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1. INTRODUCTION

1.1 TROPICAL RAIN FOREST 

With a few exceptions, tropical rain forests are found in hot, perhumid areas between 

23° N and 23° S (Whitmore 1990). Where lowland tropical rain forests grow, the av
erage annual temperature is about 25 °C, the average annual rainfall over 1800 mm 

and often relatively well distributed over the year, although extensive areas with rain 
forests occur which experience seasonal drought (Nepstad et al. 1994). Tropical rain 

forests are well known for their large number of tree species occurring together, their 

multi-layered canopy structure and the mosaic of forest patches at different phases 

of their growth cycle (Whitmore 1990). The substrates on which tropical rain forests 

grow are often nutrient-poor as a result of intensive weathering and quick leaching 
over long periods (Lathwell and Grove 1986), although both the extent and fragility of 

these very poor soils may have been exaggerated (Proctor 1992, Richter and Babar 

1991 ). 

Tropical rain forests and the land they occupy have been used for centuries, but the 

present rates of forest disturbance are much higher than before. The causes of forest 

decline vary between regions, but uncontrolled slash and burn agriculture rather than 

logging must be considered the prime factor in this respect (Luning 1987, Whitmore 

1990). Hadley and Lanly (1983) have suggested three main options for the use of 

forest land in the humid tropics: 1) maintain the forest with little or no disturbance by 

man for protection purposes 2) management of natural forest for continuous produc
tion of timber and other commodities and services and 3) clear the forest and use the 
land for grazing or various forms of farming, tree plantations, mining and settlements 
etc. In view of their often rapidly growing populations and international economic 

pressures, few tropical countries can afford the luxury of locking up a significant por

tion of their forest in inviolate reserves (Bruijnzeel 1992). Many of the humid tropical 

lowland soils are infertile, and after disturbance of the nutrient conserving mecha

nisms in the natural forest, these lands often become unproductive (Brinkmann 
1985, Jordan 1985, Whitmore 1990). Therefore the second of the above-mentioned 

options is gaining increasing support from foresters and conservationists alike 
(Bruijnzeel 1992). 

1.2 THE TROPENBOS GUYANA PROGRAMME 

The Tropenbos Foundation was established to generate information for policy mak

ers and managers for conservation and to promote wise use of the tropical rain forest 

(Tropenbos 1990). Wise use of tropical rain forests lands in the view of Tropenbos 

should not only be ecologically sustainable, but also economically viable and socially 
acceptable. The main objectives of the Tropenbos Foundation are (Tropenbos 1992): 

• To contribute to the conservation and wise use of tropical rain forests by generat
ing knowledge and developing methodologies.

13 



.. To involve and strengthen local research institutions and capacity in relation to 

tropical rain forests. 

In 1989 a Tropenbos research programme started in Guyana. The major aims of the 

Tropenbos-Guyana Programme have been formulated as "to achieve an under

standing of the lowland tropical rain forest ecosystems in the area to such a degree 

that timber harvesting (and possibly other non-wood forest products) under a sus

tainable forest management system can be implemented without leading it to biode

gradation and loss of proper hydrological functions of the exploited system, while at 

the same time a satisfactorily level of biodiversity is maintained and an appropriate 

area of rain forest can be conserved' (ter Steege et al. 1996). 

In order to achieve the goals formulated for the Tropenbos Foundation in general, 

and more specifically for the Guyanese programme, a comprehensive research pro

gramme was designed including: 

.. inventory and description of timber species, timber characteristics, a hand lens 
key for timber identification etc. 

.. soils inventory 
.. water balance study, including effects of logging 

" nutrient cycling study, including effects of logging (this study) 

.. population structure and dynamics, seed dynamics and reproduction strategies, 
including the effects of logging 

.. growth in relation to environmental constraints 

.. logging intensity and damage studies 

.. bio-diversity studies, including effects of logging 
" radar-remote sensing 

Guyanese, Dutch, and other institutions participate in the research programme, that 

is concentrated at the timber concession area of OWL (later DTL) in the area of 

Mabura Hill, in north Central Guyana (see Chapter 3). The study reported on in this 
thesis is part of this research programme. 

1.3 LOGGING IN GUYANA 

Deforestation rates in Guyana were estimated to be negligible between 1981 and 

1985 (Luning 1987). There is a rather low population pressure, since the number of 

inhabitants of Guyana is well below 1,000,000 and the majority of the population 

lives on the fertile coastal plain. Major activities in the forest areas in the interior of 

Guyana are logging and gold mining. Traditionally, commercial logging in Guyana 

has focused on just a few species of which Chlorocardium rodiei 1 (Greenheart) is by 

far the most important, constituting 70 % of the country's timber exports (ter Steege 

et al. 1996). Despite the low deforestation rate, pressure on the Guyanese forests is 

1 names and authorities follow Mennega et al. 1988 (except C. rodiei (Schomb.) Rohwer. Richter & 
v.d. Werff, which was renamed recently). A complete list of species found to date in the Mabura Hill
area is given by ter Steege et al. 1996.

14 



increasing and it is necessary to focus on long term management policies for the for

estry belt (Colchester 1994, ter Steege et al. 1995). 

According to ter Steege et al. (1996) selective logging affects the ecosystem in sev

eral ways: 

• The population structure, by selectively taking out sound individuals of commercial

species, thereby decreasing their absolute and relative abundance.

• Environmental conditions. Due to the opening of the canopy, factors such as light

levels and temperature regimes will change, and influence the nutrient and water

cycles as well as the competitive power of plant species, thereby affecting the

population structure indirectly.

" The hydrological cycle. Interception, evapotranspiration and infiltration rates will 

change, thereby influencing percolation rates and stream discharge 

" The nutrient cycle. Nutrients are extracted in timber and leaching rates may in

crease through the release of a large quantity of nutrients from dead organic 

matter, top soil disturbance and increased percolation rates. 

1.4 OBJECTIVES 

Nutrient cycling in tropical rain forests is immensely complicated and there is a need 
for much more research into the nutrition of rain forests if we are to evaluate the best 

methods by which they can be managed for sustained production (Proctor 1987). 

Sustainable utilisation depends on working within the limits of ecosystem nutrient cy

cles (Whitmore 1990). 

In short, much of the research in the Tropenbos Guyana Programme is addressing 

the following question: 

• Is logging an option for sustainable land use in the rain forest of central Guyana?

A more specific question applies for the current research: 

" Does the nutrient cycle impose restrictions on sustainable logging practices or 

logging intensity of the rain forest of Central Guyana? 

and, if yes 

" Is it possible to quantify such a restriction? 

and, related to this 

• Which nutrient or nutrients are most likely to be limiting?

Logging inevitably results in a (temporary) loss of nutrients from the ecosystem be

cause nutrients are harvested in timber. Additional nutrient losses may be expected 

by leaching, but these losses will vary with the type and intensity of the logging 

method applied. This leads to the next research question 

15 



" Which conditions specifically lead to enhanced leaching and through what meas

ures can leaching be decreased ? 

At the onset of this study, no information was available on the nutrient cycle in rain 

forest of Central Guyana, and studies in other research areas in northern South 
America have yielded contradicting results (cf. Brinkmann 1985, Jordan 1985, Le
sack and Melack 1991, Lesack 1993a, Poels 1987, Scott et al. 1992, Thompson et 

al. 1992). So, another objective of this study was to 

" make a quantitative assessment of the nutrient cycle in pristine rain forest on 
sandy soils in Central Guyana 

Insight in the nutrient cycle in pristine rain forest is expected to yield information on 
ecosystem productivity and on limiting nutrients, either before or after exploitation. 

Comparison of the nutrient cycle in the forests under study with other tropical rain 

forests helps to distinguish patterns and put the results from this study in perspec

tive. 

1.5 OUTLINE OF THIS STUDY 

Patterns of nutrient cycling differ among tropical rain forests. The popular view is that 

they occur on infertile soils, have most of their nutrients in the above-ground living 

biomass and maintain a high productivity by rapid and efficient nutrient cycling. How

ever some rain forests occur on fertile soils with a high proportion of the nutrients 

below-ground, in some cases there is a substantial yearly loss of nutrients and 

sometimes nutrient cycling is slow (Bruijnzeel 1991, Proctor 1987, Vitousek and 

Sanford 1986). The general principles of the forest nutrient cycle and how the nutri
ent cycle is influenced, e.g. by soil fertility, are discussed in Chapter 2. 

The area where the research was carried out is described in Chapter 3. Apart from a 

general description of the environment to put the study into perspective, major atten
tion is given to soil types and soil chemical characteristics, since these largely deter

mine the patterns of nutrient cycling (Vitousek and Sanford 1986). 

The vulnerability of an ecosystem for disturbance is greatly influenced by the nutrient 

input-output budget, and oligotrophic sites will be much more vulnerable to distur

bance than eutrophic sites (Bruijnzeel 1992, Jordan 1985). An ecosystem with large 

inputs (and consequently large outputs if the ecosystem is in a steady state) is better 

able to cope with nutrient losses caused e.g. by logging than a system with a delicate 

balance between small inputs and small outputs, simply because the losses can be 
compensated faster in a system with large inputs. The quantity of nutrients entering 

and leaving the forest system and the input-output balance are evaluated in Chapter 
4. 

As indicated briefly, logging affects the nutrient cycle in various ways. Stems with 

precious nutrients in them are removed, the amount of dead biomass at the forest 
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floor increases and the hydrological cycle is altered, resulting generally in increased 

percolation through the soil (cf. Jetten 1994). The canopy is opened, causing higher 

temperatures at the soil surface, possibly influencing decomposition rates. Finally, 

due to logging the soil surface is often disturbed, leading to damage of the roots in 

the topsoil that have an important role in the cycling of nutrients (cf. Herrera et al. 
1984, Stark and Jordan 1978). The effect of logging on the nutrient cycle is related to 

the intensity of the disturbance (Bruijnzeel 1990, 1995, Jordan 1985), i.e. the amount 

of timber removed, the extraction methods applied and the spatial distribution of the 

trees removed (Parker 1985). The increase of nutrient losses associated with timber 

exploitation is discussed in Chapter 5. The effects of top soil disturbance, amounts of 

organic debris generated and spatial distribution of exploitation on the increase of 

nutrient leaching after logging are also evaluated in this chapter. The nutrient losses 

caused by logging are put into perspective by comparing them with annual atmos
pheric inputs and with nutrient stores in the soil. 

Fast cycling of nutrients is very important in maintaining ecosystem productivity, es

pecially when external inputs and inherent soil fertility are low. Important pathways 

for such fast nutrient cycling are throughfall, small litterfall and decomposition of litter. 

As indicated already, an ecosystem maintaining high productivity through rapid cy
cling of nutrients has a better potential for sustainable exploitation than an ecosys

tem having low turnover rates. The studies of these pathways of internal nutrient cy

cling are presented in Chapters 6 (throughfall),7 (litterfall) and 8 (decomposition). 
While doing so, two important soil type - forest type associations are compared: 

Mixed Forest growing on brown sands and Dry Evergreen Forest growing on white 
sands. Based on soil characteristics and earlier comparisons between aspects of the 

nutrient cycle in forests growing on comparable soils at other research sites, con

trasting nutrient cycling patterns were expected in these forest types ( cf. Cuevas and 

Medina 1989, Duivenvoorden and Lips 1995, Luizao 1995, Proctor et al. 1983ab). 
Such a comparison may be useful to detect those cycling patterns for specific nutri

ents in the individual forest types that are particularly efficient. Nutrients that are effi
ciently cycled may be limiting to growth in that forest type, or become limiting after 

intensive or repeated disturbance. These aspects are discussed in Chapters 6, 7 and 
8. 

A complete overview of the nutrient cycle in the forests under study is given in 

Chapter 9. This chapter also contains the conclusions with regard to the possibilities 

for sustainable forest management, and recommendations for forest management. 
Finally, a summary of the results obtained in this study is given in chapter 10. 
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2. NUTRIENT CYCLING IN TROPICAL FORESTS

2.1 INTRODUCTION 

Productivity is an important ecological parameter. Ecosystem productivity is an index 

which integrates the cumulative effects of many processes and interactions which 
are proceeding simultaneously in the system. Factors which are important in control

ling productivity, and which have patterns caused by global and regional trends, are 

energy, water and nutrients. Other factors important in regulating the productivity of a 

species, population or community are e.g. competition and disease. Man is often in

terested in maximising productivity for commercial purposes (Jordan 1985). 

In pristine forest, there is an approximate equilibrium between productivity and death 

of biomass. In a sustainable logging system, biomass is removed while at least the 

same ecosystem productivity should be maintained. In time the natural death in a 

Jogged forest will decrease. Maintenance of the productivity can only be done within 

the limits of the nutrient cycle (Whitmore 1990). There is no direct relation between 

soil fertility and forest biomass (Vitousek and Sanford 1986); a relation between soil 
fertility and forest productivity is still under discussion (Proctor 1992, Silver 1994, 

Thompson et al. 1992) There is however no doubt that soil fertility influences input -
output budgets, and that soil fertility is important for the rate of recovery of the forest 
ecosystem after disturbance (Bruijnzeel 1990, Bruijnzeel 1992). 

In this chapter the pathways of the forest nutrient cycle are discussed as well as the 

pattern of nutrient cycling in tropical rain forests, mainly based on the reviews of Vi
tousek and Sanford (1986), Proctor (1987) and Bruijnzeel (1990), supplemented with 

results of more recent work. 

2.2 PATHWAYS OF THE NUTRIENT CYCLE 

Figure 2.1 shows the major nutrient pools and fluxes in a forest ecosystem. Proctor 

(1987) provided a concise description of the nutrient pools and the pathways linking 

these pools. Nutrients enter the ecosystem with rain, deposition of dust and aerosols, 

by fixation by micro-organisms (in the case of N) above and below ground, and 

(except for N) by weathering of rock. The major above-ground pool of nutrients is the 

plant community above the ground from which nutrients are transferred to the forest 

floor in small and large litterfall and in throughfall and stemflow of rain water, which 
usually becomes enriched by nutrients from leaves and bark. A proportion of the 

above-ground nutrients is in dead organic matter such as standing dead trees and 

small and large litter lying on the forest floor. Nutrients are gradually released from 
the dead matter by decomposition mediated by soil animals and micro-organisms. 

Decomposition is complex and can involve immobilisation of nutrients as well as their 

release. Some of the immobilisation involves a conversion of the Jitter to stable soil 

organic matter which in some cases (e.g. some heath forests and peat-swamp for-
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Figure 2.1: Nutrient cycling pathways in tropical rain forest (after Proctor 1987) 

est) may hold nutrients indefinitely. Roots, constituting a considerable below-ground 

nutrient pool, take up nutrients from the soil water solution or perhaps directly from 

the forest floor litter layer (Cuevas and Medina 1988, Herrera et al. 1978b) and 

transfer the nutrients to the canopy. Nutrient uptake is usually in association with 

mycorrhizal fungi (Alexander 1989, Janos 1980, St John and Uhl 1983). The roots 

release nutrients to the soil as secretions and by death and decomposition of their 

parts. Permanent loss of nutrients occurs through erosion, fires loss in drainage wa

ter and in the case of N by abiotic or microbial denitrification. Some, in particularly P, 

may effectively leave the system by conversion into insoluble inorganic forms within 

the soil (Proctor 1987). 
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2.3 PATTERNS OF THE NUTRIENT CYCLE 

Baillie (1989) made a distinction between open and closed nutrient cycles in tropical 
rain forests. In an open nutrient cycle, nutrients are provided to the ecosystem by 
both atmospheric sources and weathering of the soil-rock system, whereas in closed 
cycles the ecosystem is sustained entirely by atmospheric inputs and internal cycling 
of nutrients. Nutrient losses from ecosystems with closed cycles therefore largely re
flect atmospheric inputs. Nutrient losses from ecosystems with open cycles are 
greater, since they reflect additional losses by weathering. Repeated removal of 
(considerable amounts of) biomass and associated nutrients from a "closed" eco

system will in the end result in a depletion of the soil nutrient reserves (Waterloo 
1994). 

That forest ecosystems with mineral weathering lose more nutrients than oligotrophic 
ecosystems was substantiated by Bruijnzeel (1991 ), who compared the nutrient 
losses from 25 study sites covered with tropical rain forest. The nutrient losses of Ca, 
K and Mg were least under infertile Spodosols/Entisols or highly depleted Ox
isols/Ultisols and the nutrient losses increased with increasing soil fertility. P was ac
cumulating in virtually all studies quoted by Bruijnzeel, reflecting the low mobility of 
this element. The mobility of P in soils is restricted at a low pH by the presence of Al 
and Fe, and at a high pH by the presence of Ca (Uhlrich et al. 1976). N may enter 
and leave the ecosystem in various pathways, which seldomly have been measured 
all in one site. Patterns in N losses therefore could not be established (Bruijnzeel 
1990, Vitousek and Sanford 1986). 

To establish greater nutrient losses at sites where significant weathering occurs is 
one thing, but to assess the degree in which the nutrients released by weathering 
enter the forest nutrient cycle is another. A distinction has to be made here between 
losses from the ecosystem at large and the biologically active part of the ecosystem, 
i.e. the rooting depth of the forest (Bruijnzeel 1990). If the depth of weathering is
great, or the rooting depth is restricted by a compact or (seasonally) waterlogged
layer, nutrients released by weathering are not able to enter the nutrient cycle of the
ecosystem, and a "closed cycle" develops.

Relatively little is known about the rooting depth of tropical rain forests. Nepstad at 
al. (1994) reported roots to depths of about 18 m in the seasonal evergreen forests 

in eastern Amazonia, and they showed that, at least up to 8 m depth, these roots 
contributed significantly to the water supply of the forest. They also reported deep 
rooting for two other forests in Amazonia, one of which was under a much less sea
sonal climate near Manaus. Poels (1987) concluded, based on water balance model 
calculations, that the rooting depth was at least 5 m depth in a Surinam rain forest. 
Burrough (pers. comm.) and Bruijnzeel and Brouwer observed medium to coarse 
roots at several metres depth in Bornean forests, as well as in white sands in Guy
ana. These observations apparently relate mainly to deep rooting in a need to assure 
water supply during dry periods. 

In an attempt to relate root presence to the occurrence of weathering, Eernisse 
(1993) extracted soil water and measured the fine root distribution in two soils in the 
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Mabura Hill area (the experimental catchment). One soil was a well drained white 

sand with a cemented impermeable layer at 305 cm depth, the other soil was a 
brown sandy loam, with rotten rock at the bottom of the profile. Both profiles were at 

the bottom of a slope. Fine roots were found down to the bottom of the profile (430 

cm) in the brown sand and down to the restrictive layer in the white sand. Soil water
analysis suggested that more Ca was present at greater depths in the brown sand,

presumably due to weathering, but the data were not conclusive. Moreover, the sup
posed increase in Ca levels was not accompanied with an increase in root length

(Figure 2.2), which was to be expected in an ecosystem so depleted in Ca (see sub
sequent chapters).

root length (cm/dm3) 

100 1000 10000 100000 10 

O r-�-t-��-t-�--:;ct-��� 

100 ....... c. _ _ _ _ _  , _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _  ) . . .. . .. . .. . . 
E. 200 

. . . 
_ _ _ _ _ _ _  ._ _ _ _ - - -·- - - - - - - -·- - - - - - - )

Q) 
"O 

. . . .. . . .. . . ' . . . .. . . .
300 ...... -� ... - - - · :· ...... ·:· .•.. - - '. 

. . . . 

. . . . . . ' . . . . .
400 ....... ...... ·'· ...... ·'· ...... , 

root length (cm/dm3) 

100 1000 10000 100000 10 

O r-�--t-�---:::t::====1..---�� 

100 ...•... c - - - - - -·- - - - - - - -·- - - - - - - ). . .. . .
. . .. . . 

E. 200 
. . 

- - - - - - - '- - - - - - -·- - - - - - - -·- - - - - - - )

Q) 
"O 

. . . .. . . . . . . . . . . ' . . . 
300 •.. -.. -� ... - - - ·:· - - - - - - ·:· - ..... '. 

. . . .. . . .. . . . . . . 
400 ....... c •••••• -·-•••••• ·'· •••••• , 

Figure 2.2: Profile of root length (cm dm·3, horizontal axis) versus profile depth (cm, vertical axis) in a

brown sand overlying dolerite (left graph) and in a white sand (right graph). Data from Eernisse 1993. 

Thus, despite the importance for the nutrient cycling, very little is known about the 

supply of nutrients through deep weathering to the forest ecosystem. 

Vitousek and Sanford (1986) claimed that soil fertility is reflected in the productivity 

and in the internal nutrient cycle of a forest ecosystem. They found that forests 

growing on fertile sites return more litter at higher nutrient concentrations than forests 
growing on infertile soils. More recently, this was confirmed by Silver (1994) using 
more extensive data. She found a significant correlation between extractable ("plant 

available") soil P and litterfall mass for some 35 sites where both soil chemical data 

and litterfall chemical data were available. Extractable P, total P and exchangeable 

Ca in the soil were 5ignificantly and positively correlated with litterfall P and Ca con

centrations. Total soil N was not significantly correlated with litterfall mass or with N 

concentrations in litterfall, but total N might not be a useful measure for actually 
available N (Silver 1994). Silver did not include Kand Mg in her analysis. 

Proctor (1992), Scott et al. (1992 and Thompson et al. (1992) reported on a forest 

growing on nutrient poor sands at Maraca, north Brazil. The researchers observed 

that this forest had none of the features normally assumed to occur in tropical rain 

forests growing on poor soils, such as a root mat, a high root mass and low nutrient 

concentrations in plant tissue. They claim that the forest was highly productive, as 

measured by litterfall quantity, did not have particularly efficient retranslocation but 
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recycled its nutrients so fast (through litterfall and decomposition) that mineral nutri
ents were not limiting for this forest. 

A further (future) comparison between the forest on Maraca island and the forests 

under study here would be interesting, since the forest areas seem to have much in 
common (sandy soils, similar litterfall rates, rapid decomposition, similar wide range 

in retranslocation percentage based on unit Ca, but in Guyana not on leaf area ba
sis). However nutrient levels in plant tissue are much lower in Guyana than at Ma

raca. 

2.4 ROOTS AND MYCORRHIZAS 

Roots tend to be concentrated in the top soil, where most of the nutrients derived 

from decomposition of litter are released. In oligotrophic tropical rain forests this, so 

called, root mat is often well developed, and has been interpreted as a nutrient con

serving mechanism (Herrera et al. 1981, Jordan 1985, 1991). Stark and Jordan 

(1978) showed that the root mat is very efficient trap for nutrients, which was able to 
retrieve more than 99 % of radioactive labelled P and Ca sprayed on the soil. How
ever, in an environment where large rain showers are common, concentration of 

roots in a rather thin layer on top of the soil does not seem to be the most efficient 
way to scavenge nutrients flushed downwards with the percolating water. 

A reason for the development of a root mat could be the adverse conditions in many 

infertile soils. Ca levels in many tropical rain forest oxisols and ultisols are so low, 
and Al levels are so high that normal root growth is limited, leading to a concentration 

of roots in the top soil (Foister 1986, Lathwell and Grove 1986, Marschner 1991). In 
white sands, the W concentrations possibly cause similarly adverse conditions for 
root growth (Marschner 1991, Raaimakers·· 1995), although in Central Guyana, the 

pH in these soils increases strongly with depth (van Kekem et al. 1996, Chapter 3) 

and as such no limitation would be expected for deep rooting here. 

The main reason for the development of a root mat is probably competition for nutri
ents in an environment where they are very scarce. A tree will not be well rewarded 

for deep rooting, since all nutrients will have been taken up higher in the soil profile. 
An extreme example of such a strong competition for nutrients is the growth of roots 

into standing dead trees to a height of at least 1.5 m as reported by Grubb (1989). 
This phenomenon, and root growth into hollow living trees was also observed by the 

author in Guyanese rain forest. 

Mycorrhizal associations between roots and fungi are critical to plant nutrition in in

fertile habitats, and tropical rain forest trees are no exception (Chapin 1980). Two 
groups of mycorrhizas are generally distinguished: ectomycorrhiza (EM) and endo

mycorrhiza, of which the most common group is the vesicular-arbuscular mycorrhiza 

(VAM). VAM is most common in tropical rain forest trees, but a minority of the spe
cies form EM. In tropical rain forests where a few dominant species occur, these 

dominant species often have EM (Alexander 1989). 
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Enhanced mineral uptake (especially P and N) is the major benefit of the mycorrhizal 
associations. For example, poorly soluble iron phosphates are chemically and posi
tionally more available to mycorrhizas than to uninfected roots (Alexander 1989). 

However mycorrhizal relationships also carry a cost in terms of photosynthate lost to 
the plant, which increases with increasing degree of infection (Burslem et al. 1994, 
Proctor 1992). Bursi em et al. (1994) showed that on an ultisol in Singapore, P was 
the primary limiting nutrient if mycorrhizal infection was absent, but under conditions 
of adequate P supply or mycorrhizal infection, all other nutrients became limiting to 
growth. Because most of the tropical trees have mycorrhiza, Burslem et al. (1994) 
argued that limitation of cations may be common on old and highly leached tropical 
rain forest soils. Raaimakers (1995) showed that growth of seedlings was more en
hanced by addition of litter than by addition of P, which she explained with reduced 
toxicity of either W or Al, or due to increased mycorrhizal infection. 

2.5 CONCLUSION 

Nutrient cycling in tropical rain forests is complex and not completely understood. 
Patterns of nutrient cycling are influenced by soil type. On relatively fertile soils 
where significant weathering occurs, the nutrient cycle tends to be open, with large 
inputs and outputs. On infertile soils where weathering is absent or deep, the nutrient 

cycle tends to be closed with small inputs (atmospheric only) and small losses. 
Rooting depth in such a case is important but relatively little is known on the rooting 
depth in tropical rain forests. Mycorrhiza are important in tropical rain forest nutrition, 
especially with regard to P and N. Mycorrhizal infection is so common in tropical rain 
forest trees that a primary limitation of P is perhaps not so common. 

In forest ecosystems with a closed nutrient cycle, the productivity is mainly deter
mined by the internal nutrient cycle. In a closed system, repeated harvesting of bio
mass may deplete the ecosystem nutrient reserves, if the loss of nutrients exceeds 
atmospheric inputs. 

For a sustainable timber production scheme, it is very important to remain within the 
limits of the nutrient cycle. Aspects of the nutrient cycle, including an analysis of the 
input-output budget, an analysis of the internal nutrient cycling and an evaluation of 
the nutrient losses associated with timber extraction, are presented in this thesis for 
two tropical rain forests types in Guyana. 
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3. THE RESEARCH AREA

3.1 LOCATION 

Guyana is situated at the At
lantic coast of northern South 
America between Brazil in the 
south, Venezuela in the west 
and Surinam in the east 
(Figure 3.1 ). The country 
covers about 21. 5 x 106 ha 
and has a population of less 
than 1,000,000 of which the 
majority lives in the coastal 
area. About 70% of the land 
area is covered by forests and 
more than 35% of the forest 
land has been allocated to 
timber companies (van der 

Hout 1992, ter Steege et al. 
1995). 
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Most of the research in the 
Tropenbos Programme, in
cluding the present study, has 
been carried out in the 
Mabura Hill area, at the tim
ber concession area of 
Demerara Timbers Limited 
(DTL, formerly OWL). Mabura 
Hill is located about 230 km 
south of Georgetown (5° 13' N 

and 58° 48' W) at an altitude 
of about 80 m. 

Figure 3.1: Map of Guyana with the location of Mabura Hill. 

The main forestry belt is shaded (after ter Steege et al. 

1995). 

3.2 GEOLOGY AND GEOMORPHOLOGY 

Guyana is situated on the Guyana shield, one of the major Precambrian shield areas 
(Gibbs and Barron 1993). The Guyana shield extends from French Guyana in the 
east towards Colombia in the west and to the Amazon river in the south. 

In the area of Mabura Hill and further north and east, the rocks from the Guyana 
shield are mostly covered with unconsolidated fluviatile, and generally sandy, depos

its. These sandy sediments were deposited during Late Pliocene to early Pleistocene 
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and are referred to as the Berbice formation (Khan et al. 1980). The Berbice forma
tion forms the "white sand plateau", one of the four geomorphological regions distin
guished in Guyana (Daniel and Hons 1984 ). The highest landscape elements in the 
research area are dolerite dikes, one of which is the north-south running ridge a few 
km east of the Mabura Hill township. Where formations of the Pre-Cambrian occur at 
the surface, they are generally covered with laterite. 

A dense network of small streams drains the Mabura Hill area. The difference in al
titude between the streams and the watersheds is typically 30 - 50 m. Much of the 
area is rather flat, especially areas covered with white sand and laterite capped pla
teaux. Near the streams rather steep slopes occur (sometimes more than 60%). The 
stream valleys are either narrow and well defined (in clay rich soils or where incised 
in bedrock) or wide and with a gradual transition to the slopes where sandy soils 
dominate. 

3.3 CLIMATE 

The climate in the research area is characterised by an annual average rainfall of 
2500 - 2700 mm. The distribution over the year is bimodal with peaks in June/July 
and December/January, related to the north-south movement of the Inter Tropical 
Convergence Zone (ITCZ). The driest month is usually October, with an average 
rainfall of about 100 mm (Khan et al. 1980). 

The average annual temperature is 25 - 26 °C and hardly shows variation throughout 
the year. In the open the monthly average daily minimum temperatures vary from 22 
- 24 °C and the monthly average daily maximum temperatures vary from 27 - 32 °c
(Jetten 1994). Under the forest canopy the daily variation in temperatures is much
less, with similar average minimum temperatures as in the open but with maximum
temperatures 3 - 8 °C lower (van Brunschot and de Lange 1992).

Rainfall data were collected at the Tropenbos Meteorological station and Field Sta
tion (hand readings) in 1991 (incomplete), 1992 and 1993 (for locations see section 
3.7). From Great Falls village (about 20 km east of Mabura Hill) monthly rainfall totals 
were available for 1924 to 1928, for 197 4 to 1980 and for 1986; daily rainfall data 
were available for 1959 to 1973. 

Using all Great Falls data, the average annual rainfall amounts to 2500 mm (Figure 
3.2). Including only 1968 - 1980 (1969 data were incomplete), an average rainfall of 
about 2700 mm is obtained, as was reported earlier (Khan et al. 1980, Jetten 1994). 
The rainfall reported for 1964 to 1966 was considerably below average, and perhaps 
these data should be considered as doubtful, although no direct evidence was pres
ent that these data are not reliable. Rainfall in Georgetown was also considerably 
below average in 1964 and 1966 (ter Steege 1993). Also, in neighbouring Surinam, 
Schultz (1960) reported also regular drought years (e.g. 1926 and 1957). He calcu
lated e.g. a total precipitation of only 880 mm in 1957 for a rainfall station having an 
average annual rainfall of 2100 mm. In that respect, the low rainfall reported for 1966 
in Great Falls (1100 mm) is equally deviating and equally likely or unlikely to occur. 
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Figure 3.2: Annual rainfall for 26 years in the period 1924 - 1986 at the Great Falls meteorological sta
tion 

The reported dry years thus seem to be an aspect of the climatic variation and the 
estimate of 2500 mm annual precipitation is the best we have. 

Figure 3.3 shows 30-day running totals for the years of which daily rainfall data were 
available (1959 - 1973). Following Schultz (1960) the 30-day rainfall totals were clas
sified as follows: dry periods (<60 mm I 30 preceding days), moist periods (> 60 and 
<100 mm/ 30 days), wet periods (> 100 and < 250 mm/ 30 days) and very wet peri
ods (>250 mm/30 days). Using 30-day running totals gives an ecologically more sig
nificant picture than using monthly totals, which may obscure dry periods (Schultz 

1960). 

The wet season in June -July is fairly reliable throughout the years, although in 1965 
and 1966 it was not very wet (Figure 3.3). Except for these years the "very wet" peri

ods were two months or longer. Leaching of nutrients from the soil will be greatest 
during wet, and especially very wet periods, since in those periods there is a rainfall 

surplus (rainfall minus evapotranspiration > 0). Very wet conditions occur only occa
sionally in the December-January wet season. 

In September-October-November as well as in February-March-April, dry periods 
(<60 mm 30 days-1) occurred in about half of the years (Figure 3.3). The occurrence
of extended dry periods as in 1964 to 1966 may be of great significance for the 

mortality of trees, tree seedlings and saplings, and may therefore exhibit a large in

fluence on species selection. The relatively low water holding capacity of the sandy 
soils in Guyana will enhance the effects of dry periods on the vegetation. Severe 
droughts were also reported for 1911/1912, 1925/1926 and 1931/1932 (ter Steege 

1993, ter Steege 1994). Tree species successfully surviving severely dry periods ei-
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Figure 3.3: 30-day running totals of rainfall from 1959 - 1973. Four classes were adopted: < 60 mm, 
60-100 mm, 100 - 250 mm and > 250 mm. If a class occurred less than 3 days it was filtered out to 
smooth the picture. 

ther must have physiological adaptations to resist drought or a great rooting depth 

(Nepstad et al. 1994, Peace and MacDonald 1981 ). Great rooting depths influence 

nutrient cycles. 

Rainfall totals for 1992 and 1993 as determined at the Tropenbos meteorological 

station and the field station were 2515 mm in 1992 and 2807 for 1993 (Table 3.1 ). 

Most of the rainfall occurs in the afternoon (13.00 - 20.00 hours), which is related to 

the atmospheric instability due to irradiation (Jetten 1994). The total radiation per day 

varies from 11.3 to 14.2 MJ m·2 day-1. The minimum average relative humidity was 

Table 3.1: Monthly rainfall totals and Penman Potential Evaporation in 1991, 1992 and 1993 (in mm, 
after Jetten 1994) 

rainfall PE 

1991 1992 1993 1991 1992 1993 

Jan 139 186 132 104 118 

Feb 234 191 137 95 105 

Mar 126 272 139 124 99 

Apr 230 196 216 135 111 126 

May 235 315 387 124 126 115 

Jun 367 237 362 105 111 103 

Jul 422 455 338 115 124 112 

Aug 255 261 232 109 118 125 

Sep 241 92 97 121 125 112 

Oct 107 85 122 166 139 120 

Nov 109 227 206 127 101 115 

Dec 197 149 198 106 116 103 

Total 2516 2807 1516 1377 1333 
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measured in October and was about 60%. During the night and early morning the 

relative humidity is close to 100%. The Penman Potential Evaporation (PE) varied 

from 1333 mm yr1 in 1993 to 1516 mm yr1 in 1991 (Table 3.1, Jetten 1994). 

3.4 SOILS 

The research in thesis was mainly carried out on soil types that have developed on 

the Berbice formation, which range from bleached white quartz sands to soils having 

iron rich sandy clay in the subsoil and sandy clayloam in the topsoil. 

Five soil types occur in the research locations presently used, but they can be distin

guished in two broad groups. These are white sands (1 and 2) and brown sands (3, 4 
and 5; Jetten 1994, Khan et al. 1980, van Kekem et al. 1996). The five soil types en

countered were: 

" Albie Arenosol (FAO), Typic quartzipsamment (USDA Soil Taxonomy), Tiwiwid 

Sand (Guyanese classification), excessively drained white sand. 

This soil is sand throughout and has a loose, single grain structure. The mineral part of the soil con
sists for over 99% of quartz, organic carbon content of the top soil is about 1 % and decreases to 
0. 1% at depths greater than 1 m. The cation exchange capacity (CEC) of the topsoil is low, about
2-3 cmol+lkg soil, and decreases rapidly with depth. Exchangeable cations are extremely low, the
base saturation is often Jess than 10%. The soils are very acid. In the topsoil the pH in water is

ranging from 4.0 to 4.5 and the pH in KC! can be as low as 3.0. The pH increases with depth and
can be 1. 5 pH unit higher than in the topsoil at more than 1 m depth.

• Gleyic Arenosol or Carbic Podzol (FAO), Spodic Psammaquent (USDA Soil Tax

onomy), ltuni Sand (Guyanese classification), white sand, somewhat excessively

to poorly drained

This soil is similar to the Albie Arenosol, but within 1. 5 m in the subsoil a hardpan occurs, cemented
with humus. The hardpan is underlain by a massive, very hard clay layer that consists mainly of 
kaolinite. This soil type usually occurs near streams. The hardpan is most likely also present at
greater depths in the Albie Arenosols. The hardpan and underlying kaolinite layer are virtually im
permeable for water and roots. The chemical characteristics above the hardpan are equal to the Al
bie Arenosol. 

• Ferralic/Luvic Arenosol (FAO), Typic Tropopsamment (USDA Soil Taxonomy),

Tabela loamy sand (Guyanese classification), brown sand

This soil has a sand to loamy sand topsoil and a slightly increasing clay content with depth, but not
more than loamy sand. The sand particles are iron coated which gives the soil its brown appear

ance. The clay fraction is dominantly kaolinite with traces of gibbsite, goethite and ch/orite. In the 

top soi/ the pH in water is 4.2 to 4.5, the pH in KC/ is about 4.0. Organic carbon content is 1 - 1.5% 

in the topsoil, CEC is up to 4 cmol+lkg soil and the base saturation is often Jess than 10%. These 

soils are well drained, and have a weak to moderate subangular blocky structure.

" Acri-Haplic and Acri-Xantic Ferralsol (FAO), Typic Paleudult (USDA Soil Taxon

omy), Kasarama sandy loam (Guyanese classification), brown sand 
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This soil has a loamy sand top soil and an increasing clay content with depth, but the texture in the 
subsoil is not heavier than sandy loam. Chemical properties are essentially the same as of the Fer
ralic Arenosols. The soils are well drained. 

" Plintic or Haplic Ferralsol (FAO), Typic Haplortox (USDA Soil Taxonomy) 

This soil has an increasing clay content with depth, from sandy loam in the top soil to clay in the 
subsoil. The percentage quartz decreases with depth, and the percentage of aluminium and iron 
oxide increases. If the (sub)soil developed on doleritic rock, traces of MgO and P205 occur deep in 
the profile (> 1m), and sometimes also K20. The pH-H20 ranges from 4.5 in the topsoil to 5.0 at 
depths greater than 1m. Organic carbon content is about 1.5% in the topsoil and decreasing to less 
than O. 2 % deeper than 0. 5 m. The CEC is about 4 cmol+lkg in the topsoil, decreases with depth to 
less than 2 cmol+lkg, but increases again with depth if the clay and sesquioxide content increase. 

The soils from the brown sand series differ mainly in clay content and therefore in 

physical properties, but with regard to the main nutrients they hardly show any differ
ence. Table 3.2 shows the chemical characteristics of a typical white sand and a 

typical brown sand profile (Kasarama sandy loam). In this table the routine chemical 
characteristics are shown, in the next section total element contents and clay miner

alogy are discussed. Detailed soil profile descriptions can be found in van Kekem et 
al. (1996), Khan et al. (1980) and Eernisse (1991). 

Table 3.2: Chemical characteristics from a routine analysis of two soil profiles characteristic of white 
sands and brown sands (data from van Kekem et al. 1996). 

Tiwiwid - excessively drained, very Kasarama - somewhat excessively 
deep white sand (Albie Arenosols) drained very deep brown sandy loam 

with sandy topsoil (Acri-Xanthic or 
Acri-Haplic Ferralsol) 

depth (cm) 0-5 10 -16 30- 40 120 -130 0-5 5-19 34 - 70 120 -180
pH H20 4.2 4.2 5.2 5.6 4.3 4.4 4.7 4.8 
pH KCI 3.1 3.2 4.2 4.6 3.5 4.0 4.4 4.6 

P-bray (mg/kg) 3.6 3 0.2 0.1 1.3 1.0 0.3 0.2 
Org. C (%) 1.1 0.9 0.1 <d 1.0 1.1 0.2 0.1 
N-kjel. (%) 0.07 0.05 0.01 <d 0.08 0.07 0.02 <d 
C/N 16 17 9 <d 13 15 10 

Ca (cmol+/kg) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mg (cmol+/kg) 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Na (cmol+/kg) 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 
K (cmol+/kg) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H (cmol+/kg) 0.8 0.6 0.0 0.0 0.8 1.3 0.5 0.2 
Al (cmol+/kg) 0.0 0.0 0.0 0.0 0.2 0.7 0.2 0.0 

ECEC (cmol+/kg) 1.1 0.7 0.0 0.0 0.9 1.4 0.6 0.2 
CEC (cmol+/kg) 3.5 1.7 1.7 0.0 3.5 3.5 1.8 1.8 
BS(%) 9 6 0 0 3 3 6 0 
texture s s s s s Is sl sl 

30 



Both soil types are extremely poor in nutrients. White sands have a lower pH, espe

cially when measured in KCI, reflecting the weak pH buffering in these soils. Organic 
C and N-Kjeldahl tend to be somewhat less in white sands than in brown sands, and 

available P (P-bray) somewhat greater. The CEC is very low and there are virtually 
no exchangeable base cations attached to the exchange complex, at least they are 
below the detection limit of the routine chemical analysis of the International Soil 
Reference and Information Centre (ISRIC) where these samples were analysed (van 
Kekem et al. 1996). 

Two samples (white and brown sand) from O - 30 cm were used as test samples in 
the International Soil-Analytical Exchange programme (ISE), an initiative of the De
partment of Soil Science and Plant Nutrition of the Wageningen Agricultural Univer
sity (Quarterly Report 94.1 and 94.3 of the ISE). Almost three hundred laboratories 
participate in this programme which is meant to check the analytical results of the 
participating laboratories on consistency and to compare them with other laborato
ries. The laboratory of Physical Geography from Utrecht University, where the major
ity of the chemical analyses used in this thesis were done, participates in this ex

change programme. Quantities of exchangeable cations, the CEC and two widely 
used extraction methods to determine "available P" are shown in Table 3.3 for the 
ISE samples and for samples analysed at the laboratory of Physical Geography at 
Utrecht University. 

Table 3.3: Exchangeable cations (cmol+/kg, ammonium acetate extraction) and P-Bray and P-Olson 

(mg/kg) in white sands and brown sands for a mixed sample from O -30 cm depth as determined in the 
ISE programme (median and median of absolute deviation) and exchangeable cations at different 

depths in brown sands (for ISE analysis: n is the number of laboratories that gave "reliable" results ac
cording to the criteria of the ISE, for the other samples n is the number of samples analysed). 

Analytical results from ISE (various labs) Analytical results from Utrecht University 

white sand n brown sand n brown sand brown sand brown sand 
O -30 cm 0 - 30 cm O - 20 cm 20 - 50 cm 50 -100 cm 
ISE ISE (n=7) (n=7) (n=7) 

CEC 1.1 (0.3) 14 3.0 (0.3) 10 4.1 3.8 3.5 
Ca 0.026 (0.011) 31 0.015 (0.006) 22 0.02 0.02 0.01 
K 0.008 (0.003) 33 0.015 (0.004) 31 0.01 0.01 0.00 
Mg 0.009 (0.001) 27 0.009 (0.001) 23 0.02 0.01 0.01 
Na 0.007 (0.003) 25 0.009 (0.003) 21 0.02 0.01 0.01 
Al 0.82 0.62 0.46 
P-Bray 4.0 (0.9) 16 2.8 (1.1) 13 
P-Olson 3.5 (1.5) 14 3.0 (1.0) 17 
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3.4.1 Total analysis and clay mineralogy 

The determination of inorganic nutrients in the soil involves the problem that the 

amounts estimated by chemical extraction methods are not necessarily a measure of 
the nutrients available to plants (Proctor 1987, 1992). A number of authors have 

claimed that "total analysis", rather than "available analysis" is a more useful meas
ure with regard to tropical rain forests nutrition, since total analysis was better corre

lated with vegetation composition or regenerative capacity after disturbance (Baillie 

and Ashton 1983, Baillie 1989, Burrough and Webster 1976, Wild 1989). An equally 

fundamental problem with rain forest soil analyses relates to the depth at which the 
samples are taken. Fine roots are most concentrated in the upper 20 cm of the soil, 

but the proportion of nutrient supply from greater depths is unknown, but is poten

tially of great importance (Proctor 1992). 

"Total analysis" for soil elements are reported by van Kekem et al. (1996). Si02 was 

the major constituent in both brown sands and white sands. In the white sands Si0
2 

was more than 97% throughout, with small quantities of Al, Fe and Mg throughout 

the profile (all about 0.1 %). 

In the top 20 cm of the brown sands the Si0
2 

content is generally more than 95%, 

but it decreases with depth, depending on the clay content. In sandy profiles Si0
2 

remains more than 90%, whereas in the more clayey profiles of the brown sands se
ries, the percentage of Si02 decreases to 50 %. The % Al increases with depth, re

maining generally less than 5% in the sandy profiles but reaching 15 - 20 % at 

depths more than 120 cm in the more clayey profiles. Fe follows a similar pattern, 
with less than 1 % in the upper part of the soil profile to about 5% at 120 cm depth in 

clayey profiles. Mg is reported to be about 0.6 % throughout the profile (van Kekem 

et al. 1996). 

Again the detection limits in the standard analysis of ISRIC are not low enough to 
supply more information than that the total nutrient quantities are extremely low. In 

Table 3.4 the results of the total analysis from the samples analysed in ISE (see pre
vious section) and the laboratory of Physical Geography at Utrecht University are 

listed. 

Total concentrations are greater for almost every element in brown sand, except for 

Ca which tends to be less in brown sands and for B which is approximately equal. 
The largest differences between brown sand and white sand are Al and Fe concen
tration which were about 400 and 70 times more concentrated in brown sands. 

These analysis confirm a somewhat greater content of organic C and N in the brown 

sands (cf. the results of van Kekem et al. 1996). Total quantities of Mg and K were 

about 4-5 times greater in the brown sands, and total P was 3.5 times greater in 

brown sands. It may therefore be questioned if the generalisation made by Whitmore 

(1989, 1990) that the soils under heath forests (more or less synonymous to humid 
tropical forest growing on white sands) "are not systematically poorer in plant mineral 

nutrients than those under other forest formations close by'' is valid. While this may 
be true for exchangeable or "available" nutrients (tables 3.2 and 3.3, see also Proctor 

et al. 1983a), it is not true here, and probably not true elsewhere, if more aggressive 
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Table 3.4: Concentrations of "total elements" (median and median of absolute deviation (MAD)) in 
white sands and brown sands (various depths). The "total analysis" in the ISE program may be done 
with a mixture of a) cone. H2S04 and cone. HCI b) cone H2S04 and cone. HN03 c) concentrated H2SO, 
and a catalyst. The "total elements" as analysed in Utrecht are an extraction with concentrated H2SO, 
and Hp

2 
with catalyst (N, P) or by boiling with 2M HN03 (other elements). All soil samples were mix-

tures from five locations at least 20 m apart. The litter layer was removed and roots were removed with 
a sieve. 

analytical results from !SE analyses analytical results from Utrecht University 

white sand n brown sand n brown sand brown sand brown sand 
O -30 cm O - 30 cm 0 - 20 cm 20 - 50 cm 50 -100 cm 
median median (n=7) (n=7) (n=7) 
(MAD) (MAD.) 
mg kg·' mg kg-1 

Al 30 (20) 33 11,600 28 11,400 14,600 18,000 
(2,710) 

B 4.5 (3.2) 9 4.1 (2.8) 11 
c 5,800 (1,200) 33 8,640 (420) 21 9,000 5,000 3,000 
Ca 70 (40) 44 40 (40) 27 27.5 18.3 20.0 
Fe 70 (20) 48 5, 130 (370) 43 3,300 4,400 5,000 
K 19.1 (10.0) 24 84.8 (25.2) 29 72.7 76.4 82.2 
Mg 16.6 (7.6) 41 82.9 (27.1) 41 57.1 59.9 58.7 
Mn 2.8 (0.72) 42 22 (7) 45 3.7 4.9 6.3 
Mo 0.3 (0.2) 7 0.67 (0.32) 6 
N 330 (60) 41 690 (60) 37 681 413 236 
Na 17.5 (11.5) 24 29.5 (112) 24 29.2 23.2 22.3 
p 15.0 (5.1) 36 52.7 (17) 35 69 67 53 
s 36.3 (4.9) 8 80 (6.7) 8 
Zn 1.9 (1.1) 47 6.3 (2.1) 59 

extractants are used in the soils analysis. It is not known to what extent roots or my

corrhiza can exploit the soil for inorganic nutrients but it is almost certain that the 

"available nutrient" methods developed mainly for agricultural purposes yield an un

derestimation of "real available" nutrients in the case of tropical rain forests (Wild 

1989). In particular mycorrhizal fungi may have access to nutrient sources which are 

difficult to reach for other organisms (Alexander 1989, Proctor 1989, Tiessen et al. 

1994) 

These greater quantities of total nutrients may hardly be relevant in a forest in steady 

state, when the nutrient cycle is essentially closed (cf. Proctor 1987) but might very 

well be reflected in recovery rate of forest after disturbance, which is notoriously slow 

on white sands (cf. Whitmore 1990). 

Functionally there is a large difference between the acid white sands which lack high 

contents of iron and aluminium, have a weak pH buffering and have unfavourable 

soil moisture retention characteristics and the brown sands and loams, containing 

significant quantities of iron and aluminium, being acid but have a better pH buffering 
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capacity and having more favourable soil moisture retention characteristics (Eernisse 

1991, Jetten 1994, van Kekem et al. 1996). P is rapidly fixed in acid soils with much 

Fe and Al, and P nutrition in forests growing on these soils is often difficult (Tiessen 

et al. 1994). Plants probably differ in efficiency to cope with these difficult soil condi

tions of low pH or high Al and Fe, which might very well be reflected by the different 

forest types occurring on these soils (see next section). 

3.5 VEGETATION 

The rain forests in the research area show a number of typical species associations 

(Davis and Richards 1934, Fanshawe 1952, ter Steege et al. 1993). The major envi
ronmental differentiation underlying the floristic variation was according to soil type 

(Jetten et al. 1994, ter Steege et al. 1993). Two major forest types are important for 
the current study: Mixed Forest on well drained brown sands and Dry Evergreen 

Forest on well drained white sands. A few characteristics of these forest types are 

shown in Table 3.5. Both forest types show locally a strong dominance of just a few 

species. Locally dominant species in Mixed Forest are Chlorocardium rodiei, Esch

weilera sagotiana, Mora gonggrijpii and Dicymbe altsonii. Dominant species in Dry 

Evergreen Forest are Eperua falcata, Eperua grandiflora and Dicymbe altsonii (Polak 

1992, ter Steege et al. 1993). In Mixed Forest dominated by C. rodiei , 408 plant 

species were recorded in 15 ha, of which 153 species were trees, 142 were climbers, 
65 were epiphytes and 48 were undergrowth species (Ek 1995) 

Mixed Forest has a larger basal area, is higher and has fewer stems > 15 cm than 

Dry Evergreen Forest. Dry Evergreen Forest is characterised by many small diame

ter stems and a relatively low and uniform canopy as is common in heath forests (ter 

Steege 1990, Whitmore 1990). 

Table 3.5: Some characteristics of the major forest types under study. Data on basal area and stem 
numbers were collected at 10 plots of 0.18 ha in Mixed Forest and at 13 plots of 0.08 ha in Dry Ever
green Forest (after van Zanten 1991, ter Steege 1990, and Polak 1992) 

mean +/- s.d. of basal area 
(m2 ha-1), only stems> 15 cm 0

number of stems > 15 cm, total 
diameter > 15 cm and <35 cm 
diameter >35 cm and <55 cm 

diameter >55 cm 

average forest height 

dominant species 
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Mixed Forest 
(n=10) 

Dry Evergreen Forest 
(n=13) 

33.4 +/- 8.5 24.5 +/- 6.6 

286 343 
1ITT W3 

58 66 
41 13 

20 - 35 m 20 - 27 m 

C. rodiei, E. sagotiana, E. falcata, E. grandiflora,
D. altsonii D. altsonii



Table 3.6: Root mass variation with depth (t ha-1) in Mixed Forest on brown sand (n=14) and Dry Ever
green Forest on white sand (n = 13). Recalculated after Prinsen and Straatsma (1992). 

Mixed Forest Dry Evergreen Forest 

on brown sand on white sand 

(t ha-1) (t ha-1) 

depth mean s.e. mean s.e.

O - 10 cm 19.6 3.0 25.3 4.8 

10-20 cm 9.0 2.0 9.6 1.6 
20 - 30 cm 3.2 0.5 4.8 1.7 
30 - 40 cm 2.3 0.5 2.2 0.6 
40 - 50 cm 1 .9 0.5 2.2 0.9 
50 - 60 cm 1 .2 0.2 1 .3 0.3 
60- 70 cm 1. 1 0.3 1 .0 0.3 
70 - 80 cm 0.6 0. 1 0.9 0.2 

O - 80 cm 38.8 47. 1 

Prinsen and Straatsma (1992) collected data on fine root mass (0 < 0.7 cm) in 27 
soil pits in brown sand (n=14) and white sand (n=13) under closed forest. Roots and 
soil were separated by dry sieving, and root mass was determined after drying to 
constant weight at 60 °C. Table 3.6 shows the results. The root mass per layer and 
total root mass (0 - 80 cm) were not significantly different between Mixed Forest and 
Dry Evergreen Forest (ANOVA and Scheffe test). 

Biomass estimates are not available for the forests in the research area. Total above 
ground biomass for forests growing on infertile oxisols/ultisols was estimated for 
various forests in northern Brazil, Surinam and French Guyana (Klinge 1976, Les
cure et al. 1990, Luizao 1995, Medina and Cuevas 1989, Poels 1987, Russell 1983). 
Average living above ground biomass varied from 349 - 438 t ha·1. Average root bio
mass ranged from 67 - 109 t ha·1 (Klinge 1976, Poels 1987, Russell 1983). The re
sults of a few nutrient inventories in the biomass of tropical rain forests in northern 
South America are supplied in Table 3.8. Wood is the dominant compartment of the 
total forest biomass and of the nutrients it contains (cf. Poels 1987). Given the small 
distance to the Surinam research site, and the apparent similarity of the soils, it is 
tempting to use the Surinam data on forest biomass and nutrient in absence of data 
from the current research site. However the nutrient content of the forests in Surinam 
seems to be considerably higher than at Mabura Hill in Guyana. Table 3.7 supplies 
the nutrient content of stemwood from a few dominant species in the Mabura Hill 
area and the average concentration in stemwood as given by Poels (1987) for the 
Surinam research site. The concentrations of P, K, Ca and Mg are considerably 
higher in Surinam than in Guyana. Therefore the median of the four studies in Table 
3.8 is probably a better estimate for the amount of nutrients stored in the biomass of 
Mixed Forest. 
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Less information is available for forests on white sands. For a (poorly drained) Caat

inga forest at San Carlos de Rio Negro a total biomass of 378 t ha·1 was reported, of 

which 33% were roots (Medina and Cuevas 1989). A better drained forest on white 
sand in Brazilian Amazonia investigated by Luizao (1995), had an above ground 

biomass of 152 t ha·1
• 

Table 3.7: Concentrations of major nutrients in stemwood of three species (mean and standard error, 
except for ISE: sample median and median of absolute deviations). E. grandiflora is a species growing 
on white sand, 0. altsonii and C. rodiei are species growing on brown sand. Samples were taken by 
collecting sawdust while cutting cross-sections from several trees by handsaw (0. altsonii and C. ro

diei-Utrecht) or by chainsaw (E. grandiflora). The sample for ISE was collected from the DTL sawmill 
and represents a mixture of saw dust from many C. rodiei trees. Contamination of the wood samples 
with lubricating oil cannot be excluded in the case of samples taken by chainsaw. 

concentrations in N p K Ca Mg 
wood mg g-' mg g·' mg g-1 mg g·' mg g·' 

mean s.e. mean s.e. mean s.e. mean s.e. mean s.e.

