed, the term 'gradient' is appropriate. 

The term 'gradient' has also been used in an abstract sense (Sobolev & Utekhin 1973; ter 
Braak & Prentice 1988), e.g. when samples from non-contiguous areas are compared and 
arranged to form an imaginary continuum, e.g. ranging from nutrient-rich to nutrient-
poor. Here, the connection with physical space is lost. This leads me to distinguish spatial 
and imaginary gradients. 

Concerning environmental variables Ramensky (ex Sobolev & Utekhin 1973) warned 
against confusing 'ecology' with, what he called ""topology' and insisted upon separating 
directly acting ecophysiological *factors like heat, light, water, nutrients, etc. from the 
condition of the locality described in terms of geomorphology, lithology, hydrology. The 
locality or site can be characterized by its elevation, slope position, soil and climate. 
Ramensky (1930) claimed that the former factors cannot easily be derived from the latter 
conditions. In field ecology the site conditions can be described visually but the factors 
acting directly can only be assessed by measurements (see also van Wirdum 1979). 

Ter Braak & Looman (1987) analysed the supposed response of species and vegetation to 
each directly acting factor by regression and constrained correspondence analysis. For the 
study of patterns and spatial gradients in vegetation and their relation to site conditions 
and for the sake of clarity I propose the term 'spatial gradient analysis', even although 
this might be a pleonasm in Whittaker's sense (see also ter Braak 1987b). A three-step 
approach is proposed: first, ordination of samples and species using detrended cor­
respondence analysis (DCA), second, spatial analysis of the sample ordination scores 
using *kriging and cross-sections and third, relating this spatial compositional surface to 
spatial *trends in site conditions (e.g. altitude, distance to coast, rainfall at the regional 
level, and slope position, soil at the local level). 



Forest gradients in West Africa 
Since the beginning of this century botanists and foresters have tried to describe the 
regional forest gradient in West Africa (Chevalier 1909, Schnell 1950, Taylor 1952 & 
1960, Mangenot 1955, Aubreville 1959, Voorhoeve 1965, Guillaumet 1967, Sachtler 
1968, Guillaumet & Adjanohoun 1971). They delimited forest types or vegetation zones 
by listing characteristic plant and tree species for these types and mapping them. Only in 
recent decades have authors based their typologies on numerical clustering and ordination 
techniques (Hall & Swaine 1981 for Ghana, de Rouw 1991 for the Tai region). 

The purpose of vegetation mapping in West Africa was mainly descriptive and sometimes 
explanatory. Biologists and ecologists wanted to better understand the change in plant and 
animal species composition of the forest ecosystems from the coastal areas with heavy 
year-round rainfall to the interior with its strongly seasonal rainfall regime (Hall & 
Swaine 1981, de Rouw 1991). Much attention was also paid to special types of vegetation 
on inselbergs, floodplains, coastal and montane vegetation types (Guillaumet & 
Adjanohoun 1971). Guillaumet (1967) was one of the first to describe forest variation 
along catenas. In his pioneering study of flora and vegetation of SW Cote d'lvoire he 
mentioned some of the issues worked out in the present book, but, at that time, adequate 
computational techniques were not yet easily available and accessible. 

Forest managers, in contrast, need to evaluate the position of a given forest reserve in a 
spatially varying environment, in terms of forest *dynamics, "growth and yield" and 
*sustainability per site. At the same time, the forest manager aims to obtain information 
on the ecology of large tree species, e.g. exceeding 70 cm diameter, many of which used 
to be considered as product carriers. Hence, his management decisions and options 
concerned large trees mainly during the long period when silviculture was identified with 
'the commercial cultivation of trees for the production of timber' (James 1982, Gliick 
1987). In this context, foresters used to focus mainly on the commoner kinds of forests, 
as reservoirs of large, accessible quantities of standardized timber. They generally 
neglected the rarer forest types because these contained small quantities of wood per 
hectare and, furthermore, difficult access also hindered commercialization. So, swamps, 
inselbergs or mountain forests on steep slopes received less attention. 