E. grandiflora (n=6) 0.89 0.05 0.06 0.01 0.51 0.11 0.93 0.03 0.30 0.02 
D. altsonii (n=2) 2.02 0.22 0.07 <d 1.14 0.21 0.20 0.01 
C. rodiei (Utrecht, 5.19 0.55 0.04 0.01 <0.40 0.22 0.02 0.17 0.02 
n=6)
C. rodiei (ISE) 4.30 0.41 0.04 0.01 0.39 0.05 0.35 0.05 0.17 0.02 

average for Suri- 2.8 0.16 2.4 5.5 0.45 
nam 

Table 3.8: Biomass (dry weight), % of the total living biomass being roots. and quantities of nutrients in 
the living biomass (kg ha-1) in selected tropical rain forests growing on infertile ultisols/oxisols in north-
ern South America. 

location reference roots biomass N p K Ca Mg 
% t ha·1 kg ha·1 kg ha·1 kg ha-1 kg ha·1 kg ha·1 

Brazil Klinge 1976 14 473 2988 66 498 514 256 
Brazil Russell 1983 20 541 4192 79 918 1371 518 
Surinam Poels 1987 (20) 542 2371 154 1646 2918 316 
Venezuela Medina and 20 301 1485 48 288 251 67 

Cuevas 1989 

median 20 507 2680 73 708 943 286 
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3.6 STUDY SITES 

About 15 km south of the Mabura Hill township a 900 ha Ecological Reserve has 

been set apart for studies on the undisturbed forest ecosystem. The various plots 

and study sites in and near the Ecological Reserve are shown in Figure 3.4. 

The field station, located at the southern edge of the Ecological Reserve consists of 
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Figure 3.4: Tropenbos Ecological Reserve with the locations of the main experimental sites in the nu
trient cycling study (after Jetten 1994). 
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a cleared area of about 1 ha; where total daily rainfall and rainfall chemistry were 
monitored. Rainfall intensity, temperature, relative humidity, incoming radiation and 
wind speed were monitored at the meteorological station, just north of the Ecological 
Reserve ( 1). 

Within the Ecological Reserve a catchment area (6 ha) was selected and equipped, 
with the purpose to serve as an untreated control for another catchment which was 
to be logged (2). Two plots of one hectare each were selected for studies on litterfall, 
decomposition and throughfall (3) in Mixed Forest and Dry Evergreen Forest. 

Two km north of the meteorological station, a second experimental catchment (also 6 
ha) was selected for a study into the effects of selective logging on the hydrological 
balance and nutrient exports on catchment level (5). This area was studied in undis

turbed condition between May 1991 and October 1992. In October 1992 the area 
was selectively logged and the hydrology and nutrient exports were monitored for 
another year. 

Three small experimental sites (4) are located about 1.5 km north-west of the field
station. In these sites nutrient leaching was studied, including the effects of logging 
gaps on leaching. At this location decomposition studies were carried out as well. 
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4. THE HYDROCHEMICAL INPUT-OUTPUT

BUDGET OF PRISTINE FOREST

4.1 INTRODUCTION

The short term nutrient availability in tropical rain forests is regulated by the balance 
between processes releasing nutrients in available forms and immobilisation proc

esses (Proctor 1987). In the long term the nutrient status of an ecosystem depends 
on the balance between inputs and outputs (Bruijnzeel 1995, Vitousek and Sanford 

1986). Similarly, the nutrient balance is one of the major characteristics of a tropical 
rain forest area which determines whether a forest can be utilised on a sustainable 

basis or not (Cole 1995, Stoorvogel 1993, Whitmore 1990). Timber harvesting leads 

to losses of nutrients for the ecosystem (Chapter 5), that in a sustainable system 

need to be replenished before a next harvest. The rate of recovery to pre-harvesting 
nutrient levels in the ecosystem is strongly dependent on the nutrient balance. 

Figure 4.1 shows a simplified diagram in which the compartments and transfers 

needed to prepare a nutrient budget are indicated (after Clayton 1979). Nutrient in

puts are through atmospheric deposition, N fixation or mineral weathering. Nutrient 

outputs from natural forest ecosystems are through leaching from the root zone, ero

sion and denitrification. In the present research area, the soils are very sandy and 

i - -
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PRECIPITATION I 

litterfall 
throughfall 
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leaching 
below roots 

PLANT 
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ROCK 

STREAM 

nutrient uptake 

weathering 

Figure 4.1: Simplified diagram showing compartments (boxes) and transfer rates (arrows) required to 
make a nutrient budget using a mass balance technique (after Clayton 1979) 
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infiltration rates are high (Jetten 1994 ), so that overland flow is unlikely to occur. 
Ecosystem nutrient losses through erosion are therefore probably insignificant here, 
at least if the forest is untouched, and were not taken into consideration in this study. 

Nutrient losses in tropical rain forests are positively related to soil fertility and to an
nual runoff (Bruijnzeel 1991 ). The observation that nutrient losses depend on soil 
fertility implies that nutrient cycles tend to be open on fertile soils and show an in

creasing tendency to closed nutrient cycles on the most poor soils (Baillie 1989, 
Burnham 1989). An ecosystem that accumulates nutrients or an ecosystem that ex
periences large inputs and outputs is probably less vulnerable for disturbance than 
an ecosystem that has a relatively closed cycle with little external nutrient inputs and 
outputs (cf. Poels 1987, Stoorvogel 1993). 

Several studies into the nutrient budget of tropical rain forests have been carried out 
in northern South America but the reported results are confusing since they varied 
from strong nutrient accumulation to strong nutrient loss, while all were carried out in 
nutrient poor systems (Brinkmann 1983, 1985, Franken and Leopoldo 1984, Jordan 
1982, Lesack 1993a, Lewis 1986, Lewis et al. 1987, Poels 1987, Russell 1983). 
Bruijnzeel (1991) demonstrated that a number of these studies had considerable 
shortcomings in methodology and/or analytical facilities and that alternative ap
proaches to calculating the nutrient budget could easily lead to a neutral budget. 

The aim of this chapter is to evaluate the nutrient balance for pristine forest. The 

study area near Mabura Hill is a rather remote location, far from sources of atmos
pheric pollution and not close to the sea. The forests grow on the rather sandy, acid 
and nutrient poor deposits of the Berbice formation (Chapter 3). Consequently, the 
following hypotheses on the nutrient balance are to be tested: 
• Atmospheric nutrient inputs are small.
• Weathering does not supply significant quantities of the major nutrients to the

ecosystem.
• Nutrient inputs and outputs are balanced, i.e. the nutrient budget is neutral and

the forests tend to have a closed nutrient cycle.

In the next section two methods to evaluate nutrient losses are compared: the small 
watershed method and the lysimeter method. Atmospheric nutrient inputs to the for
est ecosystem are evaluated in section 4.2. Ecosystem nutrient losses as deter
mined by the small watershed method and by the lysimeter method are discussed in 
section 4.3 and 4.4 respectively. The input-output budget is calculated in section 4.5. 
The effects of logging on nutrient losses from the ecosystem are discussed in chap

ter 5. 

4.1.1 Two methods to evaluate ecosystem nutrient losses: a 
comparison 

Two methods have been widely used to estimate hydrochemical nutrient losses from 
rain forest ecosystems: 1) monitoring of nutrients in the streamflow of a small catch

ment and 2) sampling of soil water with lysimetry under the main rooting zone in 
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combination with an estimate of the amount of percolating water (Proctor 1987, 
Bruijnzeel 1991 ). Both methods have their specific advantages and disadvantages, 
which are summarised in Table 4.1. 

Studies of small watersheds are well suited for integrated studies into the water and 
nutrient balance, at least when certain criteria are met. Such small watersheds 

should have well defined boundaries so that the size can be recorded accurately, 
there should be no inter-basin groundwater flow, the catchments should not leak 

(unrecorded groundwater flow through the valley) and the study should last a suffi
ciently long period, to cover the temporal variation. However, the small watershed 

method is essentially a black box approach, providing little insight into the behaviour 
of individual landscape units and temporal variation over short periods. Another 
drawback of this method is that, especially in oligotrophic systems, it is not known if 
the calculated nutrient losses are obtained from the biologically active portion of the 
ecosystem or represent nutrients released by weathering which are beyond the 
reach of the vegetation (Bruijnzeel 1990, Hornung 1990). 

Table 4.1: Advantages and disadvantages of the "watershed method" and the "lysimeter method " for 
evaluation of nutrient losses experienced by a forest ecosystem 

watershed (catchment) method lysimeter method 

advantages 
integration of a large area, averaging yields site specific information, possibly 
spatial variation giving insight in processes 

relatively accurate determination of wa
ter balance possible (if the catchment is 
well defined) 

nutrients supplied by deep weathering 
(irrelevant to the ecosystem functioning) 
are not incorporated 

evaluation of short term temporal varia
tion possible 

disadvantages 
nutrients lost by the biologically active if roots are present below the depth of 
part of the ecosystem and nutrients re- sampling nutrient losses are overesti-
leased by deep weathering can not be mated 
separated 

short term temporal variation can not be 

evaluated 

evaluation of the (subsurface) catch

ment boundaries sometimes difficult 

specific units (e.g. soil, vegetation or 

geomorphological units) within a catch

ment cannot be evaluated 

estimate of the water flux is relatively 

difficult (evapotranspiration!) and proba

bly less accurate than in catchment 
method 

many replicates may be necessary to 
adequately sample the spatial variation 

the samples may not be representative 
for the average composition of drainage 
water through the soil (e.g. macropore 

flow) 
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The lysimeter method offers the possibility to evaluate temporal changes (e.g. after 
disturbance) and the influence of spatial variation (e.g. soil type or vegetation type). 
However, obtaining representative samples from water percolating through the soil is 
difficult, since both spatial and temporal variation can be large (Bottcher and Strebel 
1988ab, Parker 1985). Both zero-tension and suction lysimeters have been used to 
sample percolating water, but the chemistry of the water may differ considerably with 
the method and with the suction applied (Haines et al. 1982, Nortcliff and Thornes 
1989, Russell and Ewel 1985). Finally, a proper estimate of the water percolation 
through the soil is needed. Although sophisticated water balance models are a great 
help in this respect, accurate estimation of actual evapotranspiration in a tropical rain 
forest environment is difficult (Bruijnzeel 1991, Lesack 1993b). 

4.2 ATMOSPHERIC INPUTS 

Obtaining a reliable estimate of atmospheric nutrient input into ecosystems is notori
ously difficult (Bruijnzeel 1989, Edwards 1982, Galloway et al. 1982, Proctor 1987). 
Wet-only deposition measurements are relatively straightforward and collectors can 
be used which are opened during rainfall events only (cf. Lesack and Melack 1991 ), 
but such measurements underestimate total atmospheric inputs since dry deposition 
is not sampled. Atmospheric deposition rates in forest ecosystems are usually evalu
ated using bulk precipitation collectors (always open) that integrate wet deposition 
and a portion of the dry deposition (Parker 1983). It is unlikely, however, that the 
deposition efficiency for particles, aerosols, and gases on a precipitation collector is 
equal to the deposition efficiency of the forest canopy and dry deposition quantities 
are likely to be underestimated using this sampling method (Draaijers 1993). The es
timate of dry deposition is further complicated by observations that tropical rain for
ests generate aerosols (Artaxo 1985, Crozat 1979, Delmas and Servant 1983, Har
riss 1986, Lawson and Winchester 1983). Distinction between "real inputs" and for
est derived aerosols, which are in fact part of a rapid cycle between the terrestrial 
ecosystem and the atmosphere (Lesack and Melack 1991 ), is very difficult. 

Since wet-only collectors almost certainly underestimate deposition on forests, depo
sition was estimated in this study with permanently open collectors. The contribution 
of dry deposition in the nutrient flux of throughfall under the forest canopy is dis
cussed in chapter 6. 

4.2.1 Methods 

The chemistry of the rainfall was monitored from April 1991 to December 1993 by 
collecting rain water samples from permanently open collectors. Two 25 cm diameter 
funnels with their opening at 1 m above ground surface were mounted on dark plas
tic containers. In the connection between the funnels and the containers a fine mesh 
gauze was placed to avoid trash entering the container and to limit evaporation of 
water from the samples. The containers were emptied daily into two closed inert 
plastic containers, which were placed in the dark at 25 °C. After one to two weeks, 
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the electrical conductivity of the rain water in the storage containers was determined 

using a WTW LF96 conductivity meter. The water sample with the lowest conductiv

ity was selected for further treatment and analysis, assuming that this sample was 

least contaminated (e.g. by insect droppings, pollen). The atmospheric nutrient input 

over a sampling interval was estimated by multiplying the rainfall quantity with the 

nutrient concentrations in the sample. 

In a field laboratory, the pH was determined using a subsample under quiescent 

conditions using a wrw pH meter combined with a Broadley-James electrode, which 
was calibrated against 4.01 and 6.97 buffer fluids before use. The sample was fil

tered through a 0.45 µm filter (Schleicher and Schull). To one aliquot 25% HN03 was 

added to 4% of the total volume. To another aliquot 5% H2
S04 was added to 4% of 

the total volume. The samples were stored in darkness at 4 °C until shipment to the 

laboratory of Physical Geography at Utrecht University, The Netherlands, where the 
samples were analysed. 

The samples acidified with HN03 were analysed for Al, Ca, Fe, K, Mg, Mn, Na, S and 

Si on ICP-AES (Spectroflame), and for P0
4
-P by flow injection analysis (FIA) using a 

Molybdate-blue colour reaction, where the initial sample colour was subtracted from 

the value after the colour reaction. The samples acidified with H2
S04 were used to 

analyse N03
, NH

4 
and Cl colorimetrically on a continuous flow autoanalyser (Skalar). 

The rain water appeared to be extremely dilute, and individual nutrient concentra

tions were very low and often close to the detection limit. Although great effort was 

made throughout the research project to obtain high quality analytical results, it ap

peared to be difficult to obtain consistent results if the nutrient concentrations were 

near the detection limit. Therefore all samples were re-analysed in November 1994, 
and these results were used. There were no systematic differences between the first 

and second analysis, indicating that significant changes had not occurred during 

storage in Utrecht, which was in the dark at 4°C (cf. Galloway and Likens 1976). 

To investigate the possibility that systematic analytical errors were made (cf. Jordan 

et al. 1980), one sample was also analysed for cation concentrations by two inde
pendent, high quality laboratories from the Wageningen Agricultural University, 

Netherlands (cf. Stoorvogel 1993, Houba 1991 ). The results are presented in Table 

4.2. 

Except for K, the analytical results from the laboratory at Utrecht University deviated 

Table 4.2: Comparison of the results of the laboratory of Physical Geography of the Utrecht University 
(LPG) with the results obtained by the laboratory of Soil Science and Geology (LBG) and the Labora
tory of Soil Science and Plant Nutrition (LBP), both of the Wageningen Agricultural University. 

Element LPG-Utrecht LBG-Wageningen LBP-Wageningen 

K (µeq/1) 6 5.5 12 

Na (�teq/1) 106 126 107 

Ca (�teq/1) 26 24 30 

Mg (µeq/1) 47 43 49 
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less than 10% from the average of the three laboratories and except for Na the re

sults were in between the results from the other two laboratories. Admittedly it must 

be noted that if a sample was used with even lower concentrations than the present 
sample (as most of the rainfall samples in fact were) the relative deviation probably 

would have been larger. Nevertheless, there is no reason to assume that consistent 

over- or underestimates occurred due to analytical problems. 

Sampling of rainfall chemistry should preferably occur on an event basis to avoid 

chemical alteration and contamination of the sample (Galloway and Likens 1978, Le

sack and Melack 1991 ). If logistics prohibit the collection of rain water samples on an 
event basis, preferably samples should be collected with not more than weekly inter

vals, and in extreme cases monthly intervals, to avoid biochemical transformations 

(Galloway and Likens 1976). 

In order to evaluate possible alteration of the samples during the collection period 
(on average 10 days), atmospheric nutrient influx was determined using two sam

pling strategies from February to April 1992. For two months, both 10-day bulk sam

ples and daily samples were collected (if more than 3 mm of rain had fallen) in that 

period and the results are compared in Table 4.3. 

Table 4.3: Volume weighted concentrations of daily rainfall (>3 mm/day) and 10 day bulk rainfall and 
the ratio between 10 day bulk rain and daily rain for the period February-April 1992. NH4 and N03 con-
centrations were below detection limit in some of the daily samples resulting from large showers. N is 
the sum of N03 and NH4 . 

rain Ca Fe K Mg Na Si so. NH4 Cl N03 N 
mm mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I mg/I 

daily 220 0.31 0.01 0.11 0.11 0.81 0.04 0.88 (0.23) 1.47 (0.68) 0.33 
10-day bulk 263 0.33 0.01 0.10 0.12 0.91 0.04 1.33 0.36 1.63 1.35 0.58 

10-day/daily (%) 105 98 94 109 113 105 151 159 111 (199) (178) 

The difference between the average volume weighted concentrations of the bulk 

samples and the daily samples was less than 15% for Ca, Fe, K, Mg, Na, Si and Cl. 

The concentrations of S0
4

, N03 and NH4 appeared to be considerably higher in the 

10-day bulk samples. NH4 and N03 were below detection limit (0.1 mg 1-1) in some 1-

day samples taken during days with much rainfall (>20 mm), causing the average

concentration in the daily samples to be underestimated. Somewhat greater concen

trations in the 10-day bulk samples were to be expected, since these samples in

cluded the small volume rain storms (<3 mm) which were probably more concen

trated (see Table 4.5). The clearly greater S04 concentration in the 10-day bulk

samples could not be explained since no concentrations close to the detection limit

were measured. Either contamination or inconsistent analytical results might have

been the cause.
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Overall, no major changes in the chemical composition occurred during sampling pe
riods of 10 days, except perhaps for S04 , N03 and NH4 (cf. Galloway and Likens 
1976). Thus, for rainfall chemistry, a sampling interval of approximately 10 days does 
not lead to incompatible results if compared with samples that were taken on a daily 
basis. 

4.2.2 Results and discussion 

The volume weighted concentration of solutes and the estimated average annual 
deposition of these solutes are presented in Table 4.4. Solute concentrations in 
rainfall are very low, as was hypothesised. However since the volume of rainfall is 
large, the resulting nutrient deposition contributes significantly to ecosystem nutrition 
in the long term. Comparisons with solute depositions at other tropical sites are 
made in section at the final part of this section. 

The dominant cation (in equivalents) in rainfall was Na, followed in descending order 
by H, Ca, NH4 , Mg and K. The dominant anion was Cl followed by S04 and N03 . The 
charge balance was generally not neutral, since the sum of measured cations in 
rainfall was usually greater than the sum of measured anions. This is common in the 
precipitation chemistry of the humid tropics (Galloway et al. 1982, Holscher 1995, 
Lacaux et al. 1987, Lesack and Melack 1991, Lewis 1981), although a deficit of 
cations has also been reported (Poels 1987). The deficit in anions is usually ascribed 
to organic anions, which are not 'normally analysed. Also HC03 , which was not ana
lysed in this study, can contribute significantly to the total anions if the pH is above 5. 

Table 4.4: The average annual flux of nutrients in rainfall (kg ha·' yr·' ) based on the period Dec 91-
Dec 93 (P.,9 = 2683 mm), the volume weighted mean concentration (mg 1·1 ) in rainfall based on the
period April 1991- December 1993 (P,01 = 7482 mm}, the coefficient of variation (CV %) of the concen
tration based on monthly weighted average concentrations and the ratio between selected elements 
and Na in rain water and in sea water. 

flux (kg ha·' yr·' ) concentration. (mg 1·1 ) CV% of elem.IN a elem./Na 
monthly con- (sea) 
centrations 

pH 5.3 
Ca 2.6 0.1 61 0.24 0.04 
K 3.3 0.11 67 0.13 0.02 

Mg 1.3 0.05 59 0.19 0.23 
Na 14.1 0.48 54 1 1 
Si 2.8 0.08 113 0.14 

so. 9.4 0.31 62 0.3 0.12 
PO, 0.41 0.015 78 0.01 
NH, 2.1 0.07 136 0.17 

Cl 21.9 0.81 51 1.08 1.16 
N03 6.1 0.22 38 0.16 
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Assuming the rain water was in equilibrium with C02 levels in the air, the concentra
tion of HC03 

was estimated. The calculated quantities of HC0
3 were generally not 

sufficient to explain the observed deficit in anions, and on average the sum of anions 
remained 20 - 30 % lower than the sum of cations. It is assumed that indeed this was 
due to organic anions. 

The coefficient of variation (CV%) of the solute concentrations, calculated using av
erage monthly concentrations was rather large (Table 4.4), indicating a considerable 
temporal variation. But, most solute concentrations were negatively related to the 
amount of rainfall (Table 4.5), so that the temporal variation of solute deposition 
(concentration * rainfall quantity) was not clearly related to wet or dry seasons, ex
cept that during the relatively dry months September, October and November the 
deposition was less than during other parts of the year (Figure 4.2). 

A seasonal variation in solute deposition not directly related to rainfall amounts, was 
observed for Cl and to a lesser extent for Na and Mg. During February, March and 
April, the deposition rates of Cl, Na and Mg were higher than during the rest of the 
year (Figure 4.2). Although no wind direction and wind speed above the canopy were 
measured, it is postulated that during February to April the deposition of oceanic
derived solutes was greater than during other periods in the year. K and N03 tended 
to be deposited at higher rates at the beginning of the main wet season (May-June) 

If dry deposition is an important source of nutrients in bulk precipitation, then a sig
nificant positive correlation is to be expected between the length of a sampling inter
val (i.e. the period in which the rainfall collector was exposed) and nutrient concen
tration, which was not found except for rather weak significant correlations with S0

4 

and N03 (Table 4.5). Dry deposition on the collecting funnel was therefore probably 
small compared to wet deposition. 

A positive correlation between individual solute concentrations in rainfall might well 
indicate that these solutes originate from the same source. In this study, the strong
est correlations (r>0.7) were between Na, Cl and Mg (Table 4.5). These elements 
are generally assumed to originate from oceanic sources. Ca, K, S0

4
, Si and Mn 

concentrations showed generally also significant and positive correlations with other 
solutes, but the correlation coefficients were lower. NH4 , N03 and P04 concentrations 
were not correlated or weakly correlated to other nutrients and rainfall quantities. 

If Na in rain is assumed to be derived completely from oceanic sources, then the sol
ute/Na ratio in rain gives the contribution of oceanic sources for that solute, at least if 
the ratio does not change during transport (cf. Andreae et al. 1990, Bruijnzeel 1989, 
Lesack and Melack 1991, Waterloo 1994). The relative contribution of oceanic 
sources can then be calculated with the following equation: 

[ion in sea]/ . *[Na in rain] 
o, . f /[Na in sea] 

* 10001 ,o ion rom sea= [. . . ] · 10 ion 1n rain 
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Figure 4.2: Temporal variation of monthly rainfall (mm) and monthly depositions of Mg, Na and Cl (kg 
ha·') from April 1991 - December 1993. Note that if a sampling interval extended in two months, the 
rainfall and nutrient depositions were linearly divided between the months, based on the number of 
days in that month. 
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Table 4.5: Correlation matrix (r values) of length of sampling interval (l.s.i.), rainfall quantity during a 
sampling interval (rain), pH and solute concentrations (mg 1·1

, log transformed). Correlations shown 
were significant at p<0.05. Correlations not shown were not significant. 

l.s.i. rain pH Al Ca K Mg Mn Na Si so4 P04 NH4 Cl N03 

l.s.i. 1.00 0.33 0.42 

rain 1.00 -0.28 -0.26 -0.42 -0.35 -0.41 -0.35

pH 1.00 

Al 1.00 -0.30 -0.28

Ca 1.00 0.30 0.65 0.34 0.45 0.43 0.28 0.57 

K 1.00 0.46 0.31 0.61 0.48 0.53 0.47 0.55 

Mg 1.00 0.63 0.71 0.36 0.47 0.22 0.78 

Mn 1.00 0.43 0.29 0.31 0.22 0.47 

Na 1.00 0.45 0.65 0.34 0.77 0.35 

Si 1.00 0.32 0.30 

S04 1.00 0.40 0.49 0.39 

P04 1.00 0.22 

NH4 1.00 0.45 0.41 

Cl 1.00 0.27 

N03 1.00 

The contribution of sea-derived Ca and K to total deposition by rainfall was about 
15%, and about 40 % for S0

4 
according to this equation. Alternative sources of these 

nutrients in rainfall are terrestrial, and might even be derived from the rain forest itself 
(see also Chapter 6). Cl and Mg were completely derived from oceanic sources. The 

actual deposition of these elements was even about 10% lower than the predicted 
deposition using the ratios in sea water, thus Cl and Mg were either preferentially 
removed from the air mass during transport, or part of the Na in the rainfall was de

rived from terrestrial sources. The predicted deposition of oceanic origin based on 
elemenUNa ratios was 70% for S04 and 20 -25% for Ca and K during February to 
April, thus indeed indicating a larger contribution of sea derived solutes during these 

months, as was postulated above in relation to the observed seasonal variation. 

Solute concentrations in rainfall at 25 selected tropical rain forest sites are listed in 

Table 4.6 and are shown in Figure 4.3. The solute concentrations in rainfall in Guy
ana are lower than the median of the listed studies for Ca, K, S0

4
-S, P0

4-P, ap

proximately equal to the median for Mg, Si and the N species and greater than the 

median for Na and Cl (Figure 4.3 and Table 4.6). The low concentrations in Guyana 
reflect the large distance to important nutrient sources as for example Sahelian dust 
in humid tropical Africa, volcanic activity or dry season biomass burning in the region 
(Holscher 1995, Lewis 1981, Lacaux et al. 1987, Stoorvogel 1993, Veneklaas 

1990a). It is remarkable that the Na and Cl concentrations in the present study were 

above the median value, since the distance to the ocean is more than 150 km. Al

though Na and Cl were lower in the Mabura Hill area than in sites much closer to the 

sea (e.g. Fiji, Waterloo 1994; Eastern Amazonia, Holscher 1995; Queensland, 
Brasell and Gilmour 1980), they were clearly higher than reported for French Guyana 
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and Central Amazonia, although the latter area is at much greater distance from the 

sea than the present site (Grimaldi 1988, Lesack and Melack 1991 ). 

Table 4.6: Volume weighted solute concentrations (mg 1-1) in rainfall at selected humid tropical rain for-
est sites 

location 

Guyana 1 

Australia 2 

Brazil 3 

Brazil 4 

Brazil 5

Brazil 6 

Brazil 7 

Brazil 8 

Cameroon 9 

Colombia 10

Costa Rica 11 

Costa Rica 12

Fiji 13

French Guyana 14

Indonesia 15 

Ivory Coast 16

Ivory Coast 17 

Malaysia 18

Malaysia 19

Malaysia 20

Malaysia 21 

Malaysia 22 

Surinam 23 

Venezuela 24 

Venezuela 25 

aritm. mean 
median 

pH 

5.3 

4.9 
4.7 

5.0 
5.3 

4.4 

5.1 
5.3 
5.6 
5.4 
6.4 

5.0 

5.4 

5.6 
6.3 
4.8 

5.3 
5.3 

Ca K Mg 
mg 1-• mg 1-• mg 1-1 

0.10 0.11 0.05 
0.11 0.18 0.11 
0.04 0.03 0.02 
0.01 0.01 0.01 

0.12 

0.23 0.13 0.15 
0.05 0.06 0.02 
0.49 0.32 0.11 
0.17 0.12 0.18 
0.50 0.43 0.16 

0.08 0.14 0.07 
0.06 0.11 0.04 
0.09 0.17 0.06 
0.16 0.16 0.05 
0.21 0.21 0.09 

0.24 0.12 0.05 
0.47 0.45 0.06 
0.18 0.29 0.03 
0.22 0.18 0.07 
0.09 0.16 0.03 

0.05 0.05 0.01 
0.25 0.24 0.04 
0.76 0.67 0.11 
0.01 0.03 0.01 
0.15 0.19 0.02 

0.22 0.20 0.07 
0.17 0.16 0.06 

Na Cl S04-S P04-P NH4-N N03-N N-tot 
mg 1·1 mg 1-• mg 1-• mg 1-• mg 1-1 mg1·1 mg 1-1 

0.48 0.81 0.10 0.005 0.05 0.05 0.10 
0.83 
0.06 0.17 0.07 0.002 0.09 0.05 0.14 
0.01 0.30 0.015 0.07 0.00 0.24 
0.40 0.66 0.005 0.25 

1.03 2.18 0.25 0.030 0.00 0.00 0.16 
0.08 0.14 0.03 0.03 0.02 0.05 

0.005 0.00 
0.23 0.31 0.52 0.03 
1.12 0.93 1.20 0.034 0.82 

0.34 0.004 0.03 0.02 0.05 
0.25 0.50 0.004 0.04 0.00 0.04 
0.72 1.39 0.28 0.008 0.22 0.04 0.30 
0.23 0.39 0.06 0.01 
0.28 0.87 0.31 <0.03 0.06 

0.09 0.25 0.06 0.07 0.08 0.15 
0.36 1.19 0.33 0.29 0.29 
0.98 0.10 0.17 0.27 
0.02 0.080 
0.25 0.43 0.11 0.009 0.07 0.07 0.14 

0.12 0.19 0.09 0.18 
0.56 1.32 0.39 <0.013 0.11 0.37 0.48 
0.48 0.87 0.30 0.037 0.44 0.44 0.88 
0.04 0.09 0.09 0.03 0.04 0.07 

0.013 0.06 

0.38 0.72 0.31 0.022 0.17 0.09 0.23 
0.28 0.58 0.28 0.013 0.07 0.04 0.16 

1 this study; 2 Brasel I and Gilmour (1980); 3 Lesack and Melack (1991 ), wet only, high standards;

Si 
mg 1-1 

0.08 

0.06 

0.25 

0.07 
0.06 

0.00 

0.25 

0.12 
0.07 

4 Brinkmann (1983, 1985) 5 Franken et al. (1985); 6 Holscher 1995; 7 Andreae et al. (1990) six weeks 
sampling period only 8 Russell (1983); 9 Seyler et al. (1993); 10 Veneklaas (1990a) average of 2 man-
tane sites 11 Parker (1985); 12 Hendry et al. (1984); 13 Waterloo (1994) average of four sites, excluding 
cyclone event; 14 Grimaldi (1988); 15 Bruijnzeel (1989); 16 Stoorvogel (1993); 17 Lacaux et al. (1987) 18

Manokaran (1980); 19 Sinun et al. (1992); 20 Burghouts (1993); 21 Maimer (1993), wet only collection, 21
samples, high standards; 22 Bruijnzeel et al. (1993), nine samples only; 23 Poels (1987)
24 Galloway et al. (1982), wet deposition, 14 samples only; 25 Buschbacher (1984) in Cuevas and Med-
ina (1989). 
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Figure 4.3: Comparison of the pH, and concentrations of Ca, K, Mg, Na, P04-P, NH4-N, N03-N, 804-S 
and Cl (mg 1·1) in rain water from selected humid tropical sites. The numbers on the x-axis correspond 
with Table 4.6, except for the present study which is indicated with G (black bars). 
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The research site in Surinam is of special interest for comparison because it is near 
(about 300 km) the present research site (Poels 1987). The estimated concentrations 
of Ca, K, P04-P and N were 6 - 8 times larger in Surinam than at Mabura Hill. Such a 
difference is too much to explain by a smaller distance to the sea or the somewhat 

more seasonal climate of the Surinam research site. The Ca, K and P concentrations 

reported by Poels were the highest of all studies listed in Table 4.6. It now seems 
that the Surinam nutrient inputs were either 1) exceptionally large and not represen

tative for the extensive rain forest areas in northern South America or 2) the applied 
methods (funnel about 10 cm above the soil surface, with insects and dust able to fall 
into the funnel) and analytical facilities (numerous "corrections" applied) caused a 
substantial deviation from the "real" inputs. The outcomes of the Surinam nutrient 

balance study (clearly larger inputs than outputs for Ca, K and P) thus should be 

treated with care, and can not be extrapolated to other tropical rain forest areas (see 

also section 4.5). 

4.3 STREAMFLOW OUTPUTS 

Catchment studies have been used since early this century to evaluate the effects of 
land use changes on water yield and evapotranspiration (Bosch and Hewlett 1982). If 
the streamflow chemistry is monitored at the same time an estimate can be obtained 

of solutes transported through the stream. This technique has been used to estimate 

weathering rates (Clayton 1979) as well as to evaluate nutrient losses after a land 

use change (Likens et al. 1977). In order to compare pre- and post-treatment (e.g. 
land-use change, logging) characteristics, both time-trend studies (comparing stream 

characteristics before and after treatment) and paired catchment studies 
(establishing a relation between two or more catchments, and subsequently treat one 
or more of the areas, leaving others intact) have been carried out. Usually paired 
catchments are more powerful in distinguishing the effects of treatment (Bosch and 
Hewlett 1982). 

The original set-up of the present study involved a paired catchment approach to 
evaluate the effect of a light logging operation on nutrient losses in streamflow. Un

fortunately the electronic equipment meant to record water discharge in the un
treated catchment area malfunctioned more often than it supplied reliable data, and 
the data were too erratic to be used (cf. Jetten 1994). Streamflow chemistry data, 
however, were available for this reference catchment. They obviously could not be 
used for a quantitative evaluation of nutrients discharged in the stream, let alone to 

establish a correlation with the other catchment area for the purpose of a paired 

catchment approach. Nevertheless, the data are valuable for the evaluation of sea
sonal variation in streamflow chemistry. 

In this section the streamflow chemistry and the estimated annual nutrient quantities 

discharged in stream water are discussed for pristine forest. To provide more insight 
in the spatial variation caused by soil and vegetation types, soil water samples from 

the unsaturated zone and groundwater samples were collected in the dominant soil 

types. The total period over which the hydrology and hydrochemistry were monitored 

ranged from March 1991 to December 1993. Unfortunately the hydrological data 
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before August 1991 were too erratic to be incorporated in the hydrological analysis 
(cf. Jetten 1994). The forest was selectively logged in October 1992. This chapter 
reports mainly on the period before logging while the effects of logging on nutrient 

exports are discussed in chapter 5. 

4.3.1 Methods 

The experimental catchment was located about 2 km north of the meteorological sta
tion where rainfall was measured (Figure 3.4). The catchment size is about 6.2 ha, 
with a rather well defined stream outlet incised into the underlying rock. This makes 
unrecorded groundwater flow unlikely to occur in this catchment, unlike e.g. the 

catchments reported on by Lesack (1993ab) and Poels (1987) The watershed 
boundaries however, are rather flat, making the uncertainty in catchment size rela

tively large. About 70% of the area consists of deeply drained white sands (Albie 

Arenosols), but near the stream in approximately 5% of the area, a hardpan consist
ing of organic matter is within 1.5 m from the surface (Gleyic Arenosols, Figure 4.4). 
The remaining 25% of the area is covered by soil types from the brown sands group 

(Ferralic Arenosols, Haplic Ferralsols and Haplic Acrisols). Near the stream, a few 

rock outcrops are visible, probably doleritic rock. A soil map was prepared by Jetten 
(1994), based on 83 augerings and two soil pits (Figure 4.4). From observations in 

deep hand augerings (down to 5.5 m) it seems that the white sands are underlain by 
a layer of virtually impermeable kaolinitic clay. 

At the catchment outlet a concrete dam with a sharp crested 90° V-notch weir was 

constructed. Water level measurements were done using a DRUCK 830 pressure 
sensor in a perforated PVC pipe, that functioned as a stilling well. Recordings were 

taken every three minutes and 15 minute average values were stored in a Campbell 
-CR 10 datalogger. Regular (weekly to biweekly) hand readings of the water level

were taken and the water level - discharge relation was calibrated using large buck
ets at different water stages. Baseflow and stormflow separation was done using a

simple linear separation technique following Lesack (1993b).

Streamflow samples were collected in the outflow opening of the sharp crested weir, 

after testing if the water quality was not altered by the concrete structures that were 
built. The sampling frequency was weekly to biweekly, generally with the same inter

val as the rainfall sampling. The major purpose of this regular sampling was to es
tablish the variation in baseflow composition, so sampling during, or within a few 

hours after a rainfall event was avoided as much as possible. However it can not be 

excluded that some samples were in fact obtained from the falling limb of the hydro

graph after a rainfall event, especially so during the wettest season. In addition to 
baseflow, stormflow was sampled. Stormflow was sampled with a simple automated 

sampler that was able to sample water at fixed water levels (climbing and falling) 

about 1 m upstream of the weir, and manually if possible. 
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Figure 4.4: Topographical map, soil types and location of piezometers in the experimental catchment 
(after Jetten 1994 ). 

In order to estimate seasonal changes in water storage, groundwater chemistry and 
to gain insight in the spatial variation of water quality, 22 piezometers were installed 

in the catchment area. The majority of the piezometers were located within 20 m 

from the stream because of the steepness of the slopes and consequently the rap

idly increasing depth of the groundwater table. Groundwater levels were measured 

weekly to biweekly, water samples for chemical analysis were taken roughly every 
three months. Additionally, soil water from the unsaturated zone (30-120 cm below 

surface) was extracted with ceramic cup suction soil water samplers. The samplers 

were brought to a suction of 60 kPa and the collected water was sampled after 48 

hours. Initially 20 samplers were installed, but 8 samplers were removed in February 
1992 for use in another experiment (section 4.4). Soil water was sampled approxi

mately every three months. 
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Treatment, storage and analytical techniques of the water samples were as de
scribed in section 4.2.1 for rain water. 

4.3.2 Catchment hydrology 

Due to damage to the dam, theft and malfunctioning of the datalogger, discharge 
data were available for 240 out of 432 days only between August 1991 and October 
1992. For the periods that no datalogger results were available, hand readings sup
plied baseflow estimates. 

Stormflow discharge was estimated using a linear hydrograph separation method 
(Lesack 1993b, Jetten 1994). The slope of the separation line (dQb/dt, where Qb is 
baseflow) between baseflow and stormflow in the stormflow hydrograph was deter
mined to be 0.0018 I s·1 min·1 (Jetten 1994). During periods with hand readings only, 
stormflow was estimated by establishing a relationship between rainfall and storm
flow runoff, based on 90 adequately recorded rainstorms (r2=0.71; Jetten 1994). 

Using the datalogger recordings, hand readings and the regression equations, daily 
discharge records were generated for the whole period. Running 30-day totals of 
rainfall, total discharge and stormflow are shown in Figure 4.5. Total discharge re-
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Figure 4.5: 30-day running totals of discharge (Q), peakflow (Qp) and monthly rainfall totals (P; after 
Jetten 1994). All in mm. 
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sponded with some delay on rainfall input. In fact the discharge curve shows a more 

or less constant decline from the end of the May-June -July wet season until April in 
the following year, emphasising the importance of the long wet season in replenish
ing the groundwater body that supplies the baseflow. Of a total rainfall of 2480 mm in 
the year prior to logging, about 1036 mm was discharged (Jetten 1994). The water 
balance equation can then be used to calculate the evapotranspiration: 

Precipitation = Discharge + Evapotranspiration + Storage (positive if increased) 

Using the water balance equation, 1444 mm is left for evapotranspiration (ET) and 
changes in water storage. The piezometric levels at the end of the measuring period 
(October 1992) were on average 78 mm lower than one year earlier (October 1991 ). 
Assuming that the drop in measured groundwater levels was representative for the 
complete catchment area (which is a conservative estimate because the difference 
might well have been larger closer to the watershed boundaries), and assuming a 
pore space of 50%, the storage was 39 mm lower at the end of the first year of 
measurements. The ET derived from the water balance calculations is then: 2480 

mm (rainfall) - 1036 mm (stream discharge)+ 39 (decreased storage) = 1483 mm. 

This estimate is rather different from the 1284 mm calculated by Jetten (1994), using 

a vertical water balance model based on micro climatological data, with a number of 
assumptions about the hydrological behaviour of the different geomorphological units 
in the catchment (see section 5.3.2 and Jetten (1994) for a more extensive discus
sion on the methodology). Jetten (1994) reported a gap of 160 mm between the 
model simulations and the catchment water balance, not including changes in stor
age. Including the change in groundwater storage, here estimated to be at least 39 
mm, the gap between the two methods increases to 199 mm. 

Errors in the estimate of ET based on the catchment water balance are primarily 
caused by 1) a considerable uncertainty in the catchment size due to its flat water
sheds 2) the interrupted registration of the streamflow discharge. Unrecorded 
groundwater flow is probably not significant, given the rather well defined catchment 
outlet. The model estimations used by Jetten, at the other hand, might well be an 
underestimate of the actual ET because of the rather shallow rooting depth used in 

the model calculations (1 m). Eernisse (1993) showed that in the experimental 
catchment roots were present to at least 4 m depth. Nepstad et al. (1994) showed 
that deep rooting is common throughout the Amazon basin. They also showed that 
more than 75% (!) of the transpired water during a severe dry season in an Ama
zonian forest was obtained from soil depths greater than 2 m. It is therefore assumed 

here that the catchment water balance was correct, and that the discharged nutrients 
are indeed derived from a 6.2 ha area. 

An evapotranspiration of 1483 mm is slightly larger than the 1400 mm reported by 
Bruijnzeel (1990) as an average for humid tropical rain forest areas. Evapotranspira
tion estimates obtained in other studies in the northern part of South America vary 
from 1469 mm in French Guiana (Fritsch 1990), 1119 mm in Central Amazonia 
(Lesack 1993b) and 1630 mm in Surinam (Poels 1987). 
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4.3.3 Nutrient losses in streamflow 

Nutrient quantities discharged in a stream show (at least) three different types of 
temporal variation: seasonal variation, inter-annual variation and discharge depend

ent variation. In this study seasonal variation was accounted for to a certain extent by 

sampling baseflow water for a period of more than a year. An explanation of the sea
sonal variation in the streamflow chemistry is provided in section 4.3.3.2. The dis

charge dependent chemistry of streamflow water is discussed in section 4.3.3.1. 

Unfortunately, time constraints prohibited collection of data for more than one year 

under undisturbed conditions. Inter-annual variation in nutrients discharged can be 
considerable, mainly as a consequence of climatic variation and therefore different 
amounts of discharge (Hopmans et al. 1987, Poels 1987, Zulkifli 1991). The amount 

of rainfall in the year preceding disturbance was 2480 mm, so very near the long 
term average Jetten 1994, Chapter 3). Therefore it is assumed that the monitored 

year was an average year in terms of streamflow runoff and that the estimated nutri

ent exports deviate not substantially from the long term average. 

4.3.3.1 Discharge dependent chemistry 

Lesack (1993a) stressed the importance of sampling stormflow as a means to im
prove the estimate of total annual nutrient exports in tropical rain forest catchments. 

For a catchment in Central Amazonia he found that 25% of the K exported annually 

was in stormflow. Other researchers sampled stormflow, but did not find large differ
ences between stormflow and baseflow nutrient concentrations (Grimaldi 1988, Grip 

et al. 1993). 

In the present study, discharge dependent nutrient concentrations were evaluated by 
sampling streamflow water during a number of rainfall events of varying magnitude. 

Most of the sampled events (n=8) were a response to rainfall quantities between 5 

mm and 15 mm, resulting in a peak discharge of less than 10 I s·1 (baseflow was
generally between 0.5 and 2 I s·1). The small events were sampled by hand and only

one or two samples were collected. The response of streamflow discharge and 

streamflow chemistry on three major rain storms (20 -35 mm rainfall, causing peak 
discharges of 18 - 32 I s·1) are presented in Figure 4.6.

Both the rising (5 samples) and falling (6 samples) limb of the hydrograph were sam
pled in each of these larger events. For practical reasons the baseflow samples were 

plotted as if taken just before the event which was not necessarily the case. 
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Figure 4.6: Total discharge and the concentrations of solutes in streamflow water during three large
rain events in September/October 1992. Solute concentrations are on the y-axis in mg 1·1

, except for 

discharge which is in I s·1, and P04 concentration (in µg 1·1) The x-axis is time in hours and minutes.
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The course of Al, Si and Cl concentrations was consistent during events; in the rising 

limb of the hydrograph the concentration remained constant or decreased slightly, 
just after the peak discharge the concentrations reached the lowest level (25-35% 

lower than during baseflow), and then gradually increased to the original concentra
tions in the baseflow (Figure 4.6). The concentrations of Mg, Fe, Mn and also Na re
sponded similarly, however instead of slightly decreasing concentrations on the ris
ing limb of the hydrograph, slightly increasing concentrations were more common. 
N0

3 
was the solute which was most diluted during stormflow with down to 70% lower 

concentrations just after peak discharge in some cases. Ca, K, P04 
and S0

4 con

centrations were on average somewhat higher during stormflow runoff than in base
flow, but not consistently so. The changes of solute concentrations during "small 
events" (rainfall < 15 mm) was, not unexpectedly, less than the response to large 

events. 

Generally solute concentrations during events remained within 50 -200% of the 
baseflow concentration, and often the differences were small. For some important 

solutes the response to an event was not consistent, and both lower and higher con
centrations than in the baseflow occurred. Given the relatively small proportion of 

stormflow in the total discharge (less than 2.5%, Jetten 1994) and the relatively small 

changes in concentration during peakflow, no effort was made to treat stormflow 
separately from baseflow while estimating annual nutrient exports in stream dis
charge. 

Sources of variation in solute concentrations during events 

The variation in streamflow chemistry during an event is caused by mixing of water 
from different sources which include: 
• Canopy drip (throughfall) falling in the river channel and adjacent areas.

Throughfall has a dilute rainwater-like chemical composition but is usually en

riched compared to rain water with nutrients occurring in large quantities in the
plant tissue (K, Ca, Mg, P04 , N03 , NH4 and S04) 

• Groundwater. The source of baseflow with a high proportion of solutes derived
from weathering processes (typically Si, supplemented with a number of site spe
cific elements)

Fast (sub)surface runoff, consisting of saturated overland flow, Hortonian overland 

flow and subsurface stormflow. Jetten (1994) showed that Hortonian overland flow 
did not occur in the research area, but that during rainstorms of more than 10 mm 

fast subsurface runoff occurred on brown sands. Subsurface runoff water consists of 

throughfall water, that has briefly interacted with the litter layer and the upper layers 
of the soil. The volume weighted average concentration of solutes in throughfall in 
Mixed Forest and Dry Evergreen Forest, and of baseflow are listed in Table 4.7. Sol

ute concentrations during one single event of subsurface runoff (n=6) are also in

cluded in Table 4.7. The volume weighted average concentration of most solutes 

was lower in throughfall than in baseflow water, except for P0
4 

and K, which were 

higher in throughfall. N03 , NH4 and Na had comparable concentrations in both water 

types. In the last column of Table 4.7, the ratio between the concentrations in aver
age throughfall water and baseflow water are shown. If only mixing of baseflow water 

with throughfall water is taken into consideration, a dilution effect would be expected 
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Table 4.7: Volume weighted average concentrations of elements in throughfall (see Chapter 6) under 
Dry Evergreen Forest (white sand, 70% of the surface area) and Mixed Forest (brown sand, 30% of 
the surface area), in runoff water just below the root mat, in soil water obtained by ceramic cup suction 
samplers (60 kPa), in ground water and in baseflow water. 

throughfall throughfall subsurface baseflow ratio 
DEF MF runoff water throughfall to 

on white sand on brown sand brown sand baseflow 
(mg 1·1) (mg 1·1) (mg 1·1) (mg 1·') 

Al 0.03 0.03 0.27 0.41 < 0.1 

Ca 0.23 0.17 1.15 0.22 0.9 

Fe 0.02 n.a. 0.09 0.54 < 0.1 
K 0.51 0.59 1.29 0.25 2.2 

Mg 0.15 0.15 0.63 0.45 0.3 

Mn < 0.00 < 0.00 0.008 0.02 < 0.1 
Na 1.26 1.28 2.62 1.53 0.8 

Si 0.08 0.12 0.83 1.75 < 0.1 
so. 0.80 1.01 2.43 0.80 1.1 
P04 

0.04 0.04 0.014 0.015 2.7 
NH4 

0.21 0.22 0.41 0.17 1.2 
Cl 1.37 1.52 2.95 2.60 0.6 
N03 0.48 0.65 3.88 0.56 1.0 

to show up in the order Fe = Si = Mn = Al > Mg > Cl > Ca > Na > S04 > N03 = no di
lution > K > P04 . The subsurface runoff appeared to have high concentrations of Ca, 
K, Mg, Na, S04 , NH4 and N03 , whereas for typically soil associated elements (Al, Fe, 
Mn, Si) the concentrations were intermediate between baseflow and throughfall. The 

P04 
concentration in subsurface runoff was clearly lower than in throughfall, perhaps 

reflecting large P fixing capacity of brown sands. 

A principal components analysis (PCA) was carried out to group the response of dif
ferent solutes during events. The baseflow solute concentrations were not the same 
before each event. For the PCA the solute concentrations during an event were 
therefore recalculated to a fraction of the concentration in the baseflow sample just 

before the event. In this way comparison of the course of solute concentrations dur

ing different events was enabled. The loadings of solutes on the first three axis are 
given in Table 4.8. 

Fe, Mg, Mn, Si and Cl loaded strongly on the first axis (>0.9). Al and N03 were also 

strongly positively loaded on this axis (0.7). Kand Ca had strong positive, and S04 a 

strong negative loading on the second axis. The third axis has a strong loading of 
Na, and moderately strong loadings of P0

4 
and S0

4
• 

The high scores on the first axis (Table 4.8) correspond well with the solutes that 

were expected to show a major dilution during stormflow runoff, supplemented with 

N0
3

. The high percentage of explaiQed variance by the first axis (59%) indicates that 
dilution of baseflow with throughfall is the dominant process influencing stormflow 
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Table 4.8: Vector loadings resulting from a PCA on solute concentrations in streamflow during events, 
expressed as a fraction of baseflow solute concentrations. Bold printed vector loadings are 0.7 or 
higher. 

axis 1 axis2 axis3 

Al 0.75 -0.44 -0.27
Ca -0.06 0.83 0.09
Fe 0.96 0.07 -0 03
K -0.24 0.90 -0.24
Mg 0.92 0.28 0.04
Mn 0.94 0.14 -0.12
Na 0.45 0.11 0.83
Si 0.96 -0.04 -0.03
so. -0.13 -0.79 0.48
P04 

-0.08 0.48 0.63
Cl 0.98 0.01 -0.07
N03 0.70 0.08 0.11

explained 59% 22% 12%
variance 

water quality. The second and third axis include solutes that show concentrations in 
throughfall which were higher or slightly lower than in baseflow. These solutes (i.e. 
Ca, K, S0

4
, Na and P04) generally showed no consistent dilution or enrichment in 

stormflow compared to baseflow, except for P04 
which always had higher concentra

tions at the rising limb of the hydrograph. It is not possible to relate the second and 
third axis to independent processes with the current (limited) data. 

Comparison with other sites 

The current findings with respect to discharge-dependent chemistry are compared 
with a number of other studies in tropical rain forest in Table 4.9, and an indication is 
given how solute concentrations in each study responded during events. In French 
Guyana the response of solutes was most comparable to the response in the present 
study and most solutes were either diluted or maintained a relatively constant con
centration during stormflow (Grimaldi 1988). However, in French Guiana, N03 con
centrations increased during stormflow, while in Guyana N0

3 
was the solute with 

proportionally the largest dilution in stormflow. 

The small difference between baseflow and stormflow chemistry in the present study 
is also quite similar to the results of Grip et al. (1993) in Sabah, who found hardly any 
difference between the chemistry of stormflow and baseflow during a period of five 
years in their control catchments. Lesack (1993a) found in a catchment study in 
Central Amazonia, that stormflow volume was about 5% of the total annual dis
charge, but annual exports of K, Mg, and Na in stormflow amounted 25%, 17% and 
11 % of the total annual export respectively, due to clearly higher concentrations in 
stormflow water. Lesack (1993a) measured dilution during stormflow for N0

3
, Cl and 

H and a moderate rise in concentration was found for NH
4

, Ca, S0
4

, and P04 Zulkifli 
and Rahim Nik (1994) reported a clear increase in concentration for K, Mg and NH4 
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Table 4.9: The response of solute concentrations to stormflow. Indicated in the table is whether the
concentrations during stormflow were generally much higher (»), higher (>), equal (=) or lower (<)
compared to baseflow. Combinations indicate slight or inconsistent decrease (<=), increase (=>) or 
both(<>). 
n.a. = not available

Ca K Mg Na Cl N03 NH4 P04 so. Al Si 

Guyana 1 => => < <> < < n.a. => => < < 
French Guyana 2 =< < < > n.a. n.a. => <=> < 
Centr. Amazonia 3 > >> >> > < < > > => n.a. n.a. 
Sabah 4 <= => <=
Malaysia 5 > > n.a. n.a. => > n.a. n.a. n.a. n.a. 
Java 6 < <> < n.a. n.a. n.a. n.a. n.a. n.a. <
Ivory Coast 7 < < n.a. n.a. n.a. n.a. < n.a. n.a. n.a.

1 this study 2 Grimaldi (1988) 3 Lesack (1993a) 4 Grip et al. (1993) 5 Zulkifli and Rahim Nik (1994)
6 Bruijnzeel (1983) 7 Stoorvogel (1993)

during stormflow, a slight increase for N03 and stable nutrient concentrations for Ca. 

For a catchment in Central Java, Bruijnzeel (1983) reported dilution of Si, Ca and Na 
during events while the Mg concentration was hardly affected. Finally for a catch

ment in Ivory Coast dilution was found for Ca, Mg and P04 , while K was relatively 
stable (Stoorvogel 1993). 

In most studies, Si and Cl were found to be diluted during stormflow. Si is typically 

derived from mineral weathering and is expected to show increasing concentrations 

with increasing residence time of the water in the soil. Since throughfall contributes 
significantly to stormflow discharge dilution of this element during stormflow is easily 
explained. Cl is generally believed to behave conservative in interaction with vegeta
tion and soil. Thus Cl concentrations in groundwater can be expected to be more 
concentrated than in rainfall and throughfall due to evapotranspiration, and similarly 
Cl concentrations in baseflow are thus higher than in stormflow. K, P0

4
, NH4 and S0

4 

concentrations have a general tendency to increase somewhat during a stormflow 

event. These solutes are typically cycled within the biologically active part of the eco
system and have relatively high concentrations in throughfall. Ca, Mg, N03 and to a 

lesser extent Na are also present in large quantities in the vegetation but showed no 

uniform response to rainfall events. These solutes probably reflect most clearly the 

importance of site specific conditions as underlying rock type and weathering depth, 

relief and soil texture. 

4.3.3.2 Seasonal variation of baseflow chemistry 

Baseflow showed considerable variation in discharge between seasons, with a mini

mum of 50 m3 day·1 (0.8 mm day-1) and a maximum of 550 m3 day-1 (9 mm day-1, Fig

ure 4.7). Average dry season baseflow was 103 m3 day·1 (1.6 mm day-1
) and average

wet season baseflow was 215 m3 day·1 (3.6 mm day-1, Jetten 1994). 
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Figure 4.7: Annual course of baseflow discharge and electrical conductivity (µS cm-1) in streamflow

water in the experimental catchment 

The electrical conductivity of the baseflow also showed a clear seasonal variation 
and was positively correlated with baseflow discharge as shown in Figure 4.7. The 

positive correlation between baseflow discharge and electrical conductivity (as a 
measure of total ionic content) was somewhat unexpected since a certain dilution 
effect was expected in the wet season due to a large influx of dilute rain and 
throughfall water and a shorter residence time of water in the soil (cf. Peels 1987 in 
Surinam rain forest). 
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Figure 4.8: Mg and Al concentrations (mg 1-1) in streamflow water of the experimental catchment
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Individual solute concentrations not necessarily had the same seasonal variation as 
the EC. For example Al concentration had a similar variation as the EC, with in
creasing concentrations in periods of high baseflow discharge, but Mg concentra-

. tions showed an inverse pattern, with relatively high concentrations during periods 
with low baseflow discharge (Figure 4.8) 

These contrasting patterns in temporal variation of baseflow chemistry could not be 
related to variations in groundwater chemistry since the temporal variation of 
groundwater chemistry was small (Figure 4.9). 

The seasonal variation in baseflow chemistry could only be explained by the spatial 
variation of hydrological and hydrochemical characteristics in the catchment as a re

sult of the different soil types. The spatial variation in soil- and groundwater composi
tion was large and related to soil type (Table 4.10). Groundwater in white sands was 
more acid and contained more Al and less Fe and Mg than groundwater in brown 
sands. The chemical composition of streamflow during low baseflow discharge 
(March to mid-May) showed a relatively large resemblance with the chemical compo
sition of groundwater in brown sands, whereas during maximum baseflow discharge 
(August-mid September) the baseflow chemistry more resembled the groundwater 
chemistry in white sands. 

The seasonal variation in baseflow chemistry thus must be the result of a relatively 

large contribution of white sand areas to total baseflow just after the main wet sea
son (May-August), decreasing to a small contribution before the beginning of the 
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Table 4.10: Average composition of groundwater from brown sand (8 piezometers) and white sand (5 
piezometers) and soil water (depth 30 -120 cm) from brown sand (9 locations) and white sand (12 lo-
cations). Samples were collected in September 1991, October 1991, May 1992 and August 1992. For 
comparison the average baseflow composition between 18 March - 13 May 1992 (low baseflow) and 
between 26 July - 21 September 1992 (high baseflow) are presented. 

groundwater groundwater soil water soil water stream stream 

brown sand white sand brown sand white sand baseflow baseflow 
(dry period) (wet period) 

mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 

baseflow m3 day·1 75 297 

EC 29.7 20.6 19.4 35.3 23.9 35.9 

pH 4.80 4.38 5.18 4.52 4.27 4.10 

Al 0.10 0.28 0.10 1.31 0.29 0.40 

Ca 0.33 0.28 0.36 0.59 0.09 0.09 

Fe 1.04 0.07 0.02 0.17 0.70 0.37 

K 0.10 0.08 0.44 0.57 0.17 0.25 

Mg 0.82 0.18 0.33 0.28 0.64 0.34 

Na 1.59 1.59 2.20 2.08 1.71 1.31 

Si 2.97 1.64 4.52 3.90 2.38 1.37 

so. 1.24 0.73 2.17 1.15 0.49 0.65 

P04 0.014 0.010 

NH4 0.08 0.09 0.21 0.15 

Cl 3.28 3.31 1.88 2.58 2.90 2.64 

N03 0.18 0.17 2.10 2.49 0.21 0.52 

main wet season. Indirect supporting evidence comes from a comparison of the ex

perimental catchment (70% white sand, 30% brown sand) with the control catchment 
(100% brown sand). In contrast with the experimental catchment, individual solute 
concentrations and the EC showed hardly any seasonal variation (Figure 4.10), and 
the baseflow discharge was less variable in the control catchment (pers. obs.). 
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Figure 4.10: Electrical conductivity (µS cm·1) in streamflow in the experimental catchment and the ref

erence (control) catchment. 
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4.3.3.3 Annual export of nutrients in streamflow 

The discharge weighted average solute concentration and standard deviation in 
streamflow and the annual estimated solute quantities discharged in the streamflow 

are presented in Table 4.11. Although the solute exports were determined over 15 
months only, it is assumed that the presented values are close to the long term aver

age, since the rainfall (and thus probably discharge) over the measurement period 

was close to the long term average. 

The streamflow water was acid (pH 4.0) and red-brownish coloured, which is com

mon for water draining tropical rain forest catchments filled with white sandy soils (cf. 

Brinkmann 1985). The dominant cation (in equivalents) was Na, followed by Al, Mg 

and Fe. The dominant anion was Cl. Similar to the rainfall chemistry the sum of 
cations in streamflow water was considerably larger than the sum of anions, which is 

usually attributed to unmeasured organic anions (cf. Poels 1987, Grimaldi 1988, 
Maimer 1993, Lesack 1993a). 

The coefficient of variation (CV%) of mean streamflow concentrations was less than 

Table 4.11: Discharge weighted concentration (mg/I) in streamflow and the estimated amount of sol-
utes discharged in streamflow (kg ha-1 yr'). The period used for calculation is 7 August 1991 to 29 
October 1992, where the months with overlapping data (August, September, October) have been av-
eraged over the two years. 

element discharge weighted standard CV% annual amounts 
average deviation of discharged in 
concentration concentration streamflow 
mg 1-1 kg ha-1 yr'

discharge (m3) 64907 
discharge (mm) 1050 

EC (µS cm-1) 34 7 21 
pH 4.0 0.3 7 
Al 0.41 0.09 23 4.3 
Ca 0.22 0.14 65 2.3 
Fe 0.54 0.14 27 5.7 
K 0.25 0.19 77 2.6 
Mg 0.45 0.12 27 4.7 
Mn 0.02 0.01 49 0.2 
Na 1.53 0.39 26 16.1 
Si 1.75 0.39 22 18.4 
so. 0.80 0.56 70 8.4 
P04 0.015 0.011 74 0.16 
NH4 0.17 0.16 93 1.8 
Cl 2.60 0.36 14 27.3 
N03 0.56 0.33 58 6.0 
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30% for the EC, pH and concentrations of Cl, Si, Al, Fe, Mg and Na, but larger for the 

other solutes determined in this study. Part of the variation in concentrations was re
lated to seasonal variation; the remaining variation was probably largely related to 

antecedent climatological conditions (mainly rainfall) but this could not be quantified. 

A considerable ("unexplained") temporal variation in solute concentrations of tropical 
forest streamwater is common (cf. Lesack 1993a, Maimer 1993, Stoorvogel 1993). 
The large CV% for P04 and Mn possibly reflect a relatively large error in the labora
tory determinations because the concentrations were often near the detection limit. 

4.4 NUTRIENT OUTFLOW DETERMINED USING L YSIMETERS 

Lysimeters collecting soil moisture, combined with an estimate of the amount of wa

ter percolating through a soil have been used to estimate ecosystem nutrient losses 
as an alternative to catchment studies (Bruijnzeel 1991, Proctor 1987). This method 

has a number advantages (see section 4.1 ), amongst others that landscape units 
can be sampled individually. The major reason to include the lysimeter method into 

this study was to evaluate the effect of the spatial variation of disturbance caused by 

logging on leaching rates (Chapter 5). Therefore the number of replicates used to 

monitor undisturbed conditions was low and the results cannot be expected to be 

very precise. However the data were an interesting adjunct to the catchment data, 

since nutrients released by deep weathering are not sampled in the lysimeters. 

Two major types of lysimeters have been used widely to collect soil moisture sam
ples for chemical analysis: zero tension lysimeters (cf. Uhl and Jordan 1984, Uhl et 

al. 1982, Uhl et al. 1988, Jordan 1982) and suction lysimeters (Holscher 1995, 

Parker 1985, Nortcliff and Thornes 1989, Waterloo 1994 ). The two types yield differ
ent results, where zero tension lysimeters are believed to sample macro-pore flow 
preferentially (Russell and Ewel 1985, Haines et al. 1982). In suction lysimeters the 
applied suction influences the composition of the water sampled due to supposed 

sampling of certain pore sizes only (Nortcliff and Thornes 1989), although Grossman 
and Udluft (1991) claim that suction lysimeters normally sample water from all pore 

sizes. 

In the present study the chemistry of soil water percolating under the forest rooting 
zone was estimated with ceramic cup suction soil water samplers because they can 

be installed with minimal soil disturbance at depths which are clearly below the main 
rooting zone (120 cm). At this depth macroporosity is probably less important than in 

the topsoil and most of the water flow is expected to occur as matrix flow. By sam

pling soil water at a fixed and relatively low suction (35 kPa), it was assumed that the 
sampled water was representative for the percolating water at that depth. 

4.4.1 Methods 

An undisturbed patch of Mixed Forest on brown sands (Ferralic Arenosols) was se

lected early 1992. The area was almost flat, so that no complex lateral water flow 
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patterns were expected to occur. This section reports on the nutrient losses in un

disturbed forest, whereby the undisturbed forest plots were at a distance of at least 
60 m from the logging gaps to avoid edge effects (Camargo and Kapos 1995, 
Veenendaal et al. 1995). Nutrient leaching was estimated by multiplying the water 

flux with the solute concentrations determined in soil water, but note the remarks in 
section 4.4.1.2. 

4.4.1.1 Water flux 

The amount of water percolating through the soil was estimated using a water bal
ance model. This model was developed by Jetten (1994) as part of the Tropenbos 

Guyana programme and is called SOAP (SOil Atmosphere Plant model). The model 
consists of modules describing and integrating the processes of rainfall interception 

and throughfall, infiltration, runoff, redistribution of water in the soil, soil evaporation, 
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Figure 4.11: Flow diagram for the water balance model SOAP (after Jetten 1994). 
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transpiration and percolation. A flow diagram of the SOAP water balance model is 

shown in Figure 4.11. 

Details on the model can be found in Jetten (1994ab). The atmospheric parameters 
required to run the model were collected at the meteorological station about 3 km 

north of the present research site. 

In order to check the validity of the model outcomes, soil water tension was deter

mined using two clusters of tensiometers. Each cluster consisted of three tensiome
ters at 30, 75 and 120 cm depth. Readings of soil water tension were taken weekly 

during two periods: February - April 1992 (a dry period) and March - June 1993 (a 
wet period). The readings from the tensiometers were compared with the simulated 
values by the model. 

4.4.1.2 Soil moisture chemistry 

Ceramic cup suction soil water samplers were used to collect soil water. The sam

plers were installed at an angle of 30 degrees from the vertical to avoid surface dis
turbance immediately above the porous cup. Four samplers were installed at a depth 

of 120 cm, meant to sample water that was essentially out of reach of the bulk of the 
(fine) roots (Chapter 3). It was assumed that the effect of macropores (cf. Sollins and 
Radulovich 1988, Haines et al. 1982, Luxmoore et al. 1990, Nortcliff and Thornes 
1989) was smoothed at that depth, so that the water balance model provided realistic 
estimates on water fluxes and that the water sampled was representative for the 

"average" water percolating at that depth. Three samplers were installed at a depth 
of 15 cm, extracting water from the root zone. 

Before installation the samplers were pre-treated. The samplers were percolated for 
48 hours with stream water (pH 4.0) to precondition them as recommended by 
Grossman and Udluft (1991). Subsequently they were thoroughly rinsed with distilled 
water. During the first week soil water was collected twice by applying suction, but 
the water was discarded. After another week of rest the first sampling started. 

About 48 hours before sample collection, a suction of 35 kPa was applied to the soil 
water samplers. The collected water samples were treated, stored and analysed as 

described in section 4.2.2., except that P04 was not determined. 

A downward trend was present for the electrical conductivity and for a number of in
dividual solutes in the sampled soil water when the complete sampling period was 

examined (Figure 4.12 and 4.13). Since this trend did not correspond with seasonal 
variation, disturbance or other circumstances that could obviously influence soil solu

tion chemistry, it must be concluded that this trend was due to leaching of the ce
ramic samplers themselves. 
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Figure 4.13: Average EC (µS cm-1) of the soil water samples 

The contamination of the samples was relatively minor compared to the changes in 

soil water chemistry after logging, when solute concentrations showed an up to 50 
fold increase (Chapter 5). However, using all data including the contaminated sam

ples to estimate solute leaching under closed forest would result in a too high esti

mate. No clear seasonal variation in soil water chemistry was observed and an aver

age composition was calculated for the samples between May 1993 - December 
1994, assuming that leaching of the cups ended in May 1993 (cf. Figure 4.12). The 

annual leaching of nutrients was then calculated by multiplying this average solute 

concentrations at 120 cm depth with the total annual water percolation to depths 

greater than 120 cm as calculated by the hydrological model. 
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Figure 4.14: Measurements and simulations of the matrix potential (cm) in Mixed Forest on brown 
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4.4.2 Soil moisture tension and the performance of SOAP 

The SOAP water balance model was compared against tensiometer readings over 
two periods: a relatively dry period in 1992 and a relatively wet period in 1993. The 

results of the tensiometer readings at 30 cm and 120 cm depth and the simulated 
soil water tension and percolation rate at the same depths are shown in Figure 4.14 
for February-April 1992 and for March-June 1993. 

During the monitoring periods the soil remained fairly wet, and even during the dry 
period between mid-March and mid-April 1992 the soil water tension remained above 

-250 cm at 120 cm depth. Naturally the variation in soil moisture tension was larger
at 30 cm depth, but even at 30 cm the maximum tension was never below -600 cm.

During periods with regular rainfall the soil remained at field capacity (pF 2) or even

slightly above.

The simulated soil water tension corresponded reasonably well with the measured 

temporal variation (Figure 4.14), taking into account that the atmospheric input val
ues were measured at some distance of the plots. However, during the dry period of 

1992 the soil at 30 cm depth dries out more rapidly than estimated with the model. A 
slight underestimation of the transpiration in the model could be the cause (cf. sec

tion 4.3). Nevertheless the error is relatively small in terms of soil moisture content, 
so that the performance of the model was considered sufficient to use it for the esti

mate of water fluxes. 

4.4.3 Soil moisture chemistry 

Soil moisture samples were collected at 21 different dates between February 1991 
and December 1994, but as explained in section 4.4.1.2 only the 8 sample dates 
between May 1993 and December 1994 were used to avoid overestimation of the 
solute fluxes. The mean concentration of solutes in soil water at 120 cm depth and 
the estimated annual leaching of these solutes are presented in Table 4.12. 

The soil water at 120 cm was moderately acid (pH 4.9) and the concentrations of Ca, 

Mg and K were low. Na and Cl were the dominant cation and anion respectively. N03 

occurred in greater concentrations than NH4 , reflecting the importance of nitrification 
in tropical rain forest soil (cf. Robertson 1984, Marrs et al. 1991, Montagnini and 
Buschbacher 1989). 

For all solutes except NH4 , Na and Si, the estimated mean concentration in the soil 

water obtained by using only the May 1993 - December 1994 samples was lower 

than if all data were used (Table 4.12). The same was true for the estimated flux. 

The difference was generally between 10 and 20%, but 52% for Ca and even 70% 

for Mn indicating that these elements were clearly leached from the ceramic cups 
during the early phase of the experiment. 
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Table 4.12: Mean solute concentrations (mg 1·1 , except EC and pH) and standard deviation (n=4) in soil 
water at 120 cm depth between May 1993 and December 1994 (8 sample dates), and the estimated 
annual leaching of these solutes (kg ha·1 y,1) calculated by multiplying the average nutrient concentra
tion with the estimated water percolation (1087 mm or 43.5% of the rainfall) in a year with average 
rainfall (2500 mm). In the last column the difference in estimated annual flux is indicated if the complete 
dataset would have been used. Explanation in text. 

mean concentration standard deviation 
mg 1·1 

EC µSiem 18.08 2.90 

pH 4.94 0.06 

Al 0.08 0.03 

Ca 0.13 0.06 

Fe 0.03 0.00 

K 0.36 0.11 

Mg 0.10 0.04 

Mn 0.00 0.00 

Na 2.36 0.84 

Si 3.26 0.35 

804 0.74 0.28 

NH4 0.11 0.06 

Cl 1.63 0.54 

N03 1.15 0.44 

annual flux 
kg ha·1 y,1 

0.8 

1.5 

0.3 

3.9 

1.1 

0.02 

25.7 

35.5 

8.1 

1.2 

17.7 

12.5 

alternate calculation 
of annual flux 

(+16%) 

(+52%) 

(+14%) 

(+18%) 

(+13%) 

(+70%) 

(-7%) 

(-7%) 

(-22%) 

(+%) 

(+17%) 
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Figure 4.15: Rainfall quantity (mm, bottom) and estimated percolation to depths greater than 120 cm 
(mm, top) during 1992 and 1993. 
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No clear seasonal variation was observed in chemistry of the soil water at 120 cm 
(Figures 4.12, 4.13, 4.16). However, the amount of nutrients percolating to depths 
greater than 120 cm was very seasonal, which was completely due to the amount of 
water drained (Figure 4.15). The flux of water percolating to the subsoil varied from 
negligible in dry periods to 200-300 mm I 30 days in the middle part of the wet sea
son. 

The soil water at 15 cm depth was generally richer in nutrients than at greater depth. 
This was expected because at 15 cm depth water is extracted that is still within ·the 
rooting zone, where relatively high nutrient concentrations occur as a result of de
composition of organic material in the topsoil. Examples of the temporal variation of 
soil water composition at 15 cm and 120 cm are shown for Al, Ca, K, N03 , Mg, Na 
and S04 in Figure 4.16. A trend of decreasing concentrations, especially for Na and 
Al, was clearer at 15 cm depth than at 120 cm depth. Apart from the leaching effect 
of the ceramic cups already discussed earlier, the higher concentrations of Al, Na 
and perhaps N03 at the small depth were perhaps also due to the disturbance of the 
topsoil and local destruction of the roots due to the placement of the samplers. The 
higher concentrations at 15 cm for K, N03 and S04 reflect that soil water at this depth 
was less depleted in nutrients than at 120 cm. 
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4.5 THE HYDROCHEMICAL BUDGET 

The hydrochemical budget for pristine forest is presented in Table 4.13, using the 
nutrient outputs as calculated in the catchment experiment and as calculated with the 
lysimeters. 

Using the catchment data, a more or less neutral budget (< 20% difference between 
input and output) was obtained for Ca, Na, S04 , N03 , NH4• K accumulated slightly 
and P04 

strongly. Clear losses were recorded for Al, Fe, Mg, Si, Mn and Cl. 

Using the output data from the suction cups, a neutral budget was obtained for Mg 
and S04 , accumulation for Ca and Cl, slight losses for K, N, Al, and Fe, and consid
erable losses for Na and Si. 

The negative balance for Al, Fe, Mn, Si, but also Mg using the catchment outputs in
dicates that these solutes were released by weathering processes. Mg, Fe and Al 
budgets were neutral or close to neutral if the lysimeter data were used, suggesting 
that most weathering occurs at greater depths and not in the top metre of the soil 
profile (Chapter 3). Whether the Mg released by weathering is available for ecosys
tem nutrient supply depends on the presence of roots at the depth of weathering 
(Baillie 1989, Bruijnzeel 1990, Burnham 1989). At a location within the experimental 
catchment where dolerite was present within a few metres from the surface, water in 
the soil profile was sampled with suction lysimeters. The soil water at more than 3 m 
depth showed an increase of Ca, but not Mg concentration compared to higher in the 
soil profile (Eernisse 1993). These data suggest that at locations with weatherable 
rock within a few metres from the surface, weathering might play a role in ecosystem 

Table 4.13: Annual atmospheric solute input, annual solute outputs as calculated (1) in the catchment 
study (70% white sand, 30 % brown sand) and (2) using the lysimeters (brown sand), and the corre-
sponding annual input-output budgets for pristine forest. 

atmospheric catchment lysimeter out- input-output input - output 
input output (1) put(2) (1) (2) 

kg ha·1 yr1 kg ha·1 yr1 kg ha·1 yr1 kg ha·1 yr1 kg ha·1 yr1 

Ca 2.6 2.3 1.5 +0.3 +1.1
K 3.3 2.6 3.9 +0.7 -0.6
Mg 1.3 4.7 1.1 -3.4 +0.2 
Na 14.1 16.1 25.7 -2.0 -11.6 
Cl 21.9 27.3 17.7 -5.4 +4.2
NH4 2.1 1.8 1.2 +0.3 +0.9
N03 

6.1 6.0 12.5 +0.1 -6.3
P04 0.41 0.16 +0.24 
so. 9.4 8.4 8.1 +1.0 +1.3
Si 2.8 18.4 35.5 -15.6 -32.7
Al 0.5 4.3 0.8 -3.8 -0.3 
Fe 0.4 5.7 0.3 -5.3 -0.1
Mn 0.04 0.2 0.02 -.016 +0.02 
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nutrition (cf. Burrough and Webster 1976). However, the data are not decisive since 
1) the nutrient balance indicated Mg weathering rather than Ca weathering and 2)
considerable Ca leaching can occur from ceramic cup samplers (section 4.4.1) and
3) the increase of Ca was not accompanied by an increase in root length at the same
depth (see also section 2.3, Figure 2.2).

Na and Si losses as determined with the lysimeters were clearly greater than deter
mined in the catchment study. For Si, this points either to another artefact of the use 
of ceramic cup samplers or to a greater Si solubility at shallow depths. The consider
able losses of Na calculated with the lysimeters cannot easily be explained other 
than as an artefact of the ceramic cups, which were clearly emitting Na in the early 
stages of the experiment (Figure 4.12), but perhaps continued to do so. 

Accumulation of Ca was calculated using the lysimeter outputs. Using all chemical 
data, about 50% more Ca output was calculated (Table 4.12) and the budget would 
have been more or less neutral. It is nevertheless difficult to explain why the Ca con
centrations showed a declining trend over the first 15 months without assuming that 
this element leached from the ceramic cups. The budget for K was either slightly 
positive (catchment study) or slightly negative (lysimeters). N (as NH4 and N03 com
bined) showed a neutral budget using the catchment data and slight losses using the 
lysimeter data. However, gains and losses of N through the gas phase are probably 
important and a budget for this element can not really be calculated based on the 
present data. Assuming that both N fixation and denitrification are important in this 
ecosystem, a difference between the two_approaches to estimate nutrient exports 
was to be expected. The leaching of N calculated using the lysimeters includes N 
that can be subject to denitrification at the riparian zone of the drainage channel, 
whereas in the streamflow this N is not present anymore (Pinay et al. 1993). 

Streamflow estimates seemed to provide a more reliable estimate of the solute 
losses than the lysimeters, which is perhaps not surprising due to the fact that only 
four lysimeters were used, resulting in large uncertainties in the estimate of the mean 
solute concentration. Nevertheless the lysimeters provided valuable additional infor
mation, especially with regard to the weathering of Mg. 

Summarising, the hydrochemical budget was approximately neutral for Ca, K, Na 
and N, confirming the hypothesis that weathering does not supply significant 
amounts of these nutrients to the ecosystem. The nutrient cycle is thus closed for Ca 
and K, as expected. In contrast to what was hypothesised, Mg showed greater 
losses than atmospheric inputs on catchment basis, suggesting significant weather
ing. However, the Mg budget was neutral using the lysimeters, indicating that weath
ering was deep. Whether this Mg released by weathering is available for ecosystem 
nutrition is not certain. P accumulated in the ecosystem, reflecting the low mobility of 
this nutrient in the soil. The hydrochemical budget was neutral for N, but since this 
nutrient also has important inputs and outputs via the gaseous phase, a nutrient 
budget could not really be established. 

Since the long term productivity of an ecosystem can only be maintained when the 

input and output are equal, any land use causing large nutrient losses will lead to 
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declining productivity in this ecosystem (Cole 1995). On the basis of the data pre
sented in this chapter it appears that the undisturbed forest ecosystem is more or 
less in balance with respect to the major plant nutrients. Removal of timber with sub
sequent damage to, or loss of, nutrient reserves in litter and topsoil may seriously 
affect this balance (see Chapter 5). To place these results in context, Table 4.14 
presents nutrient budgets computed for several northern South American rain for
ests. 

The budgets vary per nutrient and per site, and except for N differences in inputs and 
outputs of more than a magnitude are reported (Table 4.14). The variation may 
largely be caused by different methodologies and analytical procedures, rather than 
reflect true differences between the sites (Bruijnzeel 1991, Lesack 1993a). The con

trast is largest between the results from Surinam (2) and Jari (7) on one side and the 
results for Lake Calado (3) and Reserva Ducke on the other side (5, 6). In Jari and 
Surinam the budget is characterised by large nutrient inputs, more or less balanced 

by outputs in Jari and resulting in considerable accumulation of Ca, K and P in Suri-

Table 4.14: Input- output budgets for selected rain forest sites in northern South America 

1a 1b 2 3 4 

Ca in 2.6 2.6 15.9 0.8 1.3 
out 2.3 1.5 7.7 0.5 -15.5
in-out +0.3 +1.1 +8.2 +0.3 -14.2

Mg in 1.3 1.3 2.6 0.3 0.3 
out 4.7 1.1 4.5 0.3 6.0 
in-out -3.4 +0.2 -1.9 +0.0 -5.7

K in 3.3 3.3 13.7 0.6 1.0 
out 2.6 3.9 2.6 0.5 14.6 
in-out +0.7 -0.6 +11.1 +0.1 -13.6

p in 0.13 0.13 0.8 0.04 0.14 
out 0.05 0.2 0.05 0.24 
in-out +0.08 +0.6 -0.01 -0.1 

N in 3.0 3.0 18.8 2.8 (2.3) 
out 2.8 3.7 0.2 3.6 6.3 
in-out +0.3 -0.7 +18.6 -0.8 (4.0) 

1a Guyana, Mabura Hill, present study using catchment data 
1b Guyana, Mabura Hill, present study using lysimeter data 
2 Surinam, Kaba (Poels 1987), 

5 6 7 8 

0.3 15.8 5.2 
0.9 16.1 2.8 
-0.6 -0.3 +2.4

0.2 3.3 0.7 
0.5 8.2 0.6 
-0.3 -4.8 +0.1

2.1 10.2 6.9 
0.4 12.2 3.5 
+1.7 -2.0 +3.4 

0.4 0.1 0.14 
0.3 0.0 0.04 
+0.1 +0.1 +0.1 

5.0 6.0 2.3 
29.0 0.2 8.2 
-24.0 +5.8 -5.9

9 

5.2 
5.6 
-0.4

0.7 
1.5 
-0.8 

6.9 
7.0 
-0.1 

0.45 
0.15 
+0.3

2.3 
10 
-7.7 

3 Brazil, Lake Calado, assuming 2500 mm precipitation (Lesack 1993a, Lesack and Melack 1991) 

4 Venezuela, Caura river (Lewis 1986, and Lewis et al. 1987 in Bruijnzeel 1990) 
5 Brazil, Reserva Ducke, Brinkmann (1983, 1985) 
6 Brazil, Reserva Ducke - Barro Branco (Franken and Leopoldo 1984, Leopoldo et al. 1987) 
7 Brazil, Jari (Russell 1983) 

8 Venezuela, San Carlos, spodosol site, alternate computation by Bruijnzeel 1990 

9 Venezuela, San Carlos, oxisol site, alternate computation by Bruijnzeel 1990 
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nam. Nutrient inputs and outputs at Lake Calado and Reserva Ducke are extremely 
low and are more or less balanced by outputs. The Caura river study (4), comprising 
a large watershed (47.000 km2) differs much from all other studies listed in Table 
4.14, since cation outputs are much greater than inputs, reflecting a significant con
tribution of mineral weathering. 

The nutrient budget for the Guyanese forest is similar to the nutrient budget prepared 
for the Lake Calado forest, since they are both approximately neutral. However, the 
magnitude of the inputs and outputs is greater in Guyana. The outputs of K and Mg 
measured in Guyana correspond well with the outputs determined for the Surinam 
rainforest, but the exports of Ca and P were much greater and the export of N much 
smaller for the rain forest in Surinam. It is difficult to establish whether these differ
ences are real and reflect more weatherable minerals in the subsoil of the Surinam 
rain forest, or that the differences are caused by methodological and/or analytical 
differences. 
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5. THE IMPACT OF LOGGING ON NUTRIENT

LOSSES

5.1 INTRODUCTION 

In large parts of Guyana, soils are poor and the low nutrient availability seriously 
hampers land use other than extensive forestry. The most common practice in the 
forestry belt of Guyana is selective logging, and large areas are given out as timber 
concessions. Traditionally the forestry sector has concentrated on a few hardwood 

species, of which Ch/orocardium rodiei (Greenheart) is by far the most important (ter 
Steege et al. 1995). This species has a clumped distribution and during exploitation 
that may be more than 100 m3 locally, large clearings are created (ter Steege et al. 

1995). 

In relation to nutrient cycling, selective logging has been classified as a disturbance 

of low to moderate intensity (Jordan 1985, Bruijnzeel 1990). Nevertheless there is 
much variation in the intensity of selective logging, depending for example on the 
proportion of trees that can be extracted commercially. In Guyana the proportion of 
commercial trees is generally low and the average exploitation intensity for hard

woods rarely exceeds 50 m3 ha·1
. However, not only the average intensity but also 

the spatial distribution of the newly created gaps is important. At a given exploitation 
intensity a well-distributed cut may have completely different effects than a cut in one 

contiguous area (Parker 1985). 

Selective logging disrupts the nutrient cycle (cf. Herrera et al. 1981 ). Large amounts 
of organic debris reach the forest floor, where they decompose and nutrients are re
leased in mineral form. If the exchange capacity of the soil is low and rainfall is 
abundant as in Guyana, the risk of leaching is high and valuable nutrients are lost. 

Nutrient removal in timber and due to enhanced leaching losses will have a particu
larly large impact in forests growing on poor soils, where a considerable proportion of 
the nutrient store of the ecosystem is in the biomass (Brinkmann 1985). 

Logging also affects the water balance. The percentage of rainfall intercepted by the 
forest canopy and the transpiration of water decrease after logging, leading to wetter 

soils and greater runoff in streams. Moreover, the increase in water yield is propor
tionally related to the amount of biomass removed (Bosch and Hewlett 1982, 

Bruijnzeel 1994). 

Relatively little work has been done on increased nutrient leaching accompanying 
selective logging in tropical forests (Bruijnzeel 1995). Single treefall gaps up to 200 

m2 were shown not to influence nutrient leaching (Parker 1985, Uhl et al. 1988). At 

plot level, the creation of larger gaps leads to substantially increased leaching losses 
(Parker 1985, Uhl et al. 1982). At catchment level, low intensity selective logging (20 

m3 ha-1) and a subsequent refinement killing about 40% of remaining trees > 20 cm

dbh (diameter breast height) caused a moderate increase in nutrient exports (Poels 
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1987). Zulkifli (1989) showed with a paired catchment study that nutrient leaching is 
considerably influenced by logging practices. Commercial logging caused substan
tially greater nutrient outflow than supervised logging, where a buffer strip of 20 m 
along the stream was left intact and a more careful planning and design of skid trails 
and roads was done. 

Increased leaching after logging is caused by 1) a larger volume of water percolating 
through the soil 2) a temporarily reduced capacity of damaged vegetation to take up 
nutrients and 3) a sudden addition of large amounts of fresh organic debris 
(Bruijnzeel 1990, 1995, Poels 1987, Uhl and Jordan 1984). At the scale of a gap 
these factors will differ per location. Therefore, evaluation of nutrient leaching as a 
function of the degree of disturbance in a gap leads to better insight in the impor
tance of the conditions that lead to increased leaching. 

In this chapter the following hypotheses will be tested: 
1) Leaching increases after selective logging
2) The amount of leaching increases with:
• increasing gap size.
• the amount of fresh debris on the soil surface.
• increasing disturbance of the top soil, due to damage to the root mat and de-

creased mycorrhizal infections.
3) There will be a leaching pulse following logging, but with increasing recovery of
the vegetation the leaching rate will decrease and finally return to levels normal for
closed, unlogged forest.

The first and the third hypothesis were tested in two logging experiments, involving 
the same methodology as used in chapter 4 to establish nutrient losses under intact 
forest: 
1) a gap study involving the monitoring of the soil water percolating to depths below

the main rooting zone combined with a water balance model and
2) a catchment study, where streamflow and streamflow chemistry were monitored

The gap study was also used to test the second hypothesis by measuring nutrient 
leaching at different locations within two gap sizes. Immediately after creation, the 
gaps were subdivided in three zones that were each thought to have roughly equal 
conditions with respect to top soil disturbance and amount of debris. Gap size was 
thought to influence leaching rates mainly via the distance from a disturbed site to 
intact vegetation capable to take up nutrients released in the disturbed site 

Section 5.2 presents the gap study. The leaching losses per gap size as well as the 
leaching losses per zone in the gap are calculated and compared. The observed 
differences and their consequences for the nutrient cycle are discussed. In section 
5.3 the catchment study is discussed. The gap experiment and the catchment ex
periment are compared in section 5.4. In this section the nutrient losses in extracted 
timber are also included and an indication is given of how the nutrient losses result
ing from logging relate to annual atmospheric nutrient inputs and nutrient reserves in 
the soil. 
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5.2 

5.2.1 

5.2.1.1 

EFFECTS OF LOGGING ON NUTRIENT LOSSES: THE GAP 

EXPERIMENT 

Methods 

Plot preparation, division 

An area containing a rich stock of commercial trees (mainly Ch/orocardium rodie1) 

was selected for the experiment. Within the area two, more or less round shaped, 

logging gaps of different size were created on 30 and 31 January 1992, by felling the 
commercial trees and extracting them using a heavy type skidder with rubber tyres. 

The largest gap (large gap, canopy opening 3440 m2) resulted from the removal of 
an estimated 65 m3 timber in the stems of 17 trees. The other gap (medium gap, 
canopy opening 730 m2

) resulted from the removal of 16 m3 timber in the stems of 
five trees (Figure 5.1 ). A third area located more than 60 m from the small gap and 
200 m from the large gap was selected as control (see chapter 4). The two gaps 

were subdivided into three zones depending on the amount of debris and the dam
age to vegetation and soil (Figure 5.2). The three zones were: 
• the skidder zone; here skidder movement took place. It was characterised by

more or less bare and compacted soil. There was no vegetation remaining in this

zone except for some shade adapted seedlings that died within a few weeks. Most
of the skidder zone was located near the centre of the gaps.

• the crown zone; the area where the crowns of the felled trees were deposited. Ex

cept for a few large trees all vegetation in this zone was damaged and covered by
a large amount of debris. The soil in this zone was generally not disturbed al
though locally there was some uprooting of smaller trees that had been smashed

by falling larger trees. Most of the crown zone was located near the gap edges.
• the undisturbed zone; here, no soil disturbance and no disruption of the "smaller"

vegetation (seedlings, saplings, trees with a diameter < 15 cm) occurred. The
major difference with the pre-logging situation was the absence of large canopy

trees, with consequently a much higher irradiation at ground level.

Figure 5.1: Fisheye pictures of the large gap (left, 3440 m2) and the medium gap (right, 730 m2). Pho

tographs by H. ter Steege. 81 



Figure 5.2: Layout and zonation of the experimental gaps 

5.2.1.2 Water flux estimation 
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The estimate of the water fluxes in the gaps was done similarly to the procedures 
described in section 4.3. The vertical water balance model SOAP was used, and the 

performance of the model was checked by tensiometer readings. For this purpose 8 
clusters of tensiometers were installed in the gaps Each cluster consisted of three 
tensiometers at 30, 75 and 120 cm depth. Readings of soil water tension were taken 

weekly during two periods: February - April 1992 (a dry period) and March - June 
1993 (a wet period). 

5.2.1.3 Soil water chemistry 

Ceramic cup suction soil water samplers were used to collect soil water, and the pro
cedures were identical to the ones described in section 4.4 for undisturbed forest. In 
total 27 samplers were installed at a depth of 120 cm and about 700 samples were 

extracted and analysed over a period of almost three years. Of the samplers at 120 
cm, 15 were placed in the large gap (5 in skidder zone, 6 in crown zone, 4 in undis
turbed zone) and 12 samplers were installed in the medium gap (4 in each zone). 
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The influence of the ceramic cups on the chemistry of the soil water (cf. section 4.4) 
was neglected in this experiment, because the contamination was minor relative to 

the changes that occurred after logging. Only for Ca were the concentrations of the 

first two samples replaced by the concentration of the third sample because con

tamination was obvious and relatively large. Also, the temporal variability of the soil 

water chemistry after logging does not permit the calculation procedure as applied in 
section 4.3. Now, for each period, the leaching of solutes was calculated by multi

plying the average soil water nutrient concentration per zone with the corresponding 
water percolation in that period as simulated by the SOAP model. 

5.2.1.4 Chemical characteristics of wood and soil 

In order to estimate nutrient losses related to timber extraction, samples were taken 

from the wood of the harvested trees. The wood of 6 C. rodiei trees, 2 D. altsonii 
trees and 6 E. grandiflora trees was sampled by collecting sawdust generated by 

cutting a complete section of the stems with a hand-saw. After a destruction with 

96% H2S04 
and 30% H2

02 with selenium as catalyst (after Allen 1989), the destruate 

was analysed for Ca, K, Mg, N and P. The procedures are described in full by van de 
Perk and Klawer (1996). 

Shortly after logging, 21 soil samples were collected in 7 areas (closed forest and the 

three distinguished zones in both gaps) at O - 20 cm , 20 - 50 cm and 50 -120 cm 
depth. Each sample consisted of a mixture of five subsamples collected in soil 

augerings. The sampling locations were marked and another set of samples was 
collected 22 months after logging. The analytical procedures were identical to the 

ones used for analysis of the wood, except that a double quantity was used for de
struction. 

5.2.2 Results 

5.2.2.1 Water fluxes 

The simulations of the water balance model were compared with the tensiometer 

readings over two periods: a relatively dry period in 1992 and a relatively wet period 

in 1993. The results of the tensiometer readings at 30 cm and 120 cm depth and the 
simulated soil water tension and percolation at the same depth are shown in Figure 

5.3 for the different zones in the gaps and for closed forest from February to April 

1992 and March to June 1993. The correspondence between the simulated soil wa

ter tension and the measured soil water tension was fairly good so it was assumed 
that the performance of the model to calculate percolation at 120 cm depth was suffi
ciently accurate for the purpose of this study. 
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Figure 5.3: measured and simulated soil water tension at 30 cm and 120 depth in closed forest, the 
skidder zone, the crown zone and the undisturbed zone of the experimental gaps for February - April 

1992 and for March - June 1993. On the right axis throughfall (in the 30 cm graphs) and percolation (in 

the 120 cm graphs) fluxes are given (mm d-1). The triangles and crosses indicate the tensiometer

readings (e.g. F1 means tensiometer readings from the first tensiometer cluster in closed Forest). 

Sim30 and sim120 give the course of simulated soil water tension 
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The soils in the gaps were consistently wetter than in the closed forest, especially 
during dry periods. Although direct evaporation from the soil surface was higher in 
the gap, this was apparently not enough to compensate for the decreased transpira
tion due to the removal of the trees. The skidder zone appeared to be most different 
from closed forest, which was to be expected since both interception and transpira
tion were strongly reduced here. The crown zone and undisturbed zone take inter
mediate positions between closed forest and the skidder zone, presumably because 
interception of the organic debris in the crown zone is substantial and because a 
proportion of the roots is still intact. 

In the simulations no distinction was made between the medium and large gap. Dur
ing April 1992 however, it seemed that the crown zone and the undisturbed zone in 
the small gap dried out more quickly than the large gap (Figure 5.3). The number of 

measurements however can not justify separate simulations for the large and the 
medium gap, so they were treated as being similar in this respect. 

Simulations by SOAP indicated that the percolation of water in the gaps immediately 
after logging would be 75% of the incoming rainfall versus 43% in closed forest 
(Jetten 1994). Because of the sandy nature of the soil, overland flow did not occur, 
despite soil compaction in the skidder zones (Jetten 1994). Over a period of 652 
days the simulated percolation in the skidder zone of the gap areas was 2787 mm, 

compared to 1797 mm in the closed forest. Unfortunately meteorological data col
lected during 1994 were not sufficient to run the water balance model for 1994. Sol
ute leaching was therefore calculated for 1992 and 1993, and a separate estimate 

was made for 1994, using the meteorological data of 1993 as input for the hydrologi
cal model. 

5.2.2.2 Nutrient concentrations. 

5.2.2.2.1 Effects of gap size 

Figure 5.4 shows the temporal course of the average solute concentrations in soil 
water at 120 cm depth for the large gap, the medium gap and the closed forest. Sol
ute concentrations in the soil moisture at 120 cm depth were generally greater in the 
gaps than in the closed forest, and greater in the large gap than in the medium gap 
(Figure 5.4). The EC started to rise within a month from a typical background value 
of 15 -20 µS cm·1 to more than 100 µS cm·1 in the large gap within three months after 

logging. A maximum EC of 150 µS cm·1 was reached in the large gap after approxi

mately five months. High EC levels were maintained for another seven months. In 

the medium gap the rise in EC was more modest and remained typically in the range 

of 50-60 µS cm·1. About one year after the logging the EC of the soil water started to 

decrease both in the large and the medium sized gap. From 16 to 34 months after 

logging the EC of the soil water in the large gap remained relatively stable at ap
proximately double the value of the soil water in the closed forest. In the meantime 
the EC of the soil water in the medium gap decreased gradually to values indistin
guishable from background values in the closed forest (Figure 5.4). 
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Figure 5.4: Course of EC, pH, Al, Ca, Fe, K, Mg, Mn, Na, Si, S04, NH4 and N03 concentrations (in mg 1·1, 

mean +/- standard error) in soil water at 120 cm depth in the large and medium gap and in closed forest 
during the first 34 months after logging. Where the bars indicating standard error are not visible, the stan
dard error is smaller than the symbol size. Standard errors for the medium gap are only shown for the EC 
and N03. 
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The temporal variation of N03 , K, Mg and Ca was similar to the temporal variation of 
the EC. The average concentration of N03 between 3 and 12 months after logging
was typically 40-45 mg 1-1 (10 mg N03-N) in the large gap, about 20 times more than
the concentration in closed forest. In the medium gap the N03 concentrations were 
about half of the concentration in the large gap. Ca, K and Mg concentrations 
showed a 3 to 10 times raise in the large gap compared to the closed forest and a 2 
to 5 times raise in the medium gap. The difference between cation concentrations in 
the large gap and the medium gap were most obvious for K and almost non-existent 
for Ca. Na concentrations showed a somewhat .different pattern than the EC. The 
concentrations of Na started to rise earlier than any other element and also peaked 
earlier. Maximum concentrations were reached after three months and then returned 
to background levels in the medium gap, but remained higher for another 9 months 

in the large gap. 

The acidity of the soil water increased about five months after logging and the pH 
dropped from typical values between 5.0 and 5.5 to less than 4.5. Between 15 and 
34 months to acidity of the soil water in the gaps decreased and approached the 

acidity of the soil water in the closed forest. At the same moment that the acidity of 
the soil water decreased, the Al concentrations started to rise from less than 0.1 mg 1-
1 to more than 1.5 mg 1-1 in the large gap. The Al concentrations in the soil water re

mained clearly greater in the large gap than in the closed forest, even after 34 
months (Figure 5.4). Again, the changes in the medium gap were more modest than 
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in the large gap, although the general trends were similar. Mn showed more or less 

similar patterns as Al and the concentrations in the gaps were greater than in the 

closed forest during the first 15 months after logging. 

Fe and Si concentrations showed no clear response to logging, and S04 and NH
4 

concentrations responded different than other nutrients. S04 was not appreciably 

higher in the gaps than in closed forest during the first 1.5 year after logging, but 

showed somewhat greater values towards the end of the experiment. The behaviour 
of NH

4 
was not unambiguous. Between November 1992 and June 1993 NH4 seemed 

to be somewhat higher in the gaps but the temporal variation was very large making 

interpretation difficult. 

5.2.2.2.2 Effects of gap zonation 

The temporal course of solute concentrations per individual zone in the gaps is 

shown in Figure 5.5. Many solutes showed high concentrations during the first 12 

months after logging and decreasing concentrations between 12 and 15 months after 
logging. Between 15 and 34 months after logging many solutes appeared to have a 

relatively stable concentration. The average concentrations for the first 15 months 
and for the period 16 to 34 months after logging were calculated and are shown in 

Table 5.1. 

For all solutes and in both gaps, except Na and Cl, the response to logging was 

strongest in the skidder zone (Figure 5.5). In the large gap N03 , Al, K and Mg con

centrations in the skidder zone were often about double the concentrations in the 

other zones; in the small gap the difference between skidder zone and the other 

zones were generally greater. 

Solute concentrations in the undisturbed zone and the crown zone of the medium 
gap responded similarly to logging (Table 5.1). In the large gap, the differences be

tween the zones were greater, except for Mg and N03 , which were similar. In the 
crown zone of the large gap K, Na and Cl leaching were larger than in the undis

turbed zone. The increasing acidity of the soil water which was very clear in the skid
der zone and undisturbed zone, was much more modest in the crown zone. Simi

larly, the raise in Al concentration was small in the crown zones of both gaps. 

The highest K concentrations were observed in the skidder zone during the first 15 
months after logging, but elevated K concentrations were most prolonged in the 

crown zones of the gaps (Figure 5.5, Table 5.1 ). The same pattern was observed for 

Mg in the large gap, but not in the medium gap. The skidder zone in the medium gap 

recovered more slowly than in the large gap, indicated e.g. by the longer duration of 
the N0

3 peak and the relatively low pH values during the last year of measurements 

(Figure 5.5). Re-growth of vegetation on the skidder zone of the small gap was also 

slower than in the large gap, especially from May 1993 onwards. 

89 



70 
60 
50 
40 
30 
20 

6.5 
6.0 
5.5 
5.0 
4.5 
4.0 
3.5 
3.0 

4.0 

N03 

pH 

Al 

Large Gap 
------ F 

-+-LGS 

--6----LGC 

---o-- LGU 

----� 

;:� + l'+�
+

\\ 

,,�
2.0 
1.5 
1.0 \.. 

'?-----.... 0.5 y --� , ' 

0.0� 

4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 

K 

Mg 

0.0 ....::=-=-�=-=-.=.=..c"-"-'=-..:=.�=.,>s�===o....::..==,. 
Fob-92 Aug-92 Feb-93 Aug-93 Feb-94 Aug-94 

N03 Medium Gap 

45 
40 +-+ 

;� ;\// \25 + \ 
20 +l +

,+\ ,+, 15 
/
+ +-+-+ 

10 
5 t 
0 

5.5 
5.0 
4.5 
4.0 
3.5 

pH 

- ..... F 

-+-SGS 

--6----SGC 

---o-- SGU 

3.0 � -------------�-

3.0 

2.5 
2.0 

1.5 

1.0 
0.5 

0.0 

2.5 

2.0 

1.5 

1.0 

0.5 

Al 

K 

+ /\ + /"+ + A
+. '

+

� L+--\ 
+ 

+-------..... � +� 

0.0 � ----------- --- -

Mg 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 

Feb-92 Aug-92 Fob-93 Aug-93 Feb-94 Aug-94 

Figure 5.5: Response of pH and N03, Al, K, Mg, Na and Cl concentrations in soil water during the first 
34 months after logging for different zones in the large gap (left) and the medium gap (right). The con
centrations in closed forest were added for comparison. Note that the scale of right hand and left hand 
graphs is not necessarily the same. F = closed Forest, LGS = Large Gap Skidder zone, LGC = Large 
Gap Crown zone, LGU = Large Gap Undisturbed zone, SGS = Medium Gap Skidder zone, SGC = Me
dium Gap Crown zone, SGU is Medium Gap Undisturbed zone. 
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Figure 5.5: continued

Table 5.1: Average concentrations in soil moisture at 120 cm depth from February 1992 - April 1993 
and from May 1993 to December 1994. Abbreviations: LGS = Large Gap Skidder zone, LGC = Large 
Gap Crown zone, LGU = Large Gap Undisturbed zone, SGS = Medium Gap Skidder zone, SGC = Me
dium Gap Crown zone, SGU is Medium Gap Undisturbed zone. For comparison, the average concen
trations of soil water under the closed forest were calculated here similar to the other areas, and devi
ate from the values given in Chapter 4. 

zone EC pH Al Ca K Mg Mn Na Si S04 NH4 Cl N03-N 
µSiem mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 mg 1·1 

· mg 1·1 mg 1·1 

February 1992 - April 1993 

forest 22.9 5.3 0.14 0.43 0.51 0.15 0.01 3.07 3.76 1.23 0.19 3.71 0.45 

LGC 
LGS 
LGU 

SGC 
SGS 
SGU 

111.2 
120.7 

75.0 

40.1 
76.5 
45.7 

5.1 0.54 
4.7 1.81 
4.7 1.13 

1.32 2.46 1.18 
1.66 2.46 1.60 
1.22 1.15 0.76 

0.04 13.90 4.99 4.40 
0.05 8.97 4.26 1.58 
0.03 6.64 4.03 2.46 

5.1 0.10 0.91 0.76 
4.7 1.20 1.57 1.27 
5.3 0.18 1.19 0.92 

0.29 0.02 
0.96 0.05 
0.46 0.02 

5.27 3.85 
5.51 3.66 
5.31 4.24 

1.72 
1.38 
1.57 

May 1993 - December 1994 

forest 

LGC 
LGS 
LGU 

SGC 
SGS 
SGU 

15.9 

43.0 
30.5 
35.3 

20.7 
39.3 
19.7 

4.9 0.07 0.14 

4.9 0.21 0.43 
4.5 0.80 0.47 
4.4 0.94 0.23 

5.1 0.06 0.23 
4.2 0.88 0.56 
4.9 0.13 0.29 

0.37 

1.12 
0.41 
0.44 

0.57 
0.45 
0.42 

0.09 0.00 

0.60 0.01 
0.38 0.01 
0.30 0.01 

0.14 0.00 
0.36 0.02 
0.17 0.01 

2.31 3.23 

5.18 4.69 
1.19 3.65 
1.92 3.73 

2.73 3.50 
1.85 4.01 
2.31 3.34 

0.71 

4.15 
0.82 
0.96 

1.02 
0.34 
0.76 

0.24 15.21 
0.27 7.36 
0.42 8.83 

0.30 9.47 
0.28 5.07 
0.33 10.83 

0.12 

0.13 
0.11 
0.21 

0.18 
0.21 
0.12 

1.64 

2.54 
1.24 
1.85 

1.31 
1.14 
2.13 

7.68 
9.64 
6.90 

2.22 
7.18 
1.49 

0.27 

2.47 
2.13 
2.43 

1.11 
3.30 
0.75 
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5.2.2.3 Nutrient leaching 

The calculated nutrient leaching losses for the different zones are presented in Table 

5.2. The leaching was calculated for the period 0-652 days after logging, covering 

the period for which meteorological measurements were available (February 1992 -

November 1993). Additionally nutrient leaching was estimated for the period Novem
ber 1993 - December 1994, but now using the meteorological data for 1993 to esti
mate the water fluxes in 1994. 

The patterns of calculated nutrient losses were similar to the patterns observed in 
nutrient concentrations. The differences were even slightly larger since for most sol-

Table 5.2: Calculated amounts of elements (kg ha·' ) leached to a depth greater than 120 cm. Quanti-
ties were calculated by multiplying the measured chemical composition of soil water at 120 cm depth 
with the percolated amount of water over the period in between two samplings as calculated with the 
SOAP water balance model. For the calculation of the 1994 leaching amounts (652-1030 days) perco-
lation is calculated using 1993 rainfall data. LGS = Large Gap Skidder zone, LGC = Large Gap Crown 
zone, LGU = Large Gap Undisturbed zone, SGS = Medium Gap Skidder zone, SGC = Medium Gap 
Crown zone, SGU is Medium Gap Undisturbed zone. 

zone period Al Ca K Mg Mn Na Cl NH4-N N03-N N-total 

forest 0-652 days 1.8 5.1 8.5 2.2 0.1 50.5 54.2 1.7 7.2 8.8 
652-1030 days 0.9 1.2 4.5 1.2 0.0 17.3 17.1 0.4 2.2 2.6 
0-1030 days 2.7 6.3 13.0 3.4 0.1 67.8 71.3 2.1 9.3 11.4 

LGS 0-652 days 49.6 34.9 60.1 40.3 1.3 167.9 144.3 3.2 232.9 236.1 
652-1030 days 8.5 5.4 5.5 4.9 0.1 15.9 14.9 0.3 21.2 21.6 
0-1030 days 58.2 40.4 65.6 45.1 1.4 183.8 159.2 3.5 254.2 257.7 

LGC 0-652 days 15.3 24.6 50.7 27.8 0.9 248.8 248.3 4.3 154.8 159.1 
652-1030 days 2.4 4.4 8.5 6.9 0.1 52.5 32.2 0.5 13.3 13.8 
0-1030 days 17.7 29.0 59.2 34.8 1.0 301.3 280.5 4.8 168.1 172.9 

LGU 0-652 days 28.6 18.2 23.3 18.8 0.6 114.4 134.7 5.2 118.6 123.8 
652-1030 days 8.5 2.2 4.1 2.3 0.0 13.8 20.3 0.4 14.0 14.4 
0-1030 days 37.2 20.4 27.4 21.1 0.6 128.2 155.0 5.6 132.6 138.2 

SGS 0-652 days 29.8 37.7 31.6 29.5 1.3 101.5 112.0 4.4 152.9 157.3 
652-1030 days 2.3 3.6 2.7 1.9 0.1 31.4 15.0 0.1 17.0 17.1 
0-1030 days 32.2 41.3 34.3 31.4 1.4 132.9 127.0 4.6 169.9 174.5 

SGC 0-652 days 2.1 13.5 16.0 5.9 0.3 138.8 169.0 2.7 47.4 50.1 
652-1030 days 0.4 2.6 7.1 1.6 0.0 21.2 11.7 0.4 5.1 5.4 
0-1030 days 2.6 16.1 23.1 7.4 0.4 160.0 180.7 3.1 52.5 55.6 

SGU 0-652 days 3.0 17.9 16.8 8.3 0.4 117.3 165.8 4.6 29.0 33.6 
652-1030 days 0.8 3.0 4.4 1.7 0.0 22.9 · 20.7 0.3 4.0 4.3 
0-1030 days 3.8 20.9 21.1 10.0 0.4 140.2 186.5 4.9 32.9 37.8 
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utes the skidder zones not only showed the greatest concentrations but also the 

largest percolation rates. 

Most nutrient losses occurred within the first 652 days. However as the results of the 
period between 652 and 1030 days indicate, leaching losses continued to be larger 
in the gaps when compared with the closed forest. Leaching losses in the undis
turbed and crown zone of the small gap approached the leaching losses in unlogged 

closed forest (Table 5.2). 

5.2.3 Discussion 

The creation of gaps during selective logging clearly leads to increased leaching. 
The increased leaching was due to increased percolation of water through the soil as 
well as increased solute levels in the percolating water. Over the first 22 months after 
logging a percolation of 2787 mm was calculated in the skidder zone of the gaps, 
compared to 1797 mm in closed forest. The crown zone and undisturbed zone within 
the gaps experienced intermediate percolation rates. Differences in soil moisture 
content between intact forest and the gap were most clear during dry periods. In 

closed forest the trees continuously extract water from the soil for their transpiration. 
In the bare zones of the gaps, soil moisture is only drained by gravity except for a 
rather thin layer at the topsoil which is rapidly desiccated by evaporation. Similar dif
ferences between gaps and forest were observed in tropical and temperate forest 
(Parker 1985, Bauhus and Bartsch 1995). Parker (1985), working in the high rainfall 

zone of Costa Rica on soils derived from volcanic material, reported a percolation of 
2110 mm in a large clearing compared to 1252 mm in closed forest over a 404 day 
period. This finding corroborates the results of the present study. Veenendaal et al. 
(1995) also measured wetter soil conditions in a gap (diameter 26 m) in a forest in 

Ghana during the first dry season after gap creation and concluded that plants in the 
centre of the gap suffered less from drought stress than plants in the forest understo
rey, despite the much higher irradiation and vapour pressure deficit in the centre of 
the gap. Finally, Uhl et al. (1982) reported death of trees surrounding a clearing in 
Amazon Caatinga forest, which they ascribed to the raise of groundwater levels after 
clearing. This indirectly supports the observation that where trees are removed, the 

soils become wetter. 