In the present book, the above forestry approach was the basic concept underlying the 
research. Building on this basically timber-oriented concept, improved management 
systems close to nature and the knowledge systems necessary for their design and 
development were sought and found. On the product and service side, the new concept 
now being developed is nested multiple use (Bonn^hin 1992, Oldeman 1992), in which 
timber does not rank higher than other products. 

History of the project 
In 1975 MAB-Unesco initiated the "Tai Project" on "Recherche et amenagement en 
milieu forestier tropical humide ". Tai is the name of a small town along the Cavalla 
river which forms the border between Cote d'lvoire and Liberia (Figure 1, p. 8). The 
IET (Institut d'Ecologie Tropicale, Abidjan) research station, 20 km south-east of Tai, 
was constructed in 1977 as the field base of this programme. To the east of Tai lies Tai 
National Park (446 000 ha) which is one of the last vast areas of unlogged forest left in 
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West Africa (Text box 3, p. 66). The interdisciplinary research programme focused on 
biotic and ecological aspects inside the Park and on the socio-economic setting around the 
Park (see Guillaumet et al. 1984 for a list of publications). From 1975 to 1983 field work 
was carried out by ORSTOM, IET and numerous other participants. Wageningen 
Agricultural University participated in this programme mainly with agricultural and 
forestry studies. Vooren (1985) found considerable local differences in tree species 
composition and forest dynamics along a catena near the IET field station. De Rouw 
(1991) compared plant associations in primary forest along a 50 km stretch of the climatic 
gradient between the coast and the drier interior (Figure 7) and on several bedrock types 
and concluded that climate and bedrock control the floristic composition to a great extent. 

In 1985 the University set up the programme "Analysis and design of land-use systems 
in the Tai region", co-funded by the Tropenbos Foundation. Conservation of the 
National Park and management of its buffer zone were the major objectives the pro­
gramme was to support with research. Forest and soil scientists, agronomists and rural 
health specialists did studies on the existing land-use systems in order to improve them 
and particularly to make them more *sustainable (WAU 1991). Within the research theme 
"Silviculture and sustained timber production systems" I was given the task to study the 
regional variation of the forests in 1987 in order to see to what extent the findings of 
Vooren (1985) could be extrapolated over a larger area, i.e. the entire National Park and 
surrounding forest reserves (Figure 28). 

By the end of 1991, funding of the programme phased out and the University launched a 
new programme in Burkina Faso. The Tropenbos Foundation carried out an "Etude de 
synthese " in 1992 which will result in a complete account of all the research carried out 
in SW Cote d'lvoire. At the same time GTZ (German Technical Cooperation) is setting 
up a Park Management project which aims to implement the research findings. This 
project intends to ensure the sustained preservation of the Park by providing solutions to 
the land hunger problems caused by an ever-growing population around the Park. Since 
1990 the immigration of Liberian war refugees has further intensified the pressure on the 
remaining forests. 

Research objectives 
The objectives of the research set out below were to describe and analyse forest gradients 
in West Africa both at a regional and a local scale, so as to contribute to the knowledge 
base needed for innovative multiple use forest management and nature conservation. 

The following questions were tackled: 
• How can sampling techniques be adapted to the large tree species, given their huge 

size and often low population density? 
• What techniques can be used to map the vegetation as a continuum rather than as 

types or zones? 
• How can the impact on species composition of both regional and local environmental 

gradients be analysed simultaneously at the level of a forest sample plot? 



Methods of approach 
Scope. The present book covers the forest areas of SE Liberia and SW Cote d'lvoire in 
their pre-logging state. In both countries, these are the regions which are still the most 
densely forested (Sayer et al. 1992). The research programme of Wageningen University 
focused on the region around Tai, a town on the border between C6te d'lvoire and 
Liberia. None of the earlier studies transgressed national borders. For a proper under­
standing of the forests around Tai, data from both sides of the border need to be inte­
grated. 