The major increase in leaching rates after logging was caused by greater solute con

centrations in the percolating soil water. Proportionally the largest increase in con
centration was found for N0

3 
which was 10 - 20 times greater in the gaps compared 

to closed forest during the first 15 months after logging. In the gaps Ca, K and Mg 
concentrations were 2 -10 times greater than in the closed forest, but rather large 
differences occurred between the different gap zones which are discussed in the 
following sections. A clear response of N0

3 
to disturbance seems to be common 

since it was observed in numerous other studies in temperate as well as in tropical 

forests (cf. Bauhus and Bartsch 1995, Bormann and Likens 1967, Herrera et al. 

1981, Maimer and Grip 1993, Parker 1985, Uhl and Jordan 1984, Uhl et al. 1988, 

Zulkifli 1989). Interestingly, increased leaching for all nutrients except N was reported 

after disturbance of an Amazon Caatinga forest (Uhl et al. 1982), which is considered 

93 



to be N limited in contrast to most other tropical lowland forests (Medina and Cuevas 
1989). 

Increases in K leaching are usually reported to be proportionally greater than Ca and 
Mg (cf. Herrera et al. 1981, Maimer 1993, Poels 1987, Uhl et al. 1982, Zulkifli 1989). 
In the present study the increase in Mg leaching in the gaps compared to closed for

est was 5 -10 times, versus 2 - 4 times for K and 5 - 6 times for Ca. Such a modest 
increase in K leaching was also reported by Parker (1985) for a Costa Rican forest. 

Another similarity between Parker's results and the present results is the rather large 

leaching of Na. The differences in leaching rates of individual solutes and possible 
explanations of these differences are discussed in the section on the influence of 
zoning in the gaps 

5.2.3.1 Gap size 

In the large gap, leaching rates of N0
3

, K and Mg were approximately double the 

rates in the medium gap, demonstrating that leaching indeed increased with a larger 

gap size although it must immediately be admitted that evaluation of two gap sizes 

without replicates can hardly be considered as hard evidence. Nevertheless other 
work supports the present results. Neither Uhl et al. (1988) nor Parker (1985) found 
that single treefall gaps (47-164 m2) had a significant effect on soil moisture compo

sition, except for a slight increase in N03 • Larger disturbances as multiple treefall 

gaps, clearings or clearing followed by burning caused considerably raised nutrient 
concentrations in percolating soil water (Bauhus and Bartsch 1995, Herrera et al. 
1981, Parker 1985, Uhl and Jordan 1984, Uhl et al. 1982). Few studies have focused 

on gaps in otherwise intact forest. In a temperate beech forest on acid soil, Bauhus 

and Bartsch (1995) evaluated soil water composition changes after gap creation 
(diameter 30 meter). They found levels of N0

3
-N in soil water at 80 cm depth chang

ing from O in an intact forest stand to about 15 mg 1·1 in the gaps. The main cation 
accompanying N03 during leaching appeared to be Al, although Ca and Mg also in

creased. 

Arguably, the study that is most comparable to the present study is that of Parker 
(1985) in Costa Rica. Here two clearings, sized 50*1 Om and 50*50 m, were made in 

a forest stand on a relatively fertile clayey ultisol, but no biomass was removed and 

soil disturbance was minimal. The calculated leaching losses in Parker's' study were 

of the same order of magnitude, although leaching of Ca, Mg and N03 under intact 

forest was substantially greater in Costa Rica, which is not surprising since the soils 

were more fertile (Table 5.3). Kand Na leaching was greater in Guyana, especially in 

gaps, but note that the period used for calculation is much longer in Guyana. 

The difference between leaching rates in the large and the medium gap is pro

nounced in this study, especially for the crown zone and the undisturbed zone con

trary to the results in Costa Rica. Based on his calculations, Parker (1985) concludes 

that "water and solute budgets appear to react to increasing disturbance intensity 

with a threshold for response and a maximal response at higher levels of distur

bance, with a probable sharp transition in between", and, "the threshold is likely to be 
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Table 5.3: Leached nutrients (kg ha·1 1030 days·1 for Guyana and kg ha-1 404 days-1 for Costa Rica) 

under intact forest, single treefall gaps, and larger gaps resulting from the felling of trees. Data from 

Costa Rica derived from Parker (1985). 

Ca K Mg Na N 

kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 

Guyana (1030 days after logging) 
closed forest 6 13 3 68 11.4 

medium gap (730 m2) 26 26 16 144 90 

large gap (3440 m2) 30 51 34 204 190 

Costa Rica (404 days after logging) 
intact forest 6 4 9 19 19 

single treefall gaps (± 100 m2) 7 3 8 15 12 

small clearing (500 m2) 23 5 36 53 108 

large clearing (2500 m2) 22 8 22 57 115 

less than 500 m2 of forest cut and may be related to the extent that living roots from 
unaffected areas are present in the disturbed areas". The area (canopy opening) of 

the medium gap in this study was about 730 m2 and round shaped, but in this area 

the soil water showed distinctly lower nutrient concentrations than soil water in the 
large gap. It is plausible that the extent of living roots from surrounding vegetation 
plays a decisive role in preventing high leaching rates (cf. Silver and Vogt 1993). Sil
ver and Vogt (1993) showed that after creation of a 900 m2 gap in a premontane for
est in Puerto Rico living fine root biomass initially remained constant or even in
creased slightly, but declined to 40% below control forest levels after two months. A 

larger scale disturbance caused by hurricane Hugo had much more impact and 
caused massive death of fine roots. 

Given the importance of living roots in avoiding leaching after disturbance and the 
apparent negative relation with the intensity of disturbance, it is somewhat surprising 

that the calculated leaching losses in the rather narrow (10 m) clear-cut strip of 
Parker (1985) were comparable with leaching losses in the large clearing (50 x 50 
m). In the narrow strip a much larger edge effect would have been expected since 
the distance to intact vegetation is not more than 5 m. It therefore remains to be 

seen if the calculations by Parker (1985) are representative. Individual examination 

of soil water content (p 76) and N03
-N concentration (p 92) in Parker's thesis sug

gests that there was a difference between the small and large clearing. Further work 

is necessary on hydrological and nutrient gradients from the gap centre to closed 
forest, preferably in combination with examination of root activity. 

5.2.3.2 Effects of zones within gaps 

The strongest pulse of solute leaching was observed in the skidder zone, except for 

Na and Cl. The skidder zone was also the zone with the most intensive disturbance, 

including locally complete destruction of the top soil roots, absence of surviving 
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seedlings and higher maximum temperatures in the litter layer and top soil (van 
Brunschot and de Lange 1992, Schultz 1960). The amount of debris in the skidder 
zone was not more than already present before logging, and decomposition rates of 
this debris were slow (Chapter 8). In the crown zone, piles of fresh organic debris 
with relatively high nutrient concentrations were present after logging, and decompo-. 
sition rates were equal, if not faster than in closed forest (Chapter 8). The distur
bance of the top soil in the crown zone was relatively minor. Given the larger quanti
ties of leached nutrients in the skidder zone, it is concluded that the disturbance of 
the top soil appeared to be more important to enhance leaching rates than the pres
ence of large piles of organic debris during the first 15 months after logging. 

Interestingly, enhanced leaching of K and Mg was more prolonged in the crown 
zone, than in the skidder zone and the undisturbed zone. Two factors can explain 
this: 
• the supply of mineral nutrients available for leaching diminished between 12 and

15 months after logging in the skidder zone and the undisturbed zone due to the
lower rates of decomposition and mineralisation of organic material and/or smaller
quantities of organic material available for decomposition and mineralisation

• rapid growing pioneer species in the skidder zone and undisturbed zone had such
a great nutrient demand and nutrient exploiting capacity of their roots that they
were able to take up the majority of the nutrients in the soil solution, thereby limit
ing further leaching (cf. Raaimakers 1995).

Although the first explanation without any doubt will play a role, the rather rapid de
crease of nutrient concentrations in soil water between 12 and 15 months after log
ging suggests that the effect of re-establishment of the vegetation was dominant, 
since a more gradual decrease would be expected if lower mineralisation rates would 
have been the dominant cause for decreasing leaching rates. While the gaps were 
still extremely open 10 months after logging with only a few small and scattered Ce
cropia obtusa trees, 18 months after logging the central areas of the large gap were 
an almost impervious wilderness of secondary trees and vines. The skidder zone in 
the medium gap showed less vigorous re-growth and leaching rates tended to de
crease slower to background levels than in the large gap, confirming the importance 
of rapid growing pioneer species in limiting leaching losses (see also Raaimakers 
1995). 

The most dramatic change in soil water composition after logging concerned N03 • 

The balance of N in the soil and its transformations into different molecules have im
portant consequences for the soil pH, and indirectly for other soil processes (Van 
Breemen et al. 1983). When released from organic compounds, N is in the form of 
NH4

. The NH4 can be taken up by plants or, in the presence of oxygen and nitrifying 
bacteria, can be transformed into N03

, releasing two protons: 
NH/+ 40 � NQ3- + H20 + 2 W (nitrification) 
If the N03 is not taken up by plants this will cause a drop in soil pH, which in acid 
soils will lead to an increased solubility of Al (Van Breemen et al. 1984, Verstraten et 
al. 1990). The Al ions or the protons in the soil solution displace exchangeable bases 
from the soil exchange complex into the soil solution, or prevent that bases released 
by decomposition are held by the soil exchange complex. In contrast to NH4 , N03 is 
very mobile in the soil. If excess N03 is leached downward in the soil profile it needs 
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to be accompanied by a cation and this may therefore lead to an increased leaching 
of bases (Cahn 1993, Freiesleben and Rasmussen 1986). 

The above described array of processes of N mineralisation, nitrification, acidifica
tion, increasing Al levels and leaching of base actions obviously occurred in the gaps 
after logging. Mineralisation of N was not necessarily faster in the gaps; a study in 

north Brazil has shown that the creation of gaps up to 2500 m2 has little impact on 
mineralisation and nitrification rates (Marrs et al. 1991, see also Vitousek and Den
slow 1986). Decreased root uptake already leads to higher concentrations of NH4 in 
the soil, which in the presence of sufficient oxygen can be transformed rapidly into 

N03 
(cf. the trenched plots of Silver and Vogt 1993, Robertson 1989). 

Despite the greater quantity of organic debris in the crown zone, serving as potential 

input for mineralisation, the effects of acidification and raised Al levels were relatively 

minor here. This was possibly due to a neutralising effect of the relatively large 
quantities of Na and K that were released during the initial stages of decomposition 

(Chapter 8), combined with a root system that, at least partly, remained intact in this 

zone. 

Increased Al solubility may have some adverse effects. It is well known that Al in the 

soil solution can be toxic to plants, especially if the pH is lower than 5 (Gundersen 

and Rasmussen 1987, Marschner 1991, Wolt 1990). Al toxicity is generally visible in 
the root morphology and high Al levels in the soil often interferes with P and Ca nu
trition of plants (Bloom et al. 1979, Lathwell and Grove 1986, Raaimakers 1995). Be

cause different species have different tolerance to Al in the soil environment (Wolt 
1990), the soil acidification following selective logging might have a selective influ

ence in the natural re-growth of species, and in this way influence future species 
composition (Lathwell and Grove 1986). This is especially relevant in the skidder 
zones, where Al levels in the soil water were highest and did not return to back
ground levels during the first 2.5 years after logging. Al may also have toxic effects 
on soil micro-organisms, leading to slower decomposition rates (Anderson and Swift 

1983) 

Na and Cl showed an alternative leaching behaviour compared to other solutes. Re
markably enough these elements were the only ones that showed higher concentra

tions in the crown zone, and generally also in the undisturbed zone, compared to the 

skidder zone. Two effects might play a role: 

• rapid leaching of Na and Cl from the fresh organic debris in considerable quanti

ties. Both the decomposition experiment (Chapter 8) and throughfall measure

ments (Chapter 6) indicated that Na is very mobile in the plant tissue. Na was the

element most rapidly released during decomposition in litterbags. Less is known
about Cl levels and mobility in plants, but concentrations of 2 -10 mg g-1 have

been measured in leaf material of rain forest trees (Foister, pers. comm.), which is
comparable to normal K, Mg or Ca concentrations in tropical rain forest trees.

• an evapotranspiration - concentration effect. The skidder zones were wetter and

experienced faster percolation rates, and thus less evapotranspiration concentra

tion. The edges of the gap where most of the crown zones were located, might
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have experienced high evapotranspiration rates and therefore a relatively large 
evapotranspiration - concentration effect (Camargo and Kapos 1995). 

Increased Na and Cl leaching after disturbance is commonly observed (Maimer 
1993, Poels 1987, Rosen 1990). It is most likely that these elements originate from 
organic debris and are very quickly released. 

5.2.3.3 Recovery to pre-logging leaching rates 

It was hypothesised that after a pulse of nutrient leaching, soil moisture nutrient con
centrations would return to background values. The major pulse of leaching occurred 
during the first year after logging and for most solutes the concentrations in draining 
soil water clearly remained higher up to 15 months after logging. However Ca, Mg, 
S04 and N0

3 
concentrations remained (marginally) larger than in closed forest up to 

34 months after logging, indicating that a build-up had not started for those nutrients 
at that time. K seemed to be present at lower concentrations in the percolating soil 
water under the gaps during the last sampling date. This trend towards lower leach
ing losses than under pristine forests suggests that the recovering vegetation is able 
to reduce the leaching to such an extent that it creates the positive budget needed to 
build up new nutrient stocks. Obviously, the current data only suggest that this is 
possible, continued monitoring of the plots is necessary to supply more decisive data 
on this important issue. 

5.3 

5.3.1 

EFFECTS OF LOGGING ON NUTRIENT LOSSES: THE 

CATCHMENT EXPERIMENT 

Methods 

The area under study, and methodological aspects of discharge measurements and 
streamflow sampling were described in section 4.3. The 6.2 ha watershed was se
lectively logged mid October 1992. The majority of the extracted trees were Eperua 
grandiflora on the white sand part of the catchment area and Chlorocardium rodiei on 
the brown sand part of the area. In total 70 trees were felled with an estimated total 
stem volume of 130 m3

• With a catchment size of 6.18 ha, the average logging inten
sity was 21 m3 ha-1, which corresponded with the management policy of the timber 
concessionaire on whose concession this research was carried out. The trees to be 
felled were rather evenly distributed over the flat part of the watershed, so that no 
large gaps were created. The largest gap in the area was estimated to be smaller 
than 500 m2

. Steep slopes were avoided and a buffer zone of at least 10 m along the 
stream was maintained where no trees were felled. Skid trails were located more 
than 30 m from the stream. Logs closer to the stream were winched uphill. 
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Figure 5.6: location of the skidtrails in the experi

mental catchment. After Jetten (1994a). 

5.3.2 discharge 

The total disturbed area in the catch
ment, including skid trail and canopy 
openings, was estimated to be slightly 

more than 20% of the total area (Jetten 

1994). The skidtrails are shown in Fig
ure 5.6 

The streamflow discharge and chemistry 
were monitored in the forest in undis
turbed condition for more than a year 
prior to logging, and the results were re
ported in Chapter 4. The logging took 
place mid October 1992 in approxi

mately one week. The monitoring of 
streamflow discharge and streamflow 
chemistry continued until December 
1993. 

Climatic variability is a difficult issue to cope with in a single catchment study, and for 
this reason the results of single catchment studies tend to be less powerful than 
paired catchment studies in detecting changes after a treatment (Bosch and Hewlett 
1982, Bruijnzeel 1990). In the catchment under study, Jetten (1994) tried to over
come the problem of climatological variability by using a vertical water balance model 
that calculated the expected evapotranspiration, percolation and (sub) surface runoff 
per land unit type. The model yielded a "theoretical" baseflow and streamflow for the 
catchment. Jetten (1994) distinguished three land units: 1) the stream channel and 

adjacent wet areas covering 1.9 % of the total area and yielding 100% runoff during 
a rainstorm 2) steep slopes covering 21.2 % of the area yielding 5% direct runoff and 
45 % percolation and 3) "flat" areas near the watershed producing no (sub) surface 
runoff and yielding 45 % percolation to the groundwater. Obviously water infiltrating 
near the watershed contributes to streamflow discharge with a considerable delay. 

Jetten (1994) defined the average delay as "catchment response time" that he esti

mated to be 60 days. Baseflow discharge in the model was then calculated using the 

rainfall data two months ahead of the measured baseflow discharge. 

The "theoretical" streamflow calculated with the model was compared with the 

measured streamflow for the pre-logging period and the post-logging period. The 

difference between actual and "theoretical" streamflow in both periods could be a 

measure of the changes induced by logging. Unfortunately the model in the post log

ging period was run using an alternative ET and percolation for the logged areas 

(Jetten 1994) so that no proper evaluation was made of the effects of logging. The 

difference between "theoretical" and measured annual streamflow was 160 mm and 
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180 mm for the pre-logging and post-logging period respectively, where the meas
ured streamflow was 15 - 20 % lower than the "theoretical" baseflow. 

Based on these results, Jetten (1994) concluded that "the impact of the low intensity 
logging on the catchment water balance was too small to be detected within the level 
of accuracy of the measurements", for baseflow as well as stormflow discharge. 
Bruijnzeel (1990, 1994) concluded that changes in forest cover of less than 20% 
usually fail to produce detectable changes in streamflow. The present study involved 
a disturbance in the order of 20 % of the canopy, so it is not surprising that no 
change could be detected, even apart from the problems with the collection of unin
terrupted streamflow discharge data, and the rather crude simplifications applied to 
calculate "theoretical" pre- and post-logging discharge. 

5.3.3 nutrient concentrations 

Nutrient concentrations may vary with streamflow discharge and therefore, as in the 
period previous to logging, the chemistry of streamflow water was monitored during a 
number of events. Increased nutrient discharge after disturbance may be due pri
marily to increased concentrations in stormflow. For example, in Malaysia, Maimer 
and Grip (1993) showed that 73 - 96 % of the increased nutrient exports after clear
felling and burning of forest were carried in stormflow. 

Unfortunately sampling of events was done only during the period June - November 
1993, and not during the first 8 months after logging. Only relatively small events 
were sampled, with a peak discharge of less than 10 I s·1. Three examples of dis
charge and nutrient concentrations are shown in Figure 5.7 

In the three events shown in Figure 5.7 solutes were diluted rather than more con
centrated in streamflow during an event. Despite the fact that no larger events were 
sampled in the post logging period, there is no reason to assume that nutrient export 
during storm events was greater after logging than prior to logging. Stormflow vol
ume after logging was less than 2% of the total streamflow volume, and equal to 
stormflow volume in the period prior to logging (Jetten 1994). Due to the small 
stormflow volume and the moderate changes in streamflow nutrient concentrations, 
the error introduced by assuming that solute concentrations remained constant dur
ing events, is small. 
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Figure 5.7: Discharge (I s·1) and concentrations of Al, Ca, K, Mg, Na and N03 (all in mg 1·1) during three

events in June (event D), August (event E) and November 1993 (event F). 
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Figure 5.8: Baseflow discharge (m3 day-') and concentrations of Ca, K, Mg, Na, Al, P04 , N03, NH4, 

S04, Cl and Si in baseflow in the experimental catchment. The vertical bar indicates the period of log
ging. 
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In Figure 5.8 solute concentrations in baseflow water of the stream are shown for the 
period prior to logging and after logging. Examination of the graphs does not suggest 
that major changes in solute concentrations occurred after logging. K, N03 and NH4 

concentrations tended to be higher after logging, and Na concentrations appeared to 

be more irregular after logging with regular occurrence of higher concentrations. The 
interrupted discharge measurements, especially between June and August 1993, 
hamper a comparison between the pre- and post logging nutrients discharged. Dis
charge weighted average concentrations in streamflow are shown in Figure 5.9 for 
half August - half December in 1991 (pre logging), 1992 (pre- and post logging) and 
1993 (post logging), and for November 91- June 1992 (pre logging) and November 
1992 - June 1993 (post logging) in Figure 5.10. 

For most solutes the discharge weighted concentrations were rather similar before 
and after logging, although K, N03

, NH4 and Na concentrations were higher after 
logging (Figures 5.9 and 5.10). K and N03 concentrations approximately doubled 
after logging, but the effect for K was rather short lived and the main increase was 
found in the first months after logging (Figure 5.8). On the contrary, Na concentra
tions were highest approximately one year after logging, and no difference was ob
served for Na during the first 8 months after logging (Figure 5.9 and 5.10). 
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Figure 5.9: Discharge weighted nutrient concentrations (mg 1·1) of baseflow water from 12 August to 8 

December in 1991, 1992 and 1993, representing pre-logging conditions, conditions just before and just 
after logging and 10 -14 months after logging respectively. 

103 



4.0 

'ai 
3.0.s 

c: 

2.0 
0 
c: 

0 

1.0 

0.0 , 

_I � November 1991 - June 1992 

� November 1992 - June 1993 

I - ratio pre to post logging 

pH Al Ca Fe K Mg Mn Na Si 804 P04 NH4 Cl N03 

200 

150 3l 
C1l 
Q) 

t; 
Q) 

100 3l 

50 

0 

C1l 
Q) 

t; 
.!: 

Figure 5.1 O: Discharge weighted nutrient concentrations (mg 1·1) of baseflow water from 11 November 
- 17 June in 1991/1992 and 1992/1993, representing respectively pre-logging conditions, and the first 8
months after logging. 

The concentrations of solutes in the baseflow of the treated catchment were also 

compared with the concentrations in the baseflow of an untreated catchment (Figure 

5.11 ). Discharge data were not available for this untreated catchment so that nutrient 

exports or volume weighted concentrations could not be calculated. Comparison of 
the solute concentrations in both catchments in the periods before and after logging 
confirmed that logging caused a rather short lived increase of K concentrations, a 
delayed increase of Na concentrations and a relatively clear increase of N03 

con

centrations (Figure 5.11 ). 
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5.3.4 nutrient losses in streamf/ow 

Table 5.4 shows the amounts of solutes discharged during two periods, including the 

ratio between solutes discharged before and after logging. Ratio's greater than 1 in
dicate more discharge or solute loss after logging. In 1993, the discharge during the 
period 12 August to 8 December was only 59% of the discharge two years earlier, 

reflecting the lower amount of rainfall before and during this period in 1993 (789 mm 

in July - October 1993 versus 1025 mm in the same period in 1991 ). Only K and Na 
were lost in greater quantities during these months in 1993. Comparing the period 11 
November - 17 June before and after logging, it appears that the discharge was 35 
% more after logging, reflecting a greater amount of rainfall in that period (1326 mm 

from October 1992 -April 1993 versus 1108 mm one year earlier). Now solute losses 
were greater during the period after logging, although mainly due to greater dis
charge. Only K and N showed clearly greater exports also due to increased concen

trations (see also Figure 5.10). 

Table 5.4: Discharge (m3) and nutrient exports (kg ha-1) in streamflow for the period 12 August - 8 De-

cember in 1991 (before logging), 1992 (before, during and immediately after logging) and 1993 (10 - 14 
months after logging), and for the period 11 November - 17 June in 1991-1992 (before logging) and in 

1992 - 1993 (after logging). 

discharge Ca K Mg Na p N Cl s Si Al Fe Mn 
m3 

12 August - 8 December 

1991 33080 1.2 0.6 2.2 8.3 0.02 1.7 13.4 1.4 9.1 2.5 2.9 0.1 
1992 25602 1.1 1.9 1.8 6.9 0.02 1.0 12.1 1.1 6.8 1.8 2.1 0.1 
1993 19444 0.4 0.7 1.4 9.3 0.01 1.7 10.5 1.0 5.2 1.4 1.7 0.0 

ratio 1993/1991 0.59 0.33 1.26 0.63 1.12 0.32 1.02 0.78 0.72 0.57 0.56 0.59 0.32 

11 November - 17 June 
1991 - 1992 23839 1.1 0.8 2.1 6.4 0.03 1.0 10.5 1.1 7.7 1.4 2.5 0.1 
1992 - 1993 32127 1.3 2.5 2.2 8.7 0.03 2.3 14.7 1.4 9.4 1.8 2.6 0.1 

ratio 1993/1992 1.35 1.21 3.19 1.05 1.36 1.26 2.36 1.40 1.32 1.21 1.30 1.02 1.01 

The low intensity logging had only limited effects on solutes discharged in stream

flow. An increase in quantities of K, Na and N03 discharged was found, but the 

amounts involved were unimpressive at all standards. For most solutes, the quanti

ties discharged were more strongly influenced by seasonal and annual variation in 

rainfall than by possible effects of logging. The fact that the streamflow chemistry in 

this catchment varied throughout the year (section 4.3.3) did not help to detect 

changes caused by logging. 
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5.4 THE NUTRIENT BALANCE OF LOGGED FOREST 

5.4.1 comparison of the gap study and the catchment study 

In the gap study, solute leaching increased dramatically after logging due to in
creased percolation and due to higher concentrations of solutes in the percolating 
water. Percolation in the heavily disturbed skidder zone was about 50% more than in 
closed forest. In the two gaps studied, the leaching of Ca, K and Mg was 2 to 10 
times greater and leaching of N was 8 -17 times greater than in closed forest. It was 

shown that absence of sufficient roots taking up nutrients, either due to  damage to 
the topsoil or a large distance to intact vegetation, was more important for the in
crease of leaching than the sudden addition of large amounts of debris. Leaching in
creased with increasing soil disturbance and increased with gap size. In the most 
disturbed zone of the large gap, the leaching loss for the major cations and N over 

the first two years after logging was increased with 700 - 2700% compared to closed 
forest. 

In the catchment study, the effects of low intensity logging were hardly detectable. 
There was no significant effect on stream discharge, and the concentrations of most 
solutes were not higher than previous to logging, with the exception of K, N03 and 

Na. The concentrations of these solutes increased by up to 100%. 

A direct comparison between the two experiments is difficult because: 
• in the gap experiment nutrient leaching was determined on the spot whereas the

catchment represents an integration of affected and unaffected areas. Based on
the estimate of 20% disturbed area, the effects of logging in the catchment study
can be expected to be "diluted" five times.

• the treatment was not the same and the area differed. In the catchment many
small gaps were created and the area consisted of flat watersheds, steep slopes
and a valley bottom. Soil types were white sand and brown sand. In the gap study
two gaps were created that were considerably larger than any of the gaps in the
catchment area. The soil was a uniform brown sand in a rather flat area.

Table 5.5: Comparison of between logging induced leaching losses in the gap study and in the catch
ment study. Explanation in text. 

Ca K Mg Na N 

2 • increased loss November -June catchment 0.4 3.4 0.2 4.6 2.6 

1/5 • extra leaching losses medium gap 4.5 2.4 3.1 14.6 17.9 

gap versus catchment >> <= >> > >> 

Table 5.5 compares the results of the gap study and the catchment study with no 
other purpose than to show that there is a discrepancy between the outcomes of the 

two experiments. The effect of logging on catchment scale was set equal to two 
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times (the discharge in this period was about half the annual discharge) the differ

ence between nutrients discharged between November 1992 -June 1993 and the 
same period one year earlier. The effect of logging on nutrient leaching in the gap 
study was "translated" to catchment scale by dividing the logging induced leaching 
by 5 (because 20% of the catchment was disturbed). 

The outcomes of the comparison, admittedly very rough, indicate a discrepancy be
tween the results of both experiments. The calculated leaching losses for Ca and Mg 
were more than an order of magnitude higher in the gap study, and 7 times higher for 

N. The differences observed for K and Na fall within the level of accuracy of this
crude comparison. Reasons for this difference in outcome can be explained partly as
an artefact of the method applied and partly due to differences in the applied treat
ment. A number of explanations are given below:
• the size of the gaps in the catchment were so small that the intact vegetation sur

rounding disturbed areas was able to take up most of the nutrients released by
decomposition and mineralisation processes. The difference in outcome between

the two methods is thus "real", and reflects in fact different intensities of distur
bance

• leaching losses experienced "on the spot" in the catchment were larger than

measured in the streamflow because the leached nutrients did not reach the
stream within the period of the experiment, or were intercepted in-between. Three
processes may play a role here:
• Nutrients leached near the watershed have a considerable travel time to the

stream that may amount up to years (cf. Poels 1987), and the majority of the
nutrients leached may not have reached the stream within the period of meas
urements.

• During the travel through the soil, the water containing leached nutrients will
pass through large masses of soil. Although cation exchange capacities deep in
the soil are probably low, the cation exchange complexes will influence the soil
water chemistry in such a way that cations present in greater quantities than
before will be preferentially adsorbed. Such a process might also have ac
counted for the "disappeared" nutrients after refinement in a catchment in Suri
nam (Poels 1987).

• Nutrients may be intercepted by vegetation in the riparian zone of the stream
or, in case of N03 , being lost to the atmosphere by denitrification processes.

The relatively good correspondence of Na losses in the catchment experiment
and the gap experiment could perhaps be seen as support for such a "filtering"

phenomenon, since Na is probably in abundant supply due to the relatively
large annual deposition and it is not expected to be "filtered out" by the vegeta
tion.

• Specifically for N it is possible that the soil type influenced leaching of N. About

70% of the catchment area consists of white sand soils, that have somewhat lower
contents of N than the brown sands of the gap study. Moreover the pH buffering is

not strong compared to the pH buffering in brown sands (Chapter 3) and nitrifica
tion is hampered at pH values below 4 (Tietema 1993), although in tropical rain

forests nitrification was shown to occur also at a pH lower than 4 (Robertson
1989). Since NH

4 
is far less mobile in the soil than N0

3
, slower nitrification would

lead to smaller leaching losses for N.
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• The estimates of leaching losses in the gap study were too high, e.g. due to sam

pling of water that was not representative for the water percolating through the soil

(macropores) or due to the presence of deep roots that intercepted the nutrients
below the sampling depth.

Which of the factors mentioned above contributes most to the discrepancy between 

the two experiments is not known. It is assumed that the leaching losses as deter

mined in the gap experiment correspond with the nutrient losses as experienced at 
that specific spot, since there were no indications that macropore flow was important 
at 120 cm depth. An indication that this macropore flow was indeed of limited impor

tance was that the model simulations of the soil water potential, which were com
pletely based on matrix flow, yielded reasonable results which undoubtedly would not 

have been so if large amounts percolated through macropores. Furthermore it is as

sumed that the lower amount of leached nutrients in the catchment was either due to 
the treatment or an artefact of the method, where the effects are masked by delay 

and interception processes. 

5.4.2 conclusions and implications for management 

Harvesting timber also means extracting nutrients present in the timber. The amount 
of nutrients extracted is of course proportional to the volume of timber harvest, and 

the nutrient losses associated with timber extraction are usually greater than through 
enhanced leaching (Bruijnzeel 1995). The amount of nutrients removed with the har
vested timber, the enhanced leaching and the ratio between the two are shown in 

Table 5.6. 

Indeed, with the exception of Na, nutrients extracted in timber generally represent 
the largest loss for the ecosystem, although in the large gap leaching represented 

the greatest loss for Mg, and about 40% of the total loss for K was caused by en-

Table 5.6: Nutrients exported (kg ha-1) in timber and through enhanced leaching, and the ratio between
the two, for the large gap and the medium gap. Enhanced leaching was calculated by subtracting 

leached nutrients in closed forest from the leached nutrients in the gaps. 

Ca K Mg p N Na 
kg ha·1 kg ha·1 kg ha·1 kg ha·1 kg ha·' kg ha·' 

large gap 
removed in timber 78.8 60.1 27.5 6.7 591.9 9.8 

extra leached in 1030 days 24.2 40.0 31.2 180.7 148.8 
timber/leaching 3.3 1.5 0.9 3.3 0.1 

medium gap 
removed in timber 91.1 69.5 31.8 7.7 684.1 11.3 

extra leached in 1030 days 22.6 14.3 15.5 89.7 73.0 
timber/leaching 4.0 4.9 2.1 7.6 0.2 
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hanced leaching in the large gap. The proportion of leaching in total nutrient loss was 
considerably smaller in the medium sized gap. Leaching was less important for Ca 
and N than for Kand Mg. 

A land use system can only be sustainable on the long term if losses of nutrients are 
balanced by inputs. Due to the low growth enhancement by artificial fertilisers 
(Raaimakers 1995) and the inherently low growth rate of important timber species in 
Guyana (ter Steege 1990, Zagt 1995), other than "natural" nutrient additions are 
probably not economically viable in a land use system based on selective logging. 
Because the content of weatherable minerals in the soils of the present research 
area are extremely low, replenishment of nutrients will mainly depend on atmos
pheric inputs, except perhaps for N. The ratio between the total nutrient losses and 
the annual atmospheric deposition gives some idea about the time needed for the 
ecosystem to restore its original nutrient stocks. It has to be emphasised that this ra
tio provides not more than a relative indication for the recovery period. Since nutrient 

input and output under undisturbed forest were approximately equal (section 4.5), 

recovery of the ecosystem nutrient stores through atmospheric inputs can only occur 
if the leaching rates under recovering forest are lower than under undisturbed forest. 
Almost three years after logging, only leaching of K tended to be lower in the gaps 
than in closed forest. For other nutrients, leaching rates were still equal or larger than 
under closed forest, and restoration of the nutrient stocks did not start until then. 

Except for Na, the ratio of total loss to annual atmospheric input was more than 25 

years (Table 5.7). The recovery time based on atmospheric inputs alone is very long 
for N, and is in the order of centuries rather than decades. N fixation however, may 
contribute considerably to reduce the recovery time. Recovery times of P, Ca, Mg 
and K must be considerably longer than 50 years and depend greatly on the degree 
of reduction of leaching losses that a recovering forest can reach. 

Another index putting the nutrient losses into perspective, is the ratio between nutri
ent losses and nutrients in the soil, Soil nutrients represent a nutrient store that may 
possibly contribute to the recovery of nutrient stores in biomass after disturbance. 
These ratios are shown in Table 5.7 for both "available" and "total" nutrients. A fun
damental problem here is the soil depth to which the nutrient stores are considered. 
Because more than 90% of the fine roots was encountered within the upper 30 cm of 
the soil (Chapter 3), this depth was chosen here. However, there is little doubt that 
deeper roots will contribute to ecosystem nutrition, although the extent is unknown 

(see e.g. also Baillie 1989, Bruijnzeel 1990, Burnham 1989 and Nepstad et al. 1994). 
The losses of cations were about 6 times larger than the "available" nutrient stores in 
the upper 30 cm in the soil, and the losses were in the order of 20 - 60% of the "total" 
nutrient stores in the upper 30 cm. N losses were about 30% of quantity present in 
the upper 30 cm of the soil. The amount of P harvested in timber was relatively small 
compared to the stores in the soil. 

All values in Table 5.6 and Table 5.7 were calculated on a hectare basis, and it was 
implicitly assumed that interaction between the gap and surrounding intact forest 
would not occur. While this approach may be close to reality for the central area in a 

large gap, it gives a too pessimistic picture for smaller gaps where the interaction of 
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Table 5.7: the ratio between the total loss of nutrients through leaching and timber harvesting to annual 
atmospheric input, to total soil nutrients and to "available" soil nutrients in the upper 30 cm of the soil. 

"Available" nutrients were exchangeable nutrients for Ca, K, Mg and Na, and Bray extraction for P. 
Total nutrients were determined using an extraction with concentrated H2S04 and H202. 

Ca K Mg p N Na 

Large gap 
ratio loss/annual atmospheric. input 39.6 30.3 45.2 51.3 257.5 11.2 

ratio loss/total soil nutrients. O - 30 cm 0.6 0.3 0.2 0.03 0.3 1.3 

ratio loss/exch. soil nutrients. O - 30 cm 7.2 5.4 6.1 0.6 9.3 

Medium gap 
ratio loss/annual atmospheric. input 43.7 25.4 36.4 59.3 257.9 6.0 

ratio loss/total soil nutrients. O - 30 cm 0.7 0.2 0.1 0.03 0.3 0.7 

ratio loss/exch. soil nutrients. O - 30 cm 7.9 4.5 4.9 0.7 4.9 

a recovering gap with surrounding intact forest is considerable, e.g. by litter falling 
from surrounding high trees into the gap. An optimistic way of calculating losses on a 
hectare basis would be to assume that a gap is fully embedded in the surrounding 
forest. Suppose that in a timber exploitation regime, two gaps of 750 m2 (total timber 
extraction approximately 30 - 35 m3 ha·1) were created per ha. Adopting the optimis
tic way of calculation, the losses within these gaps can be averaged over the com
plete hectare, and the losses would be only 15% of the losses calculated in Table 
5.6, since the other 85 % of the area was not affected. This also dramatically 
changes the ratios calculated in Table 5.7, which now may be divided by 6.5. Sus
tainability of selective logging then appears to be within reach, since the estimated 
losses using this calculation method are equal to 5 - 10 times the annual atmos
pheric input (except for N). 

Which method to use in the calculation of nutrient losses is a fundamental and very 
important dilemma, since the difference between the two is the difference between a 
good possibility for a sustainable timber extraction scheme, and a situation where 
timber extraction almost inevitably leads to degradation of the forest ecosystem in 
terms of nutrient stores, and thus indirectly biomass. Without any doubt, the intensity 
of the disturbance and the area affected are dominant factors with regard to the ca
pabilities of ecosystem recovery. 

In conclusion, with restrictions to the intensity, timber extraction based on a selective 
logging system seems to be possible in a sustainable way from the viewpoint of nu
trients, even in forests growing on such infertile soils as the forests currently under 
study. This is in agreement with the view of Proctor (1992) that in tropical rain forests 
"soil processes and mineral nutrients are unlikely to limit regeneration even after 
heavy logging". However it remains to be seen if heavy logging will not cause eco
system degradation in a nutrient poor ecosystem like the one under study. The 
losses observed in the large gap of this study are reason for concern, and in large 
gaps like these it is difficult to see where the nutrients needed for complete recovery 
of pre-disturbance nutrient stores should originate from. A series of smaller gaps is to 
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prefer much above a few very large clearings, both in terms of leaching losses as 
well as in terms of "smoothing" of the effects by surrounding intact forest. Damage to 
the topsoil is causing "unnecessary" nutrient losses. In a management system aiming 
at sustainability, unnecessary losses should be avoided as much as possible, since 
these losses either decrease the volume of timber that can be extracted or increase 

the time needed for recovery of pre-logging biomass levels. 

It is difficult to establish an exact time frame in which nutrients lost by logging are re

plenished from atmospheric sources but it seems that nutrient losses associated with 
a well distributed cut of 1 m3 ha·1 yr1 will not lead to ecosystem degradation in terms 
of nutrients (see also section 9.3). 
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6. THROUGH FALL

6.1 INTRODUCTION 

In a forest ecosystem the major part of the incoming rain reaches the soil surface via 

leaves (throughfall) and along stems (stemflow), thereby influencing the quantity, 
quality and spatial variation of the water reaching the forest floor. The chemistry of 
rain water is altered when passing through the canopy by evaporation (concentration 

of elements in remaining water), wash-off of dust and aerosol particles deposited in 

the period before rain and leaching from or uptake by canopy leaves (Figure 6.1) 

wet deposition dry deposition 

canopy surface 

nutrient pool 

leaching 

T througlifall and 

stemflow 

sedimentation 

absorption 

impaction 

uptake 

supply canopy 

Figure 6.1: Processes affecting the chemical composition of throughfall (adapted from Parker 1983) 

The magnitude of these processes is influenced by species composition, size, age, 

form and nutritional status of the forest as well as the size and intensity of rain 

storms, seasonal influences, latitude and altitude (Alcock and Morton 1985, Bernard 
Reversat 1975, Eaton et al. 1973, Henderson et al. 1977, Parker 1983, Potter et al. 
1991, Veneklaas 1990a). In densely populated, industrial and intensive agriculture 
areas, the contribution of dry deposition to throughfall chemistry is large, and has 
been extensively studied particularly in relation to ecosystem acidification (e.g. Ivens 

1990, Draaijers 1993, Van Breemen et al. 1984, Verstraten et al. 1990). In tropical 

rain forest studies emphasis has been put on the canopy leaching component, more 

or less ignoring potential contributions by dry deposition (Bernard Reversat 1975, 
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Brinkmann 1985, Burghouts 1993, Edwards 1982, Franken et al. 1985). In remote 
locations far from major human activity, the contribution of dry deposition in the en
richment of throughfall may perhaps be considered small compared to the contribu
tion of leaching (Lesack and Melack 1991, Lindberg et al. 1986). Exceptions include 
regions with significant dust deposition (cf. West Africa, Stoorvogel 1993), volcanic 
activity (cf. Gunadi 1995, Kellman et al. 1982, Veneklaas 1990a) or sea-spray (cf. 
Waterloo 1994). 

Nutrients also have a specific behaviour. For example, K is well known to leach eas
ily. Generally the concentrations of Mn, Mg, Na, Ca, S and P in throughfall are also 
reported to increase after passage through the canopy, but to a lesser extent and not 
so consistently. In temperate forests and montane tropical rain forest, it has been re
ported that N in precipitation was absorbed by the canopy (Asbury et al. 1994, Car
lisle et al. 1967, Lindberg et al. 1986, Lovett and Lindberg 1984, Miller et al. 1976, 
Potter et al. 1991) but this is uncommon in lowland tropical rain forests. The impor
tance of leaching relative to dry deposition inputs decreases generally in the order K 
> P > N > Ca > S > Cl > Na > Mg > Si = Al = Fe (Parker 1983). The acidity of
throughfall is usually less than incoming rainfall, except for coniferous forests in tem
perate regions (Parker 1983). 

Plant communities growing in a nutrient poor environment generally show efficient 
nutrient use (Chapin 1980, Raaimakers 1995, van Oorschot 1996), a tight nutrient 
cycle (Brinkmann 1985, Bruijnzeel 1991) and will limit their nutrient losses to the 
common soil pool as much as possible (van Schaik and Mirmanto 1985). Plants 
growing on infertile soils have lower concentrations in their tissue (Chapin 1980, Vi
tousek and Sanford 1986, Marschner 1995) and are expected to lose fewer nutrients 
by leaching than plants growing on fertile soils (Veneklaas 1990b). Thus, the en
hancement of nutrients in throughfall is thought to reflect the trophic status of the for
est ecosystem (Parker 1983), at least if it is assumed that the nutrient enrichment in 
throughfall is primarily due to foliar leaching. For oligotrophic tropical forests driptips 
and scleromorphic leaves (thick, tough and low nutrient leaves) have been inter
preted as nutrient conserving mechanisms (Jordan 1991, Medina et al. 1990, So
brado and Medina 1980). Ecosystems can also show a particularly efficient cycling 
with respect to the nutrient that is most limiting (Bruijnzeel et al. 1993, Crowther 
1987"b). Although the potential leaching of a specific element is to a large extent de
termined by its biological role in the leaf and chemical form in which it is present (the 
"leachability", Tukey 1970), a comparative analysis between nearby ecosystems 
subject to a similar climate but growing on contrasting soils might reveal differences 
indicative for the nutrient status of the system. 

Nutrients in throughfall, stemflow and litterfall form important pathways in the internal 
cycling of nutrients in forest ecosystems. Litterfall and associated nutrient fluxes are 
discussed in Chapter 7. In contrast to litterfall, throughfall and stemflow add elements 
directly to the available nutrient pool in the soil, side-stepping the decomposition 
processes needed to liberate the majority of the nutrients (Eaton et al. 1973, 
Burghouts 1993). Published studies on the chemistry of both throughfall and stem
flow in tropical rain forests are rare. Generally, stemflow in tropical rain forest is less 
important than throughfall and usually is less than 2% of incident rain (Bruijnzeel 
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1989, Lloyd and Marques 1988, Manokaran 1980, Sinun et al. 1992) and associated 

nutrient fluxes have been reported to be low compared to those in throughfall (<2-
6%, Edwards 1982, Manokaran 1980, Sinun et al. 1992), although Brinkmann (1985) 

found stemflow nutrient fluxes up to 50% of the throughfall nutrient fluxes in a central 

Amazonian Forest. Near the present research plots, stemflow quantities were moni

tored for a few trees and indeed the results indicated very small stemflow volumes(< 

1 %, Jetten 1994 ). Therefore no further effort was taken to collect stemflow samples. 

Compared to the data on small litterfall (Proctor 1983, 1984), data on throughfall 

chemistry in tropical forests are sparse (Vitousek and Sanford 1986). This Chapter 

presents the results of the monitoring of throughfall chemistry and nutrient fluxes in 

throughfall during one year in Mixed Forest on brown sand and Dry Evergreen Forest 

on white sand. The quantities of throughfall and the hydrological model describing 
throughfall rates have been reported by Jetten (1994). 

The main aims of this Chapter are: 

• to asses the importance of throughfall as a pathway for nutrient transfer from the
canopy to the soil surface, as part of the forest nutrient cycle.

• to investigate if the throughfall chemistry and associated nutrient fluxes differed

between Dry Evergreen Forest on white sands and Mixed Forest on brown sands.
• to evaluate the contribution of tissue leaching and dry deposition as nutrient

sources in the enrichment of throughfall water compared to incoming rainfall.

• to evaluate assumptions underlying a number of techniques and methods used to

sample throughfall in tropical rain forests. This subject is further discussed in the
following paragraph.

6.1.1 Sampling strategies 

The spatial variability of throughfall in forests is large (Czarnowski and Olszewski 

1970, Draaijers 1993, Fritsch 1990, Holscher 1995, Jetten 1994, Kimmins 1973, 
Lloyd and Marques 1988, Molicova and Hubert 1994, Nilsson et al. 1995) and sev

eral sampling strategies have been developed to deal with it. These strategies in

clude 1) the use of large numbers of collectors (Kimmins 1973, Czarnowski and Ol

szewski 1970), 2) relocation of collectors after a number of measurements (Lloyd 

and Marques 1988) and 3) the use of a collectors with a shape that is assumed to 

integrate part of the spatial variability (e.g. elongated gutters: Draaijers 1993, Ivens 

1990). 

Czarnowski and Olszewski (1970) calculated that 30 collectors were needed in tem

perate deciduous forest to determine the mean throughfall percentage with a stan

dard error less than 5%. A similar figure was obtained by Kimmins (1973) for 

throughfall quantities in the coastal forests of south-west Canada, but associated 

nutrient fluxes appeared to be more variable and larger numbers of sample points 

were required to estimate the mean nutrient flux. 
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Obviously, the use of as few collectors as possible is preferable in terms of money 
and time. In the subsequent sections, two widely applied methods are discussed 
which are often claimed to reduce the number of collector points needed to estimate 
the mean throughfall with a certain error. 

6.1.2 Relocation of collectors 

It has been suggested that local relocation of throughfall collectors is a possibility to 
reduce the number of collectors needed to determine the mean throughfall with a 
certain accuracy (Lloyd and Marques 1988, Kimmins 1973), and in the majority of 
recent throughfall studies in tropical rain forest relocation was applied (cf. Burghouts 
1993, Bruijnzeel et al. 1993, Forti and Moreira 1991, Holscher 1995, Hutjes et al. 
1990, Jetten 1994, Sinun et al. 1992, Waterloo 1994 ). The idea is that by randomly 
relocating the sample points within plots, a larger proportion of the spatial variability 
of the canopy structure is sampled, reducing the systematic error involved in the de
termination of the mean throughfall. However disadvantages of relocation are that 
the possibility to evaluate temporal variation of throughfall is reduced and that con
siderable additional effort is needed during field campaigns. It is therefore desirable 
to have a quantitative estimate of the gains derived by relocation. 

Lloyd and Marques (1998) offered an equation to calculate the standard error in the 
estimate of the mean throughfall for experiments, with or without relocation of the 
collectors: 

a = 2.2 [1 + (494/(n*m)tl 

a = total error as percentage of the mean 
n = the number of gauges 
m = the number of random relocations 

The standard error of the mean resulting from an incomplete description of the can
opy structure resulting from the use of a grid in describing a continuously changing 
characteristic is 2.2 % of the mean. It must be assumed that the canopy structure 
function is described completely by the 494 sampling points Lloyd and Marques used 
in their study. Application of the formula is further limited to forests with a similar 
canopy structure and an experimental set-up using similar funnels. 

Other major assumptions underlying this formula are that no temporal changes occur 
in the canopy structure (Lloyd and Marques 1988) and that, apart from random er
rors, the throughfall quantity is completely determined by the canopy structure. 

Using the data collected in these study, these last two assumptions underlying the 
Lloyd and Marques formula will be tested, which is possible since the collectors were 
not relocated. If the canopy structure, apart from random errors, determines the 
amount of throughfall at fixed sampling points, the correlation between throughfall 
fractions over subsequent measurements should be good. Similarly, if the canopy 
structure does not change in time, the correlation over time should remain good, also 
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with increasing duration between sampling intervals. If the correlation is not good, 
then other factors apparently also influence the throughfall quantity at a specific lo
cation (e.g. rainstorm characteristics, wind). If the correlation decreases over time, 
the canopy structure is apparently changing. In both cases, the suggested system
atic error given by the equation of Lloyd and Marques (1988) is too large for a 
scheme without relocation, and consequently the benefits of relocating the collectors 

is less than suggested. 

6.1.3 Spatial variability over short distances: shape of 

throughfa/1 collectors 

Several authors working in temperate forests have claimed that gutters are more ef
ficient to sample throughfall than funnels (Draaijers 1993, Ivens 1990), because they 
integrate over a larger canopy area. The implicit assumption here is that throughfall 
is not randomly distributed in space and thus that the variance of differences be
tween sites depends on the distance between the sites. While this may be true for 
temperate forests, the chaotic and multi-layered canopy structure of tropical rain for
est might well yield a random distribution of throughfall quantities. 

Few studies have been carried out into spatial variability of throughfall in tropical rain 

forests. In French Guyana 31 randomly located collectors along a transect of 100 m 
were used for calculation of variograms (Molicova and Hubert 1994). However 31 
sample points is a rather limited number for such an analysis and it is not surprising 
that the variogram yielded pure nugget. In La Selva, Costa Rica, rainfall quantities 
were determined every 20 cm on a transect of 30 m. Rainfall proved to be extremely 
variable over short distances and Parker (1992) noted that "totally dry positions may 
be adjacent to marked drip points where amounts of throughfall may exceed incident 

precipitation". Thus instead of variance increasing with increasing distance between 
sample points, the observed variance might even increase with decreasing distance. 

Since the spatial variability over short distances is unknown, it is not clear if the use 
of elongated sampling devices would be effective for reducing the number of sam
pling points needed to estimate the mean throughfall with a certain accuracy. In or
der to study the spatial variability of throughfall at short distances, a transect study 
was carried out. On a transect of 60 m in Mixed Forest, 117 collectors were installed. 
The experimental design made it possible to evaluate spatial variability from 16.7 cm 

to approximately 40 m. Throughfall quantities and the chemistry of the throughfall 
were sampled during one week in December 1994. 

6.2 METHODS 

6.2.1 Annual fluxes 

Throughfall was measured from February 1992 - February 1993 in two forest types: 
Mixed Forest on brown sands and Dry Evergreen Forest on white sand. The meas-
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urements were done in one-ha plots in each forest type, located about 600 m apart 
(see Figure 3.6). In each plot 20 funnels (diameter 25 cm) of chemically inert plastic 

were installed on top of 75 cm high plastic containers with a content of approximately 
5 litres. Prior to the experiment all materials were cleaned with 5% HCI solution and 

thoroughly rinsed with distilled water. A 1 mm2 mesh gauze was attached at the bot

tom of the funnels to prevent organic debris entering the container. No light could 
enter the containers, except for a very small quantity through the gauze. No signs 

were observed of algae growth in the containers or on the funnels during the experi

ment. The funnels and containers were cleaned after each sampling, usually with 

rain water and occasionally with distilled water. 

The positions of the throughfall funnels were at a randomly determined position at a 
distance of 1 m from the littertraps, which were arranged according to a stratified 

random pattern (Chapter 7). Above-canopy rainfall was estimated using funnels at
tached to 12 m high poles in small natural gaps (approximately 300 m2) adjacent to 
the plots. Throughfall quantity and chemistry were monitored between 12 December 

1991 and 14 February 1993 for over 40 sampling intervals, but the data over the first 
two months were not used. The sampling interval varied from a minimum of 3 days 

during very wet periods to 19 days in dry periods. For each container the amounts of 
throughfall water was recorded using a 1 I. and a 250 ml measuring cylinder and the 
electrical conductivity was determined using a \NTW LF96 EC meter. One composite 

sample was taken for each sampling date. During the wet season a number of con

tainers overflowed at a few occasions. Throughfall quantity was then estimated using 
the interception model of Jetten (1994). 

6.2.2 Spatial variability 

Regionalized variable theory assumes that the spatial variation of any variable can 

be expressed as the sum of three major components (Burrough 1986). These are: 
• a structural component , associated with a constant mean value or a constant

trend
• a random, spatially correlated component and
• a random noise or residual error term.

Let x be a position along the transect where throughfall was measured, then the
throughfall (Tf) at that position is:
Tf (x) = m(x) + E'(x) + E"

where m(x) is a function describing the "structural" component of throughfall at x (i.e.

above canopy rainfall minus average interception), E'(x) is the term denoting the sto

chastic, locally varying, spatially dependent residuals from m(x) (i.e. the spatial varia

tion caused by the canopy structure) and E" (nugget variance) is a residual, spatially

independent Gaussian noise term having zero mean and variance cr2 (Burrough

1986). If the structural effect m(x) is accounted for, and the remaining variation is

homogeneous along the transect the semi-variance (y(h)) can be estimated by:

I " 

y(h) = 2n""[;{Tf(x;)-Tf(x;+1,)}2 
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where n = the number of sample points separated by distance h. A plot of y(h) 

against h is the sample semi-variogram. 

6.2.2.1 Field methods 

The experiment on spatial variability of throughfall was carried out in December 
1994. In this experiment 10 cm diameter PVC pipes were used to collect throughfall 

water. These pipes were first rinsed and left overnight with a 10% HCI solution, and 
subsequently thoroughly rinsed with distilled water. Along a transect of 60 m length 
in Mixed Forest, one pipe was installed every metre. Additionally, every 3 - 5 m along 
the transect, 4 pipes were added at distances of 16.7 and 33.3 cm on both sides of a 
pipe, resulting in 15 clusters of 5 pipes that were used to evaluate spatial variability 
over distances shorter than 1 m (Figure 6.2). In this way the variance over distances 
from 16.7 cm to 40 m could be evaluated. The opening of the pipes was 60 cm 
above ground surface. 
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Figure 6.2: Location of the collectors used in the transect study on spatial variability of throughfall 

The pipes were left for 7 days in the forest after which the quantity, electrical con

ductivity and pH of the samples were determined and samples for chemical analyses 
were collected. No precaution was taken to avoid organic debris entering the pipes, 
so whenever this was the case, a note was made. 

Treatment (filtration and conservation agent) and chemical analyses of the samples 

were identical to the procedures described for water samples in Chapter 4. Semi

variograms were calculated and mathematical models were fitted using Gstat soft

ware, developed at the Department of Physical Geography of Utrecht University, The 
Netherlands 
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6.3 SAMPLING STRATE GIES 

6.3.1 Relocation of collectors (annual flux data series) 

The mean and standard error of the mean of the throughfall fraction using the cu
mulative data per collector (n=20) over the period February 1992 - February 1993 

(for the data that a complete set was available) was 0.829 +/- 0.024 for Dry Ever
green Forest and 0.849 +/- 0.028 for Mixed Forest. According to Lloyd and Marques 

(1988) an additional systematic error is made because the canopy structure is insuf
ficiently sampled using point collectors in a continuously changing field and they 

supplied an equation to evaluate the magnitude of this error (see section 6.1.2. 

Strictly, the equation of Lloyd and Marques (1988) is not applicable for the present 

data, since in the current study larger diameter funnels were used (25 cm diameter 

versus 12. 7 cm by Lloyd and Marques 1988). In spite of that, application of the for

mula of Lloyd and Marques (1988) yields an estimated error of the mean of 2.2 + 

(494/20)05 * 2.2 = 13.1%. 

Taking the 95% confidence interval of the mean throughfall % as 1.96 times the 

standard error, the Lloyd and Marques formula yields the astonishing 95 % confi

dence interval of 57% to 109 % for the mean throughfall in Dry Evergreen Forest and 
59 % to 111 % in Mixed Forest. This is not an artefact of the present data but simply 

the result of the Lloyd and Marques formula, which suggests that most studies in 
tropical rain forest where no relocation of collector points has occurred have such a 

wide confidence limits that the results are useless in practice. However the question 

must be asked: are the assumptions (see section 6.1.2) valid that 
• throughfall quantities are determined completely by canopy structure (except for

small random measurement errors) and that
• the canopy structure is invariable in time?

The following procedure was followed to evaluate these assumptions. For each 

sampling interval the throughfall fraction was calculated per collector, yielding 20 
cases per sampling interval. Now the correlation coefficients between sampling inter

vals were calculated. These correlation coefficients were arranged according to the 

number of sampling intervals between the two correlated intervals. Next, the average 

correlation coefficient was calculated as a function of the number of sampling inter

vals between them, thus yielding a measure of correlation versus time. The time 

scale is somewhat biased since the length of the sampling interval was not constant 

and varied from 3 to 19 days, but it does not affect the general outcome. The same 

procedure was followed for the EC, using the relative EC. The relative EC was de

fined as the EC of a collector point divided by the average EC of all collector points in 

that sampling interval. The results of this exercise are shown in Figure 6.3. 
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Figure 6.3: The average correlation (r - values) of throughfall fractions and EC as a function of the 

number of sampling intervals between them ("' time). 

The average correlation coefficient for throughfall quantities measured on subse
quent sampling dates was slightly more than 0.7 for both forest types. The correla
tion coefficient decreased steadily with increasing time to approximately 0.6 after 10 
sampling periods (4 mor:,ths) and to less than 0.3 after 22 sampling periods (9 

months). The relative EC was less correlated in time, with correlation coefficients de
creasing to less than 0.35 within five sampling periods (approximately 2 months). Dry 
Evergreen Forest showed lower correlation coefficients than Mixed Forest for both 
throughfall quantity and EC. 

Figure 6.4 shows the range in the throughfall fractions and relative EC recorded over 

one year for each individual collector. The throughfall fraction (ratio of throughfall to 
incident rainfall) varied from 0.35 to 1.35 in Dry Evergreen Forest and varied from 

0.25 to 1.85 in Mixed Forest. Not only was the range in throughfall fractions larger in 

Mixed Forest, the temporal variation at individual collectors over a one-year period 
was also larger than in Dry Evergreen Forest (Figure 6.3). These differences might 
reflect the relatively smooth canopy structure of Dry Evergreen Forest (Chapter 3). 

The relative EC varied between 0.5 and 2.5 (occasionally up to 3.5). There was no 

difference between the two forest types in the ranges of the relative EC (Figure 6.4). 

A highly significant but very weak negative correlation was found between throughfall 

fraction and relative EC (EC,.1 
= 1.43 - 0.53 * throughfall fraction, R2 = 0.06, p < 

0.001, see Figure 6.5). 
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Figure 6.4: The average and the range of throughfall fraction and relative EC for each individual col
lector (20 in both forests) between February 1992 and February 1993 in Dry Evergreen Forest and 
Mixed Forest. 
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Figure 6.5: Scatterplot of throughfall fraction and relative EC in Dry Evergreen Forest. 
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Thus with regard to the two assumptions made by Lloyd and Marques (1988) on the 
influence and the temporal variation of the canopy structure the following conclusions 
can be drawn: 
• Because even two subsequent measurements showed only a correlation coeffi

cient of slightly above 0.7, the canopy structure apparently explained only roughly
50% of the spatial variation in the throughfall quantity observed. The other 50%

was random variation and variation due to specific characteristics of  the rainfall in

a sampling interval. The contribution of rainfall characteristics to the variation in 
throughfall percentage was not evaluated, since it was outside the scope of this
exercise. Over a year, the ranges in throughfall fraction and relative EC were
overlapping for all individual collectors (Figure 6.4).

• The gradually decreasing correlation with increasing time difference points to con
tinuous small changes in the multi-layered canopy structure. In the season with
the highest litterfall rates (September-October, Chapter 7) and thus the most rapid

changes in canopy structure, the correlation with earlier or later measurement pe
riods was especially low. The canopy structure therefore can not be considered as
constant in time.

Random relocation of throughfall collectors is a possibility to (modestly) reduce the 
number of collectors needed to determine the mean throughfall with a certain accu

racy (Lloyd and Marques 1988). However, because the canopy structure is continu
ously changing and moreover only responsible for part of the spatial variation 

(approximately 50 %), the error in the estimate of the mean using fixed collectors is 
much smaller than suggested by Lloyd and Marques (1988). In fact, there is little 

reason to assume that the "real" standard error of the mean throughfall deviates from 

the 2.4 - 2.8% calculated with traditional statistical procedures. Since random reloca
tion also has a negative effect because field procedures become more time con
suming, the use of fixed collectors is worthwhile to consider as an alternative to ran

dom relocations. 

6.3.2 Spatial variability of throughfa/1 over short distances 

(transect data) 

The distribution of throughfall quantities along the transect is shown in Figure 6.6, 

and the corresponding semi-variogram in Figure 6.7. Throughfall quantities, solute 
concentrations and solute fluxes were log transformed to obtain a normal distribution. 

The variance along the transect was not randomly distributed, since at the beginning 

of the transect (1 to 6 m) the variation in throughfall quantities was somewhat greater 
than in the rest of the transect, thus the data should be interpreted with care. There 

was a slightly decreasing trend in the quantity of throughfall (decreasing from left to 
right in Figure 6.6), clearly visible in the semi-variogram through the larger semi

variance with increasing distance (Figure 6.7). This is probably due to differences in 
above canopy incoming rainfall. At distances smaller than about 7 meter the semi

variance did not increase with increasing distance. If there is other than random spa
tial dependency, it is a decreasing semi-variance over the first 7 m, however it can

not be excluded that this is an artefact of the sampling design. 
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Figure 6.6: Throughfall quantities and Mg, Na, Cl and S04 concentrations in throughfall along the tran
sect. The height of the bars does not represent the concentrations directly because the values were 
log-transformed and transposed to obtain positive values. 
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Figure 6.7: Semi-variogram of throughfall quantities (log transformed) 

Thus, in the forest plot under study, it is not useful to sample throughfall quantity with 
elongated collectors, because no additional variation is sampled compared to the 

use of funnels. The apparent decreasing semi-variance with increasing distance over 
the first few metres even suggests that it is preferable to use round funnels instead of 
elongated gutters if the sampling surface of both devices is equal. The small spatially 

dependent variation implies that the joint surface area of the throughfall collectors is 
more important than a good spatial representation, i.e. 10 collectors of 1 m2 each 
(sampled area is 10 m2

) should yield a clearly more reliable estimate of the mean

throughfall than 120 collectors with a diameter of 1 O cm (sampled area ,,, 1 m2
, used 

in the transect study), 20 collectors with a diameter of 25 cm (sampled area ,,, 1 m2
, 

used for the throughfall monitoring) or 36 collectors with a diameter of 12.7 cm 
(sampled area = 0.46 m2

, used by Lloyd and Marques 1988).

6.3.3 Spatial variability of solute concentrations in throughfa/1 

Similar to throughfall quantities, all solute concentrations were log-transformed to 

obtain a normal distribution, except for Mg, that showed a bimodal distribution, be

fore and after transformation. The log transformed throughfall quantity, and concen

trations of Mg, Na, Cl and S04 along the transect are shown in Figure 6.6. Table 6.1 

gives the correlations between throughfall amount and various solutes. 

Concentrations of Al (not shown), Na, S04 , P04 , Cl and the electrical conductivity 

(EC) were significantly but weakly negatively correlated to throughfall quantities. Ca, 

Fe, K, Mg, Si, NH4 and N03 concentrations were not significantly correlated with 
throughfall quantities. The absent or rather weak negative correlations between 

throughfall quantities and solute concentrations are in agreement with the weak cor-
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Table 6.1: Correlation table (r-values) for solute concentrations and water flux (mm, all variables were 
log-transformed) in throughfall during December 1994 in a transect in Mixed Forest. Correlations which 

were not significant at p< 0.05 are not shown. 

mm EC pH Ca K Mg Na Si so. P04 NH4 Cl N03 

mm 1.00 -0.27 -0.24 -0.22 -0.30 -0.36

EC 1.00 0.44 0.40 0.41 0.60 0.47 0.77 0.74

pH 1.00 0.25 

Ca 1.00 0.83 0.85 -0.27 0.28 0.28 0.51 0.38 

K 1.00 0.76 -0.38 0.21 0.68 0.30 

Mg 1.00 -0.26 0.38 0.47 0.32 0.25 

Na 1.00 0.27 0.61 -0.50 0.43

Si 1.00 0.33 0.30 

so. 1.00 0.50 
P04 1.00 0.26 

NH4 1.00 

Cl 1.00 
N03 1.00 

relation between the throughfall fraction and the relative EC (section 6.3.1, Figure 

6.5). 

Correlations between solutes were generally weak, except for Mg, K and Ca which 

were strongly correlated (r>0.75). Na was negatively correlated with Ca, K , Mg and 
NH4 , and positively with Al (r=0.7), S04 and Cl. 

In an attempt to reduce the number of data, a principle component analysis (PCA) 

was carried out. NH4 , N03 and P04 were left out of the PCA because these solutes 

had relatively many missing values, mainly due to concentrations below detection 

limit. The reduced number of cases was not a problem in the PCA analysis, but the 

power of the semi-variogram analysis strongly depends on the number of data pairs. 

The loadings of the solutes on the first three PC axis are given in Table 6.2. 

Table 6.2: Loadings of the solutes on the first three axis of the PCA. Bold printed loadings are greater 

than 0.7. 

PC1 PC2 PC3 

pH 0.01 -0.12 -0.84
Al -0.10 0.87 0.24
Ca 0.91 0.26 0.12
Fe 0.55 0.40 0.36
K 0.83 -0.38 0.07
Mg 0.87 -0.32 0.01

Na -0.01 0.93 -0.20
Si 0.49 0.25 -0.47

so. 0.50 0.68 -0.02

Cl 0.58 0.42 -0.18

% explained 34% 28% 12% 

variance 
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The first axis, explaining 34% of the variance, is determined mainly by Ca, K and Mg 

(loadings > 0.83) and slightly by Fe, Si, S0
4 

and Cl (loadings between 0.49 and 
0.58). The second axis, explained 28 % of the variance, is determined by Al and Na 

(loadings > 0.87) and to a lesser extent by S0
4 

(0.68). The pH loaded heavily on the 

third axis (-0.84). Semi-variograms were calculated for the first three factors and are 
shown in Figure 6.10. 

The intercepts of the fitted spherical models all indicate about 50% nugget variance 

and 50 % spatially dependent variance. The range of the first PC axis is about 7 m. 

Not surprisingly, the range and shape of the semi-variogram roughly corresponded 

with the variograms of the solutes that had strong loading on the first axis (Ca, K, 

and Mg; variograms not shown here), although the ratio sill to nugget was much 

better using the first PC axis. P04 also showed a range of 7 m. The range of the 

second PC axis is about 2 m, corresponding well with the ranges fitted for Al, Na and 

S04
, but also fairly good with EC (2.7 m), N03 

(2.2 m) and NH4 (< 1 m). Finally the 
third axis showed a range of about 3.5 m and a trend. 

Si represented a special case and had a low nugget variance. This element tended 
to show a cyclic pattern. The part of the transect with consistently high concentra
tions (26 - 41 m) corresponded with the extent of the canopy of an C. rodiei tree, 

suggesting a clear connection between that tree species and Si concentration in 

throughfall water (Figure 6.9). 

The good correlation between some solutes, also in the PCA analysis, and the quite 
clear semi-variograms of the PCA axis suggest that at least two different spatially 

variable processes influence throughfall chemistry. In terms of processes a distinc

tion between canopy leaching and canopy wash of dry deposition is logical. Canopy 
leaching can safely be assumed to be species dependent, since the nutrient con
centration of leaves from different tropical rain forest species is quite variable (e.g. 

Raaimakers 1995, Scott et al. 1992). Little is known of the spatial variation in dry 
deposition on a continuous forest cover. Species dependency probably also plays a 

role here since leaves differ in, for example, surface roughness, and thus have a 
different ability in "catching" particles from the air. 

The spatial correlation up to 7 m found for the first factor, is possibly associated with 

the length of canopy intersection of different trees by the transect. The spatial corre

lation of about 2 m, as found for the second factor is difficult to explain. Although sol

ute concentrations in throughfall are spatially correlated over distances of less than 2 

to 7 m, it is not possible to be conclusive about the processes causing these different 

spatial patterns. Only the concentration of Si could be related to the crown extent of 

a canopy tree. 
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Figure 6.9: Si concentration along the transect and the corresponding semi-variogram 

6.3.4 Spatial variability of solute fluxes in throughfa/1 

In nutrient cycling studies, the flux of nutrients rather than nutrient concentrations 

and throughfall quantities separately are of major interest. Therefore the spatial vari
ability of the nutrient flux was investigated as well. 

The spatial correlation of solute fluxes showed an intermediate pattern between 
throughfall quantity (no correlation) and solute concentrations (generally spatial cor

relation). Mg (range 10 m) and Si (cyclic pattern) fluxes were clearly correlated spa

tially; NH4 (range < 1 m) and P04 (range 2.5 m) fluxes were weakly correlated over 

short distances (Figure 6.10). Minor spatial correlation was found for Ca, Kand S04 . 
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Figure 6.1 O: Semi-variograms of the fluxes in throughfall of Mg, Si, NH4 and P04• 

It is difficult to develop a single sampling strategy for determining solute fluxes in 
throughfall, since different solutes show different spatial distributions. For NH

4 
and 

P0
4

, elongated gutters are indeed somewhat more efficient than round funnels of the 
same surface area, since gutters integrate more spatial variation for these solutes. 
Mg and Si are probably best sampled using funnels with a spacing of at least 10 m. 
The large random variation in all solutes fluxes (50 - 100 % of the total variation for 

all fluxes) implies that the joint surface area of the collectors is more important for ef
ficient sampling of solute fluxes in throughfall than the spatial distribution of the col
lectors, similar to the sampling of throughfall quantity. 
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6.3.5 Conclusions 

Determination of throughfall fluxes in tropical rain forest using fixed collector posi
tions does not lead to large errors in the estimate of the mean throughfall fraction be
cause: 
• the supposedly inadequately sampled canopy structure only explains 50% of the

variation in throughfall fractions in two subsequent sampling intervals, and addi
tionally

• the canopy structure is changing in time.

There was no spatial correlation in throughfall quantities (at plot scale). The most im
portant criterion to effectively sample mean throughfall quantity is the surface area of 
the collectors. 

Throughfall chemistry was spatially correlated and at least two different groups of 
solutes could be distinguished with a different range of spatial correlation: 
1) Ca, Kand Mg, with a range of about 7 m.
2) Na and Al, with a range of about 2 m.
It was not possible to assign a process to these different groups that could unambi
guously explain the spatial relationship. A clear correlation was found between Si
content in throughfall and the extent of the canopy of a C. rodiei tree.

Fluxes of solutes generally showed a weak spatial correlation with ranges varying 
from less than 1 m to more than 10 m. Gutters may sample some nutrient fluxes 
somewhat more effective than round funnels with the same area, because they inte
grate part of the spatial variation, but the gains are not large. Other solutes are most 
effectively sampled when the distance between sample points is more than 1 O m. 
Similar to the sampling of throughfall quantities, the joint surface area is important 
because the random variation is large. 

6.4 ANNUAL NUTRIENT FLUXES IN THROUGHFALL 

The average throughfall was 84% of the incident rainfall in Dry Evergreen Forest and 
85% in Mixed Forest (Table 6.4). The percentages given here are slightly higher than 
the ones given by Jetten (83% for Dry Evergreen Forest and 84% for Mixed Forest), 
because in this study a few wet season throughfall estimates were included based 
on model estimates (when the samplers overflowed). Jetten's estimate was based on 
measured values only, but consequently the wettest periods were under
represented. Throughfall quantities were not significantly different between the forest 
types (see also Jetten, 1994). 

The volume weighted concentration of solutes in throughfall and rainfall (for compari
son), and the ranges of solute concentrations are shown in Table 6.3; the annual 
gross- and net flux of solutes in throughfall are shown in Table 6.4. The temporal 
variability of solute concentrations was large, as demonstrated by the large range of 
solute concentrations in throughfall (Table 6.3) The observed large range in concen-
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Table 6.3: Mean volume weighted concentration and range in concentration of solutes in rainfall and 
throughfall in Dry Evergreen Forest (DEF) and Mixed Forest (MF) from 15 February 1992 to 14 Febru-
ary 1993. The values of 25 October 1992 were excluded in the given range (only about 2 mm of 
throughfall was sampled at that date). Units mg 1·1, except water (mm throughfall}, EC (µS cm·') and pH 
(pH units). 

rainfall throughfall in DEF throughfall in MF 
vol. weighted cone. vol. weighted cone. vol. weighted cone. 

(mg 1·1) (mg i-') (mg 1·1) 

mean range mean range mean range 

water 14 -139 9.7-131 11.3-131 
EC 5.15 2.45 -14.71 10.79 3.9-26.1 11.53 4.28 -37.2 
pH 5.27 4.54 -6.55 5.66 4.46 -6.21 5.61 4.31 -6.31 

A l 0.02 < 0.004 -0.08 0.03 0.014-0.11 0.03 0.005-0.164 
Ca 0.11 0.011 -0.55 0.23 <0.01 -1.23 0.17 < 0.01 -0.81 
Fe 0.01 < 0.01 -0.07 0.02 0.01 -0.11 NIA. 0.02 - 0.08 
K 0.16 <0.05-1.19 0.51 < 0.05 -2.50 0.59 0.07 - 2.26 
Mg 0.05 0.01 - 0.26 0.15 0.01 -0.60 0.15 0.02 -0.59 
Mn < 0.00 < 0.002 -0.02 < 0.00 < 0.002 -0.03 < 0.00 < 0.002 -0.01 
Na 0.59 0.15 -2.12 1.26 0.30 -3.66 1.28 0.37 -3.88 

Si 0.10 < 0.01 -0.68 0.08 < 0.01 -0.28 0.12 0.03 - 0.34 
so. 0.30 < 0.05 -1.07 0.80 < 0.05 -4.73 1.01 < 0.05 -4.81 
P04 0.01 < 0.005 - 0.08 0.04 0.006 -0.27 0.04 0.007 -0.25 
NH4 0.10 < 0.10-0.93 0.21 <0.10-1.16 0.22 <0.1-1.26 
Cl 0.87 0.29 -3.53 1.37 0.59-6.10 1.52 0.40 -5.85 
N03 0.23 <0.1-0.73 0.48 <0.1-1.34 0.65 0.1 - 2.07 
N-tot 0 .13 0.27 0.31 

trations was due to the large variation in the amount of throughfall sampled (10 -130 
mm) and the negative correlation between throughfall quantity and solute concentra

tions (Table 6.5). Throughfall was thus very dilute during wet periods and much more 

concentrated during periods with little rainfall. Due to this large temporal variation in 
concentrations and the fact that the samples were bulked per plot, statistical testing 

was inappropriate.

All solutes, except for Si, were enriched in throughfall. The largest increase in con

centration was observed for K (3 to 4 times). The enrichment of solutes (ratio be

tween gross flux in throughfall to precipitation, Table 6.4) decreased in the order K > 

Mn > P > Mg > S04 > Na > N = Ca > Al = Fe > Cl > Si for Dry Evergreen Forest and 

in the order of K > S0
4 

> Mg > P > N > Na > Cl > Al > Ca = Mn > Si for Mixed Forest. 

The net throughfall flux was greater for K, N, S04 
and Cl in Mixed Forest and greater 

for Ca, Mn, P04 
and Al in Dry Evergreen Forest (Figure 6.11 ). The greater N and K 

flux, and the smaller Ca flux in throughfall of Mixed Forest compared to Dry Ever

green Forest were similar to differences found in litterfall and foliar nutrient concen
trations (Chapter 7 and 8). The dominant ions (in µeq/1) in throughfall were Na and 

Cl, as was the case in incident rainfall (Table 6.1, Chapter 4). 
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Table 6.4: Solute fluxes in rainfall, gross throughfall, net throughfall (=gross throughfall minus rain) and 
the ratio of nutrient fluxes in gross throughfall to nutrient fluxes in rain under Dry Evergreen Forest and 
Mixed Forest from 15 February 1992 to 14 February 1993. Units kg ha·1 yr·'. except water (mm). 

gross flux net flux ratio of gross throughfall 
(kg ha·' yr-1) (kg ha·' yr·') flux to precipitation flux 

rain throughfall throughfall DEF MF DEF MF 
DEF MF 

water 2508 2114 2122 -412 -369 0.84 0.85 
Al 0.5 0.7 0.6 0.2 0.1 1.5 1.4 
Ca 2.8 4.8 3.5 2.0 0.7 1.7 1.2 
Fe 0.3 0.5 N/A 0.2 1.5 
K 4.0 10.8 12.6 6.8 8.6 2.7 3.1 
Mg 1.3 3.2 3.2 1.9 1.9 2.4 2.4 
Mn 0.04 0.10 0.05 0.06 0.01 2.6 1.2 
Na 15.1 26.7 27.3 11.6 12.2 1.8 1.9 
Si 2.6 1.8 2.5 - 0.8 - 0.1 0.7 1.0 
so. 7.7 16.9 21.3 9.2 13.6 2.2 2.8 
P04 0.38 0.95 0.87 0.57 0.49 2.5 2.3 
NH4 

2.5 4.4 4.6 1.9 2.1 1.7 1.8 
CJ 22.3 28.9 32.3 6.6 10.0 1.3 1.5 
N03 6.0 10.1 13.7 4.1 7.7 1.7 2.3 
N-tot 3.3 5.7 6.7 2.4 3.4 1.7 2.0 

� Dry Evergreen Forest 

1.4 � Mixed Forest 

1.2 

0.8 

0.6 

0.4 

0 

Ca K Mg Na S04 P04 Cl N 

Figure 6.11: Relative difference between solute fluxes in net throughfall between Dry Evergreen For
est (DEF) and Mixed Forest (MF). The bars give the value 2*DEF/(DEF+MF) or 2*MF/(DEF+MF). 
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Table 6.5: Correlation table (r-values) for solute concentrations and water flux in throughfall for 30 
sampling periods in Dry Evergreen Forest (a) and Mixed Forest (b). Only significant (p< 0.05) correla-
tions are shown. Al, Fe and Mn are not shown since they had no significant correlations. 

a) Dry Evergreen Forest.

mm EC pH Ca K Mg Na Si so. P04 NH4 Cl N03 

mm 1.00 -0.50 -0.53 -0.38 -0.53 -0.47 -0.43 -0.32 -0.43 -0.55

EC 1.00 0.88 0.95 0.98 0.90 0.96 0.76 0.50 0.97 0.84 

pH 1.00 

Ca 1.00 0.77 0.89 0.85 0.81 0.72 0.53 0.34 0.91 0.61 

K 1.00 0.92 0.77 0.94 0.72 0.40 0.87 0.94 

Mg 1.00 0.92 0.96 0.76 0.62 0.32 0.97 0.79 

Na 1.00 0.86 0.78 0.64 0.38 0.93 0.61 

Si 1.00 0.71 0.54 0.91 0.87 

so. 1.00 0.57 0.74 0.66 

P04 1.00 0.43 0.56 

NH4 1.00 0.38 
Cl 1.00 0.73 

N03 1.00 

b) Mixed Forest.

mm EC pH Ca K Mg Na Si so. P04 NH4 Cl N03 

mm 1.00 -0.51 -0.45 -0.67 -0.59 -0.49 -0.41 -0.36 -0.36 -0.54
EC 1.00 0.75 0.33 0.98 0.97 0.94 0.90 0.54 0.98
pH 1.00 
Ca 1.00 0.52 0.80 0.78 0.64 0.72 0.45 0.49 0.82 
K 1.00 0.49 0.40 0.39 0.63 0.43 
Mg 1.00 0.98 0.89 0.87 0.58 0.35 0.99 
Na 1.00 0.93 0.90 0.64 0.98 
Si 1.00 0.88 0.53 0.91 
so. 1.00 0.62 0.89 
P04 1.00 0.53 0.57 
NH4 1.00 0.32 
Cl 1.00 
N03 1.00 

Solute concentrations and EC were significantly and negatively correlated with rain
fall quantity (Table 6.5 ab), except for N03 , H' (as pH), S04 (in Dry Evergreen Forest 
only), and NH

4 
(in Mixed Forest only). Interestingly, for most solutes the flux from 

canopy to soil surface was not significantly correlated with rainfall quantity (data not 
shown), except for a weak positive correlation between rainfall quantity and Na in 
both forest types (r2 = 0.18, p < 0.05 for Mixed Forest and r2 = 0.25, p< 0.01 for Dry 
Evergreen Forest), and rainfall quantity and Mg in Mixed Forest (r2 = 0.14, p < 0.05). 
Solute fluxes did not show a clear seasonal variation either (Figure 6.12). In the May
August wet season, solute fluxes were not particularly large. Generally solute fluxes 
were low at the end of October 1992, which was a dry month (85 mm rainfall), but in 
the following sampling interval early November, relatively large fluxes were observed, 
perhaps reflecting extra washout of the canopy from the former period (Figure 6.12). 
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Figure 6.12: Temporal variation of the amount of throughfall (mm day-') and the fluxes of K, Mg, Na 
and Cl in throughfall (g day-1).
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6.5 

6.5.1 

DISCUSSION 

Differences between Mixed Forest and Dry Evergreen 

Forest 

The differences in throughfall chemistry between the forest types were generally 
small, and less than the temporal variation. Nevertheless Ca concentrations were 
consistently lower in throughfall under Mixed Forest, whereas N (N03 + NH4) con
centrations were higher in this forest type. The lower Ca in throughfall under Mixed 
Forest is consistent with the lower concentrations found in small litterfall (Chapter 7), 
leaf tissue (Chapter 8) and amounts of exchangeable and total Ca in the soil 
(Chapter 3). This finding also confirms earlier reports of low Ca concentrations and 
high Ca use efficiency in tropical rain forests growing on nutrient poor ultisols and 
oxisols (Luizao 1989, Medina and Cuevas 1989, Proctor et al. 1983ab ). 

The somewhat lower N concentrations in throughfall under DEF are also consistent 
with the lower concentrations of N in litterfall (Chapter 7) and in the soil (Chapter 3). 
It also matches the general perception that N is in relatively short supply in forests 
growing on white sands (Duivenvoorden and Lips 1995, Medina and Cuevas 1989, 
Proctor et al. 1983b). Nevertheless, N was leached from the canopy in both forest 
types, suggesting a less efficient use of N here than in tropical montane forests and 
temperate forests which often show a net uptake of N from rainwater (Asbury et al. 
1994, Draaijers 1993, Parker 1983). 

K, Cl and S fluxes were greater in throughfall under Mixed Forest. In Central Ama
zonia, Luizao (1989) also observed that greater amounts of S were cycled, and 
greater amounts of Cl were leached from littertraps, in Terra Firme forest compared 
to a forest growing on white sand. 

6.5.2 Comparison with other tropical rain forest sites 

The concentrations of nutrients in rain and throughfall water and the annual nutrient 
fluxes in net throughfall of selected lowland tropical rain forests are listed in tables 
6.6 and 6.7 respectively. The quality of the data in these tables varies widely with re
gard to the length of observation period, sampling interval, number of collectors used 
and analytical procedures. For example one Amazonian study was based on 7 sam
ples only (Nortcliff and Thornes 1978), others did not refer to the methodology used 
(Brinkmann 1983, 1985; Grimaldi 1988) and one study probably even reported erro
neous values (Jordan et al. 1980). As indicated earlier however, studies of through
fall chemistry in tropical rain forest are very sparse indeed and in an attempt to put 
the present study in perspective all studies were included initially. 

The African and Australian sites quoted in tables 6.6 and 6.7 showed considerably 
higher nutrient concentrations and annual nutrient returns in throughfall than most 
sites in South America and South-east Asia, and were therefore excluded from the 
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ranges given at the bottom of the tables. Whether nutrient fluxes in throughfall are 
indeed consistently larger on the African continent remains to seen since the results 
of a recent study indicated far slower rates of atmospheric deposition than previous 
work (Stoorvogel 1993). 

The differences in throughfall nutrient concentrations between the two forest types in 
Guyana were small compared to the differences reported between a wider range of 
tropical rain forests. Concentrations of Ca, Mg, N and Cl in the present study were 

slightly below the median value of the range given in Table 6.6, but concentrations of 
K and P were considerably lower than the median. Concentrations of Na were higher 
whilst that of S was at the median value. 

Not surprisingly the comparison for ranges and median values of nutrient enrichment 
in throughfall between the forests studied in this thesis and the studies collated in 

Table 6.7 (drawn from a somewhat different subset than that of Table 6.6) yields ap
proximately the same results. Fluxes of K, Ca, Mg and P in net throughfall in Guyana 

were clearly lower than the median, whereas N was similar to median. 

The generally low nutrient levels in throughfall confirm the oligotrophic status of the 

forests under study, except for N. In general the Amazonian forests, including the 
Guianas, form a relatively confined group, showing the lowest nutrient concentrations 

in throughfall. An exception to this general trend is formed by a 10 year old secon

dary forest in Eastern Amazonia (site no. 16 in Table 6.6) which showed relatively 
large canopy enrichments (Holscher 1995). Perhaps rapidly growing secondary spe
cies experience generally larger leaching losses than old growth whose foliar con
centrations tend to be lower (Stark 1970, Uhl and Jordan 1984). 

The ratios between nutrient fluxes in gross throughfall and nutrient fluxes in precipi
tation indicate the relative enrichment of water by nutrients while passing the canopy. 
For the Guyanese forests this ratio varied from 3 for K, indicating a clear increase of 
this element while passing through the canopy, to less than 1 for Si, suggesting up
take of this element in the canopy. Compared to the majority of the other studies in 
tropical rain forest listed in tables 6.6 and 6.7 this range in ratios is very low (Table 

6.8). Parker (1983) reviewed throughfall studies from temperate and tropical forest 
sites and reported ratios of 1.3 for N0

3-N up to more than 11 for K, but far higher ra
tios have been reported for tropical rain forests since then, notably for K. The ratios 
for K, Ca and Mg observed in the Guyanese forests are among the lowest reported 
to date (Table 6.8) 
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Table 6.6: Nutrient concentrations in rainfall and throughfall (mg 1-1) in selected lowland tropical rain 

forests 

location 

Brazil 1 

French Guiana2 

Ivory Coast 3 

Malaysia 4 

Brazil 5

Brazil 6 

Guyana 7 

Malaysia 9

Malaysia 10 

Costa Rica 11 

Brazil 16 

Brazil 17 

range S-Am_ 
and SE Asia 

median 

* NH4-N only 

rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
thrf 
thrf 
rain 
rain 

thrf DEF 
thrf MF 

rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
thrf 
thrf 

thrf 

Ca Mg K 

<d <d 0_12 
0.05 0.42 1.20 
0.16 0.05 0.16 
0.60 0.39 3.55 
1.48 0.27 0.36 
2.5 2.8 4.0 
0.18 0.03 0.29 
0.21 0.08 1.32 
0.32 0.20 1.33 
0.032 0.013 0.023 
0.11 0.05 0.16 

0.23 0.15 0.51 

0.17 0.15 0.59 

0.22 0.07 0.18 
0_81 0.34 6_04 
0_09 0.03 0.16 
0.26 0.15 3.09 
0.16 0.12 0.23 
0.26 0.09 0.70 
0.23 0.15 0.13 
1.18 0.72 2.1 
o_ 11 0.01 0.08 
0.31 0.18 0.62 
0.05- 0.08- 0.52-
1.18 0.72 6_04 
0.28 0.18 1.33 

p N Cl Na s 

0_001 0_32* 0_66 
0.003 0.42* 1.62 

0.01 •• 0.39 0.23 0.03 
0.12 •• 2.80 1.96 0_30 

0.1 1.6 
0.13 6.1 

0_27 0.98 
0.37 1.03 

0.42 
0.002 0.112 0.138 0.132 0.144 
0.003 0.13 0.87 0.59 0.10 

0.015 0.27 1.37 1.26 0.27 

0.013 0.31 1.52 1.28 0.34 

0.08 0.02 
0.30 0.01 
0.009 0.14 0.43 0.25 0.11 
0.055 0.53 1.31 0.30 0.70 

0.11 0.46 
0.03 0.22 0_39 
0.03 0_16 2.18 1.03 0.25 
0.10 0.83 3_87 2.05 0.80 

0.35 0.15 0.16 
0_56 0.46 0.26 

0.003- 0.12- 0.56- 0.01- 0_26-
0_3 0.83 3.87 2.05 1.01 
0.042 0.37 1.53 0.46 0.70 

1 Franken et al. (1985), Reserva Ducke, Manaus, 1 year period, weekly samples, 20 fixed collectors 
2 Grimaldi (1988), methods not clear, only concentrations presented. 
3 Bernard Reversal (1975), Banco - plateau-site ("poorest soils" of the three presented sites, 2 year 
period, weekly sample collection bulked to monthly samples, 12 fixed collectors 
4 Manokaran 1980, 1 year period, individual storm samples, 13 fixed collectors, negative interception 
values discarded 
5 Nortcliff and Thornes 1978, near Manaus, based on 7 samples only, concentrations only
6 Lesack and Melack 1991, Central Amazon basin, no throughfall figures but excellent sampling strat
egy and laboratory facilities, arguably the best estimate of rainfall chemistry in remote humid tropical 
areas. 
7 this study, Mabura Hill, 1 year period , 10-day samples, 20 fixed collectors 
8 Brinkmann 1983, 1985 , Reserva Ducke, methods unclear (fluxes only)· 
9 Sinun et al. 1992, Danum valley, Sabah, 40 relocated collectors, sampling intensity and period un
known, presented concentrations (high) and associated fluxes (extremely high) are incompatible 
10 Burghouts et al. 1992, Danum valley ,Sabah, 1 year, biweekly sampling, 30 relocated collectors 
11 McColl, 1970, sampling period 2 weeks only and extremely wet, 3 collectors
12 Brasell and Sinclair 1983, 18 months, weekly samples, 20 fixed collectors, no concentrations pro
vided 
13 Nye 1961, 1 year, weekly collections, monthly analysis, 6 - 8 fixed collectors, no concentrations pro
vided 
15 Jordan et al. 1980, 1 year, weekly collections, monthly analysis, 20 collectors, analytical problems, 
no concentrations provided 
16 Holscher 1995, Belem, 10 year old secondary forest with extremely high stemflow proportion, 1 year,
collection after max. 4 days, monthly samples, 15 relocated collectors 
17 Forti and Moreira-Nordemann 1991, 2 brief periods in "wet" and "dry" season, 5 relocated collectors 
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Table 6.7: Nutrient deposition in rainfall and net throughfall (kg ha·' yr') in selected lowland tropical 
rain forests 

location 

Brazil 1 

Brazil 8 

Ivory Coast 3 

Malaysia 4 

Guyana 7 

Malaysia 9 

Malaysia 10 

Australia 12 

Australia 12 

Ghana 13 

Panama 14 

Venezuela 15 

Brazil 16 

range S. Am and 
SE Asia 

median 

rain 
net thrf 
rain 
net thrf 
rain 
net thrf 
rain 
net thrf 
rain 
net thrf (DEF) 
net thrf (MF) 
rain 
thrf 
rain a 
thrf a 
rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
thrf 
rain 
net thrf (pods.) 
net thrf (TF) 
rain 
net thrf + stem 

Ca Mg 

<d <d 
1.0 7.8 
0.3 0.2 
10.2 6.6 
30 7 
9 34 
4.2 0.7 
-0.4 0.6 
2.8 1.3 
2.0 1.9 
0.7 1.9 

17.6 5.6 
41.1 39.4 
6.8 2.2 
14.6 6.8 
2.9 1.0 
3.8 2.9 
3 2 
47 23 
3 3 
53 18 
12 11 
29 18 
29 5 
37 10 
27.7 3.4 
-21.8 0.4 
-23.4 -2.0
5.5 2.8
5.1 4.4

-0.4 - 0.6 -
14.6 7.8 

3.8 4.4 

K p N Cl Na 

2.4 0.03 5.1* 13.6 
22.1 0.05 0.7* 16.3 

0.4 5 
0.5 20 

5.5 2.3 21.2 
59.5 -0.1 58.8 
6.4 6.2 22.9 
17.8 0.5 -3.9 
4.0 0.12 3.3 22;3 15.1 

6.8 0.19 2.4 6.6 11.6 

8.6 0.16 3.4 10.0 12.2
14.4 6.4 1.6
397 14.7 -1.6 
5.6 2.4 0.6 
153 5.5 - 0.3 
5.0 0.3 4.2 
74.2 1.1 9.5 
4 
121 
4 
93 
18 0.41 14 
220 3.7 12.3 
9 1 
50 0.6 
24.0 24.8 21.4 * 
4.3 -19.8 11.6 
-6.3 -14.1 3.7 
2.1 0.8 2.6 37.2 19.7 
15.8 0.1 3.5 3.5 2.3 

6.8 - 0.05 - 0.5 -
153 5.5 20 

20.0 0.29 3.2 
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Table 6.8: Enrichment ratios (bulk throughfall/bulk precipitation) for selected tropical rain forest studies 
(references see footnotes table 6.5) 

location 

Brazil 1 

Ivory Coast 3 

Malaysia 4 

Guyana 7 

Brazil 8 

Malaysia 9 

Malaysia 10 

Australia 12 

Australia 12 

Ghana 13 
Venezuela 15 

Brazil 16 

average 
(Parker 1983) 

Ca 

1.3 
0.9 

DEF 1.7 
MF 1.3 

35.0 
3.3 
3.1 
2.3 

16.7 
18.7 
3.4 
0.2 
0.2 
1.9 

3.1 

Mg K p 

10.2 2.7 
5.9 11.8 1.0 
1.9 3.8 
2.5 2.7 2.6 
2.5 3.2 2.3 

34.0 2.3 
8.0 28.6 3.3 
4.1 28.3 3.3 
3.9 15.8 4.7 
12.5 31.3 
7.0 24.3 
2.6 13.2 10.0 
1.1 1.2 0.2 
0.4 0.7 0.4 
2.6 8.5 1.1 

3.5 7.2 2.6 

6.5.3 Leaching versus dry deposition 

N Cl Na 

2.2 
3.8 
1.1 0.8 
1.7 1.3 1.8 
2.0 1.4 1.9 
5.0 

0.5 
3.3 

1.9 

2.3 1.1 1.1 

1.6 4.1 3.9 

The various sources contributing to net throughfall chemistry pose a dilemma in eco
system nutrient studies: the throughfall flux includes both a component of internal cy

cling (foliar leaching) as well as external input (wash-off of previously deposited nu
trients in dry deposition). A number of methods have been developed to separate the 
contributions by dry deposition and canopy leaching, which were reviewed by Parker 

(1983). All traditional methods have serious drawbacks (Lovett and Lindberg 1984, 
Draaijers 1993). A few alternative approaches were proposed more recently. Draai

jers ( 1993) applied a model for temperate forests (following Ulrich 1983) assuming 

amongst others a conservative behaviour for Na in the canopy (no uptake or leach

ing). Since Na was the only element in the present study showing a positive correla

tion between precipitation amount and flux in throughfall (generally regarded as an 

indication for prevalence of leaching above dry deposition), this assumption does not 

seem to be not valid here (cf. Holscher 1995 in eastern Amazonia). Lovett and Lind

berg (1984) used a simple regression model to separate canopy exchange and dry 
deposition effects. Assumptions underlying their model include a constant rate of dry 

deposition and leaching to be linearly related to the amount of precipitation. The re
gression equation then becomes: 

net throughfall = a * antecedent dry period + b * amount of rainfall 
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where the first term is thought to represent the dry deposition and the second term 

the leaching. Although developed for event based sampling the procedure should 
yield similar results for longer sampling periods. The results of the application of the 
Lovett and Lindberg model are given in Table 6.9. 

A number of surprising results were obtained. According to the model, K in through
fall was completely (Dry Evergreen Forest) or largely (Mixed Forest) derived from dry 
deposition, which is completely the opposite of the common perception that K en

richment of throughfall is due mainly to leaching (Draaijers 1993, Parker 1983). 
Similarly, the model indicates that canopy leaching is the most important source for 

Na in net throughfall, again in contrast to what is commonly assumed (Draaijers 
1993, Ivens 1990, Parker 1983). However Na has been shown to leach very easily 
from leaves under laboratory conditions (Tukey 1970) and was also the element 
most rapidly lost from decomposing leaves of C. rodiei (Chapter 8).The model also 
indicated net absorption by foliage for Ca in both forest types, but especially in Mixed 

Forest. P in throughfall was mainly derived from leaching, and both leaching and dry 

deposition contributed to Mg enrichment in throughfall, according to the Lovett and 

Lindberg model. 

Table 6.9: Relative contributions by dry deposition and foliar leaching to net throughfall chemistry ac
cording to the regression model developed by Lovett and Lindberg (1984). Positive canopy exchange 
indicates foliar leaching of nutrients, negative canopy exchange indicates foliar uptake of nutrients. 

dry evergreen forest 

expl. var. (r2) dry deposition canopy exch. 
and sign. of in throughfall in throughfall 

model % % 

Ca 0.39 ••• 140 -40
K 0.65 ••• 119 -19 
Mg 0.58 ••• 62 38
Na 0.46 ••• -5 105
S04 ns 
P04 0.33 •• 26 74 
NH4 0.20 * 167 -67
Cl 0.43 ••• 104 -4
N03 0.22 * -26 126 

expl. var. (r2) 
and sign. of 

model 

0.16 ns, p0.06 

0.61 ••• 
0.66 ••• 
0.47 ••• 
0.24 * 
0.33 •• 
ns 
0.53 ••• 
0.40 ••• 

ns = not significant, * = p< 0.05, •• = p < 0.01, ••• = p < 0.001 

mixed forest 

dry deposition canopy exch. 
in throughfall in throughfall 

% % 

247 -147
74 26
56 44
12 88
23 77
-7 107

100 0 
60 40 

The results are unconventional enough to justify a re-evaluation of the model as

sumptions. First, the assumption that the rate of dry deposition is constant over time 

is a major simplification, since it is well known that sources of aerosols and particles 

contributing to dry deposition may show a marked temporal variation (Stoorvogel 

1993). For example the rate of movement from oceanic air masses depends on wind 
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speed and direction; in dry periods soil particles are more easily taken up and sub

sequently transported than in wet periods, and biomass burning releasing fumes and 

ash particles is more frequent in dry periods (Holscher 1995, Lewis 1981 ). However, 

the forests under study are in a climatic zone with relatively little seasonal climatic 

variation and the distance to obvious sources of material for dry deposition is large, 

so temporal variation is probably smoothed. The lack of an obvious seasonal pattern 

in nutrient deposition rates in this study, supports this. Therefore this first assumption 

seems reasonable, since it is probably more valid here than in many other regions of 

the world. 

The second important assumption has widely been used to support the idea that the 

majority of nutrients in throughfall were derived from leaching whenever a positive 

relationship was found between rainfall quantity and nutrient fluxes in throughfall (cf. 

Potter et al. 1991, Veneklaas 1990a). However leaching experiments have shown 

that smaller volumes of rain over a prolonged period remove considerably more nu

trients than a larger volume of rain during a brief period (Tukey 1970). Leaching 

losses increase as a function of time rather than rainfall volume (Lovett and Lindberg 

1984, Tukey 1970). A nutrient poor environment may enhance this phenomenon, 

since plants growing on infertile soils have lower concentrations and lose fewer nu

trients through foliar leaching than plants on fertile soils (Chapin 1980). Thus, a 

model describing quick leaching during the early stages of rainfall with leaching de

creasing in time due to slow replenishment of nutrient levels to the surface area of 
the leaf, is probably more appropriate. The second assumption underlying the Lovett 

and Lindberg model is therefore questionable. 

As such the model results have limited value. Nevertheless some of the present re

sults point so clearly to one (unexpected) source of nutrients in throughfall that a 

supplementary discussion is justified. The rather low proportion of leaching predicted 

for most elements (Table 6.9) corresponds well with the observation of Tukey (1970) 

that tropical rain forest species seem to be so well adapted to their humid environ

ment that their foliage is not easily leached. The different source appointments 
(Table 6.9) for Na (leaching) and Cl (dry deposition) are surprising since the concen

trations of these elements were relatively well correlated (Table 6.5). The latter sug

gests common sources rather than contrasting sources. It is tempting to conclude 

that Na and Cl originate from the same obvious source (i.e. the ocean), but it cannot 

be ignored that the Na flux was well correlated with the amount of rainfall but hardly 

with the length of the sampling period, whereas the opposite was observed for most 

other elements including Cl. The different behaviour of Na and Cl should perhaps be 

seen as support for the conclusion of Lesack and Melack (1991) that only a minor 

part of the atmospheric nutrient load in the Amazon basin is derived from oceanic 

sources. The lack of correlation between rainfall amounts and nutrient fluxes of most 

elements also points to a source that tends to supply nutrients to the atmosphere at 

a relatively constant rate. 

Generally dry deposition is supposed to be derived from distant, external sources, 

but a number of studies of the atmospheric chemistry in or above tropical rain forests 

have indicated that the vegetation itself can be a major source of aerosols. In 

Reserva Ducke near Manaus in Brazil, high concentrations of K, P, S, Ca and Cl 
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aerosol were found in the atmosphere, which were plant derived for over 90% 

(Artaxo Netto 1985). During an aircraft sampling campaign above Guyanese rain for

est, pronounced enrichment of Na, N, S and P aerosols was found in the forest 

boundary layer (Harriss 1986). The Na, N and P present in the aerosols were hy

pothesised to originate from vegetation whereas S was thought to originate from an

aerobic soils (Harriss 1986). Lawson and Winchester (1979) sampled aerosols under 
a rain forest canopy 80 km north of Manaus and concluded that S, K and P aerosols 

were derived from vegetation. 

To summarise: P, S and K aerosols, and possibly Ca, N, Cl and Na aerosols, are 

thought to be predominantly derived from vegetation. Mg was not analysed in any of 

the three studies quoted. Therefore, even when the source indicated by the Lovett 

and Lindberg regression model is dry deposition, a major part of this dry deposition 
does not necessarily represent an external source of nutrients but is rather a re

deposition of vegetation-derived nutrients, although not necessarily from the same 

location. It is thus concluded that nutrient enrichment in throughfall compared to inci

dent rainfall is part of the nutrient cycling process, and hardly, if at all, represents an 

external source of nutrients for the forest ecosystem. 

6.6 CONCLUSIONS 

Throughfall was 84 and 85% of the incident precipitation respectively in Dry Ever

green Forest on white sand and Mixed Forest on brown sand. The sequence of en
richment of rain water while passing through the canopy was K > P > Mg > Ca = N 

for Dry Evergreen Forest and K > Mg > P > N > Ca in Mixed Forest. Ca concentra

tions were consequently higher, and N concentrations generally lower in Dry Ever

green Forest suggesting particularly efficient cycling of Ca in Mixed Forest and of N 
in Dry Evergreen Forest. 

The difference between the two Guyanese forests were small compared to the dif

ferences reported for a large number of other throughfall chemistry studies in se

lected tropical rain forests. K, Ca, Mg and P fluxes were all very low in the Guyanese 

forests, while the N flux was near the median of the other studies. The ratio of 

throughfall to rainfall flux for K was exceptionally low in Guyana, indicating that the 

canopy of the Guyanese forests is relatively well protected to leaching. 

A simple regression model (Lovett and Lindberg 1984) indicated that the Na and P0
4 

in throughfall would be derived from leaching, while K, Ca and Cl would primarily ori

gin from dry deposition. This is opposite to the common interpretation of solute 

sources in throughfall, and the model assumptions are probably too simple in this 

tropical rain forest environment. Even if dry deposition is an important contributor to 

throughfall nutrients, the sources of these nutrients are probably plant derived aero

sols, and hardly represent an external nutrient input. 
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7. LITTERFALL

7.1 INTRODUCTION 

In tropical rain forests, litterfall is the major mechanism for returning dead organic 

matter and many of the nutrients it contains from the above-ground living biomass to 
the forest floor (Proctor et al. 1983, Spain 1984, Vitousek and Sanford 1986). 
Following Dantas and Phillipson (1989) and Scott et al. (1992) data on forest litterfall 
have been used 
• to estimate net primary production

• to derive indices of seasonal phenomena related to plant phenology
• as indicators of ecosystem functioning.

Litter falling on the forest floor is a source of energy and nutrients for decomposer 

organisms. Nutrients released by litter decomposition on the forest floor and 
mineralisation of soil organic matter are a major source of nutrients for the forest and 

are directly related to the maintenance of soil fertility and forest productivity, 
particularly if the soil is acid, leached and nutrient poor (Anderson 1988, Spain 

1984). Litterfall quantity and litterfall quality (in terms of nutrient contents and 
secondary metabolites like lignin and polyphenols) influence growth rates, soil fertility 
and decomposition rates through a feedback mechanism (Figure 7.1 ). Under large 

nutrient availability there is rapid growth, which in turn gives rapid leaf turnover and 

rapid decomposition due to lower investment in secondary metabolites. Under low 
nutrient availability there is slow growth, slow leaf turnover and slow decomposition 
due to a higher investment in secondary metabolites (Berendse 1994, Medina 1984, 
van Breemen 1995, van Oorschot 1996), because species that limit their loss to the 
common soil pool have a competitive advantage (Van Schaik and Mirmanto 1985). 

Similarly, a high soil fertility leads to relatively large nutrient contents in the 

vegetation and a low nutrient use efficiency (defined as the carbon : nutrient ratio in 

litterfall, sensu Vitousek 1982), whereas low soil fertility leads to a high nutrient use 
efficiency (Chapin 1980, van Schaik and Mirmanto 1985, Vitousek 1982). 

For temperate deciduous and coniferous forests and tropical forests combined, there 

is a clear inverse relation between nitrogen (N) use efficiency and the amount of N 

cycled annually in litterfall (Vitousek 1982), suggesting N limitation in forests is com

mon. For tropical lowland forests alone, Phosphorus use efficiency (PUE) and the 

amount of P cycled annually are negatively related (Vitousek 1984). Furthermore, P 

and Ca, but not N, concentrations in litterfall are significantly negatively correlated 

with small litterfall mass in tropical rain forests (Vitousek 1984). So, in general, P is 

cycled more efficiently in tropical forests than in temperate forests, and N is not par

ticularly efficiently cycled in tropical forests, except in forests on white sands. Vi

tousek (1984) concluded that litterfall mass of Amazonian "terra firme" forests was 

limited by low P availability and he noted substantially elevated dry mass : Ca ratios 

for some of these forests. He considered N to be limiting in the forests growing on 

white sand. 
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Figure 7.1: Nutrient cycling under different nutrient 
availability, and the feed-backs that reinforce these 
differences (adapted from Chapin 1991 and van 
Breemen 1995). 

The relation between fertility status 
(but now judged from 4 broad soil 
classes), litter production and litter 
nutrient concentrations was sub
stantiated in a review by Vitousek & 

Sanford (1986). More recently, in a 
review on plant nutrient use in hu
mid tropical forests, Silver (1994) 
showed that extractable P ("plant 
available"), as well as total P, and 
exchangeable Ca in the soil were 
significantly and positively corre
lated with the dry mass/nutrient ra

tios of these elements in litter. Fur

thermore extractable P appeared to 
be positively correlated with litterfall 
mass in humid lowland tropical rain 
forests, explaining 58% of the varia
tion. Soil N (Silver 1994) and litterfall 
N (Vitousek 1984) did not correlate 
with litterfall mass or dry mass : N 
ratio. 

In this chapter litterfall and nutrient 
fluxes in litterfall are compared for 

Mixed Forest growing on brown 
sand and Dry Evergreen Forest 
growing on white sand. Direct com

parisons between litterfall rates under forests growing on white sands and forests 
growing on soils of the oxisol/ultisol group (i.e. comparable to the brown sand in the 
current study, Chapter 3) showed in most cases more litterfall in the latter forests 
(Cuevas and Medina 1986, Duivenvoorden and Lips 1995, Luizao 1989, Luizao 
1995). The soils supporting the forest types under study are very poor. Available nu
trients in the brown sands are roughly equal or slightly greater than in white sands, 
except for available P (P Bray) and for exchangeable and total Ca, which are some
what higher in white sands. This leads to the following hypotheses which are to be 
tested here: 

1) Litterfall rates are typically in the range observed for lowland tropical rain forests

growing on very poor soils, and litterfall is greater in Mixed Forest than in Dry Ev
ergreen Forest.

2) Mixed forest is an efficient cycler of P and Ca (i.e. the ratio of litterfall dry mass to

P and to Ca are large) and P and Ca concentrations are lower in Mixed Forest lit
terfall than in Dry Evergreen Forest litterfall.

3) Dry Evergreen Forest is an efficient cycler of N (i.e. the ratio of litterfall dry mass to
N ratio is large) and N concentrations are lower in Dry Evergreen Forest litterfall
than in Mixed Forest litterfall
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7.2 METHODS 

7.2.1 Field methods 

Four study sites of approximately one ha each were chosen. Two sites were located 
in the Tropenbos Ecological Reserve (E.R., Chapter 3) and were originally selected -
and laid out for botanical and phenological studies because of their representative 
tree species composition. One site was assumed to be representative for Mixed For

est (ter Steege et al. 1993) on brown sands with a local dominance of Chlorocardium 
rodiei, Dicymbe altsonii and Eschwei/era sagotiana. Studies on throughfall (Chapter 
6, Jetten 1994) and population dynamics of selected tree species (Zagt in prep.) 
were also carried out at this site. The other site in the E.R. was assumed to be rep
resentative of Dry Evergreen Forest growing on well drained white sands. The domi
nant species in this forest were Eperua grandif!ora, Eperua falcata and Oicymbe a/t

sonii. This site was also used for throughfall studies (Chapter 6, Jetten 1994 ). The 
two other sites, having similar forest type - soil type associations as described above, 
were located in the experimental catchment (designated as E.C., Chapter 4). The 
location of the sites is shown in Figure 3.4. 

Each site was subdivided in 20 square subplots, and in each subplot one littertrap 
was installed using random co-ordinates. If it was impossible to install a littertrap at 
the randomly assigned location, it was placed one meter more to the north. The lit
tertraps consisted of a square wooden frame (average area of 0.45 m2) placed about 
60 cm above the soil, to which a well draining 1 mm2 mesh size plastic netting was 
attached. Accumulated litter was collected every 10 - 14 days except during very wet 
periods when the frequency was increased to weekly collections. Litterfall was 
measured from February 1991 until February 1993 in the plots located in the Tro
penbos Ecological Reserve, and from May 1991 to October 1992 in the other two 
plots located in the experimental catchment area. 

After collection the litter was dried in paper bags for 36 to 48 hours at 70 °C, sorted 
into leaves and non-leaf material. Non-leaf material consists of reproductive parts, 
twigs and bark and trash as defined by Proctor (1983). These fractions were not 
separately treated, however a code indicating the largest fraction was added, ena
bling a qualitative interpretation of the temporal variability of the non-leaf litterfall 
fraction. Leaves and non-leaf litterfall were weighed to 0.1 g. From both fractions all 
collected material was bulked to monthly samples per plot. Sub-samples were cre
ated after chopping up and mixing the monthly samples. These subsamples were 

sent to the Laboratory of Physical Geography of the University of Utrecht, The Neth
erlands, for chemical analysis. 