Regional forest gradient. I collected data on three sites (each circa 20 ha) in unlogged 
upland forest in Tai National Park and compared the species composition with the results 
of the pre-logging forest inventories in SE Liberia and SW Cote d'lvoire covering a total 
area of 21 640 ha of sample plots. 
The research strategy consisted of a three-step approach: 
1) Ordination: to perform an ordination on releves large enough to contain reliable 

information on 53 of the largest tree species; 
2) Ordination -» space: the sample scores on the first ordination axis, which describes 

most of the variation, were plotted on the map of the region. For the regional forest 
gradient, contours were interpolated using the *kriging method (Stein & Corsten 
1991). 

3) Space -» environment: a cross-section through this interpolated compositional surface 
was compared with a similar cross-section through the rainfall gradient and plotted 
against elevation above sea level and distance to the coast. Explanation of deviations 
between vegetation and rainfall gradient were sought on the lithological map. 

Local catena gradients. A problem was immediately apparent: how should the samples 
to be used in the ordination be composed? In classical vegetation science, a 'site' or 
'quadrat' is the basic sampling unit in the field to begin with (Mangenot 1955, ter Braak 
1986). In contrast, Alder & Synnott (1992) recommended that the coordinates of each tree 
should be recorded for permanent sample plots in tropical rain forest. In the field and on 
the record sheets, the tree is the basic sampling unit. The problem of composing samples 
for ordination analysis only arises when one starts to process the data. 

My approach had the same rationale as for the regional gradient, i.e. ordination «=> space 
<=> environment, but now I reasoned backwards in this three-step approach: 
1) Environment -» space: I knew from the soil survey that the soil variation was strictly 

related to the catena position and that the spatial trend in environmental variation is 
therefore related to local elevation. 

2) Space -» ordination: I composed samples in such a way that they were constrained to 
follow this same spatial trend. Trees were grouped along contour lines into samples 
covering 2 ha each, containing about 20 trees exceeding 70 cm diameter. I propose 
the name *contour sampling for this technique. In this way, at least 10 samples were 
available per site for the ordination. Ninety-five tree species exceeding the lower 
diameter limit of 70 cm were used for the ordination. 

3) Ordination of the contour samples of the three sites together to test two hypotheses: 
Is compositional change related to catena position? 

- Does the catena gradient correspond with the regional gradient, and if so, might 
both be controlled by the same environmental factor or factors? 



6 Introduction 

Fieldwork. The field work for the present study was carried out in Tai National Park 
during my sojourn in Cote d'lvoire between September 1988 and April 1991. In 1989 I 
established two study plots of over 20 ha each in addition to the plot of 10 ha set out by 
Vooren in 1981 near Tai which was enlarged to 25 ha. All three plots were situated 
within Tai National Park and in unlogged forest (see Figure 28). One plot was near 
Zagne in the northwestern corner of the Park on ferrallitic soils developed from migmat-
itic bedrock, and where there is less rainfall than in Tai. The second plot lies near Para in 
the southwestern corner of the Park where rainfall is higher and where the sericite schist 
bedrock has weathered to yield soils with greater water retention capacity. 

Outline of the book 
In the first Chapter the general forest setting in West Africa is described. Here, West 
Africa is considered to be the coastal part of Africa west of the Dahomey (B6nin) 
interval. Relief and lithology are sketched as the spatial environment considered invariable 
with time. Throughout the book, both form the warp through which the weft of moisture 
conditions and tree species composition is woven. 

In the second Chapter, I position my three study sites on the regional forest continuum by 
ordinating them together with data from pre-logging forest inventories, carried out in the 
sixties and seventies in SE Liberia and SW Cote d'lvoire. Fifty-three of the largest tree 
species are used for this ordination. The regional forest gradient is mapped by plotting 
isoscore contours and related to maps of the SW-oriented rainfall gradient and of 
lithology. 