7.2.2 Data processing and statistics 

Coefficients of Variation of litterfall dry weight were calculated using temporal data, 
i.e. lumping all littertraps, and using spatial data i.e. lumping all collection dates. Dif

ferences between plots were tested with ANOVA and the Scheffe test (a posteriori
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test). Averages, standard deviations and statistical testing of nutrient concentrations 

were determined combining the data from the replicate plots over the period of com
mon measurements (October 1991 - October 1992). Nutrient accession in the forest 

types was calculated using the plots located in the Ecological Reserve. No chemical 
data were available from February - September 1991. The fluxes in these months 
have been calculated using the nutrient concentrations in the corresponding months 

during the next year. All statistical tests were performed with Statistica for Windows 
(StatSoft Inc., version 4.5, 1993). 

7.2.3 Laboratory analysis 

The samples were ground and digested using an adapted Kjeldahl procedure (after 

Allen 1989). This involves destruction of the sample with a concentrated sulphuric 
acid and 30% peroxide mixture, with Selenium as a catalyst. The extract was ana

lysed for P, K, Ca and Mg on an Inductively Coupled Plasma Emission Spectropho

tometer (ICP-AES) and colorimetrically for N (as NH4
) with Flow Injection Analysis 

(FIA). The detection limits for N, P and K were estimated to be respectively 0.008, 
0.023 and 0.2 mg g·1 (van de Perk 1996). For Ca and Mg the detection limit is proba
bly lower than for K, because of lower detection limits of these elements on the ICP
AES. 

7.3 RESULTS 

7.3.1 Litterfal/ dry weight and temporal variation 

Leaf litterfall and non-leaf small litterfall quantities are shown in Table 7.1, including 
spatial and temporal Coefficient of Variation (C.V.). Statistical testing was done on 
the period of common measurement (May 1991 - October 1992), but note that the 
means and C.V. given in Table 7.1 cover the full period of measurements. A two way 
ANOVA showed a significant influence of soil type and plot location on total small 

litterfall. The highest leaf litterfall amounts were found in the Mixed Forest on brown 
sand in the Ecological Reserve and the lowest leaf iitterfall amounts in the Dry Ever
green Forest on white sand (for differences and statistical significance see Table 
7.1 ). Using the spatial data the two Mixed Forests on brown sands differed signifi

cantly, but not when using the temporal data. The largest non-leaf litterfall amounts 
were found in the experimental catchment, and it was more in the mixed forest than 

in dry evergreen forest, however none of the differences in non-leaf small litterfall 

quantities were significant. The coefficient of variation using spatial data was ap

proximately 25% for leaf litterfall and 30 - 80 % for non-leaf small litterfall, indicating 

a higher spatial variation in the latter. The coefficient of variation using temporal data 

was 40 - 70 % for leaf litterfall and generally more than 100% for non-leaf small lit
terfall, indicating a high seasonality, especially for the latter type. 
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Table 7.1: Mean annual litterfall (t ha·' yr·'}, Coefficient of Variation (C.V. %) using spatial data (n=20 
for all plots) and C.V. % using temporal data ( n= 24 for the plots in the Ecological Reserve and n=18 
for the plots in the experimental catchment)using monthly values). Different superscript lower case let
ters indicate significant differences using the spatial data, different superscript capitals indicate signifi
cant differences using the temporal data (Scheffer test). E.R. = plot in Ecological Reserve, E.C. = plot in 
Experimental Catchment. 

leaf C.V. c.v. non-leaf CV. c.v.

litterfall spatial temporal litterfall spatial temporal 
t ha·1 yr' % % t ha·' yr' % % 

Dry Evergreen Forest on 4.50 cB 28 69 3.19 n.s. 34 105 
white sand (E.R.) 
Dry Evergreen Forest on 4.33 be B 24 55 4.04 n.s. 79 134 
white sand (E.C.) 
Mixed Forest on brown 5.38 aA 27 62 3.72 n.s. 44 97 

sand (E.R.) 
Mixed Forest on brown 4.81 bA 26 40 5.47 ns. 54 203 
sand (E.C.) 

In Figure 7.2 the temporal variation of leaf and non-leaf litterfall is shown. Leaf litter

fall showed a distinct peak in September and October, just after the long wet season 
(Figure 7.2). Another, smaller, peak occurred in April, after the short wet season. The 
temporal variation in leaf litterfall was similar in all sites, regardless of the forest type. 

Non-leaf small litterfall was much more irregular (Figure 7.2). The two large peaks in 
1991 were strongly correlated with flowering (March) and fruiting (July) of D. altsonii, 

which had a very fruitful year in 1991 (Zagt 1995). This species was common in all 4 
research sites. Other (smaller) peaks were associated with strong winds (mainly 
small woody material) and fruiting of other species. 

Leaf litterfall contributed to about 60% of the total small litterfall in the Ecological Re
serve area. In the sites located in the experimental catchment leaf litter was only 
about 50% of the total, due to the shorter period of data collection and therefore the 
relatively large influence of the large seed crop of D. a/tsonii in June/July 1991. 
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Figure 7.2: Temporal variation in leaf litterfall in Dry Evergreen Forest, leaf litterfall in Mixed Forest, 
non-leaf small litterfall in Dry Evergreen Forest, non-leaf small litterfall in Mixed Forest. E.R. = plot in 
Ecological Reserve, E.G.= plot in Experimental Catchment. Litterfall in g m·2 day·1. 
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7.3.2 Litterfa/1 chemistry and nutrient accession 

The concentrations of nutrients in litterfall are shown in Table 7.2. Levels of N and 
Mg were greater in leaf material than in non-leaf material. P and K concentrations 

were greater in non-leaf material, the Ca concentration did not differ significantly 
between leaf and non-leaf material. 

In leaf litter, the Ca concentration was significantly greater and the Mg concentration 
was significantly less in Dry Evergreen Forest. In non-leaf litter, Ca was also signifi

cantly greater in Dry Evergreen Forest and N significantly less. K and P concentra
tions did not differ significantly between the two forest types. Variation in nutrient 

concentration throughout the year was relatively small and did not show a seasonal 
pattern, perhaps except for Ca in Mixed Forest leaf litterfall. Ca concentration was 

slightly more during periods of high leaf litterfall in Mixed Forest, but not in Dry Ever
green Forest. 

Table 7.2: Average concentrations (temporal standard deviations) of nutrients in leaf- and non-leaf lit-
terfall (in mg g·1). Different superscript letters indicate significantly different concentrations (Scheffe 
test). The results of replicate plots have been combined. 

N p Ca K Mg 
(mg g·'l (mg g·'> (mg g·•> (mg g·'l (mg g·•>

leaf litterfall dry evergreen forest 12.0 be 0.17 a 6.98 a 1.72 ab 2.06 a 

on white sand (0.89) (0.02) (1.28) (0.31) (0.20) 

leaf litterfall mixed forest 13.2 e 0.19 a 3.68 b 1.43 a 2.26 b 

on brown sand (1.08) (0.04) (1.02) (0.32) (0 19) 

non-leaf litterfall dry evergreen forest on 10.1 a 0.27 b 6.62 a 2.47 e 1.18 ' 
white sand (1.98) (0.09) (1.55) (0.93) (0.24) 

non-leaf litterfall mixed forest 11.7 b 0.28 b 3.03 b 2.12 be 1.27 e 

on brown sand (2.58) (0 09) (0.71) (0.95) (0.29) 

Table 7.3: Annual nutrient accession (kg ha·1 yr') in leaf litterfall, non leaf small litterfall and total small
litterfall. 

N p Ca K Mg 
kg ha·' yr' kg ha·' yr' kg ha·1 yr' kg ha·' yr' kg ha·' yr' 

Dry Evergreen Forest 
leaf litterfall 54.0 0.81 32.4 7.7 9.0 
non-leaf small litterfall 30.0 0.83 22.6 8.5 3.5 
total small litterfall 84.0 1.64 55.0 16.2 12.5 

Mixed Forest 
leaf litterfall 73.2 1.13 22.7 8.9 12.4 
non-leaf small litterfall 44.9 1.07 11.0 8.9 4.8 
total small litterfall 118.1 2.20 33.7 17.8 17.2 
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Table 7.3 shows the annual nutrient fluxes in small litterfall for the sites located in the 
Ecological Reserve. These sites were monitored over a longer period (2 years versus 
1.5 year for the other sites) and therefore represent the most reliable estimates for 
mean annual nutrient fluxes in litterfall. Mixed Forest had a larger annual flux of N, P 
and Mg, whereas the Ca flux was larger in Dry Evergreen Forest. For Mg, Ca and N, 
leaf litterfall was more important than non-leaf litterfall. For P and K the higher con
centrations in non-leaf litter were counterbalanced by the larger dry weight of leaf lit
terfall, and the resulting nutrient fluxes were equal. 

7.4 DISCUSSION 

7.4.1 Litterfa/1 quantities and temporal variation 

Leaf litterfall was significantly more in Mixed Forests on brown sands compared to 
Dry Evergreen Forests on white sands. Non-leaf small litterfall was also greater in 
Mixed Forest, but it was too variable in space and time to yield statistically significant 
differences with the number of littertraps presently used. The larger litterfall mass in 
Mixed Forest was expected and confirms the results of studies in Colombia (Lips and 
Van Duivenvoorden 1995), Venezuela (Cuevas and Medina 1986) and Brazil (Luizao 
1989) where also a direct comparison has been made between forests growing on 
ultisols/oxisols and white sands. However in a comparison of litterfall rates in four 
forest types in Sarawak, Proctor et al. (1983) did not find an appreciable difference in 
litterfall between a dipterocarp forest growing on an ultisols and a heath forest on a 
white sand. 

In Table 7.4 and Table 7.5 litterfall quantities are given for a number of studies in 
south America and south-east Asia where the soils belong to the groups infertile ulti
sols/oxisols and spodosols/psamments respectively, supplemented with the ranges 
for moderately fertile soils, infertile ultisols - oxisols and spodosols -psamments as 
reported on by Vitousek and Sanford (1986). Leaf litterfall in Mixed Forest in Guyana 
(5.4 t ha·1 yr1 

) is in the lower part of the range reported on for forests on ox
isols/ultisols (5.4 - 8.0 t ha·1 yr1

), total small litterfall (9.1 t ha·1 yr-1) is in the middle of
the range (7.3 - 11.7 t ha·1 yr1

). The proportion of leaves in total small litterfall of 
Guyanese Mixed Forest (60%) is thus less than the average of other sites (70%). 
The proportion of leaves in litterfall of the Dry Evergreen Forest was 59% which was 
less than the average of 66% in the other studies on spodosols/psamments, Litter 
production in Dry Evergreen Forest was about average (4.5 and 7.7 t ha·1 yr1 for leaf 

and total litterfall respectively) compared to other forests growing on white sand soils 
(range respectively 4.0 - 5.6 t ha·1 yr·1 and 5.6 - 9.2 t ha-1 yr1

). 

The large proportion of non-leaf litterfall in all plots was partly due to extensive flow
ering and fruiting in 1991 of the species 0. altsonii, a co-dominant species in all 
plots. Although 0. altsonii flowers regularly every two years, there were considerably 

more flowers and seeds than in other years during the period 1989 - 1995 (pers. obs. 
Brouwer, ter Steege and Zagt). The joint dry weight of seeds, pods and flowers in 
1991 was estimated to be 1.1 t ha-1 (Zagt in prep.).
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The Coefficient of Variation (C.V. %) using spatial data of litterfall may serve as a 

crude estimate of the spatial variability and can be used for inter-site comparison if 
the sample areas are comparable in size (often between 0.25 and 2 ha, Proctor 

1984). The C.V. using temporal data may serve as an indication of seasonality. For 

leaf litterfall, the spatial C.V. is about 25% of the mean, very similar to the value 

found by Burghouts (1993) in Danum Valley (Borneo). The temporal variation as ex

pressed by the C.V. using monthly totals is clearly higher (40 - 70 %), demonstrating 
a relatively large seasonality in leaf litterfall rates (see also Figure 7 .1 ). Burghouts 

(1993) reported considerably lower figures for the temporal C.V. (approximately 10%) 
using three month totals of leaf litterfall in the Danum Valley study site in Borneo, 
which has a similar climate as the study site in Guyana, with an annual precipitation 
of 2800 mm and an average driest month of slightly over 100 mm. 

Seasonality in litterfall has often been reported for humid tropical forests and appears 

to be related to climatic variation (Van Schaik et al. 1993). Peaks in litterfall were ob

served in or just after a dry season (Cuevas and Medina 1986, Dantas and Phillipson 

1989, Franken et al. 1979, Klinge and Rodrigues 1968, Luizao 1989, Sampaia et al. 
1993, Scott et al. 1992) as well as in or just after a wet season (Cornforth 1970, 
Duivenvoorden & Lips 1995, Enright 1979, Herborn and Congdon 1993, Proctor et 

al. 1983, Puig and Delobelle 1988). In Guyana, similar to most Amazonian forests, 
peak leaf litterfall was during the driest months (September to November). 

Van Schaik et al. (1993) showed that peaks in irradiance are accompanied by peaks 

in leaf flushing and flowering, except where water stress makes this impossible. The 

leaf flush just before the period of maximal irradiation enables optimum use of the 
photosynthetic capacity of young leaves, which photosynthesise more efficiently than 

older leaves (van Schaik et al. 1993). In both forest types under research in Guyana 
peak leaf litterfall was observed in the period of maximum irradiation, which corre
sponds with the driest period (Jetten 1994, ter Steege & Persaud 1991 ). Peak flow

ering was observed in the same period (ter Steege & Persaud 1991 ). Following van 
Schaik et al. (1993) these results suggest that water stress is not likely to occur in 

the forest types under study, at least not in an extent that it influences the phenologi
cal timing. Similarity in litterfall timing on contrasting soil types (including differences 

in drainage) in the same area was observed earlier (Cuevas and Medina 1986, 

Proctor et al. 1983) and seem to confirm the limited impact of water availability on 

the timing of leaf litterfall in a humid climate without a long dry period. 
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Table 7.4: Annual leaf litterfall and total small litterfall in various wet tropical forests in South America 
and South East Asia growing on Oxisols-Ultisols. 

location rainfall leaf total small reference 
litterfall litterfall 

mm yr' t ha·1 yr' t ha·1 yr' 

Guyana 2700 5.4 9.1 this study, brown sands 
Brazil 2600 8.0 Dantas & Phillipson, 1989 
Brazil 2300 6.3 9.3 Scott et al., 1992 
Brazil 2100 5.4 8.3 Luizao, 1989 
Brazil 5.4 7.8 Luizao, 1995 
Brazil 2300 8.0 9.9 Klinge, 1977 • 
Brazil 1800 6.4 8.1 Sampaia et al., 1993 
Brazil 1800 6.4 7.9 Franken et al., 1979 
Brazil 1800 5.6 7.3 Klinge & Rodrigues, 1968 a,b • 
Colombia 3100 6.1 7.4 Duivenvoorden & Lips, 1995 
French Guyana 3200 5.7 7.9 Puig and Delobelle, 1988 
Malaysia 5100 5.4 8.8 Proctor et al., 1983b 
Malaysia 2800 6.5 11.1 Burghouts, 1993 
Malaysia 3400 5.4 7.5 Gong & Ong, 1983 
Surinam 2200 7.1 11.7 Schmidt•• 
Trinidad 1800 6.9 Cornforth, 1970 
Venezuela 3500 7.6 10.3 Cuevas & Medina, 1986 

average+/- S.D. 6.2 +/- 0.8 8.6 +/- 1.2 

• in Scott et al. 1992
•• unpublished results in Celos kwartaalverslagen, University of Surinam/Agricultural University 
Wageningen. 

Table 7.5: Annual leaf litterfall and total small litterfall in various wet tropical forests in South America 
and south-east Asia growing on white sands (spodosols/entisols). 

location rainfall leaf total small reference 
(mm yr-1) litterfall litterfall 

(t ha·1 yr1) ( t ha·1 yr1) 

Guyana 2700 4.5 7.7 this study, white sands 
Brazil 2100 4.7 7.4 Luizao, 1989 
Brazil 4.4 6.3 Luizao, 1995 
Colombia 3100 5.4 6.2 Duivenvoorden & Lips, 1995 
Sarawak 5100 5.6 9.2 Proctor et al., 1983 
Venezuela 3500 4.0 5.6 Cuevas and Medina, 1986 

average +/- S.D. 4.8 +/- 0.6 7.2 +/- 1.3 
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7.4.2 Litterfa/1 nutrient concentrations 

As hypothesised, Ca was returned in small quantities and at low concentrations in 
Mixed Forest on brown sands. The low Ca concentrations in Mixed Forest litterfall 
confirm that well drained tropical forests growing on ultisols or oxisols are in relatively 

short supply of Ca, and have a high Ca use efficiency (Vitousek 1984). Ca quantities 
returning to the forest floor in litterfall were greater in Dry Evergreen Forest than in 

Mixed Forest, confirming the results of earlier comparative studies between forests 
growing on white sands and forests growing on oxisols or ultisols (Cuevas and Med
ina 1986, Luizao 1989, Proctor et al. 1983). The forest types in Guyana have typical 
Ca concentrations compared to their counterparts growing on similar soils in the hu
mid tropics. 

As expected, P content in litterfall of both forests was very low, and consequently 
these forests have a high P use efficiency. No significant difference in P concentra
tions was found between the two forest types, and the hypothesis that Mixed Forest 
on brown sands cycles P more efficiently than Dry Evergreen Forest on white sand 
has to be rejected. Probably, the low apparent availability of P is due to different 
causes in both soil types. In brown sands, the strong P absorption by Al and Fe in 
the soil is causing a low availability; in white sands the extremely low amounts of to

tal P cause limited availability (Chapter 3, Raaimakers 1995, Tiessen et al.1994, van 
Kekem et al. 1996). Only the heath forest and dipterocarp forest studied by Proctor 
et al. (1983b) and the forests in eastern Amazonia (Colombia) studied by Duiven
voorden & Lips (1995) had lower levels of P in litterfall. 

N concentrations were significantly lower in non-leaf litterfall of Dry Evergreen Forest, 
confirming the third hypothesis, but N concentrations were not significantly different 
in leaf litterfall of the two forests. In earlier studies rather large differences (30 - 130 
%) in litterfall N were reported between forests on oxisols/ultisols and white sands 
(Duivenvoorden & Lips 1995, Luizao 1989, Medina and Cuevas 1986, Proctor et al. 
1983). The range in N concentrations of leaf litterfall in forests growing on white 
sands is large, varying from 5.7 mg g·1 in heath forest in Sarawak to 14.0 mg g·1 in 
valley forest in Brazil (Luizao 1989, Proctor et al. 1983). This wide range in leaf lit
terfall N concentrations, and the small difference in N concentrations between the 

forest types in this study, show that N limitation in forests growing on white sands is 
not as universal as suggested e.g. by Vitousek and Sanford (1986). Possible rea
sons for this are as follows: 

First, an important source of variation between the white sand areas described in 

various studies is the length of the period in which water saturation in the upper part 

of the soil profile. The white sand soils in the present study are excessively well 

drained and never experience stagnant water in the upper metres of the soil profile, 

whereas in most other studies on white sand forests stagnant water in the upper 
parts of the soil is reported, either due to the topographic position (Cuevas and 
Medina 1986, Luizao 1989, Medina and Cuevas 1989) or due to an impermeable 
layer in the upper part of the soil profile (Duivenvoorden & Lips 1995, Proctor et al. 
1983). Water saturation of the soil profile often has been shown to affect N nutrition 
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in plant communities, particularly through increased denitrification rates under an
aerobic conditions (van Oorschot 1996). 

A second possible reason for low N in forests or woodlands growing on white sands 

in the humid tropics is repeated disturbance, especially through fire. The existence of 
woody scrubs and savannas, as regularly found in Guyana (Cooper 1982), Surinam 

(Heyligers 1963) and Brazil (Anderson 1981) have been at least partly attributed to 
the occurrence of fire and the slow recovery of white sand vegetation after a major 

disturbance (see also Whitmore 1991 ). Fire causes high loss of especially N and S 

through volatilisation (Boone Kaufman et al. 1995, Holscher 1995). Probably the long 

period of stability, and thus absence of fire in the forests of central Guyana 
(Hammond and Brown, 1995) contributed to a relatively rich N economy here com
pared to other humid tropical forests growing on white sands. 

Mg concentrations were slightly lower in leaf litterfall of Dry Evergreen Forest, but not 
in non-leaf litterfall. On the contrary, in other comparative studies Mg concentrations 

in litterfall were greater in forests growing on white sands (Table 7.6 and 7.7). The 

relatively high Mg levels in the leaf litter of Mixed Forest and the supposedly better 
availability in brown sands, supports the conclusion drawn in chapter 4 that weath
ering of Mg occurs in brown sands. 

K in leaf litterfall was at lower end of the range reported for tropical rain forests on 
poor soils. This could be assumed to be an artefact of the residence time of the 
leaves in the littertraps, since K is well known to leach easily from plant material (cf. 
Parker 1985, Burghouts 1993). However the collection interval in this study was less 

than one week in the wet season, which is relatively short in comparison to many 
other studies and it is unlikely that leaching caused the low K concentrations in leaf 
litterfall. Even lower concentrations of K in leaf litterfall were found in Brazil and 

French Guyana (Luizao 1995, Puig and Delobelle 1988). 
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Table 7.6: Nutrient concentrations (mg g·') in leaf litterfall from various wet tropical forests growing on 
infertile oxisols-ultisols in south America and south-east Asia. 

N p K Ca Mg 

Guyana 13.2 0.19 1.4 3.7 2.3 this study 

Brazil 18.0 0.20 1.5 3.8 1.8 Luizao 1989 

Brazil 15.0 0.28 1.1 1.6 1.1 Luizao 1995 

Brazil 12.6 0.58 4.7 7.4 2.7 Scott et al. 1992 

Colombia 14.8 0.15 2.2 1.5 1.1 Duivenvoorden & Lips 1995 

French Guyana 14.7 1.1 4.1 1.2 Puig & Delobelle 1988 

Surinam 14.4 0.40 3.1 6.1 2.2 Schmidt* 

Malaysia 9.5 0.11 4.5 1.5 1.1 Proctor et al. 1983 

Malaysia 13.8 0.37 4.8 5.5 2.4 Burghouts 1993 

Trinidad 8.0 0.3 1.5 8.2 2.1 Cornforth 1970 
Venezuela 16.2 0.32 2.4 1.7 0.7 Cuevas and Medina 1986 

average +/- S.D. 13.7+/- 0.29 +/- 2.6 +/- 4.1 +/- 1.7+/-

2.8 0.14 1.5 2.4 0.7 

average moderately 14.9 0.73 3.3 13.1 3.0 Vitousek & Sanford 1986 
fertile soils 

average infertile 12.2 0.27 2.1 3.4 0.8 Vitousek & Sanford 1986 
oxisols/uitisols 

spodosols/psamments 6.7 0.25 2.8 8.3 1.4 Vitousek & Sanford 1986 

* unpublished results in Celos kwartaalverslagen, University of Surinam/Agricultural University 
Wageningen. 

Table 7.7: Nutrient concentrations (mg g·') in leaf litterfall from various wet tropical forests growing on 
spodosols-entisols (white sands) 

N p K Ca Mg 

Guyana 12.0 0.17 1.7 7.0 2.1 this study 
Brazil 14.0 0.30 3.0 7.7 2.1 Luizao 1989 
Brazil 11.0 0.60 1.1 2.2 1.3 Luizao 1995 
Colombia 11.1 0.16 3.0 7.4 2.1 Duivenvoorden & Lips 1995 
Malaysia 5.7 0.14 2.3 8.8 1.6 Proctor et al. 1983b 
Venezuela 7.0 0.50 2.1 7.7 3.1 Cuevas and Medina 1986 

average +/- S.D. 10.1 0.31 +/- 2.2 +/- 6.8 +/- 2.1 +/-
+/- 3.1 0.20 0.7 2.3 0.6 
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7.5 CONCLUSIONS 

The forest types under study showed a litter production typically in the range of tropi

cal lowland rain forests growing on poor soils. Mixed Forest on brown sand produced 

about 20% more litter than Dry Evergreen Forest on white sand, suggesting that the 
annual production is somewhat greater in Mixed Forest than in Dry Evergreen For
est. Both forests showed a very similar seasonal variation in leaf litterfall. Maximum 

leaf litterfall rates were in the dry season, just before the period with the largest irra
diation. 

The most pronounced difference between nutrient concentrations in litterfall of the 

two forests was found for Ca. The concentrations of Ca in Dry Evergreen Forest lit

terfall were approximately double the concentrations found in Mixed Forest litterfall. 
This is consistent with other studies since low Ca levels in litterfall from forests 
growing on oxisols/ultisols are consequently reported. 

The results of this study confirm the generally high P use efficiencies found in low

land tropical rain forests. P concentrations in litterfall were equally low in the forests 

studied, suggesting that the availability of P was equally low in white sands as in 

brown sands. N was slightly lower in Dry Evergreen Forest litterfall than in Mixed 

Forest litterfall, but the difference was less than expected based on earlier compari

sons between litterfall nutrient concentrations of forests growing on white sands and 
ultisols/oxisols. The relatively good N status of Dry Evergreen Forest is probably due 

to the good drainage of white sands in the research area and the absence of major 
disturbances to these forests for a relatively long period. 

158 



8. DECOMPOSITION

8.1 INTRODUCTION 

8.1.1 Decomposition in the forest nutrient cycle 

Decomposition is a key process in the nutrient cycle. Especially in ecosystems on 
poor soils and with low atmospheric nutrient inputs, the recycling of nutrients through 

decomposition processes is important in maintaining ecosystem productivity (Cole 

1995, Jordan 1985, Jordan and Herrera 1981, Luizao and Schubart 1987, Staaf and 

Berg 1982). Ecosystems with retarded decomposition rates (e.g. due to waterlog

ging) often show low productivity, presumably due to low availability of nutrients (see 

also section 7.1). Tropical rain forests with a rapid turnover of dead plant material 
into mineral nutrients have been shown to reach relatively high productivity, despite 
the fact that they grew on extremely poor soils (Scott et al. 1992). 

Decomposition is an array of processes in which dead organic material is converted 

into its components, finally carbon-dioxide, mineral nutrients and water. In the begin

ning of the decomposition process, leaching rapidly removes elements like K, which 

are loosely bound to the cell materials (Binkley 1986). Soil macro-fauna play an im

portant role in fragmenting the original material. Microbes such as bacteria and fungi 
excrete enzymes that digest organic molecules into smaller units that may subse
quently be absorbed by the microbes. If the nutrient content of the litter is high, the 

microbes will find an abundance of nutrients relative to their energy needs and nutri
ent release will be rapid. If the litter is low in nutrients, the microbes will retain most of 

the nutrients to grow new cells and availability to plants will be low (Binkley 1986). 

This process frequently results in increasing concentrations of N, P and sometimes 
Ca in decomposing materials (cf. Cuevas and Medina 1988, Ewel 1976, Gosz et al. 
1973, Maheswaran and Gunatilleke 1988, Staaf and Berg 1982). 

According to Swift et al. (1979) the rate of decomposition is a complex function of: 

• Resource quality, which is determined by the physical and chemical characteris
tics of the decomposing material. Physical characteristics include "hardness",

mass and particle size; chemical characteristics include nutrient content, lignin

content and the nature and quantity of plant secondary compounds. High nutrient

levels, notably high nitrogen contents, generally favour rapid decomposition rates

(Edwards 1977, Tanner 1981, Swift et al. 1979), however nutrient levels are cer

tainly not always directly related to decomposition rates (Proctor et al. 1983).

Other constituents that have been shown to influence decomposition rates are lig

nin content (Cuevas and Medina 1988, Swift et al. 1979) or polyphenol content

(Palm and Sanchez 1990). Resource quality can be especially important in ex

plaining variations in decomposition rate between different resources within the
same or adjacent plots.
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• Edaphic and environmental conditions. Over a large range of climatic conditions,
decomposition rate and actual evapotranspiration rates are positively correlated
(Meentemeyer 1978). However, zooming in to the humid tropics alone, no signifi
cant relation between overall decomposition rates and any climatic parameter
could be established (Anderson and Swift 1983). Seasonal variation can account
for large differences in decomposition rates within a site, with faster decomposition
during periods with high rainfall (Luizao and Schubart 1987). However in French
Guiana, no significant difference in decomposition rates of Eperua falcata leaves
was observed between a wet and a dry season (Kiffer et al. 1981) Edaphic condi
tions promoting relatively wet circumstances in the litter layer increase decompo
sition rates (Proctor et al. 1983, Latter and Shaw 1988, Latter and Harrison 1988).

• The decomposer community, consisting of a large number of organism groups.
Which groups are present and in what numbers is determined by the local envi
ronmental conditions, notably climate (Anderson and Swift 1983), but also by
moisture conditions in the litter layer, the acidity and the physical and chemical
composition of the litter and soil and the amount of litter present (Burghouts 1993).
Wet conditions in the litter layer initially depress fungal activity and promote mi
crobial activity, but continuously very wet conditions suppress microbial activity
(Cornejo et al. 1994, Frith and Frith 1990). Alternate wet and dry conditions
stimulate microbial activity (Alexander 1977). Adverse soil conditions like Al toxic
ity to micro-organisms in acid soils can cause accumulation of organic matter
(Sanchez 1976).

8.1.2 Decomposition in contrasting forest types 

Variations in decomposition rates in tropical rain forests appear to be broadly corre
lated with soil fertility (Anderson and Swift 1983). Although decomposition rates be
tween fertile sites and infertile oxisol/ultisols sites overlap, slow decomposition rates 
and a massive litter layer have been repeatedly reported for tropical rain forests on 
white sands (Anderson 1981, Klinge and Herrera 1983, Luizao and Schubart 1987, 
Medina and Cuevas 1988, Singer and da Silva Araujo 1979, Stark 1970, Vitousek 
and Sanford 1986). 

Decomposition rates between different forest types under the same climate are 
caused by differences in vegetation composition and soil type. The vegetation com
position influences the seasonal distribution of fresh litter input to the forest layer and 
the chemical composition of the litter. Soil type influences the hydrological conditions 
and the activity of soil organisms in the litter layer and indirectly the chemical compo
sition of the litter. 

The forest 'types under study in this thesis grow on contrasting soil types and there
fore different decomposition rates are expected. Brown sands have a more favour
able soil moisture retention curve than white sands (Eernisse 1991, Jetten 1994), pre
sumably leading to more favourable conditions for microbial activity in brown sands (cf. 
Cornejo et al. 1994, Frith and Frith 1990, Latter and Shaw 1988). Slow decomposition 
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rates are generally reported for tropical rain forests growing on white sands. This 
leads to the following hypothesis to be tested in this chapter: 

• decomposition rates are slower under Dry Evergreen Forest growing on white
sands than under Mixed Forest growing on brown sand

Different experiments were carried out to evaluate the influence of tree species and 

soil type on decomposition rates. The techniques used in these experiments are dis
cussed in section 8.2. 

8.1.3 The influence of logging on decomposition rates 

Logging affects the forest nutrient cycle in various ways; large amounts of organic 
debris reach the soil surface, roots near the surface may be damaged (Chapter 5), 
soils can be compacted (Jetten 1994, Maimer 1993, Maimer and Grip 1993) and the 
micro-climatological conditions are altered (Chapter 5). Nutrients released by de

composition are relatively easily leached by water percolating under the rooting zone 
because nutrient uptake through the vegetation is initially decreased and the ex
change capacity of the soil is low. An old belief is that by opening the canopy of a 
tropical rain forest, organic matter "disappears" very rapidly (cf. Park 1992). 

However sparse data on decomposition and mineralisation rates in tropical forest 
and adjacent open areas indicate that decomposition rates do not alter or decrease 
with increasing openness of an area (Ewel 1977, Maheswaran and Gunatilleke 1988, 

Marrs et al. 1991 ). The influence of altered site conditions due to logging on decom
position rates was studied in a litterbag experiment (section 8.2). 

The hypothesis to be tested in this chapter with regard to the influence of logging is: 

• The decomposition rate of leaf litter in a large logging gap is not different from de
composition rates in closed forest.

8.2 METHODS 

8.2.1 Approaches to evaluate the decomposition process 

Several methods have been commonly used in evaluating decomposition rates un

der field conditions (Anderson and Swift 1983, Harrison et al. , 1988, Proctor 1987): 

1) the cotton strip method. Standardised cotton strips (Harrison et al. 1988), consisting

of pure cellulose, have been used for estimating "potential decomposition rates".

Since the substrate is homogeneous, the rate of decomposition is assumed to de
pend entirely on site conditions and might therefore serve as a tool for examining
the effect of environmental variables on decomposition of cellulose, which is an im
portant constituent of plant litter (Hill et al. 1988).
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2) determination of the ratio between litterfall and the amount of litter present on the
forest floor (litter standing stock). The litter on the soil surface acts as an input
output system, receiving inputs from the vegetation and, in turn, decomposing and
thereby supplying materials to the soil and roots. Litter accumulates on the soil
until litterfall equals decomposition, after which the amount of litter accumulated
on the soil surface oscillates around some mean steady-state value (Ewel 1976).
So, a fair estimate of overall actual decomposition rates can be obtained by com
bining measurements of litterfall and litter standing stock on the forest floor. As
suming this steady state conditions, a litterfall decomposition constant kl , which is
an approximation of the proportion of the litter standing crop decomposed in one
year, can be calculated as follows:

kl
= LIS 

where: L = litterfall in t ha-1 yr1 

S = litter standing stock in t ha-1 yr1 

Both litterfall and litter standing stock should be measured over a sufficiently long 
time span to account for temporal variability. In addition, sufficient replications 
must be sampled in order to cover spatial variability (Burghouts 1993). 

3) the litterbag method. In plastic mesh bags laid down on the forest floor ("litterbags")
weight loss and changes in nutrient composition of material can be monitored over a
period of time. This method is widely used to provide insight in the decomposition
behaviour of particular species or to compare between treatments or locations
(Wieder and Lang 1982, Anderson and Swift 1983). Many workers use mathemati
cal models to compare and forecast decomposition rates when describing the
process of weight loss. The following models are often used (Wieder and Lang
1982):

linear model: wofw1 
= C - k*t 

single exponential model wofwt 
= e -k·t 

double exponential model: wofw
t 

= a* e -k1•1 + (1-a) * e -k2•1 

asymptotic model: wofw
t 

= C + (1-C) e -k't 

where: w0 
= the original weight 

wt
= weight at time t 

C = constant 
t = time in years 
k, k,, k2 

= decomposition constants 
a = fraction 

The linear model assumes a constant absolute decomposition rate and an in
creasing relative decomposition rate. Although this model has been used because 
of a good fit (e.g. Edwards, 1977), Wieder and Lang (1982) argued against it be
cause the supposedly increasing relative decomposition rate is difficult to justify 
biologically. In the single exponential model it is assumed that the relative decom
position rate remains constant. In the beginning of the process relatively much 
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easily degradable material is present and the decomposition is fast. When de
composition proceeds, the absolute rate of decomposition retards because the 

proportion of recalcitrant components has increased. The model is widely used 
(e.g. Palm and Sanchez 1990, Gosz et al. 1973). The double exponential model 

and the asymptotic model are adaptations of the single exponential model and the 
concept of two fractions with different rates of decomposition is used, the second 

fraction decomposing respectively slower or not at all. 

4) measuring respiration rates in the soil. Although a fairly good method under labo

ratory conditions, use under field conditions is complicated because it is hard to

differentiate between respiration of roots and respiration of the decomposer com

munity (Anderson and Swift 1983, Proctor 1987)

The cotton strip method was used to investigate cellulose decomposition rates in the 

two environments, independent of substrate quality. "Actual" decomposition rates were 

determined by using the ratio between litterfall and forest floor litter. In this method 

substrate quality as well as the environmental and edaphic conditions and decomposer 
community influence decomposition rates. To investigate the influence of substrate 
quality more properly the decomposition rates of selected (dominant) species were 
determined using the litterbag method. By exchanging leaves between soil types it was 
investigated if the changes that occurred were caused by differences in substrate 

quality or by differences in site conditions. Litterbags were also used to investigate the 
influence of the altered micro-climate in a logging gap on decomposition rates. 

8.2.2 Field and laboratory methods 

8.2.2.1 Cotton strips 

The cotton strip experiment was set up using standard methods and materials as de
scribed in Harrison et al. (1988). Three random locations were selected on brown 

sands and white sands each, close to Dicymbe altsonii trees. Four s trips were in

serted per location. One strip was immediately recovered and served as zero control. 
The other strips after 14, 28 and 35 days respectively. After recovery, the strips were 

washed with tap water, air dried and sent to the University of Exeter, England. Here 
the strips were cut in narrow bands, corresponding with soil depths of 0-2 cm, 3-5 

cm, 6-8 cm, 9-11 cm, 12-14 cm, 5-7 cm and 18-20 cm. The degree of decomposition 
was determined as the loss of tensile strength of the cotton strips compared to the 

original strength (CTSL %). The tensile strength of all sub-strips was determined us

ing a Monsanto type W tensionmeter. For comparison purposes the CTSL % was 

linearized using the function of Hill et al. (1988): 

CT
50 = exposure time/ CR 

CR= 3V(control TS- final TS)/final TS 

where: CR = Cotton Rottenness 

TS = Tensile Strength 
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CT
50 = Number of days needed to lose 50% of the original TS 

The procedure is described in full in Harrison et al. (1988). 

8.2.2.2 Litter standing stock 

Forest floor leaf litter quantities were determined at four occasions between October 
1991 and August 1992, using a 0.23 m2 square wooden frame. The samples were 
collected within 20 meters from the experimental plots used for litterfall and through
fall studies in the Ecological Reserve (Chapter 6 and 7), with at least fifteen repli
cates. The leaf fraction was defined as recognisable leaf material larger than two 
centimetres length. The leaf fraction was separated by hand from other litter material, 
dried at 70°C for 48 hours, clean brushed to remove mineral material, re-dried to 

constant weight and weighed to 0.1 g. 

Small litter standing stock was defined as recognisable leaf material, flowers, fruits 

and seeds, bark and twigs (0 < 2 cm). Total small litter standing stock was deter

mined two times, using a similar procedure to the one described for leaf litter with 
thirty replicates. Samples taken in March 1991 were analysed on nutrient content. 

8.2.2.3 Influence of species and soil type on decomposition 

A litterbag experiment was carried out to compare leaf decomposition rates of se
lected species growing on different soil types, and to detect possible differences in 
decomposition rate on these soil types. Five species were selected: Chlorocardium 

rodiei and Eschweilera sagotiana growing on the brown loamy soils; Eperua grandi

flora and Eperua falcata growing on the white sands; Dicymbe altsonii occurring on 
both soil types. Freshly fallen leaf litter was collected in September 1991 (a relatively 
dry month) from 1 cm mesh nylon net traps, which were emptied twice a week. 
Leaves that had been consumed partly or were overgrown with algae or lichens, or 
leaves being not homogeneously brown were rejected. All leaves were air dried in an 
air-conditioned room for at least ten days before use in the experiment. 

For each species 35 polyethylene bags (10 x 15 cm, 1 mm2 mesh) were placed in 

five clusters within 15 subplots (12.5 x 12.5 m) on the forest floor in October 1991. 
Each bag contained 1.5 - 2 g of leaf material. For each species the bags were placed 
in five clusters of seven bags, representing five replicates and seven time steps. The 
bags were incorporated into the litter layer at short distances from their parent trees 

on the same soil type, except for a batch of C. rodiei and E. grandiflora bags, which 

were also placed on the other soil type. The first set of bags (controls), representing 
time step zero, was collected immediately. The other sets were collected after 2, 5, 

9, 13, 18 and 27 weeks. After collection the bags were dried at 70 °C for at least 48 

hours, carefully brushed to remove any soil material present, re-dried to constant 
weight, and weighed to 0.001 g. The bags were sealed in plastic and sent to Utrecht, 
The Netherlands for chemical analysis. The difference between air dry and oven dry 
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for the contents of the control bags was used to convert the initial air-dry weight of 
the other bags to oven-dry weight. 

Mathematical models were fitted through the data. In fact, all models discussed in 
section 8.2.1 had a good fit. In some cases the linear model gave the best fit, but the 
use of this model was not preferred (cf. Wieder and Lang 1982). Assuming two frac

tions in the model (i.e. double exponential model or asymptotic model) did not or 
hardly improve the explained variance, so the single exponential model was used. 

This model is widely used and enables easy comparison with other studies. 

8.2.2.4 Decomposition in a large logging gap 

A second litterbag experiment was carried out from March 1992 to March 1993 to 
study the impact of selective logging on decomposition rates. Decomposition pat

terns were compared between two different micro-sites in a large gap (3440 m2) and 

closed forest. Two types of leaves from the brown sand species Ch/orocardium rodiei

were used: naturally shed leaves and fresh green leaves. The litter bags were placed 
in the following environments: 

• unlogged closed canopy forest
• open zones with bare soil in a 3440 m2 gap that resulted from felling and skidding

activity
• crown zones in the same gap.

A more comprehensive description of the sites in the gap can be found in Chapter 5. 

Bags with green leaves were placed in the unlogged part of the forest and in the 
crown zones of the gap; bags with brown leaves were also placed in the unlogged 

forest and additionally in the zones with bare soil in the gap. The collection of the 
leaves, number of replicates, placement and recovery of the bags are similar to the 
methodology of litterbag experiment 1. However the collection dates were now 
spread over a full year instead of six months. 

8.2.3 Chemical analysis 

The contents of all litterbags were analysed for major plant nutrients. Each sample 

was ground (particle size < 0.25 mm), well mixed and a sub-sample of 0.5 g was di

gested in a mixture of concentrated sulphuric acid and hydrogen peroxide with Sele

nium as a catalyst (after Allen 1989). N was analysed colorimetrically as NH
4 by Flow 

Injection Analysis (FIA). P, Ca, Kand Mg were determined using inductively coupled 

plasma emission spectophotometry (ICP-AES). For every treatment run of the sam

ples, blanks and standard samples with known concentrations were included to 

check for contamination by the sample treatment procedure and for analytical con

sistency. The analytical procedures are described more detailed in van de Perk, 
Klawer and Middelkoop (1996). 
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Digestion of forest floor litter was done in a nitric-perchloric acid mixture. The content 

of P, Ca, K, and Mg was determined using atomic absorption spectra-photometry. A 

Kjeldahl extraction followed by colorimetrical analysis was used to determine N con
tents. 

8.2.4 Statistical analysis 

Before performing any statistical analysis, all variables were tested for normality and 
if necessary (usually) log transformed. Differences between sites and treatments 

were tested with ANOVA; differences between individual treatments were tested with 
the Scheffe test (a posteriori test) or the t-test. Correlation tests were performed us
ing the Pearson Product-Moment correlation test, and linear or multiple regression. 
All statistical tests were performed using the software package Statistica for Win
dows, version 4.5 (StatSoft Inc., 1993). 

8.3 RESULTS 

8.3.1 Cotton strips 

The cotton strip tensile strength loss after 14, 28 and 35 days is shown in Table 8.1. 
The data were transformed to CT50 values, indicating the number of days required to 
lose 50% of the original tensile strength (Table 8.2). Using the CT

50 
values, a two way 

ANOVA showed significant effects of soil type (p = 0.001, F = 11.4) and depth ( p < 

0.001, F = 11.4), but no significant interaction term. Thus cotton decomposition rates 

decreased with increasing depth and the cotton decomposition rate in brown sand was 

faster than in white sand. 

Table 8.1: Mean (standard deviation) tensile strength loss (CTSL %) after 14, 28 and 36 days expo
sure time in brown sand and white sand at three depth intervals. 

14 days exposed 28 days exposed 36 days exposed 
depth brown white brown white brown white 

0-5 cm 62 (7) 38 (15) 85 (12) 46 (2) 82 (5) 61 (5) 
6 -11 cm 19 (11) 53 (9) 68 (19) 32 (18) 86 (8) 42 (33) 
12-20cm 17 (14) 14 (11) 44 (14) 24 (12) 52 (15) 21 (3) 

Table 8.2: Mean number of days for the strips to lose 50% of their tensile strength (CT50); pooled re

sults for three depths 

depth 

0-5cm

6 -11 cm

12-20cm
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CT50 - brown sand 

16 days 

22 days 
28 days 

CT50 - white sand 

26 days 
29 days 
41 days 



8.3.2 Litter standing crop 

Amounts of leaf and total small litter on the forest floor are presented in tables 8.3 

and 8.4 respectively. 

Leaf litter dry weight on the forest floor was significantly greater in Mixed Forest on 
brown sands (average 252 g m·2) than in Dry Evergreen Forest on white sands

(average150 g m·2) at all dates. Leaf litter quantities were more variable in time under

Mixed Forest (Table 8.3). 

Total small litter dry weight at both dates was also significantly higher in Mixed Forest 

(average 753 g m·2) compared to Dry Evergreen Forest (average 482 g m·2 ), and

small litter quantities were higher in March 1991 (table 8.4) 

Turnover rates (kl) of the forest floor litter were calculated by calculating the ratio 

between litterfall (Chapter 7) and forest floor litter for similar particle size classes. A 

value of 1 for kl indicates a mean turnover time of 1 year, larger values indicate a 

more rapid turnover and a shorter residence time on the forest floor. Values for kl 

Table 8.3: Mean (standard deviation) of forest floor leaf litter. Different superscript letters indicate sig
nificantly different leaf litter quantities at the different sample dates (on the same soil type, p < 0.05). In 
the column "t-test brown/ vs. white" is indicated if forest floor leaf litter differs significantly between 
brown and white sand. 

date n 

17 Oct 1991 30 
3 Dec 1991 30 
7 Jan 1992 30 
7 Aug 1992 28 

average 118 

leaf litter on 
brown sand 
g m-2 

n 

186 c (46) 30 
320 ° (190) 30 
241 "(68) 30 
259 ab {55) 42 

252(117) 132 

leaf litter on t-test
white sand brown vs. white 
g m·2 

141" (36) p < 0.001 
144" (36) p < 0.001 
137" (38) p < 0.001 
176 a {57) p < 0.001 

150 (47) p < 0.001 

Table 8.4: Mean (standard deviation) of forest floor small litter. Different superscript letters indicate 
significantly different small litter quantities at the different sample dates (on the same soil type, p < 
0.05). In the column "I-test brown vs. white" is indicated if forest floor small litter differs significantly 
between brown and white sand. 

date N 

1 Mar 1991 33 
7 Aug 1992 28 

average 61 

total small litter N 

on brown sand 
(g m-2) 

889 a {322} 24 
593" (272) 42 

753 (333) 66 

total small litter I-test
on white sand brown vs. white
(g m·2) 

719 a {338} p < 0.001 
347" (92) p < 0.001 

482 (280) p < 0.001 
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Table 8.5: Average nutrient concentrations in forest floor litter in March 1991, dry weight and nutrient 
quantities in the forest floor litter layer (calculated as concentration* dry weight of small litter on the soil 
surface) annual litterfall and annual flux of nutrients in litterfall, and the ratio of litterfall to forest floor 
litter for Mixed Forest on brown sand and Dry Evergreen Forest on white sand. Litterfall data from 
Chapter 7. In the centre of the table is indicated if the nutrient concentrations of forest floor litter dif-
fered significantly between brown sand and white sand (t -test). n.s. = not significant. 

total N p Ca K Mg 
leaf litter small litter 

dry weight dry weight 

brown sand 

concentration (mg g·') 14.2 0.21 4.8 2.0 5.2 
quantity (kg ha·1> 2520 7530 126.4 1.90 42.7 17.8 46.3 
litterfall (kg ha·1 > 5380 9100 119.8 2.05 33.8 16.7 18.2 
ratio litterfall : quantity (kL) 2.13 1.21 0.95 1.08 0.79 0.94 0.39 

difference in concentration n.s. n.s. p< n.s. n.s. 
brown sand versus white sand 0.01 

white sand 

concentration (mg g·') 12.4 0.20 9.2 1.7 4.3 
quantity (kg ha·11 1500 4820 89.3 1.40 66.2 12.2 31.0 
litterfall (kg ha·•> 4500 7700 80.8 1.49 50.8 14.5 12.7 
ratio litterfall : quantity (kd 3.00 1.60 0.90 1.06 0.77 1.19 0.41 

were 2.1 and 3.0 for leaves on brown and white sand soils respectively, and 1.2 and 
1.6 for total small litterfall (Table 8.5). These results indicate faster decomposition 
rates for litter on white sand, especially for leaves. 

Data on the chemistry of forest floor litter were available for March 1991 only. The 
concentrations and corresponding stocks of forest floor nutrients and dry mass are 
presented in Table 8.5. Ca concentrations were significantly higher in forest floor lit

ter on white sands, which is not surprising since Ca in litterfall was also considerably 
greater in Dry Evergreen Forest. The other nutrients did not differ significantly. 

The ratio between the elemental mass in litterfall and on the forest floor indicates 

turnover rates for the individual elements. Ca and particularly Mg have a relatively 

slow turnover. N, P and K have a turnover rate similar to dry mass. 

8.3.3 Influence of species and soil type on decomposition 

8.3.3.1 Dry weight losses in a litterbag experiment 

Time and species significantly influenced dry weight loss of leaves in litterbags (two 

way ANOVA), but the interaction term was also significant, so that individual differ
ences between species have to be treated with caution (Wieder and Lang 1982). 
Decomposition rates of D. altsonii and C. rodiei leaves (both species growing on 

brown sand) were significantly slower than leaves of other species (Scheffe test, Ta-

168 



ble 8.6). Decomposition rates of species growing naturally on white sand and E. 

sagotiana (a brown sand species) were generally not significantly different. After 5 
months of decomposition between 24% (C. rodiei on brown sand) and 55% (E. fal
cata on white sand) of the original weight was lost. 

Neither C. rodiei nor E. grandiflora showed a significant difference in decomposition 
rates when placed on the contrasting soil type. Leaves of D. altsonii (naturally occur

ring on both soil types) showed a different rate of decomposition depending on the 
soil type of which they originated. From this species the leaves originating from trees 
growing on brown sand decomposed significantly slower than leaves originating from 
trees growing on white sand (Table 8.6). However, the decomposition rates of these 
leaves have only been tested on the soil type they originated from, so the difference 
may have been caused by both resource quality (i.e. chemical and physical proper
ties of leaves) and site characteristics. 

To ease comparison between species and with decomposition experiments carried 
out at other locations in tropical rain forest, the parameters of the single exponential 
model have been calculated. Values of k as derived from the single exponential 
model are shown in Table 8.6 together with the percentage weight loss in 365 days, 
as predicted by this model. This model gave a good fit as indicated by the high per
centage of explained variance by the model. 

Table 8.6: Values of k according to the negative exponential model and calculated weight losses after 

one year of decomposition. Different small letters indicate significant differences in decomposition rate 

between species (posteriori Scheffe test). 

species naturally decomposed k r2 % loss after one 

occurring on: on: year 

Dicymbe altsonii brown sand brown sand 0.82° 0.99 55.8 

Eschweilera sagotiana brown sand brown sand 1.23ab 0.98 70.8 

Chlorocardium rodiei brown sand brown sand 0.69° 0.98 50.0 

Chlorocardium rodiei brown sand white sand 0.67° 0.96 48.7 

Eperua grandiflora white sand brown sand 1.16b 0.97 68.6 

Eperua grandiflora white sand white sand 1.38ab 0.97 74.8 

Dicymbe altsonii white sand white sand 1.29•b 0.91 72.4 

Eperua falcata white sand white sand 1.49• 0.95 77.5 

8.3.3.2 Nutrients 

After five months the concentration of N increased from an initial 10 - 15 mg g·1 to 12 

- 25 mg g·1 in the decomposing leaves (Table 8.7 and Figure 8.1 ). This trend was

similar for all species. The two Eperua species showed the lowest N contents, both
as fresh litter and after five months of decomposition. In five months there was hardly

any net release of N because the loss of dry weight was balanced by the increase in
N concentration (Figure 8.1 ). The same was observed for P. The concentration in the
decomposing leaves rose slightly as the decomposition progressed and virtually no

net mineralisation occurred within the period of study.
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Table 8.7: Initial leaf nutrient concentration for the species under study. 

N p K Ca Mg 

mgg·'
mg g·'

mgg·'
mg g·'

mgg·•

white sand species 
Oicymbe altsonii 12.3 0.14 1.1 7.9 2.8 

Eperua falcata 9.7 0.14 1.6 6.6 1.7 

Eperua grandiflora 10.3 0.29 2.0 13.2 2.1 

brown sand species 
Chlorocardium rodiei 13.8 0.16 0.7 4.7 3.2 

Eschweilera sagotiana 13.1 0.13 0.9 2.7 1.6 

Dicymbe altsonii 15.2 0.23 1.6 3.8 2.8 

The concentrations of Ca and Mg remained relatively constant during the process of 

decomposition, so the net release was proportionally similar to weight loss. The con

centration of Ca in brown sand species was clearly lower than the concentration in 

white sand species, therefore the net release was also lower. K was released most 

rapidly. About 50% of the original amount was released within three months of de

composition. 

8.3.4 Decomposition in a large logging gap 

8.3.4.1 Dry weight losses in a litterbag experiment 

Decomposition was significantly influenced by treatment and leaf type, the interaction 

term was not significant (two way ANOVA). Dry weight loss of shed (brown) leaves 

was significantly slower than that of fresh (green) leaves. Brown leaves in the open 

area of the gap decomposed slower than leaves in closed forest (Scheffe test). 

Weight loss of fresh leaves was most rapid in the crown zone of the gap, although 

not significantly faster than that of fresh leaves in the forest (Table 8.8). 
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Figure 8.1: Dry weight and Ca, K, Mg, P and N quantity(%) relative to the initial quantity present dur

ing a litterbag experiment over 150 days using three brown sand and three white sand species. The 
addition exch. after the species name indicates that the leaves were decomposed on the contrasting 
soil type. 
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Table 8.8: Estimated value of k (and explained variance) by the single exponential model for Chloro
cardium rodiei leaves (n=35). Different letters indicate significant differences in decomposition rate 
(Scheffe test). 

treatment k r2 % loss after one year 

brown leaves in closed forest 0.62" 0.90 46 

green leaves in closed forest 0.74 c 0.87 52 

brown leaves in open zone of gap 0.50 a 0.91 39 

green leaves in crown zone of gap 0.85 c 0.92 58 

8.3.4.2 Nutrients 

The two types of C. rodiei leaves (fresh green and shed brown) differed in initial nu

trient concentrations, probably as a result from leaf age and retranslocation proc

esses before the leaf was shed (see also Raaimakers 1995). The initial contents of 

K, P and N were higher in green leaves than in brown leaves. Levels of Mg on the 

other hand, did not differ and whereas the concentration of Ca was slightly higher in 

brown leaves (Table 8.9). 

In all treatments N concentrations in the decomposing leaves had increased after 

340 days, except for brown leaves in the skidder zone of the gap, where N concen

trations were fairly constant (Table 8.9). Between 55 % (green leaves, crown zone of 

the gap) to 80 % (brown leaves, closed forest) of the original N was still present after 

one year (Figure 8.2). P was immobilised in the brown leaves, whereas in the green 

Table 8.9: The initial concentration, the percentage of the original nutrient quantity still present in the 
leaf tissue after one year of decomposition and the amount of nutrients released per gram of original 
leaf material after a year. Different letters indicate significant differences in dry weights between groups 
(p<0.05, Scheffe test). 

leaf type/ dry Ca K Mg Na p N 
treatment weight 

original green 2.65 2.45 3.23 3.00 0.39 19.1 
concentration (mg g·1) brown 3.04 0.77 3.10 2.62 0.14 15.8 

% remaining after 340 brown/forest 56.6" 24.5 32.3 11.0 5.4 90.5 78.8 
days of decomposition green/forest 48_6. 13.1 6.6 3.7 44.8 67.6 

brown/gap 63.oc 38.0 7.1 5.8 97.3 67.4 
green/gap 42.2· 34.9 14.6 16.7 4.0 55.5 52.1 

quantity released brown/forest 2.27 0.57 2.66 2.48 0.01 3.4 
after 1 year of green/forest 2.37 >1.84 3.14 2.76 0.21 6.2 
decomposition (mg g·1) brown/gap 1.93 >0.45 3.02 2.49 0.00 5.1 

green/gap 1.65 2.37 2.57 3.00 0.18 9.2 
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leaves about 50 % of the original P had been released. Mg concentrations de

creased from about 3 mg g·1 to about 1 mg g·1 after 140 days of decomposition. K 

was rapidly released, particularly in the green leaves, which had a higher initial con

centration. After 340 days less than 20 % of the original K was remaining. Ca con

centrations decreased with progressing decomposition, except in green leaves in the 

closed forest, where the Ca concentration raised over the last 200 days. Between 13 
(green leaves in closed forest) to 40% (green leaves in the gap) of the initial Ca was 

still present in the leaves after 340 days. 
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Figure 8.2: Dry weight and quantities of Ca, K, Mg, Na, P and N during a litterbag experiment over 365 
days with green and brown leaves of C. rodiei, in closed forest, and the skidder zone and gap zone in a 
large (3440 m2) logging gap. 
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8.4 DISCUSSION 

8.4.1 Cotton strips 

Cotton decomposition was faster in brown sands, which seemed to confirm the first 

hypothesis that decomposition is faster on brown sands than on white sands. The 

brown sands do have a more favourable soil moisture retention curve (Chapter 3, 

Eernisse 1991, Jetten 1994), so they probably had a higher average moisture content 
than the white sands, which was found to be positively associated with the rate of cel

lulose decomposition (Latter and Shaw 1988). Brown sands are less acid and have 
higher total nutrient contents (Chapter 3), both of which were found to be positively cor

related with cotton decomposition rates (Latter and Harrison, 1988). Cotton decompo

sition rates decreased with depth, which is common in well drained terrestrial ecosys

tems (e.g. French 1988, Howson 1988, Vickery and Floate 1988, Maltby 1988). 

Cotton strips have also been used to evaluate decomposition rates in Sabah, Malaysia 

and in the Brazilian Amazon (Maltby 1988, Proctor et al. 1988). The Brazilian study in

cluded a comparison of podzols and oxisols, to a certain level comparable with respec

tively white sands and brown sands in Guyana. The results of this study were reported 

in tensile strength loss per day, which was recalculated here into CT50 using the re

gression equation as given by Ineson et al. (1988). In Sabah decomposition rates were 

compared in three forests at different altitudes. The results of the humid tropical stud

ies (including the present) are shown in Figure 8.3. 
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Figure 8.3: CT-50 (time to lose 50% of the initial tensile strength) for cotton strips at various depths in the 
soil. Data from this study, Brazil (Maltby 1988) and Sabah (Proctor et al. 1988) 
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The cotton decomposition rates in this study were relatively slow. Only in Sabah 
(870m) cotton decomposition was slower. The faster decomposition at the oxisol site in 
Brazil compared to the podzol corroborates with the results of this study. The low ab

solute cotton strip decomposition rates in the present study may have been caused by 

the relatively low precipitation during the experiment (about 25 mm in the first 14 days, 
another 55 mm between 14 and 28 days and another 50 mm between 28 and 36 

days). 

Remarkably enough, in the Guyanese white sands and the tropical podzol in Brazil 

most decomposition activity was at 5 cm depth, contrary to all other soils that show a 

decreasing decomposing activity with depth. Although the reason is not known it is hy
pothesised that rapid desiccation of the upper few centimetres in these pure sand soils 

contributes to a relatively low activity of the soil decomposer community in the topsoil 
during dry periods. 

The results of the cotton strip experiment suggest faster decomposition in Mixed Forest 

on brown sand, which is opposite to the results of the other decomposition experi
ments carried out. These contrasting results cast further doubt on the benefits of the 

cotton strip method, which were already brought forward by Howard (1988). The 
method can be used as an adjunct to other methods, but it is unwise to use the results 

on their own if an evaluation of overall decomposition is required for an ecosystem. 

8.4.2 Standing stock of litter on the forest floor 

There was more litter on the forest floor under Mixed Forest on brown sands than un

der Dry Evergreen Forest on white sand. Despite the larger litterfall amounts in Mixed 
Forest (Chapter 7) the ratio between annual litterfall and forest floor litter was still larger 

for Dry Evergreen Forest indicating faster decomposition on the white sands. This was 
not in line with the hypothesis that decomposition would be faster on brown sands, 

which was based on other comparative studies in humid tropical rain forests (section 

8.1 ). This result is also in contrast with the results of the cotton strip experiment, that 
indicated a faster decomposition potential under the mixed forest on brown sands. Ap
parently the site conditions on white sands are not always as unfavourable for decom

position as has been suggested in reviews by several authors (cf. Anderson and Swift 

1983, Vitousek and Sanford 1986,). 

Contrasting to the relatively rapid decomposition rates found in this study on white 

sands, several other workers have reported thick litter layers and corresponding slow 

decomposition rates on white sand soils. For example Stark (1970) found an extremely 

thick litter layer (almost one meter) in Dimorphandra ("Dakama") forest on white sands 

in Surinam. In a similar forest and soil type combination in Guyana, Cooper (1982) 
found also considerable litter accumulation on the forest floor, but not in nearby mixed 

xeromorphic woodland on the same soil type. This points to an effect of litter quality 
rather than general adverse site conditions in white sand areas. Also decomposition 

rates on some white sands may be retarded because of frequent waterlogging (Medina 

and Cuevas, 1990). 
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Table 8.10 shows the results of a number of studies in tropical rain forests where the 

standing stock of litter on the forest floor has been determined. 

Table 8.10: Leaf fall, small litterfall, standing stock of leaf litter and standing stock of small litter and the 

corresponding values of kl for selected sites in tropical rain forest areas. 

location leaf fall small standing standing kl kl source 

(t ha-1
) litterfall stock of stock of leaves small 

(t ha-1 ) leaf litter small lit. litter 
(t ha-1) (t ha-1) 

Guyana - brown sands 5.4 9.1 2.5 7.4 2.1 1.2 this study 

Guyana - white sands 4.5 7.7 1.5 5.3 3.0 1.5 this study 

Brazil - brown sands 5.5 7.8 2.8 6.5 2.0 1.2 Luizao (1995) 

Brazil - white sands 4.4 6.3 3.3 6.4 1.3 1.0 Luizao (1995) 

French Guyana 5.6 7.8 4.2 1.9 Puig and Delobelle 
(1988) 

Brazil 6.3 9.3 2.1 4.6 2.9 2.0 Scott et al. (1992) 
Brazil 6.1 7.6 4.0 7.2 1.5 1.1 Klinge (1973)1 

Trinidad 6.8 4.2 1.6 Cornforth (1970) 
Trinidad 7.0 3.9 1.8 Cornforth (1970) 
Sa bah 6.5 8.7 2.5 17.8 2.6 0.5 Burghouts (1993)2 

Sarawak - dipterocarp 5.4 7.7 3.2 5.9 1.7 1.3 Anderson et al.(1983) 
Sarawak - heath 5.6 8.1 3.9 6.1 1.4 1.3 Anderson et al.(1983) 
Malaysia - dipterocarp 5.4 7.5 3.1 4.9 1.7 1.5 Gong and Ong (1983) 
Australia - Pin Hill 9.7 4.4 2.2 Spain (1984) 
Australia - Gadgarra 8.6 6.3 1.3 Spain (1984) 
Cameroon 13.5 10.8 2.2 Songwe et al. (1995) 
Ivory Coast- Banco (p) 8.1 2.5 3.3 Bernard (1970) 
Ivory Coast - Banco (v) 7.8 2.1 3.8 Bernard (1970) 

1 in Proctor 1983
2 excluding small woody parts, including coarse and fine trash

The standing stock of leaf litter under the dry evergreen forest on white sands was the 

lowest from all of the above studies. The corresponding decomposition constant kl 

(leaves) was on the upper side of the range found, and the value is comparable with 
Maraca island, Brazil (Scott et al. 1992), Sabah (Burghouts 1993) and Ivory Coast 

(Bernard 1970). The standing stock of small litter and the corresponding kl for Mixed 
Forest on brown sands were in the middle of the range reported. The definition applied 

for small litter in the various studies and the subjective distinction between litterfall 
mass and soil organic mass do probably cause part of the variation found in kl values 

(cf. Proctor 1987, Duivenvoorden and Lips 1995, Burghouts 1993) and therefore it is 

difficult to draw conclusions from the comparison between different studies. Difficulties 
in comparing results are similar for the turnover rates of individual nutrients in small lit

ter. Based on the litterbag experiments, slow turnover was to be expected for N and P, 

whereas Ca, Mg and certainly K were expected to cycle rapidly since these elements 

were most quickly removed from individual decomposing leaves. The present data 

suggest that the turnover of all individual nutrients is slower than dry weight, including 

the cations, which is hard to explain. The single date of sampling may have biased the 
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results, since in this period D. altsonii was dropping a large crop of flowers, which often 
contain large concentrations of K (Luizao 1995, Scott et al. 1992). No plausible expla
nation could be found for the slow turnover rates of Ca and Mg. The turnover rates for 
all elements are slow compared to other tropical rain forests (Anderson et al. 1983, 
Burghouts 1993, Luizao 1995, Scott et al. 1992). 

8.4.3 Influence of species and soil type on decomposition 

The slow decomposition from C. rodiei and D. altsonii leaves (both growing on brown 
sands) confirmed the observation from the litter standing stock experiment that de
composition rates are slower under Mixed Forest on brown sands. The range in k 

values fitting in the single exponential model was 1.3 to 1.5 for the species growing 

on white sand and 0.7 to 1.2 for the species growing on brown sand, the corre

sponding weight losses after one year were 72 - 77% and 50 - 71 %. Except for the 
African forests where decomposition rates are apparently faster than elsewhere, the 
decomposition rates of leaves in litterbags in this study were in the middle to upper 
part of the range (Table 8.11 ). 

Table 8.11: Weight loss after one year (measured or estimated with the single exponential model) in 

various litterbag studies in tropical rain forests. Values between parenthesis are not given by the author 
but have been calculated with the linear exponential model. 

location 

Guyana 
French Guyana 
Ivory Coast 
Sarawak 
Malaysia 
Cameroon 
Sri Lanka 

% loss 

50-77
42-482 

153-212
50-65
471 

63 

1 estimate over 11 months 
2 estimate over 6 months

0.7 - 1.5 

1.6 - 4.2 

0.9 

source 

this study 

Kiffer et al. (1981) 
Bernard-Reversat (1972) 
Anderson et al. (1983) 
Gong and Ong (198?) 
Songwe et al. (1995) 

Maheswaran and Gunatilleke 
(1988) 

Since the decomposition rates of leaves tested on both soil types did not differ, it was 
concluded that the differences in decomposition rate were caused by differences in 

the substrate quality, i.e. physical and chemical characteristics of the leaves. This 

corresponds with the findings of Ewe! (1976) in Guatemala, where loss of dry weight 

in litterbags was not affected by differences in sites (in his case different ages of 
successional forests), except for cleared areas (see next section). 

Chemical characteristics that were shown to influence leaf decomposition rates in 
other studies are N content, P content, lignin content , N : lignin ratio and polypheno

lic content (Tanner 1981, Taylor et al. 1989, Palm and Sanchez 1990, O'Connell 

1994, Gosz et al. 1973, Maheswaran and Gunatilleke 1988, Taylor et al. 1989). In 
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this study no positive correlation was found between initial nutrient contents in the 

leaves and decomposition rate, but rather a significant negative relation was found 
between N content and decomposition rate (r = -0.85, p < 0.05). A negative relation 

of N content with decomposition rates was also found in a fertilised Eucalypt forest in 

Australia (O'Connell 1994) and for a number of species in Guatemala (Ewel 1976). A 

lack of positive response to N concentration was also found in 5 decomposition ex
periments in temperate forests (Prescott 1995). 

Raaimakers (unpublished data) analysed lignin contents of the leaves of 4 Guyanese 

tree species including the leaves C. rodiei and D. altsonii (the species most resistant 
to decomposition), having concentrations of 4.0 and 2.9 % respectively. This is small 

compared to the values given by Anderson et al. (1983) for mixed leaves in four 
tropical lowland forest types (range 31 - 40%) and less than the values given by 

Palm and Sanchez (1990) for three leguminous species in the Peruvian Amazon 

(range 10 - 16 %). Since in these two studies no clear relation was found between 

lignin content and decomposition rate it is assumed that the low lignin contents found 

in the leaves of the species currently used can not lead to the differences in decom
position rates found here (cf. Taylor et al. 1989). 

Physical characteristics of the leaves under study were not investigated specifically. 
However no obvious differences were found after manual and visual examination of 
leaf hardness and thickness. Moreover the leaves of D. altsonii obtained from trees 

on both soil types were not obviously physically different. It therefore seems unlikely 

that physical leaf characteristics explain the differences in decomposition rates be
tween the various leaves. 

Phenolic content has been suggested as an important constituent in controlling de
composition rates (Anderson and Swift 1983), but Anderson et al. (1983) were not 
able to relate any indicator of substrate quality to decomposition rate. Palm and 
Sanchez ( 1990), however, concluded that high polyphenolic concentrations caused 
slower decomposition rates in their litterbag experiments in Peru. Since no other ex
planatory variable was found, the differences in decomposition rates in this study 

might be due to differences in polyphenolic content but unfortunately no information 

is available. 

The release of nutrients by decomposition was in the order K > Mg ;c: dry weight ;c: Ca 

;c: P ;c: N. This order is often found in release of nutrients, although in some cases Mg 

is released faster than K. (Maheswaran and Gunatilleke 1988, Gosz et al. 1973, 

Songwe et al. 1995, Anderson et al. 1983). The relative slow release of N and P is 

common because the C:N and the C:P ratios in decomposers is generally much 

larger than in plant tissue (Gosz et al. 1973). 

8.4.4 Decomposition in a large logging gap 

Within the closed forest green leaves decomposed faster than brown leaves, and 

moreover nutrient release patterns differed. After one year no P was released from 

brown leaves compared to about 50% of the P originally present in green leaves 
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(Table 8.9). Similarly for other nutrients, percentages of the original quantity present 
are lower for green leaves and quantities released are higher per unit of weight, also 
because initial concentrations are higher. These results implicate that if the purpose 
of a study is to describe the decomposition process representative for "undisturbed" 
conditions", naturally shed leaves should be used and not green leaves picked from 
a tree. 

The comparison of decomposition rates between closed forest and two sites in a 
logging gap indicated that there was no uniform effect of logging gaps on decompo
sition rates. In the open zones of the gap decomposition rates were slower than in 
adjacent closed forest. The slow decomposition rate in the open area of the gap is in 
line with the results of Ewel (1977), who found 10 to 18 % slower rates of decompo
sition in a cleared area, which is in the same order of magnitude as the difference 
found in this study. Similarly, Maheswaran and Gunatilleke (1988) found consider
able slower decomposition in a fernland compared to an adjacent undisturbed rain 
forest. Vitousek and Denslow (1986) found lower nitrogen mineralisation and phos
phorus concentrations in the root throw zone of a natural gap, but did not find differ
ences in the crown zone. 

Van Brunschot and de Lange (1992) measured temperatures in the soil and at the 
soil surface of the experimental gap. On sunny days they measured temperatures of 
almost 50°C in the litter layer of the central part of the gap, versus maximum tem
peratures of 28 °C in adjacent closed forest. Schultz (1960) measured repeatedly 
temperatures of up to 45 °C at 2 cm depth in a large clearing in Surinam, versus 26 
°C in closed forest and a small gap. Van Brunschot and de Lange (1992) also deter
mined air temperatures and relative air humidity at both sites. On a sunny day rela
tive humidity reached a value of 46 % at a temperature of 32 °C in the large gap ver
sus 64% relative humidity at 28 °C in closed forest. These conditions point to rapid 
desiccation of - and high temperatures in - the litter layer in the centre of the gap, 
causing harsh conditions for decomposer organisms and probably causing the slow 
decomposition rates here (cf. Ewel 1977, in Guatemala). An observation supporting 
the assumption of low activity of decomposing organisms is the moderate increase of 
N concentration in the leaves of the gap centre compared to the leaves in the closed 
forest, because the rise in N is presumably due to microbial activity. 

However, during a selective logging operation not only open zones are created but 
also areas where the crowns of the felled trees remain on the forest floor. In such a 
site, decomposition of green leaves is relatively rapid, although not significantly 
faster than in closed forest. The conditions here are not as harsh as in the open 
centre of the logging gap (in terms of temperature and dryness), certainly not within 
the massive litter layer where the experimental leaves were located. Thus, in this 
zone there is a large, sudden input of leaves with a relatively high nutrient content 
that decompose relatively fast. Altogether this implies that in the crown zones of log
ging gaps a large pulse of nutrients will be released during the first year or so (Table 
8.8). This pulse of nutrients released by decomposition can either be leached with 
infiltrating rain water, taken up by surrounding or establishing vegetation or tempo
rarily stored in the soil (Chapter 5). 
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But, tree falls associated with Jogging also leave on the forest floor a massive bulk of 
nutrient-poor, highly lignified material in the form of stumps and branch debris 
(Anderson and Swift 1983). Together with the coarse dead roots these form a localised 
centre of low quality resources. Studies in temperate forest have shown that as de
composition of these materials proceeds, the materials may become enriched by up
take of nutrients from rainfall or by colonising animals (Binkley 1986). Consequently, 

after a rapid release of nutrients from leaves, there may follow a phase in which the 

immobilisation of nutrients in the surroundings of a piece of decomposing wood causes 

a scarcity of nutrients at such a location (Anderson and Swift 1983). Ultimately, how
ever, these nutrients will be released. 

The quantity of roots and fungi invading the leaves in the litterbags was assessed 
qualitatively for the bags recovered after 260 and 340 days. The amount of roots found 
in Jitterbags decreased in the order green leaves in forest, brown leaves in forest, 

green leaves in gap, brown leaves in gap. The amount of fungi invading the litterbags 
decreased in the order green leaves in gap, green leaves in forest, brown leaves in 

forest, brown leaves in gap. Litterbags heavily invaded by roots generally showed a 
relatively large weight Joss and low Ca concentrations, suggesting that roots are ac
tively involved in the decomposition process and supporting the hypothesis that tropical 
rain forests on infertile oxisols/ultisols are limited by Ca (cf. Cuevas and Medina 1988). 
Furthermore the leaves in bags invaded by roots seemed to have relatively low Mg 
concentrations and relatively high N and P concentrations, but these observations 

were Jess conclusive. 

8.5 CONCLUSIONS 

Overall decomposition rates are relatively high in the forest types under research. This 

was demonstrated by the fast turnover of litter on the forest floor. 

It was hypothesised that decomposition under Dry Evergreen Forest on white sand 

was slower than under Mixed Forest on brown sand, but this hypothesis was rejected 
since it appeared that decomposition was faster under Dry Evergreen Forest on white 

sands (kl for leaves 3.0) compared to Mixed Forest on brown sands (k
l for leaves 2.1 ). 

This was confirmed in the litterbag study in which two dominant species in the mixed 
forest occurring on the brown sands showed the lowest decomposition rates. 

The results of the cotton strip assay point to more favourable conditions for decompo

sition in brown sands, since cellulose was decomposed faster in brown sands than in 

white sands. However, soil type appeared to have no direct influence on decomposi

tion rates of leaves, since Jitterbags containing leaves of the same species showed the 
same decomposition rate indifferent of the soil type where they were put on. 

It must be concluded that the influence of soil type (and possibly the associated de

composer community) on the overall decomposition rate is small and of minor impor

tance compared to differences observed between different species. Although it is clear 

from the present experiments that the quality of the decomposing leaf material is the 
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most important factor, the nature of this quality difference between species is unknown, 
but it is not the initial nutrient content and probably not the lignin content. 

The contradictory results from the cotton strip assay and the other methods of decom
position measurements show that the decomposition rates of pure cellulose are not 
representative for the decomposition process as taking place in "natural" substrate. 
Therefore the benefit of this method is limited, although it helped to show that substrate 

quality, and not soil type and associated decomposer community, was important in ex

plaining differences in decomposition rates in these forests. 

The fact that decomposition rates were rather rapid under Dry Evergreen Forest, again 
suggests that the general view on tropical rain forests growing on white sands as being 

improductive, N limited and having low decomposition rates (cf. Anderson and Swift 

1983, Vitousek and Sanford 1986) needs adaptation (see also Chapter 7). The rea
sons for these phenomena thought to be representative for white sand forests are 

probably the frequent occurrence of imperfect drainage and/or disturbance in a number 
of important study sites (Chapter 7). 
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9. CONCLUSIONS AND RECOMMENDATIONS

FOR FOREST MANAGEMENT

9.1 THE NUTRIENT CYCLE: AN OVERVIEW 

In the preceding Chapters, different aspects of the nutrient cycle in the forests under 

study have been quantified and discussed. Tables 9.1 and 9.2 give a complete over

view of the nutrient cycle in Dry Evergreen Forest growing on white sands and Mixed 

Forest growing on brown sands. Most of the data in tables 9.1 and 9.2 were collected 

in this study, but inevitably not all aspects could be measured directly. In an attempt 

to create a complete overview, missing data were added from comparable forests in 
Amazonia and the Guianas. Examples of missing information include the nutrient 

contents of the biomass, coarse litterfall and root turnover rates. In the following an 

explanation is given as to how the missing values were estimated. 

Biomass and nutrient stores in Mixed Forest: The median value of the total biomass figures 
(500 t ha-1) and the associated nutrient quantities from four "Terra Firme" forests in northern

South America were used (see Table 3.8). In these studies approximately 20% of the bio
mass was found in the root mass, which is also used here (100 t ha-1). This is considerably
more than the amount of fine roots reported in Table 3. 6 (39 t ha-1), but those data excluded
coarse roots and areas close to trunks. 

Biomass and nutrient stores in Dry Evergreen Forest: No data are available for comparable 

forests. The basal area (using stems of 0 > 15 cm only) of Dry Evergreen Forest was 73% 
of the basal area in Mixed Forest. Dry Evergreen Forest was also lower, but probably con

tained much more small stems (0< 15 cm, Table 3.5). The total biomass was therefore set 

to 73% of the Mixed Forest biomass (370 t ha-1). The root : shoot ratio used in this forest was

set to 0.5 (cf Tall Caatinga, Medina and Cuevas 1989), resulting in a root biomass of 120 t 
ha·1. Nutrient concentrations in the biomass of Dry Evergreen Forest and Mixed Forest are
probably different (see for example differences in nutrient concentrations of litterfall, Table 
7.2). No differences were found between the retranslocation % of nutrients in leaves from 
three species in Dry Evergreen Forest and three species in Mixed Forest (Prinsen and 

Straatsma 1992), therefore the ratios between nutrient contents in litterfall from both forest 

types were used here to calculate the nutrient concentrations in the biomass of Dry Ever

green Forest from those in Mixed Forest. 

Coarse litterfall: Lescure et al. (1990) reported a turnover of large woody parts of 1.1 % per 
year for forests in French Guyana, resulting from gap formation and fall of branches etc. This 
turnover rate is used here. 

Root turnover: Little information is available on root turnover in tropical rain forests (Proctor 

1987, Vitousek and Sanford 1986). Sanford (1985, in Vitousek and Sanford 1986) estimated 

turnover of fine roots (< 2 mm) to be 25% in a Venezuelan oxisol under Terra Firme Forest, 

yielding a much larger rate of nutrient turnover via roots than via above ground litterfall. The 
ratio of coarse roots to fine roots was assumed to be 1 (Klinge 1976, Stark and Spratt 1977). 

Following Noij et al. (1993) a turnover rate of 1 year for fine roots, and a turnover rate for 

coarse roots which was double the rate of above ground woody parts, i.e. 2. 2% per year, 
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were assumed here. It is further assumed that 50% of the nutrients in fine roots is retrans!o

cated before death, except for Ca which is very immobile in plant tissue (Binkley 1986, Vi
tousek and Sanford 1986). 

Coarse forest floor litter: Lescure et al. (1990) reported 15. 5 t ha·1 of dead large litter in 
French Guyana, Ohler (1980) reported 22.6 t ha·1 for Surinam. In both cases this was about 
5% of the total above ground biomass, which proportion was applied here. Nutrient concen

trations in large forest floor litter were assumed to be not substantially different from nutrient 
concentrations in the living biomass (cf in Surinam forest, Poets 1987). 

Table 9.1: Overview of estimated nutrient stores (kg ha-1
) and nutrient fluxes (kg ha·1 yr-1) in Dry Ever-

green Forest on white sands. Figures have been rounded off, unless they were determined in this 
study. 

N p Ca K Mg 

input - output (kg ha·1 yr·1 J
atmospheric deposition (ad) (1) 3.0 0.13 2.6 3.3 1.3 

weathering (w) (2) 0 0 0 0 0 
leaching (I) (3) 2.8 0.05 2.3 2.6 1.3 

input - output: ad + w - I (4) 0.2 0.08 0.3 0.7 0.0 

compartments (kg ha-1) 

total above ground living biomass (agb) (5) 1400 40 1000 500 150 
root biomass (rb) (6) 700 20 500 250 75 

small forest floor litter (sffl) (7) 90 1.4 65 10 30 
coarse forest floor litter ( cffl) (8) 70 1.9 50 25 10 
available soil nutrients (asn) (9) 17 22 13 5 

total soil nutrients (tsn) (10) 1400 60 300 80 70 

above gr. biomass/avail. soil nutr.: agb I asn (11) 2.4 45 38 30 
above gr. biomass/total soil nutr.: agb I tsn (12) 0.7 3.3 6.3 2.1 

internal fluxes (kg ha·1 yr·1) 

throughfall (tf) (13) 6 0.3 5 11 3 
small litterfall (slf) (14) 84 1.6 55 16 12 

coarse litterfall ( elf) (15) 16 0.4 11 5 2 
total flux canopy to soil and v.v.: tf + slf + elf (16) 106 2.3 71 32 17 

root turnover (rt) (17) 190 4.9 150 65 20 
total internal fluxes: tf + slf +elf+ rt (18) 295 7.2 220 95 37 

tf I (tf + slf + elf) (19) 0.06 0.13 0.07 0.34 0.18 
slf I (tf + slf + elf) (20) 0.79 0.70 0.77 0.50 0.71 

asn /slf (21) 11 0.4 0.8 0.4 

living biomass/atm. deposition: (agb + rb)/ad (22) 700 460 580 230 175 

total internal fluxes I atm. dep. (23) 100 55 85 30 30 
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Table 9.2: Overview of estimated nutrient stores (kg ha·1) and nutrient fluxes (kg ha·' yr') in Mixed
Forest on brown sands. Figures have been rounded off, unless the were determined in this study. 

N p Ca K Mg 

input - output (kg ha·' yr·') 
atmospheric deposition (a) (1) 3.0 0.13 2.6 3.3 1.3 

weathering (w) (2) 0 0 0 0 3.4 

leaching (I) (3) 2.8 0.05 2.3 2.6 4.7 

input - output: ad + w - I (4) 0.2 0.08 0.3 0.7 0.0 

compartments (kg ha·') 
total above ground living biomass (agb) (5) 2150 60 750 550 250 

root biomass (rb) (6) 550 15 200 150 60 

small forest floor litter (sffl) (7) 125 1.9 43 18 46 

coarse forest floor litter ( cffl) (8) 107 2.9 38 28 11 

available soil nutrients (asn) (9) 12 13 24 5 

total soil nutrients (tsn) (10) 2900 220 170 350 350 

above gr. biomass/avail. soil nutr.: agb I asn (11) 5 58 23 50 

above gr. biomass/total soil nutr.: agb I tsn (12) 0.74 0.3 4.4 1.6 0.7 

internal fluxes (kg ha·1 yr·')
throughfall (tf) (13) 7 0.3 3.5 13 3 

small litterfall (slf) (14) 118 2.2 34 18 17 

coarse litterfall ( elf) (15) 24 0.6 8 6 2.5 

total flux canopy to soil and v.v.: tf + slf + elf (16) 150 3 45 35 23 

root turnover (rt) (17) 140 4 95 35 15 

total internal fluxes: tf + slf + elf + rt (18) 290 7 140 70 38 

tf I (tf + slf + elf) (19) 0.05 0.10 0.08 0.37 0.13 

slf I (tf + slf + elf) (20) 0.79 0.73 0.76 0.51 0.74 

asn I slf (21) 5.5 0.4 1.3 0.3 

living biomass/atm. deposition: (agb + rb)/ad (22) 900 575 365 210 240 

total internal fluxes I atm. dep. (23) 100 55 55 20 30 

Despite the poor and acid soils of the study area (Chapter 3), Mixed Forest on brown 
sands and Dry Evergreen Forest on white sands are fairly productive through a rapid 
internal nutrient cycling. The decomposition rates of small litter in the Guyanese for
ests were relatively rapid and in the upper range reported for tropical rain forests on 
infertile soils (Chapter 8), whilst litterfall was in the low to middle part of the range re
ported (Chapter 7). Lescure et al. (1990) found an annual growth rate (diameter in
crements) amounting to 56% of the annual small litterfall in French Guyana. Applying 
the same ratio, an annual growth of 5.1 t ha·' is derived for Mixed Forest and 4.3 t ha· 
1 for Dry Evergreen Forest, but actual growth measurements will be reported else
where (van der Hout in prep. and Zagt in prep.). 

The major stores of nutrients in the ecosystem are the living biomass and the soil, at 
least when total nutrient contents are considered (5.6.10).ln dry Evergreen Forest. N 
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and P stores in the aboveground biomass and soil (total) are of the same order of 

magnitude, but for Ca, K and Mg total soil nutrients are 2 - 6 times less than in the 

biomass (Tables 9.1 and 9.2, 12). In Mixed Forest the N,P and Mg stores in the 

aboveground biomass are 30 - 75% of the stores in the soil ("total nutrients"), but 

more Ca and K is present in the aboveground biomass than in the soil ( 12). 

The quantity of available soil nutrients is small, and for the cations less than the cor
responding amounts cycled annually in small litterfall (21). Small litterfall is the major 

pathway for nutrient transfer from the canopy to the forest floor (20). Small litterfall 

transfers in the order of five times more nutrients to the forest floor than coarse lit

terfall, and coarse litterfall transfers more nutrients from the canopy to the forest floor 
than throughfall, except for K and Mg, for which throughfall accounts for 35 and 15% 

of the total flux respectively (19). 

The root biomass forms the largest below-ground store of Ca and K in Dry Evergreen 
Forest on white sand and of Ca in Mixed Forest on brown sand (6, 10). The turnover of 

roots is responsible for approximately half of the nutrients transferred annually from 
the living biomass to the soil in Mixed Forest and for about two third in Dry Evergreen 
Forest ( 17, 18. cf. Noij et al. 1993, Vitousek and Sanford 1986). The uncertainty in the 
estimates on root turnover is rather large, however, since no measurements were 

carried out on root turnover in the forests under study. 

The amounts of nutrients entering and leaving the ecosystem are small compared to 
the combined internal nutrient fluxes, i.e. litterfall, throughfall and root turnover, re
sembling the forests of Central Amazonia in this respect (1. 2. 3. 18. 23. Brinkmann 
1985). For N, P and Ca the internal fluxes are 50 - 100 times larger than annual nu

trient inputs, whilst for K and Mg they are about 30 times larger (23). The amounts of 
N, P and Ca stored in the biomass are in the order of 500 times the annual atmos
pheric inputs. For K and Mg this ratio is in the order of 200 times (22). These ratios 

give the order of magnitude of the time required to build up the nutrient reserves of 
these forests, although the actual time needed is larger since at the same time 

leaching losses occur. The magnitude of these ratios at the same time demonstrate 
the sensitivity of these forests to disturbance. 

Weathering is almost certainly insignificant in Dry Evergreen Forest, and for most 

nutrients also in Mixed Forest. Mg weathering occurs in significant quantities where 

the brown sands are underlain by dolerite (2). Whether the Mg released by weather

ing is within reach of the roots of the forest is not clear. The only significant input to 

the ecosystem is thus via atmospheric pathways. 

The differences in nutrient cycling under Mixed Forest and Dry Evergreen Forest are 

clear, but in general not very large (Table 9.1 and 9.2). Mixed Forest cycles less Ca 

and slightly more N than Dry Evergreen Forest. The aboveground productivity and 

the aboveground biomass are somewhat larger in Mixed Forest (5, 16), but this might 

well be compensated by a greater below-ground productivity in Dry Evergreen Forest 
(6, 17). 
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9.2 NUTRIENT LOSSES ASSOCIATED WITH LOGGING 

Timber exploitation inevitably leads to nutrient losses because nutrients are ex
tracted in timber. Obviously the quantity of nutrients lost to the ecosystem is propor
tional to the biomass removed. Additionally nutrient leaching is enhanced after log
ging. The increase of leaching is mainly caused by destruction of roots near the sur
face due to skidder activity and the absence of nearby and intact vegetation, i.e. re
lated to the size of the gaps created (Chapter 5). 

Strictly speaking, sustainability means that in time the nutrient output (natural leach
ing + enhanced leaching + nutrients extracted in timber) should be equalled by nutri
ent inputs. Since in the natural situation the outputs and inputs are balanced (Table 
4.13) leaching rates after logging should decrease to compensate for the losses as
sociated with harvested timber and temporarily increased leaching, and to enable the 
build-up of new nutrient stocks. However, lower leaching rates after logging were not 
measured in this study, nor anywhere else (Bruijnzeel 1995). In fact, the leaching 
losses in logging gaps were still greater than those in closed forest 34 months after 
logging. K formed an exception. This nutrient showed lower leaching losses in the 
logging gaps 34 months after logging (section 5.2.2.3). 

Table 9.3 shows the nutrient losses associated with the extraction of 65 m3 timber in 
Mixed Forest on brown sand while creating a gap of 3440 m2

, and the losses associ
ated with the extraction of 16 m3 of timber while creating a gap of 730 m2 (data from 
Chapter 5). As pointed out in Chapter 5, such losses can be calculated 1) on point 
basis (pessimistic calculation), assuming no interference between the created gap 
and the surrounding intact forest, and 2) on area basis (optimistic calculation), as
suming that the nutrient cycle in the recovering gap is integrated in the surrounding 
forest (e.g. by litter falling into the gap and roots from re-establishing vegetation ex
tracting nutrients in the surrounding forest). Which way of calculation is most realistic 
is a fundamental problem, but obviously the size of the created gap/clearing is ex
tremely important in this respect. 

Leaching losses in the large gap were about double the losses in the medium gap 
and represented a substantial part of the total losses, e.g. more than 50% for Mg in 
the large gap (Chapter 5, Table 5.6). 

Adopting the pessimistic calculation for the large gap (3440 m2) the nutrient losses 
through timber extraction and leaching are 30 to 260 times larger than atmospheric 
inputs (Table 9.3), indicating a recovery time of centuries rather than decades since 
the net gain (atmospheric inputs minus leaching) is obviously (much) less than the 
atmospheric inputs used to calculate the ratio. Losses are also large compared to the 
store of nutrients in the soil (0 - 30 cm) and are equal to 20 - 60 % of the total 
amounts of Ca, K, N and Mg. The nutrient losses are even 5 - 12 times larger than 
the available Mg, Ca and K in the soil (Table 9.3). That the losses are so large com
pared to the nutrient store in the soil shows that this ecosystem is vulnerable for dis
turbance and has little "buffer capacity". Based on the pessimistic calculation, a 
heavy timber extraction involving a cut of 65 m3 in an area of 3440 m3 is by no 
means sustainable. 
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Table 9.3: nutrient losses associated with logging of Mixed Forest on brown sand 

N p Ca K Mg 

nutrient losses due to extraction of 65 ml timber in a Jogging gap of 3440 m2 (large) 

pessimistic calculation 
losses in timber (kg ha-1) 590 6.7 80 60 28 

extra leaching (kg ha-1) 180 ? 24 40 31 

total losses (kg ha·1) 770 > 6.7 104 100 59 

total losses I atmospheric deposition (year) 260 > 52 40 30 45 

total losses I total soil nutrients O - 30 cm 0.3 > 0.03 0.6 0.3 0.2 

total losses I available soil nutrients > 0.6 8 5 12 

optimistic calculation 
losses in timber (kg ha·1) 203 2.3 28 21 10 

extra leaching (kg ha-1) 62 ? 8 14 11 
total losses (kg ha·1) 265 > 2.3 36 35 21 

total losses I atmospheric deposition (year) 88 > 18 14 11 16 

total losses I total soil nutrients O - 30 cm 0.11 > 0.08 0.21 0.10 0.06 
total losses I available soil nutrients > 0.17 2.8 1.5 4.2 

nutrient losses due to extraction of 16 ml timber in a logging gap of 730 m2 (medium) 

pessimistic calculation 
losses in timber (kg ha-1) 680 7.7 91 70 32 

extra leaching (kg ha-1) 90 ? 23 14 16 
total losses (kg ha-1) 770 > 7.7 114 84 48 

total losses I atmospheric deposition (year) 260 > 59 44 25 37 
total losses I total soil nutrients O - 30 cm 0.3 > 0.04 0.7 0.2 0.1 

total losses I available soil nutrients > 0.6 9 3.5 10 

optimistic calculation 
losses in timber (kg ha-1) 50 0.6 7 5 2 

extra leaching (kg ha-1) 7 ? 2 1 1 
total losses (kg ha·1) 57 > 0.6 9 6 3 

total losses I atmospheric deposition (year) 19 >5 3 2 2 
total losses I total soil nutrients O - 30 cm 0.02 > 0.01 0.05 0.01 0.01 

total losses I available soil nutrients > 0.05 0.7 0.3 0.4 

However, such a pessimistic calculation is not realistic if smaller gaps are created. 

Adopting the optimistic calculation for the medium gap (730 m2), the total nutrient 
losses resulting from the extraction of 16 m3 timber and enhanced leaching are equal 

to 2 - 19 years of atmospheric deposition. Leaving N out of consideration (because 
this nutrient also has other inputs than through atmospheric deposition) the range 
becomes 2 - 5 years. The total loss calculated in this optimistic way is equal to 30 -

70% of the exchangeable cations in the soil and equal to 1 - 5% of the total nutrients 

in the soil (Table 9.3). 
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9.3 IMPLICATIONS FOR FOREST MANAGEMENT 

What conclusions can be drawn with respect to the sustainability of logging under the 

prevailing conditions (high rainfall, poor soils) on the basis of the preceding informa

tion on nutrient cycling pathways, overall nutrient input - output budgets and nutrient 

losses associated with logging? In the following an attempt will be made to address 

the respective questions posed in Chapter 1. 

• Is logging an option for sustainable land use in the rain forest of Central Guyana?

Yes, at least as far as nutrients are concerned, and within limits (see below). Selec

tive logging can be a form of land use in which relatively few nutrients are extracted 

(see for example the timber extraction of 16 m3 ha·1 in Table 9.3). The ecosystem 

almost certainly cannot sustain more intensive forms of land use such as plantation 
forestry without application of fertiliser, since the soils are extremely poor in nutrients 

(Chapter 3). 

• Does the nutrient cycle impose restrictions on sustainable logging practices or

logging intensity, and can those restrictions be quantified?

Yes, the nutrient cycle imposes definite restrictions if the logging system is to be 

sustainable, and the restrictions can be quantified to a certain extent. The nutrient 

cycle of the undisturbed forest is closed, thus weathering does not contribute signifi
cantly to ecosystem nutrition (except perhaps for Mg on brown sands) and the only 

nutrient inputs are atmospheric (except for N, Chapter 4). The complete nutrient 

store in the biomass represents an accumulation of atmospheric inputs over many 
centuries, and perhaps even millennia (section 9.1). After clearfelling, it will take at 

least such a period to derive at such biomass levels and nutrient stores. 

It was shown in Chapter 5 and section 9.2 that the localised losses due to the ex

traction of 65 m3 of timber and leaching in the resulting gap of 3440 m2 were so large 

compared to the annual atmospheric nutrient inputs and the nutrient stores in the 
soil, that it would take centuries for the biomass to reach pre-logging levels at such a 

location. 

However, if small gaps are created the leaching losses are less and the surrounding 

intact forest smoothes the losses experienced locally. Except for N (which can possi

bly be supplied by N fixation), the extraction of 16 m3 timber in a 730 m2 gap lead to 

nutrient losses equal to 2 - 5 years of atmospheric deposition, 30 - 70% of the ex

changeable cations in the soil and less than 5% of total soil nutrients (on a ha basis, 

section 9.2). Such a nutrient loss can be replenished probably in 15 years or so. Put 

otherwise, a logging scheme based on the extraction of 1 m3 timber ha·1 yr1
, in which 

only small gaps are created is not likely to cause depletion of nutrients in the long 

term. 

• Which nutrient is most likely to impose restrictions on the sustainability of logging?
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All macro nutrients possibly impose restrictions to sustainable logging. Under undis

turbed conditions, Ca and P are cycled very efficiently in Mixed Forest and P and to 

a certain extent N are cycled very efficiently in Dry Evergreen Forest (Chapter 6,7 

and 8). It seems logical that these nutrients will also be in short supply in a recover

ing forest. However, the removal of P in timber is relatively small (in comparison with 

other macro nutrients) compared to nutrient stocks in the soil (Table 9.3). 

N is definitely not limiting for growth under undisturbed conditions, but atmospheric N 

input is small compared to the quantities of N removed in timber and lost by en

hanced leaching (Chapter 5). Other pathways of N inputs and outputs have not been 

investigated in this study, but N fixation might contribute significantly to the build-up 

of N stores after logging. 

Ca, K and Mg are present in very small quantities in the soil, and the small quantities 

of Ca are especially notable (Chapter 3). There is thus hardly any buffer in the soil 

for these nutrients, making the ecosystem vulnerable for losses (cf. Burslem et al. 

1994 ). However, the atmospheric inputs, if allowed sufficient time to accumulate, 

supply significant quantities of these nutrients. 

In conclusion, Ca, K, and Mg have strikingly low contents in the soil and definitely 

impose restrictions to the sustainability of logging. For N and P the restrictions are 

less obvious but possible. N losses associated with logging are relatively large, but 

this nutrient may be replenished by N fixation. The losses for P are relatively small 

compared to the stores of total P in the soil, but it is not clear which proportion of to

tal soil P can possibly contribute to ecosystem nutrition. 

• Which conditions specifically lead to enhanced leaching after logging and through

which measures can leaching be decreased?

The absence of sufficient living roots to take up the nutrients released by decompo
sition and mineralisation processes is the main cause for enhanced leaching 

(Chapter 5). If N released by mineralisation is not taken up by vegetation, nitrification 

occurs, leading to soil acidification, enhanced leaching of cations and raised Al levels 

in the soil (Chapter 5). The large addition of organic debris as such does not auto

matically lead to excessively enhanced leaching (see also the rather modest nutrient 

losses after refinement of a forest in Surinam, Peels 1987), but in combination with 

decreased root uptake there is of course a great leaching potential in places where 

much nutrients are released. 

The absence of sufficient living roots depends on 1) the degree of soil disturbance, 

primarily due to skidder activity and 2) the distance to intact vegetation, i.e. the dis

tance to the forest edge which is obviously related to the size of a logging gap. 

In Chapter 5 was shown that in areas with skidder activity, nutrient leaching was 

most intense. For example, in the skidder zone of a large logging gap, N losses 

through leaching during the first three years after logging were increased with more 

than 20 times compared to untouched forest (Table 5.2). Areas where no direct dis-
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turbance through skidders occurred showed consistently smaller losses of nutrients 
(10 - 80% less) through leaching. 

Similarly the leaching losses were much greater (100% more K, Mg, N and 15% 

more Ca) in a large logging gap (3440 m2) compared to a medium logging gap (730 

m2
). Leaching in the large logging gap was more important than timber extraction 

with regard to Mg losses, whilst leaching losses were about 40% of the total losses 

for K and 25% for Ca and N (Chapter 5, section 9.2). Leaching thus represents a 
substantial part of the nutrient loss associated with logging, and adopting logging 
practices that decrease leaching is worthwhile. 

Logging practices that are recommended to limit leaching losses are: 

=> Avoid unnecessary activity of skidders where possible. Especially the "pushing 

and pulling" process in a gap to manoeuvre the sawn logs in an easy position so 
that two or three logs can be winched at once is extremely disturbing to the soil, 
and the top soil roots are severely damaged. Skidder activity will be even more 
disturbing on clayey soils (cf. lateritic soils), inducing soil erosion (cf. Maimer 
1993). Winching over larger distances (up to 30 m should be no problem) is a 

better alternative, causing only a fraction of the disturbance normally caused by 
skidders. 

=> Creating a series of small gaps is preferable to one large open clearing, for two 
reasons. 1) Leaching losses increase with increasing distance to intact vegetation, 

i.e. with increasing gap size and 2) A large clearing will be the centre of a zone
where nutrients are depleted and it will take centuries before the biomass has re

covered to initial quantities (Chapter 5, section 9.2). In a series of small gaps, the
nutrient losses at such a location are moderated by the surrounding intact forest.

There now remains the question, what is the acceptable size of a gap? The large 
gap studied in Chapter 5 was 3440 m2 and experienced high losses; the medium gap 
which experienced roughly half of the leaching losses was 730 m2 • Single treefall 
gaps, which are usually not more than 200 m2 do not cause enhanced leaching. 
(Parker 1985, Uhl et al. 1988). A study, concentrating on optimal gap sizes in relation 
to forest regeneration is now under way, but a rough estimate based on the present 
results is that gaps up to 500 m2 (i.e. resulting from cutting about 3 trees) lead to 
modest leaching losses only, certainly if skidder activity is limited in such an area. 

9.4 RECOMMENDATIONS FOR MANAGEMENT 

• A selective cut, based on 1 m3 timber ha·1 yr·1 is sustainable in the Jong term, from

the nutrient point of view. Extraction of greater quantities of timber leads to de

creased nutrient stores, and decreased biomass levels. The exact determination
of a sustainable level of timber extraction is not possible based on the current
data, but 1 m3 timber ha·1 yr·1 represents a best guess.

• Creating a series of small gaps is less disturbing for the nutrient cycle than creat

ing one single large gap. The "allowable" gap size, in which leaching losses are
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modest and the boundary effect of surrounding forest is large, is probably about 

500 m2
, which again represents a best guess. 

• Limit the activity of skidders. Skidders disturb the top soil and are indirectly re
sponsible for much of the enhanced leaching (Chapter 5). This is especially so if

much pulling and pushing occurs to manoeuvre the logs in a favourable position
for the forest workers.

• These recommendations are valid for Mixed Forest on brown sands as well as for

Dry Evergreen Forest on white sand. Because the stores of "total nutrients" in the

soil are smaller in white sands than in brown sands (Chapter 3), Dry Evergreen

Forest is probably even more vulnerable to a large disturbance than Mixed Forest

(cf. Whitmore 1990). The small scale Wallaba (E. grandiflora and E. falcata) ex

traction for poles and shingles as occurring on the DTL concession area is a good
example of sustainable forest use.
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10. SUMMARY

Tropical rain forests and the land they occupy have long been used by people but 
the present rates of forest disturbance have increased substantially. Land use op
tions for tropical rain forest areas include conseNation, sustained timber (or other 
products) production and other uses, involving clearance of the forest. The option of 
sustainable timber production has gained increasing attention during the past years 
since it offers economic benefits and at the same time contributes to the mainte

nance of important functions of the forest ecosystem as conseNation of biodiversity 
and prevention of soil degradation (Bruijnzeel 1995). 

In Guyana the pressure on the forests is relatively low. Gold mining and selective 
logging form the major activities in the interior of Guyana. In 1989 Tropenbos Guy
ana started a comprehensive research programme including basic and applied re
search, with the main aim to investigate the possibilities of sustained timber produc

tion. One of the main limitations for sustainable timber extraction is governed by the 
nutrient cycle. The research presented in this thesis was aimed to "assess the nutri
ent cycle in pristine rain forest and the impact of commercial logging on the nutrient 
cycle" (Chapter 1 ). 

Nutrients enter a forest ecosystem through atmospheric deposition, N fixation and 
weathering of rock. Major nutrient pools are the living and dead biomass and the 

soils. Nutrients are transferred from the canopy to the soil surface by throughfall and 
litterfall. Dead organic material is decomposed, which can involve release and immo
bilisation of nutrients. Roots take up nutrients and export them to the above ground 
biomass. Mycorrhiza are very important in this respect since they are considered to 
have access to nutrients pools unavailable to plant roots (Alexander 1989). Nutrient 
outputs of the ecosystem are through leaching, erosion or denitrification (see Chap
ter 2 for a more detailed discussion of the forest nutrient cycle). 

Nutrient cycles can be "closed" or "open", depending whether nutrient inputs are also 

provided through weathering (Baillie 1989). Ecosystems where significant weathering 

occurs have generally greater nutrient losses but are nevertheless less vulnerable to 
disturbance than ecosystems with a closed nutrient cycle, where the only external 
input is from atmospheric deposition (except for N, Bruijnzeel 1991). Whether the 
ecosystem may benefit from released nutrients by weathering at great depth is 

mainly a function of rooting depth, but relatively little is known on rooting depths in 
tropical rain forests in relation to forest nutrition. Repeated extraction of biomass 

from a forest with a closed nutrient cycle will in the end result in depletion of the nu

trient pools, unless the "lost" nutrients are compensated by atmospheric sources. 

Soil fertility is also reflected in the internal nutrient cycling of tropical rain forests. 
Forests on fertile soils produce more litterfall with higher nutrient concentrations than 
forests on poor soils, although this relation is not always straightforward (Silver 1994, 
Vitousek 1984). 
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The research area at Mabura Hill in north-central Guyana receives about 2500 mm 

of precipitation per year, with no month with less than 100 mm precipitation on aver
age. Soils have developed on the Berbice formation, which consists of sandy fluvial 

deposits of Pleistocene/Pliocene age. Two major soil types occur in the research 

plots: white sands and brown sands. The white sands are excessively drained and 
consist almost completely of pure quartz sand. The brown sands are well to exces

sively drained and show an increasing clay content with depth, variable per subtype. 
Both soils are extremely poor in total and exchangeable nutrients. White sands are 

more acid (pH HP = 4.2 in the topsoil) than brown sands (pH HP = 4.4 in topsoil), 

and are poorly buffered. Brown sands have considerable quantities of Al and Fe, en
suring a better pH buffering but causing strong P fixation. "Available soil nutrients" 

are hardly different between the soil types but amounts of "total soil nutrients" are 
considerably greater in brown sands, except Ca. 

The forests in Guyana show a number of typical species associations, which are re

lated to soil type. Dry Evergreen Forests grow on the white sands and are often 
dominated by Eperua species. Mixed Forests grow on brown sands and are locally 
dominated by a few species, including Ch/orocardium rodiei (Greenheart, Guyana's 

most renowned timber species), Oicymbe altsonii and Eschweilera sagotiana. More 
information on the research area can be found in Chapter 3. 

10.1 THE NUTRIENT INPUT-OUTPUT BUDGET IN PRISTINE 

FOREST 

Nutrient availability in the short term is mainly dependent on the rate of internal nutri

ent cycling but in the long term the balance between inputs and outputs determines 

the ecosystem nutrient status. Atmospheric nutrient inputs were evaluated by sam
pling bulk precipitation over more than 2.5 years. Nutrient outputs before and after 
logging were evaluated using 
• a combination of soil moisture sampling and a hydrological model in undisturbed

forest as well as in gaps of contrasting size on brown sands, and
• by monitoring streamflow and streamflow chemistry in a presumably watertight

catchment, consisting for 70% of white sands and for 30% of brown sands.

The nutrient content of rain water was low, and Na and Cl were the dominant sol

utes. Not surprisingly, rain water was more dilute in wet periods than in dry periods. 
The concentrations of Na, Cl and Mg were inter-correlated and probably completely 
derived from oceanic sources, since they occurred in similar ratios as in sea water. 
Other solutes were only for a minor proportion derived from oceanic sources. Com

pared to 25 other sites in the humid tropics the concentrations in rain water at 

Mabura were low for Ca, K, S and P, approximately equal to the median for Mg and 

N, and relatively high for Na and Cl. Mabura Hill is located more than 150 km from 

the ocean, so the relatively high concentrations of Na and Cl were somewhat unex
pectedly. The low concentrations of Ca, K, S and P in rain water reflect the large 

distance to important sources of atmospheric nutrients as dust from dry areas, ex
tensive biomass burning, volcanic activity or industrial activity. 
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A 6.2 ha catchment was used 1) to evaluate the nutrient outputs from a pristine for

est ecosystem and 2) to evaluate the changes in nutrient output after logging of the 
forest. Inter-annual variation, seasonal variation and discharge dependent concen

trations have to be taken into account to properly evaluate solute quantities dis
charged in a stream. Time constraints prohibited collection of data to account for in
ter-annual variation. However the amount of rainfall in the year before logging was 

very close to the long term average, thus the estimated nutrient outputs under un
disturbed conditions were probably close to the long term average. Problems with 
the hydrological equipment meant that nutrient losses after logging could not be es

tablished over a continuous period of at least a year, so that two shorter periods 

were used to evaluate changes in nutrient losses after logging. 

Nutrient concentrations in streamflow were dependent on the streamflow discharge. 
During peakflow the concentrations of Al, Cl, Fe, Mg, Mn, Na, N0

3 and Si were gen
erally less than during baseflow, although especially for Na greater concentrations 
also occurred at the rising limb of the hydrograph; K, P04 , Ca and S04 concentra
tions were generally slightly higher during stormflow, but not consistently so. The 

solutes showing dilution during stormflow generally had greater concentrations in 

baseflow than in throughfall, whereas K and P04 had greater concentrations in 
throughfall water, explaining why these elements were enriched during stormflow. 

The concentrations of Ca, Na, S04 , and N0
3 in baseflow water and in average 

throughfall water were rather similar, explaining the somewhat less consistent be
haviour of these solutes during stormflow conditions. 

Solute concentrations during stormflow generally remained within 50 - 200% of the 

baseflow concentrations. Stormflow was less than 2% of the total annual runoff 

(Jetten 1994). Neither stormflow volume, nor stormflow composition changed after 

logging. Since stormflow was such a small percentage of total runoff and given the 

modest and sometimes inconsistent changes of solute concentrations during storm
flow, no attempt was made to treat stormflow separately while calculating annual nu
trient losses. 

The seasonal variation in baseflow considerable and varied between 50 m3 day·1 in 

April (0.8 mm day·1
), just before the long wet season, to 550 m3 day-1 (9 mm day-1

) in

August, at the end of the main wet season (Jetten 1994). The temporal variation in 

solute concentrations was negligible for groundwater but clearly present for base

flow. This appeared to be related to spatial variability within the catchment. The pro

portional contribution of the white sand areas in the catchment (70%) to baseflow 

discharge was great just after the wet season resulting in relatively high Al concen

trations and relatively low concentrations of Mg and Fe. The opposite, high Mg and 

Fe and low Al, was found during periods with little baseflow runoff, when the propor

tion of baseflow water derived from brown sand areas was greater. 

Soil moisture samples under the main rooting zone, combined with a one

dimensional hydrological model (SOAP, Jetten 1994), were used as a second 

method to evaluate nutrient losses. The chemistry of the soil moisture hardly showed 

seasonal variation, in contrast to the flux of water percolating through the soil, which 
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was quite variable depending on the wetness of the season. The spatial variability of 

the percolating soil water was not extensively sampled in this experiment, so that the 

calculated solute losses were not very precise. 

The nutrient budget using catchment data was approximately neutral for Ca, Na, 

S04
, N03 and NH

4
. A net gain was obtained for K and P04

, and a net loss for Al, Fe 

Mg, Si, Mn and Cl. Using the soil water samples, a neutral budget was obtained for 

Mg and S04 , a slight net gain was obtained for Ca and Cl and a net loss for K, N, Al, 

Fe, Na and Si (section 4.5). 