In Chapter 3 the "catena position" is also taken into account by ordinating tree species 
composition between and within three forested catenas. The three sites are known from 
Chapter 2 to receive increasing amounts of rainfall from N to S. Gradients are also 
sought in tree species richness and total stem biomass. The *contour sampling technique, 
i.e. grouping trees along contour lines, is discussed in detail. Large tree species composi­
tion on these contour samples is ordinated and the scores are plotted against elevation and 
in this way related to soil characteristics. The correspondence between these local catena 
gradients and the regional climatic gradient is discussed. 

In Chapter 4 the implications of this model of continuous forest variability are discussed 
for forest management and conservation of biodiversity. Recommendations are made to 
develop forestry on a more ecological basis and to extend conservation efforts in the 
region by interconnecting the remaining forest areas. 

Several text boxes provide additional information on certain topics mentioned in the text. 
Conclusions are presented in the text, in italics, as they arise. Chapters 2 and 3 are set up 
in such a way that they can be read as independent parts of the book. The final Glossary 
contains definitions of the terms preceded by an asterisk in the text. In addition to the 
literature references, all software used is listed separately. Dutch readers should note that 
the reference list is arranged in international alphabetical order, i.e. names beginning with 
"de" or "van" are placed under D and V respectively. 



1 FORESTS OF WEST AFRICA: SETTING THE SCENE 

In this Chapter the physiographic setting of SE Liberia and SW Cote d'lvoire is sketched 
and the development of the former into the actual forest cover is briefly recounted. Relief 
and lithology are considered as landscape constants, with negligible variation in time, and 
climatic or soil moisture and tree species composition will be related as variables to this 
fixed frame here and in succeeding Chapters. 

1.1 The former extent of dense forests in West Africa 

1.1.1 Forests on the fringe of a continent 

West Africa, to the north of the coast from Conakry to Accra, was once covered by some 
40 million ha of dense forest. The first European explorers might have thought that the 
entire continent was covered by the huge trees they saw along the coast and along the 
rivers they used to penetrate into the country (Martin 1989). This was not so. Only a 
fringe extending some hundreds of kilometres inland consisted of dense *rain forests. The 
interior soon became drier and the forests gave way to savanna and steppe vegetation. 
Such coastal fringes of forests are also known from the Atlantic coasts of Brazil and 
Mexico, from the western coast of India, from north-east Australia and east Madagascar 
(Whitmore 1990). 

There is plenty of evidence that the extent of dense forests in West Africa has varied 
greatly during the last million years (Guillaumet 1967, Fritsch 1980, Maley 1991). The 
iron pans capping certain crests in SW Cote d'lvoire were formed under a savanna 
climate (Ahn 1970, Fritsch 1980), so the entire forest must have expanded recently, i.e. 
since circa 10 000 years ago, from its Pleistocene refuges. On the other hand the present 
disjunct distribution of many species between Liberia-SW Cote d'lvoire, SW Ghana and 
sometimes Cameroon-Gabon suggests that in the recent past, i.e. between 9000 and 
4000 years BP (Maley 1991) those three ranges have sometimes been united in one vast 
forest about triple the area of today's (Guillaumet 1967; Hamilton & Taylor 1991). 

Phytogeographers and bioclimatologists readily associated these areas with a climatic zone 
called after the forests themselves: "the tropical rain forest climate" (Koppen 1936, 
Walter & Box 1976). As will be shown in the next chapter, the climatic conditions 
change gradually from constantly humid on the coast to periodically dry further inland. It 
is possible to draw lines of equal climatic conditions (isolines) on the map of West 
Africa. These lines are not boundaries of climatic types, i.e. they are not markers of 
discontinuities in climate. 

The physiographic map of West Africa, i.e. a map representing the natural appearance of 
the continent, is the starting point for this ecological study of the forests west of the 
Dahomey interval (Figure 1). However, I experienced the mapping of relief as compro­
mising between scale and precision. Text box 1 goes into this matter further. 