Concentrating on the macro nutrients, only Mg seems to be released by weathering 

in measurable quantities as indicated by the negative budget for this element in the 

catchment. However using the soil moisture samples the budget was approximately 

neutral, suggesting that the weathering did not occur in the upper soil layers but at 

greater depth. Whether the Mg released through weathering is also available for 

ecosystem nutrition is unclear therefore and depends on the depth of weathering as 

well as on the depth of the fine root network. As discussed in section 4.5 roots were 

encountered at depths of more than 4 m, possibly within reach of nutrients released 

by weathering, but the data were not decisive. Further work is necessary to assess 

the importance of deep roots to overall forest nutrition. 

The losses of P04 in streamflow were smaller than the atmospheric input, suggesting 

accumulation of this nutrient and reflecting the low mobility of this nutrient in the soil. 

The catchment based budgets for Ca and inorganic dissolved N were approximately 

neutral whereas K was slightly accumulating. However, a slight net loss was calcu

lated for K using the soil water data. 

Compared to 8 other nutrient budgets for rain forests in northern South America the 

present site represents an intermediate case in terms of magnitude of inputs and 
outputs. The budget is more or less neutral (except for Mg), which was generally also 

the case for the other sites. 

The forests under study represent a classic example of tropical rain forests having a 

"closed nutrient cycle" with atmospheric input being the only source of input for most 

nutrients and with an approximately neutral nutrient budget (cf. Brinkmann 1985, Le

sack 1993a). Such forests are vulnerable for disturbance. 

10.2 THE INTERNAL NUTRIENT CYCLE 

Fast cycling of nutrients is important in maintaining ecosystem productivity, espe

cially when the external nutrient inputs are low as in the forests under study. The cy

cling of nutrients in tropical rain forest is often related to soil type (Silver 1994, Vi

tousek and Sanford 1986). It is well established that most tropical lowland rain for

ests cycle relatively large amounts of N and that forests on acid and infertile, Al and 

Fe containing soils, cycle P and Ca very efficiently. Forests growing on white sands 
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are often considered to be N- (and possibly P) limited, to show a relatively low pro
ductivity and to have low decomposition rates (Vitousek and Sanford 1986). 

The internal cycling of nutrients as a measure of ecosystem productivity and as an 
indicator of ecosystem functioning was investigated in Dry Evergreen Forest on white 
sand and in Mixed Forest on brown sand (Chapters 6, 7 and 8). Three important as
pects of the internal nutrient cycle were studied: small litterfall, decomposition and 
throughfall. 

Based on research in other tropical rain forest areas a number of hypotheses were 
formulated which were tested in the Chapters 6, 7 and 8. In the following the results 
will be discussed briefly, following these hypotheses. 

• Mixed Forest on brown sand is an efficient cycler of P and Ca, i.e. the concentra
tions of these nutrients in litterfall and throughfall are low.

• Dry Evergreen Forest on white sand is an efficient cycler of N, i.e. the concentra
tions of N in litterfall and throughfall are low.

The most pronounced difference in cycling rates between the forest types was found 
for Ca. The Ca concentrations in Dry Evergreen Forest litterfall were about double 
the concentrations in Mixed Forest (Chapter 7) and the net throughfall flux (= gross 
throughfall - incoming rain) for Ca in Dry Evergreen Forest was more than double the 
flux in Mixed Forest (Chapter 6). This result confirms that tropical rain forests growing 
on infertile oxisols and ultisols cycle Ca very efficiently. 

Both forests were very efficient cyclers of P, with concentrations of this element in 
litterfall and in throughfall being in the low part of the range reported for tropical rain 
forests on infertile soils (tables 6.5, 7.6 and 7.7). The efficient cycling of P was pri
marily expected mainly for Mixed Forest on brown sand, since in this soil type P is 
easily fixed by Al and Fe, but no significant differences in P cycling were found be
tween the two studied forest types here. 

N was cycled in smaller quantities in Dry Evergreen Forest than in Mixed Forest, as 
hypothesised. However the difference between the forest types was not large. 
Moreover, the concentrations of N in litterfall of Dry Evergreen Forest (12 mg g·1

) 

were much larger than reported for white sand forests in Venezuela (7.0 mg g· 1
• San

Carlos de Rio Negro) and Malaysia (5.7 mg g·1, Sabah). A serious N limitation in Dry 
Evergreen Forest does not seem likely therefore. 

• The productivity is greater in Mixed Forest on brown sand than in Ory Evergreen
Forest on white sand, i.e. litterfall is greater and decomposition is faster.

The litter production was about 20% greater in Mixed Forest than in Ory Evergreen 
Forest, indicating a somewhat larger above-ground production in Mixed Forest 
(Table 7.1). However, root production may be larger in Dry Evergreen Forests 
(section 9.1, Medina and Cuevas 1989). Compared to some 20 other studies on lit
terfall in tropical lowland rain forests, the litter production in the Guyanese forests 
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was typically in the range for forests growing on similarly infertile sites (tables 7.4 and 
7.5). 

Decomposition rates determined using a uniform, 100% cellulose substrate (cotton 

strips), were faster under Mixed Forest in brown sand. However, decomposition of 

leaves, as determined by the ratio between leaf litterfall and the quantity of leaves on 
the forests floor, was about 50 % faster under Dry Evergreen Forest on white sand, 
pointing to faster cycling of nutrients there. This was confirmed in a litterbag experi

ment showing that leaves of two dominant species in Mixed Forest, decomposed 
slowly compared to dominant species in Dry Evergreen Forest (Chapter 8). 

Exchange of leaves between forest types in a litterbag experiment showed no influ
ence of the soil type where the leaves were decomposed. The quality of the leaves is 
therefore the dominant factor in determining of the decomposition rate, as could also 

be inferred from the different results derived from the cotton strip and the other ex
periments. The fast decomposition in the forest growing on white sand was remark

able since many authors have reported retarded decomposition and thick litter layers 
under white sand forests (Cooper 1982, Medina and Cuevas 1989, Stark 1970). It 

thus seems that slow decomposition in tropical rain forests on white sands is not 
caused by the soil type per se as frequently suggested (cf. Vitousek and Sanford 

1986), but by imperfect drainage and/or repeated disturbance (through fire) fre
quently occurring in white sand areas. 

It is often thought that decomposition processes are faster when the canopy of tropi
cal rain forest is opened, but the few data available suggest that this is doubtful, so 
the following hypothesis was tested: 

• The decomposition rate of leaves in a large logging gap is not different from the
decomposition rate of leaves in closed forest.

Soil type did not influence decomposition rates, but the openness of the canopy did. 

Decomposition was significantly slower in the open zone (skidder zone) of a large 

logging gap than in closed forest. Decomposition of leaves in the crown zone of a 
logging gap was not significantly different from decomposition in closed forest. De
composing leaves with fine roots attached to them generally showed a greater loss 
of dry weight and greater loss of Ca and possibly Mg than leaves without rootlets, 
suggesting that roots (or perhaps the mycorrhiza associated with the roots) played 

an active role in the decomposition process (Chapter 8). 

In chapter 6 throughfall was evaluated in the two forests under study. Changes in the 
chemistry of rain water while passing through the canopy are caused by processes 

of canopy exchange and by wash-off of nutrients deposited on the canopy by dry 
deposition. While canopy exchange represents part of the internal nutrient cycle, dry 
deposition usually represents an external input for the ecosystem. Therefore one of 
the aims in this chapter was 

• to assess the contribution of canopy exchange and dry deposition in the enrich

ment of throughfall while passing through the canopy.
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The contribution of canopy exchange and dry deposition to the enrichment of 
throughfall water was evaluated using a regression model (Lovett and Lindberg 
1984). Assumptions of the model are that dry deposition occurs with a constant rate 

and that leaching is proportional to the amount of rain falling. According to the model 
the major source of Ca, K and Cl was dry deposition, the major source of Na and 

P04 was canopy exchange and for Mg approximately equal contributions were pre

dicted. The results of the regression model were quite unconventional; it predicted 

for example that Na was completely derived from canopy exchange and that K was 
completely derived from dry deposition, which is the opposite to the common per
ception of the origin of these solutes in throughfall (Chapter 6). 

Even if dry deposition is the main source of throughfall enrichment, it does not nec

essarily represent an external input for the ecosystem. Several studies have shown 
that tropical rain forests generate their own aerosols in rather large quantities. This 
has been shown clearly for K, P and S, but is probably also valid for Ca, N, Na and 
Cl (Artaxo Netto 1985, Harriss 1986, Lawson and Winchester 1979). It is concluded 

therefore that the nutrient enrichment in throughfall is mainly derived from the vege

tation (whatever the mechanism is) and does not represent an external nutrient 
source. 

10.3 EFFECTS OF LOGGING AND IMPLICATIONS FOR FOREST 

MANAGEMENT 

Logging represents a nutrient loss for the ecosystem 1) directly in the form of nutri
ents harvested in timber and 2) through enhanced leaching due to the addition of 
large amounts of organic debris, increased water percolation and temporarily de
creased capacity of the vegetation to take up nutrients released by decomposition 
processes. 

At catchment level no changes could be detected in the hydrology after a light selec

tive cut (21 m3 ha-1), well distributed over the area (all gaps smaller than 500 m2
) 

while avoiding steep slopes and leaving a buffer strip along the stream (Jetten 1994). 
Extra leaching losses in the catchment were small but measurable for N0

3
, K and Na 

(increases up to 100% over limited periods), but indistinguishable for other nutrients. 
K showed a quick response and was mainly greater in the first few months after log
ging, whereas the highest Na concentrations occurred approximately one year after 

logging (section 5.3). The quantity of nutrients lost by enhanced leaching through 

light selective logging were small by all standards and were estimated to be ap

proximately 3 kg ha·1 for K and N and less than 1 kg ha·1 for Ca and Mg (Table 5.5, 

Bruijnzeel 1992, 1995). 

Leaching losses were also evaluated at point level using soil water samples and a 

hydrological model. Leaching losses were evaluated in relation to 1) the degree of 
soil disturbance, 2) the amount of debris on the forest floor and 3) gap size. Two log

ging gaps (medium: 730 m2 and large: 3440 m2
) were created in which three zones
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were distinguished based on the degree of disturbance of soil and vegetation and 

the amount of debris on the soil surface: a) the skidder zone with much disturbance 

and little debris, b) the crown zone with much debris and little soil disturbance c) the 

undisturbed zone without soil disturbance and without much debris, but with altered 
micro-climatological conditions. The soils in the gaps were consistently wetter than in 

the forest, especially during rainless periods. The hydrological model calculated that 

the percolation increased by about 55% in the skidder zone compared to closed for

est. More information on the model performance is given in section 5.2.2 and in Jet

ten (1994). 

The solute concentrations in soil moisture at 120 cm started to increase after about a 
month after logging and maximum concentrations were generally reached after 5 
months and remained relatively stable until approximately one year after logging. 
Between 12 - 15 months after logging the concentrations of most solutes decreased, 

but they were relatively stable, and still greater than background concentrations, 
between 16 - 34 months after logging. In the large gap solute concentrations were 

about double the concentrations found in the medium gap, except for Ca which was 
equal in both gaps. In the first year N0

3 
was about 20 times greater in the large gap 

than in closed forest, whilst Ca, K and Mg were 3 to 10 times greater in the large 

gap. Due to nitrification the pH dropped as much as one pH unit and at the same 
time Al concentrations in the soil water raised from less than 0.1 mg 1-1 to more than 

1.5 mg 1-1 in the large gap. 

Except for Na and Cl the leaching pulse was strongest in the skidder zone, suggest

ing that topsoil disturbance and associated lowering of the capacity for nutrient up

take due to damage of roots were more important factors in the enhancement of 

leaching than the addition of large amounts of debris. Increasing acidity and Al con
centrations were also strongest in the skidder zone. The duration of the leaching was 

more prolonged in the crown zones of the gaps. Recovery of nutrient concentrations 

in the soil water to pre-logging values was slower in the skidder zone of the medium 
gap than in the skidder zone of the large gap, as was the recovery of the vegetation. 
Ca, Mg, S04 

and N03 concentrations remained greater in soil water under the gaps, 

even 34 months after logging, indicating that the leaching loss of these nutrients had 

not stopped until then. The concentration of K in percolating water was somewhat 

lower in the gaps than under pristine forest at the last sampling date. Perhaps the 
recovering vegetation was able to reduce the leaching rate for K to such an extent 

that the build -up of new nutrient stocks had started, but continued research is nec

essary. 

Ca, Mg and N losses through enhanced leaching were much greater in the gap study 

than in the catchment study, even if compensated for the proportion of area dis

turbed. The following explanations were offered (section 5.4.1): 1) the size of the 

gaps in the catchment were rather small compared to the experimental gap sizes 

used in the gap study; 2) nutrients leached on the spot in the catchment had not (yet) 

reached the stream in which the losses were measured either because of long travel 

times, exchange or precipitation processes in the subsoil or because of uptake in the 

riparian zone along the creek (filtering effect); 3) differences in soil type and 4) the 
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sampled soil water was not representative. The first two explanations are considered 
the most plausible. 

The harvesting of timber and the nutrients in it was more important than losses 
through leaching for Ca, N, K and probably for P, whereas for Mg the contribution of 
timber extraction and enhanced leaching were approximately equal. The proportion 
of leaching in total nutrient losses was 25 - 55% in the large gap compared to 12 -
32% in the medium gap (Table 5.6). Leaching losses are thus to a certain extent 
"avoidable", and the proportion of leaching in total losses may well be reduced fur

ther by using still smaller gap sizes. 

The total loss of nutrients (calculated on a hectare basis) in the large gap was equal 
to (Table 5.7, Table 9.3): 
• 30 - 50 years of atmospheric input for Ca, K, Mg and P and equal to 260 years of

atmospheric input for N.

• 5 to 7 times the amount of exchangeable cations and about 60 % of the available
P in the first 30 cm of the soil.

• 20 - 60 % of the total amounts of Ca, K, Mg and N and 3% of the total P in the up
per 30 cm of the soil.

These comparisons indicate that logging causes rather serious nutrient losses. How
ever these losses were calculated on a hectare basis, i.e. as if one hectare consisted 
completely of gaps. Such a calculation is representative for large cleared areas, but 
overestimates the effects for smaller gaps since these are embedded in an un

touched forest structure (section 9.3). For example, if a gap of 730 m2 (= the medium 

sized experimental gap used in this study) is created during a logging operation and 
the losses are calculated for 7.3% disturbed area and 92.7% undisturbed area, then 

the per hectare losses are less than the equivalent of 5 years of atmospheric input. 

Losses in this order of magnitude may be compensated in 10 - 20 years (section 
9.3). 

In conclusion, sustainable timber extraction is feasible in the forests under study, at 

least from the viewpoint of nutrients, if large (almost) clear-cut areas are avoided. 

Leaching losses form a significant part of the total nutrient losses in the case of me

dium to large gaps (> 750 m2
) and are mainly caused by soil disturbance through 

skidders and the absence of nearby vegetation. Limiting the size of the created gaps 

to 200 - 500 m2
, and avoiding all unnecessary skidder movements are important 

measures to minimise leaching losses. Under such conditions an extraction scheme 

based on 1 m3 timber ha·1 yr·1 is sustainable. 
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SAMENVATTING 

Gebieden waar tropisch regenwoud groeit worden al eeuwen door de mens gebruikt, 

maar in de afgelopen decennia is het tempo waarmee deze bosgebieden worden 
verstoord enorm toegenomen. De verschillende opties voor landgebruik van gebie

den met tropisch regenwoud zijn: volledige bescherming, duurzame exploitatie van 

hout en/of andere bosprodukten en kaalslag van het bos voor hout en om ruimte te 

creeren voor andere gebruiksmogelijkheden. Duurzame produktie van hout heeft de 
laatste jaren veel aandacht gekregen omdat deze vorm van landgebruik economi
sche voordelen voor het land of de regio biedt, en tegelijkertijd belangrijke functies 

van het bos als biodiversiteit en bodembescherming in redelijk mate intact kunnen 
blijven (Bruijnzeel 1995). 

In Guyana is de druk op bosgebieden relatief laag. Goud zoeken en selectieve kap 

van het bos vormen de belangrijkste vormen van bestaan in het binnenland van Gu

yana. In 1989 is een uitgebreid onderzoeksprogramma gestart, het Tropenbos Gu
yana Programma, met als een van de belangrijkste doelstellingen de mogelijkheden 

voor duurzame exploitatie van hout te onderzoeken. De beschikbaarheid van voe
dingsstoffen (nutrienten) kan een van de belangrijkste beperkingen vormen voor de 

duurzaamheid van houtkap. Omdat in veel tropische regenwouden de beschikbaar

heid van voedingsstoffen in hoge mate bepaald wordt door het hergebruik van nu
trienten die vrij komen bij verrotting (decompositie) van dood organisch materiaal, 
wordt veelal de term nutrienten kringloop of nutrienten cyclus gebruikt. Deze term 

omvat meestal zowel de interne cyclus van nutrienten als de aanvoer en afvoer van 
nutrienten uit het ecosysteem. Het onderzoek dat in dit proefschrift staat beschreven 

had als belangrijkste doel de nutrientencyclus van ongestoord bos te kwantificeren, 

en om de invloed van selectieve kap op de nutrienten huishouding vast te stellen 
(hoofdstuk1 ). 

De aanvoer van nutrienten in een bosecosysteem geschiedt door atmosferische de
positie (opgeloste stoffen in regenwater, stof e.d), stikstof binding en verwering van 
gesteenten. De grootste voorraden van nutrienten in het ecosysteem zijn de levende 

en dode biomassa en de bodem. Nutrienten worden getransporteerd van het kro
nendak naar de bodem door strooiselval (bladeren, zaden, hout e.d.) en doorval 

(regen die via het kronendak de grond bereikt). Dood organisch materiaal wordt 
verteerd, waarbij nutrienten zowel kunnen worden vrijgemaakt als (tijdelijk) ge"immo

biliseerd (vastgelegd). Nutrienten worden uit de bodem opgenomen door wortels, al 

dan niet met behulp van schimmels (mycorrhiza). Deze mycorrhiza kunnen nutrien

ten opnemen die niet beschikbaar zijn voor plantenwortels. Door uitspoeling uit de 

bodem, erosie en door denitrificatie (vervluchtiging van stikstof) warden nutrienten uit 

het ecosysteem verwijderd (zie hoofdstuk 2 voor een uitgebreidere behandeling van 

de nutrientencyclus in tropisch regenwoud). 

De kringloop van nutrienten kan open of gesloten zijn, al naar gelang de hoeveelheid 

nutrienten die bij verwering van gesteenten vrijkomt. Bossen waarin nutrienten wor

den vrijgemaakt door verwering (open cyclus) hebben een groter verlies van nu
trienten maar zijn desalniettemin minder kwetsbaar voor een verstoring dan ecosys-
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temen waarin de enige aanvoer van buitenaf bestaat uit atmosferische depositie 

(gesloten cyclus, Bruijnzeel 1991 ). Of de nutrienten die vrijkomen bij verwering ook 

daadwerkelijk door het ecosysteem gebruikt kunnen warden is vooral afhankelijk van 
de worteldiepte, maar hier is weinig over bekend. Herhaaldelijke exploitatie van bio

massa uit een ecosysteem met een gesloten nutrientencyclus kan gemakkelijk leiden 

tot een vermindering van de totale hoeveelheid nutrienten in het gehele ecosysteem, 

tenzij de verliezen door exploitatie warden gecompenseerd door de nutrienten uit 
atmosferische depositie. 

De vruchtbaarheid van de bodem komt tot uiting in de interne nutrientenhuishouding 

van tropische regenwouden. Bossen op vruchtbare bodems produceren meer strooi
selval dat bovendien hogere concentraties aan nutrienten bevat dan bossen die op 

arme bodems groeien, hoewel hier zeker geen lineair verband tussen is (Silver 1994, 

Vitousek 1984). 

Het onderzoeksgebied in Centraal - Noord Guyana heeft een gemiddelde jaarlijkse 

neerslag van ongeveer 2500 mm per jaar, waarbij in geen enkele maand gemiddeld 
minder dan 100 mm regen valt. De bodems zijn ontwikkeld op fluviatiele (door rivie

ren aangevoerde) zandige afzettingen die stammen uit het laat Plioceen en vroeg 
Pleistoceen (de Berbice formatie). Twee belangrijke bodemgroepen komen op deze 

formatie voor: witte zanden en bruine zanden. De witte zanden zijn doorgaans uit

stekend gedraineerd en bestaan vrijwel volledig uit wit kwartszand. De bruine zan
den zijn in de meeste gevallen eveneens goed gedraineerd, en hebben een toene

mend kleigehalte met toenemende bodemdiepte. Beide bodemtypen zijn uitzonderlijk 
arm aan nutrienten. Witte zanden zijn iets zuurder dan bruine zanden (pH van de 

bovengrond is 4.2 in witte zanden en 4.4 in de bruine zanden) en de witte zanden 

hebben een slechte buffercapaciteit voor veranderingen in de zuurgraad. De bruine 
zanden hebben een veel hoger gehalte aan aluminium (Al) en ijzer (Fe) waardoor ze 

beter gebufferd zijn maar ook een sterke fixatie van fosfor (P) aan de bodemdeeltjes 

hebben. Het gehalte aan nutrienten in bodems kan geevalueerd warden door met 
verschillende vloeistoffen (vaak zuren) een extract te maken van deze bodems. De 

sterkte van het extractiemiddel bepaald de hoeveelheid nutrienten die in oplossing 
gaan. De nutrientengehaltes in wit en bruin zand verschillen nauwelijks als alleen 

gekeken wordt naar de veel gebruikte "beschikbare nutrienten" extracties (met een 

zwak extractiemiddel), maar de bruine zanden hebben hogere gehaltes aan "totale 
nutrienten" die zijn verkregen door bodemmonsters te koken in sterk zuur. Een uit

zondering hierop vormen de gehaltes aan calcium (Ca) die eerder lager zijn in de 

bruine zanden. 

Hoewel in het algemeen tropische regenwouden een enorme diversiteit aan planten 

hebben, warden de bossen in Guyana lokaal vaak gedomineerd door een paar 

boomsoorten. Deze boomsoorten komen vaak voor in groepen. Deze groepen met 

boomsoorten zijn sterk gerelateerd aan het bodemtype, en zijn plaatselijk goed te 

herkennen. In twee van deze associaties (een combinatie van bodemtype met een 
aantal veel voorkomende boomsoorten) is het meeste werk in deze studie verricht, te 

weten: 
• gemengd bos, groeiend op bruine zanden met een lokale dominantie van Chloro

cardium rodiei (groenhart, de meest bekende houtsoort uit Guyana), Dycimbe
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altsonii (clump wallaba) en Eschweilera sagotiana (zwarte kakkeralli) 

• droog altijdgroen bas, groeiend op witte zanden, dat veelal gedomineerd wordt
door Eperua (wallaba) soorten. Uitgebreidere informatie over het onderzoeksge
bied is te vinden in hoofdstuk 3.

De input - output balans van nutrienten in oor

spronkelijk regenwoud 

De beschikbaarheid van nutrienten op korte termijn is vooral afhankelijk van de om
loopsnelheid van de nutrienten binnen het ecosysteem maar op lange termijn wordt 
deze beschikbaarheid bepaald door de balans van inkomende (inputs) en uitgaande 
(outputs) nutrienten. De atmosferische depositie is onderzocht door de hoeveelheid 
en chemische samenstelling van de regenval gedurende 2% jaar te meten. De out
put van nutrienten voor en na kap van het bas is bepaald met twee methoden: 
• het bemonsteren van percolerend (doorsijpelend) water door de bodem tezamen

met het gebruiken van een hydrologisch model om een schatting te maken van de
hoeveelheid percolerend water.

• het bemonsteren van beekwater en het meten van de hoeveelheid beekwater dat
een stroomgebied verlaat.

Het gehalte aan stoffen in de regen was laag (elektrisch geleidingsvermogen soms 
minder dan 3 µS cm·1), en natrium (Na) en chloride (Cl) waren de meest voorkomen

de stoffen in het regenwater. De variaties in concentraties van magnesium (Mg), Na 
en Cl waren goed gecorreleerd (onderling samenhangend). Deze stoffen zijn waar
schijnlijk voor het grootste deel oorspronkelijk afkomstig uit de oceaan, aangezien 
de verhoudingen waarmee deze stoffen in regen voorkomen dezelfde is als waarin 
zij in zeewater voorkomen. Voor andere stoffen geldt dat zij slechts voor een klein 
gedeelte uit de oceaan afkomstig zijn. Vergeleken met 25 andere locaties in de hu
mide (natte) tropen waren de concentraties van kalium (K), zwavel (S), Ca en P laag 
in de regen in Mabura Hill. Stikstof (N) en Mg concentraties waren dichtbij de gemid

delde waarde en Na en Cl concentraties waren hoger dan het gemiddelde van de 25 
studies. Gezien het feit dat Mabura Hill hemelsbreed meer dan 150 km van de kust 

ligt waren de relatief hoge concentraties van Na en Cl enigszins onverwacht. De zeer 

lage concentraties van Ca, K, S en P in de regen warden veroorzaakt door de relatief 
grate afstand van Mabura Hill tot gebieden die een belangrijke bran zijn voor atmos
ferische nutrienten, zoals rook afkomstig van verbranding van biomassa, stof in dro
ge gebieden, vulkanische activiteit of industriele activiteit. 

Een stroomgebied van 6,2 hectare (ha) is in deze studie gebruikt om 1) de uitstroom 

van nutrienten in oorspronkelijk bas te bepalen en 2) om de verandering in uitstroom 
van nutrienten te bepalen na de kap van het bas. Om de uitstroom van stoffen 
nauwkeurig vast te stellen moet rekening warden gehouden met de jaarlijkse varia
tie, seizoensvariatie en de variatie in concentraties bij verschillende afvoersnelhe
den. Door tijdgebrek was het niet mogelijk om de variatie tussen verschillende jaren 

vast te stellen, maar aangezien de neerslag in de meetperiode dicht bij het langjarig 
gemiddelde lag is de verwachting dat de hoeveelheid afgevoerde stoffen eveneens 
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dicht bij het langjarig gemiddelde ligt. Doordat de elektronische apparatuur om de 
afvoer van de beek vast te stellen gedurende belangrijke periodes dienst weigerde, 
kon de afvoer niet doorlopend over een jaar gemeten worden en is gekozen om twee 
kortere perioden te gebruiken. 

De concentraties van stoffen in het beekwater bleken afhankelijk te zijn van de af
voersnelheid. Bij hoge afvoeren na een regenbui (stormflow) bleken de concentraties 
van Al, Cl, Mg, Mn, Na, N03 

(nitraat) en Si (silicium) lager te zijn dan gedurende 
"baseflow" (de afvoer in een beek die slechts gevoed wordt door het grondwater), 
hoewel met name Na in het begin van een bui vaak kortstondig hogere concentraties 
in het beekwater te zien gaf. K, P, Ca en S waren vaak licht verhoogd tijdens 
stormflow, maar dit was niet altijd het geval. Staffen met een lagere concentratie in 

doorval water dan in "baseflow" water gaven een verdunning te zien gedurende bui

en. Staffen die een hogere concentratie in doorval water hadden, hadden juist hoge
re concentraties gedurende stormflow. Staffen die een weinig consistent beeld van 
verdunning of juist concentratie hadden bleken min of meer dezelfde concentraties te 
hebben in "baseflow" en in doorval. 

Hoewel de concentraties van stoffen in beekwater gedurende een bui dus enigszins 
varieerden bleven de afwijkingen meestal beperkt tot maximaal een halvering of ver
dubbeling ten opzichte van de "baseflow" concentraties. De hoeveelheid afvoer ge

durende buien was beperkt tot zo'n 2% van de totale jaarlijkse afvoer. Gezien de re
latief geringe, en niet altijd consistente afwijking van de concentraties gedurende 
stormflow en het relatief geringe volume water dat tijdens buien afstroomde is geen 
poging gedaan om de afvoer van stoffen tijdens buien apart uit te rekenen maar is 
een onveranderde samenstelling aangenomen, zowel in de periode voor als in de 
periode na kap van het bos. 

De beekafvoer varieerde aanzienlijk met de seizoenen en varieerde tussen de 0,8 

mm dag-1 in april (net voor de lange regentijd) en 9 mm dag-1 in augustus (net na de 
lange regentijd). De concentraties van stoffen in het grondwater waren zeer con
stant, maar in het beekwater was er een aanzienlijke seizoensvariatie. Dit bleek ge
relateerd te zijn aan de ruimtelijke variabiliteit van de bodems in het stroomgebied. 
De witte zanden (70% van het stroomgebied) met een hoge hydraulische geleid
baarheid (waterdoorlatendheid) hadden net na de regentijd een relatief grote bijdra

ge aan de "baseflow", terwijl de bijdrage van deze zanden aan de totale "baseflow" 
slechts gering was in de periode net voor de regentijd. Dit kwam tot uiting in relatief 

hoge concentraties van Al en relatief lage concentraties van Fe en Mg net na het 

lange regenseizoen en het omgekeerde net voor het lange regenseizoen. 

Bemonstering van percolerend bodemwater, gecombineerd met een een
dimensionaal hydrologisch model zijn gebruikt als een tweede methode om nutrien

ten afvoer te bepalen. De chemische samenstelling van het percolerende water vari
eerde nauwelijks in de tijd, maar de hoeveelheid percolatie zoals berekend met het 
hydrologisch model was daarentegen sterk onderhevig aan seizoensvariatie. Omdat 

in de gekozen opzet de ruimtelijke variabiliteit niet uitgebreid is bemonsterd, zijn de 

resultaten niet heel nauwkeurig. 
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De nutrientenbalans zoals berekend met behulp van de gegevens uit het stroomge

bied was ongeveer neutraal voor Ca, Na, S, N03 en NH4 . Grotere inputs dan outputs 
(dus accumulatie) werden berekend voor K en P, terwijl het omgekeerde (een netto 
verlies) werd vastgesteld voor Al, Fe, Mg, Si, Mn en Cl. De nutrientenbalans zoals 
berekend met het bemonsteren van bodemwater was ongeveer neutraal voor Mg en 
S, een licht positief budget werd gemeten voor Ca en Cl terwijl er netto verliezen 
werden berekend voor K, N, Al, Fe, Na en Si (hoofdstuk 4.5). 

De macro-nutrienten (N, P, K, Ca en Mg) beschouwend, bleek alleen Mg in meetba

re hoeveelheden bij verwering van het onderliggende gesteente vrij te komen. Ge
zien het feit dat de Mg balans opgesteld met de bodemvocht monsters ongeveer 

neutraal was, kan warden afgeleid dat de verwering niet of nauwelijks in de bovenste 
120 cm van de bodem plaatsvond, maar dieper. Daarom valt het nag te bezien of de 

verwering van Mg oak daadwerkelijk bijdraagt aan de nutrientencyclus van het eco

systeem. Dit hangt in belangrijke mate af van de bewortelingsdiepte. Zoals bespro

ken in paragraaf 4.5 werden nag een geringe hoeveelheid wortels aangetroffen op 
een diepte van meer dan vier meter, maar of deze wortels diep genoeg liggen om de 
verweringszone te bereiken, valt niet met zekerheid te zeggen. 

De afvoer van P met het beekwater was kleiner dan de aanvoer van dit nutrient in 
regenwater. Dit demonstreert dat de mobiliteit van P in de bodem laag is. Voor Ca en 

opgelost anorganisch N was de balans min of meer neutraal zoals te verwachten viel 

in een ecosysteem met een gesloten nutrientenkringloop. Een kleine accumulatie 

van K werd vastgesteld met behulp van de stroomgebied gegevens. Met de bodem

vocht methode werd juist een gering verlies berekend. 

Vergeleken met 8 andere nutrientenbalansen opgesteld voor regenwouden in het 
noordelijk gedeelte van Zuid Amerika neemt de huidige studie een gemiddelde 
plaats in als we kijken naar de grootte van de inputs en outputs. De variatie tussen 

deze studies is enorm en wordt wellicht voor een groot deel veroorzaakt door me
thodologische verschillen. Over het algemeen wordt een min of meer neutrale balans 
gevonden, wat oak voor de Guyanese bossen werd vastgesteld (met uitzondering 
van Mg). 

De bossen die hier zijn bestudeerd vormen een klassiek voorbeeld van tropische re

genwouden met een gesloten nutrientenkringloop, waarbij de atmosferische deposi
tie de enige externe bran is voor de meeste nutrienten en waarbij de aanvoer en af

voer van nutrienten ongeveer in evenwicht is (zie bijvoorbeeld Brinkmann 1985 en 

Lesack 1992a). Zulke bossen zijn kwetsbaar voor verstoring. 

De interne nutrientenkringloop. 

In het geval van een gesloten nutrientenkringloop met geringe externe inputs is een 

snelle interne kringloop van nutrienten van belang om de produktiviteit van het eco

systeem te kunnen handhaven. De nutrientenhuishouding in tropische regenwouden 

is afhankelijk van het bodemtype (Silver 1994, Vitousek and Sanford 1986). Het is 

205 



bekend dat tropische laagland regenwouden relatief grote hoeveelheden N bevatten 
en dat bossen op arme zure en Al en Fe rijke gronden zeer efficient omgaan met P 
en Ca. Laagland tropische regenwouden die groeien op witte zanden zijn vaak N (en 

wellicht P) gelimiteerd (beperkt), met een relatief lage produktiviteit en langzame de
compositie (Vitousek and Sanford 1986). 

In de huidige studie zijn droog altijdgroen bos groeiend op witte zanden en gemengd 

bos groeiend op bruine zanden onderzocht op drie belangrijke aspecten van de in
terne nutrientenhuishouding: strooiselval, doorval en decompositie (Hoofdstukken 
6,7 en 8). Gebaseerd op vergelijkende onderzoeken die in andere tropische regen
wouden zijn uitgevoerd werden een aantal hypothesen geformuleerd. Hieronder 
worden de bevindingen die naar voren zijn gekomen uit het huidige onderzoek be
sproken aan de hand van een aantal van deze hypothesen (aangegeven met•). 

• Gemengd bos groeiend op bruin zand gaat efficient om met P en Ca, ofwel de
concentraties van deze nutrienten in strooiselval en doorval zijn laag.

• Droog altijd groen bos op wit zand gaat efficient om met N, ofwel de concentraties
van N in strooiselval en doorval zijn laag.

Voor Ca werd het duidelijkste verschil in de omloopsnelheid van nutrienten tussen 
beide bostypen gevonden. De Ca concentraties in strooiselval van droog altijdgroen 
bos waren bijna dubbel zo hoog als in gemengd bos en in droog altijdgroen bas was 
de hoeveelheid Ca in de netto doorval flux (Ca in bruto doorval minus Ca in regen
val) meer dan het dubbele van de flux in gemengd bos. Deze resultaten bevestigen 
dat tropische regenwouden groeiend op oxisols en ultisols (nutrientenarme en Al en 
Fe rijke bodems) zeer efficient omgaan met Ca. 

Beide bostypen waren zeer efficient in het gebruik van P, waarbij de gevonden con
centraties in de Guyanese bossen aan de onderkant van de range ligt die voor re
genwouden op arme gronden is gerapporteerd (tabellen 6.5, 7 .6 en 7. 7). Het effi
ciente gebruik van P was vooral verwacht voor gemengd bos omdat hier de fixatie in 
de bodem door Al en Fe sterk is, maar in tegenstelling tot de gestelde hypothese 
werden geen verschillen tussen beide onderzochte bostypen in de omloopsnelheid 
van P gevonden. 

Zoals verwacht werd N in kleinere hoeveelheden aangetroffen in de strooiselval en 
doorval van droog altijdgroen bos dan in gemengd bos, maar de verschillen waren 
niet groot. Vergeleken met tropische laaglandbossen groeiend op wit zand die in Sa
bah en Venezuela zijn onderzocht waren de N concentraties in strooiselval relatief 

hoog in Guyana (12 mg g·1 versus 5,7 mg g·1 in Sabah en 7.0 mg g·1 in Venezuela). 
Om deze redenen lijkt N geen serieuze produktie beperkende rol te hebben in droog 
altijdgroen regenbos. 

• De produktiviteit in gemengd bos op bruin zand is grater dan in droog altijdgroen
bos op wit zand, ofwel er is meer strooiselval en de decompositie is sneller in ge
mengd bos.

De hoeveelheid strooiselval was ongeveer 20% groter in gemengd bos dan in droog 
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altijdgroen bos. Dit suggereert dat de bovengrondse praduktie inderdaad grater is in 
gemengd bos (tabel 7.1), maar de ondergrandse praduktie zou wel eens grater kun
ne zijn in draog altijdgraen bos (paragraaf 9.1, Medina en Cuevas 1989). Vergeleken 
met 20 andere studies in laagland trapische regenwouden was de praduktie van 
straoisel in Guyana in het midden van de gevonden range voor bossen graeiend op 
onvruchtbare bodems (tabel 7.4 en 7.5). 

De decompositie snelheid van puur cellulose materiaal (katoenstrips) was inderdaad 
sneller onder gemengd bos op bruin zand dan onder droog altijdgraen bos op wit 
zand. Echter de situatie was omgekeerd als bladmateriaal en ander klein straoisel 
(vruchten, bloemen en twijgen) werd gebruikt om de decompositie snelheden te be
palen. Dit materiaal verteerde ongeveer 50% sneller ender draog altijdgraen bos op 
wit zand, hetgeen als zeer opmerkelijk mag warden bestempeld aangezien de 
meeste onderzoekers trage decompositie en dus een grate accumulatie (ophoping) 
van straoisel op de bosbodem rapporteren (Cooper 1982, Medina en Cuevas 1989, 
Stark 1970). Het is dus waarschijnlijk dat niet de witte zanden op zich een langzame 
decompositie veraorzaken, zoals frequent is gesuggereerd (bijvoorbeeld door Vitou
sek en Sanford 1986), maar eerder door factoren die vaak in samenhang met trapi
sche witte zanden warden aangetraffen zeals een slechte drainage of herhaaldelijke 
verstoring van het bos door bijvoorbeeld brand. 

Er wordt vaak verandersteld dat zo gauw het kranendak van een trapisch regenwoud 
wordt geopend, de decompositiesnelheden toenemen waardoor snelle degradatie 
van de bodem zou optreden. De tamelijk beperkte hoeveelheid gegevens die in en
kele onderzoeken naar voren is gekomen, geeft aan dat deze veranderstelling twij
felachtig is. Dit heeft tot de volgende hypothese: 

• De decompositiesnelheid van bladeren in een grate opening van het kranendak
als gevolg van houtkap is niet verschillend van de decompositiesnelheid in bos
met een gesloten kranendak.

In tegenstelling tot de gestelde hypothese werd de decompositie snelheid wel be·,n
vloed door de opening van het kranendak. De decompositiesnelheid was significant 
langzamer in de open zone ("skidder zone") van een grate opening in het kranendak 
die ontstaan was door kap van het bos (verder te noemen "gap"). De decompositie 
snelheid in de kraonzone van de gap was niet significant verschillend van de de
compositie snelheid in bos met een gesloten kranendak. Bladeren op de bodem 
waar kleine worteltjes langs graeiden vertoonden een snellere afname van het 
draoggewicht en een sneller verlies van Ca en mogelijk Mg dan bladeren waar geen 
worteltjes op zaten. Mogelijk spelen wortels (of eventueel de mycorrhiza die geasso

cieerd zijn met deze wortels) een actieve ral bij het decompositie proces (hoofdstuk 
8). 

De chemische samenstelling van regenwater verandert als het door het kranendak 
valt. Deze veranderingen kunnen zowel warden veraorzaakt door uitwisselings pra
cessen tussen het regenwater (uitloging) en de bladeren als door afspoeling van 
deeltjes die door drage depositie op het kronendak zijn afgezet. lndien de verande
ring van de samenstelling veraorzaakt wordt door uitwisselings processen dan is dit 
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onderdeel van de interne kringloop van nutrienten; lndien deze verandering veroor
zaakt wordt door afspoeling van door droge depositie afgezette deeltjes dan vormt 
dit meestal een externe input voor het ecosysteem. Daarom was een van de doelen 
in hoofdstuk 6 om: 

• de bijdrage van uitwisselingsprocessen en afspoeling van droge depositie te be

palen bij de verandering van de samenstelling van het regenwater na passage
van het kronendak

Dit is geevalueerd met behulp van een eenvoudig regressiemodel (Lovett en Lind

berg 1984). Aannames in dit model zijn dat droge depositie geschied met een con
stante snelheid in de tijd en dat de hoeveelheid uit het blad uitgespoelde stoffen af
hankelijk is van de hoeveelheid regen. Volgens dit model werd de toename in Ca, K 
en Cl concentratie na passage van het kronendak vooral veroorzaakt door afspoeling 

van droge depositie, terwijl voor Na en P04 uitspoeling uit het blad als belangrijkste 

oorzaak naar voren kwam. Voor Mg werd een ongeveer gelijke bijdrage van deze 

twee componenten berekend. Deze resultaten zijn bijzonder onconventioneel. Door
gaans wordt aangenomen dat de aanrijking van K in netto doorval wordt veroorzaakt 

door uitspoeling, en dat Na vrijwel volledig afkomstig is van droge depositie, dus 
volledig tegengesteld aan de resultaten van het regressiemodel in deze studie. Oat 
Na een mobiel element is in de Guyanese bossen werd eveneens vastgesteld in 

Hoofdstuk 8, waar Na van alle nutrienten het snelst verwijderd werd uit dood blad. 
Hoewel dit een ondersteunend gegeven is moet ook de geldigheid van de aannames 
uit het regressiemodel van Lovett en Lindberg (1984) in twijfel warden getrokken. 

Zelfs al is droge depositie de belangrijkste oorzaak van de toename in de flux van 

sommige nutrienten, dan nog hoeft dit nog niet noodzakelijkerwijs te betekenen dat 
deze droge depositie van buiten het ecosysteem afkomstig is. Een aantal onderzoe
kers heeft namelijk gevonden dat tropisch regenwoud haar eigen aerosolen kleine 

deeltjes die nutrienten kunne bevatten) genereert. Dit is met zekerheid vastgesteld 
voor K, P en S, maar is waarschijnlijk ook waar voor Ca, N, Na en Cl. Daarom kan 
warden geconcludeerd dat de toename van het nutrientengehalte in regenwater na 

passage van het kronendak vooral een component is van de interne nutrienten

kringloop, en niet zozeer een belangrijke toevoer van nutrienten uit andere gebieden. 

Effecten van houtkap op de nutrientenkringloop en 

de gevolgen hiervan voor het bosbeheer 

Houtkap veroorzaakt een verlies van nutrienten voor het ecosysteem door: 

1) de afvoer van hout met daarin opgeslagen nutrienten en 2) een toename in de uit

spoeling van nutrienten door: a) de grote hoeveelheid vers organisch materiaal dat

op de bosbodem terecht komt, b) een toename in de hoeveelheid water die door de

bodem percoleert en c) een tijdelijk verminderde capaciteit van de vegetatie om nu

trienten op te nemen die vrijkomen bij decompositie.

Op het schaalnivo van een stroomgebied konden geen veranderingen warden vast-
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gesteld in de hydrologie nadat het stroomgebied een lichte selectieve kap had on
dergaan (21 m3 ha·1). In dit stroomgebied waren de gekapte bomen goed verdeeld 
over het gebied (alle openingen in het kronendak kleiner dan 500 m2) en een buffer
zone rondom de afvoerende beek werd onaangetast gelaten. Een meetbare, maar 
relatief geringe toename kon wel worden vastgesteld in concentratie van N03 , K en 
Na in het beekwater, maar niet voor andere nutrienten. De concentratie van K was 
vooral in de eerste maanden na de kap verhoogd, terwijl de hoogste Na concentra
ties pas na ongeveer een jaar werden gemeten. De maximale verhogingen van con
centraties waren in de orde van 100%, maar deze kwamen slechts over beperkte pe
riodes voor (paragraaf 5.3). De hoeveelheid nutrienten die extra werd afgevoerd ten
gevolge van de houtkap was laag naar alle standaarden en bedroegen naar schat
ting 3 kg ha· 1 voor Ken N, en minder dan 1 kg ha· 1 voor Ca en Mg (tabel 5.5, Bruijn
zeel 1992, 1995). 

De verliezen van nutrienten door uitspoeling zijn oak op plot schaal (gaps) gemeten 
door een combinatie van bemonstering van bodemwater en het toepassen van een 
hydrologisch model om de percolatie van water door de bodem te berekenen. De 
verliezen zijn bepaald in relatie tot 1) de mate van bodemverstoring, 2) de hoeveel
heid vers organisch materiaal op de bosbodem en 3) de grootte van de opening in 
het kronendak. Twee openingen in het kronendak (gaps) van verschillende grootte 
(middelgroot: 730 m2 en groat: 3440 m2

) zijn gemaakt door bomen te kappen en de 
stammen uit te slepen. Deze gaps zijn onderverdeeld in drie zones met een ver
schillende mate van verstoring van bodem en vegetatie, en verschillende hoeveel
heden vers organisch materiaal, te weten a) de skidder zone, waar de machines die 
gebruikt warden om het hout uit het bas te halen hadden gereden, met veel versto
ring van bodem en vegetatie en weinig vers dood organisch materiaal. b) de kroon
zone, waar de kronen van de gevelde bomen terecht zijn gekomen en c) de 
"ongestoorde" zone, waar niet veel veranderd was ten opzichte van de situatie voor 
het kappen en uitslepen, maar zonder grote levende bomen in de buurt en met een 
sterk veranderd microklimaat (meer licht, hogere temperaturen en lagere luchtvoch
tigheid). 

De bodems in de gaps waren natter dan onder gesloten bas, vooral in droge perio
den. Het hydrologisch model berekende dat de percolatie 55% groter was in de skid
der zone dan in het gesloten bos. Meer informatie over het hydrologisch model kan 
gevonden worden in paragraaf 5.2.2 en in het proefschrift van Jetten (1994a). 

De concentraties van nutrienten in het bodemvocht op 120 cm diepte in de gaps be
gonnen ongeveer een maand na de kap toe te nemen. De maximale concentraties 
werden bereikt na ongeveer 5 maanden, en bleven tot ongeveer een jaar na de kap 
hoog en ongeveer stabiel. Twaalf tot vijftien maanden na kap daalden de concentra
ties sterk, waarna een periode van heel langzame daling plaatsvond. Na 16 - 34 
maanden waren de concentraties van de meeste nutrienten in het bodemwater van 
de gaps nag steeds hoger dan in gesloten bas. In de grote gap waren de concentra
ties van nutrienten in het bodemwater ongeveer tweemaal zo hoog als in de kleine 
opening, behalve voor Ca, waarvoor geen verschil werd gevonden. In het eerste jaar 
na kap was de concentratie van N03 zo'n 20 maal hoger in de grate gap dan in ge
sloten bas, terwijl de concentraties van Ca, K en Mg tussen de 3 en 10 maal hoger 
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waren. Door nitrificatie (de omzetting NH4 in N03) daalde de pH van het bodemwater 

met een eenheid en tegelijkertijd steeg de Al concentratie van minder dan 0, 1 mg 1·1 

tot meer dan 1,5 mg 1·1 in de grote gap. 

Behalve voor Na en Cl vond de meeste uitspoeling plaats in de skidder zone van de 

gaps. De verstoring van de bodem en verminderde opname van nutrienten door de 
beschadiging van de wortels zijn dus belangrijker factoren voor de toename van uit

spoeling dan de aanwezigheid van veel vers, dood organisch materiaal. De verzuring 
en verhoogde Al gehaltes waren eveneens het sterkst in de skidder zone. De duur 

van de verhoogde uitspoeling was echter langer in de kroonzone van de opening. De 
afname van de nutrientenconcentraties in het bodemwater van de grote gap was 

sneller dan in de middelgrote gap. Dit liep paralel liep met het herstel van de vegeta
tie aangezien pioniersoorten (soorten die na verstoring het eerst een plek kolonise

ren) sneller groeiden in de grote gap dan in de middelgrote gap. Ca, Mg, S04 en N0
3 

concentraties in het bodemwater van de gaps waren na 34 maanden nog steeds ho
ger dan in gesloten bos, dus de verhoogde uitspoeling was nog niet tot staan ge
bracht. De concentratie van K daarentegen was na 34 maanden lager in de gaps 

dan onder gesloten bos. Wellicht was de zich herstellende vegetatie in staat om de 

uitspoelingsverliezen dermate te reduceren dat ze zelfs lager waren dan in gesloten 

bos, zodat de opbouw van nieuwe nutrientenvoorraden van start was gegaan. 

Doorlopende monitoring van deze plots is echter nodig om dit met zekerheid, en ook 
voor andere nutrienten, vast te stellen. 

De verliezen van Ca, Mg en N waren veel groter in de "gap studie" dan in de 
stroomgebiedsstudie, zelfs als gecompenseerd wordt voor het percentage verstoord 
oppervlak. Een aantal verklaringen hiervoor is in paragraaf 5.4.1 gegeven: 1) de 
grootte van de gaps in de stroomgebiedsstudie waren veel kleiner dan in de "gap 

studie" 2) de nutrienten die lokaal uitspoelden in de stroomgebiedsstudie hadden de 

beek niet bereikt, ofwel omdat ze nog onderweg waren, ofwel omdat de nutrienten 
door de uitwisselingscomplexen van de diepere bodem werden weggevangen, ofwel 

doordat de vegetatie in de buurt van de beek - waar het grondwater ondiep is - de 
nutrienten had opgenomen 3) de verschillen in het bodemtype veroorzaakten een 
verschil en 4) het bemonsterde bodemwater was niet representatief voor water dat 

naar grotere dieptes percoleert. De eerste twee verklaring worden hier als de meest 

waarschijnlijke beschouwd. 

Voor Ca, N, Ken waarschijnlijk P is het verlies aan nutrienten in het afgevoerde hout 

belangrijker dan verliezen door uitspoeling. Voor Mg waren de verliezen door uit

spoeling ongeveer gelijk aan de verliezen door het afgevoerde hout. Nutrienten ver

liezen door uitspoeling bedroegen 25-55% in de grote opening tegen 12-32% in de 

middelgrote opening (tabel 5.6). Tot op zekere hoogte zijn uitspoelingsverliezen te 
voorkomen, en deze kunnen beperkt worden door kleinere gaps te maken. 

Het totale verlies aan nutrienten (berekend op hectare basis) in de grote opening 

was gelijk aan (tabel 5.7, tabel 9.3): 

• 30 - 50 jaar atmosferische input voor Ca, K, Mg en P en gelijk aan 260 jaar at

mosferische input van N.
• 5 - 7 maal de voorraad aan uitwisselbare kationen (Ca, Mg, Ken Na) en ongeveer
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60% van de hoeveelheid beschikbaar P in de bovenste 30 cm van de bodem. 
• 20 - 60% van de totale hoeveelheid Ca, K, Mg en N, en 3% van de totale hoe

veelheid P in de bovenste 30 cm van de bodem.

Deze vergelijkingen demonstreren dat houtkap aanzienlijke verliezen van nutrienten 

oplevert voor het ecosysteem. De verliezen zijn echter op hectare basis berekend, 

ofwel alsof een hectare volledig zou bestaan uit gaps. Zo'n berekening is represen
tatief als het gaat om grote gaps, maar overschat de effecten voor kleinere openin

gen, die als het ware ingebed zijn in de structuur van ongestoord bos {paragraaf 

9.3). Bijvoorbeeld als er een opening van 730 m2 in een hectare wordt gemaakt, en 

de verliezen berekend warden door uit te gaan van 7,3% verstoord gebied en 92,7% 

gesloten bos, dan zijn de berekende verliezen gelijk aan minder dan 5 jaar atmosfe

rische input. Zulke verliezen kunnen door aanrijking vanuit de atmosfeer waarschijn

lijk in 10-20 jaar gecompenseerd warden (paragraaf 9.3). 

Concluderend kan gesteld warden dat duurzaam bosbeheer mogelijk is in de bestu

deerde bossen vanuit het oogpunt van de nutrientenhuishouding, mits grote openin
gen in het kronendak warden vermeden. Uitspoeling van nutrienten vormt een signi

ficant verlies in het geval van middelgrote tot grote openingen (>750 m2) en warden 

voornamelijk veroorzaakt door de schade aan de bovengrond, en de wortels daarin, 

door zware machines, en door de afwezigheid van intacte vegetatie in de onmiddel

lijke nabijheid. Beperking van de grootte van de openingen in het kronendak tot 200 
a 500 m2

, en het vermijden van zoveel mogelijk bewegingen van zware machines 

zijn belangrijke maatregelen om de verliezen door uitspoeling tegen te gaan. Onder 
zulke omstandigheden is een bosbeheer dat gebaseerd is op de exploitatie van 1 m3 

hout ha·1 jaar-1 duurzaam, vanuit het oogpunt van nutrienten. 

211 



References 

Alcock, M.R. and Morton, A.J. (1985). Nutrient content of throughfall and stem-flow in woodland re
cently established on heathland. Journal of Ecology 73:625-632. 

Alexander, M. (1977). Introduction to soil microbiology. Wiley, New York, London. 
Alexander. I. (1989). Mycorrhizas in tropical forests. In: Mineral Nutrients in Tropical Forest and Sa

vanna Ecosystems, J. Proctor {ed.). Blackwell Scientific Publications. 
Allen, S.E. (1989). Chemical analysis of ecological materials. Blackwell Scientific Publications. Oxford, 

UK. 
Anderson, AB. (1981 ). White sand vegetation of Brazilian Amazonia. Biotropica 13:199-210. 

Anderson, D.W. (1988). The effect of parent material and soil development on nutrient cycling in tem
perate ecosystems. Biogeochemistry 5:71-97. 

Anderson, J.M. and Swift, M.J. (1983). Decomposition in tropical forests. In: Tropical rain forest: Ecol
ogy and management. Sutton, S.L., Whitmore, T.G. and Chadwick, A.G. (eds.). Blackwell Scientific 
Publishers. 

Anderson, J.M., Proctor, J. and Vallack, H.W. (1983). Ecological studies in four contrasting lowland 
rain forests in gunung mulu national park, Sarawak. Journal of Ecology 71:503-527. 

Andreae, M.O., Talbot, R.W., Berresheim, H. and Beecher, K.M. (1990). Precipitation chemistry in 
central Amazonia. Journal of Geophysical Research 95:16987-16999. 

Artaxo Netto, P. (1985). Source apportionment of aerosols in tropical forests using receptor models. 
Proceedings of the workshop on biogeochemistry of tropical rain forests: problems for research, 30 

September- 04 October 1985, Piracicaba, Sao Paulo, Brasil. 

Asbury et al. (1994). Atmospheric environment 28: 1773-1780. 

Baillie, J.C. (1989). Soil characteristics and classification in relation to the mineral nutrition of tropical 
wooded ecosystems. In: Mineral Nutrients in Tropical Forest and Savanna Ecosystems, J. Proctor 
(ed.). Blackwell Scientific Publications. 

Baillie, I.C. and Ashton, P.S. (1983). Some soil aspects of the nutrient cycle in Mixed Dipterocarp For
ests in Sarawak. In: Tropical Rain Forest, Ecology and Management. Sutton, S.L., Whitmore, T. C. 
and Chadwick A.G. (eds.), Blackwell, Oxford. 

Bauhus, J. and Bartsch, N. (1995). Mechanisms for carbon and nutrient release and retention in beech 
forest gaps. I. Microclimate, water balance and seepage water chemistry. Plant and Soil 168-
169: 579-584. 

Berendse, F. (1994). Litter decomposability - a neglected component of plant fitness. Journal of Ecol
ogy 82:187-190. 

Bernard, F. (1970). Elude de la litiere et de sa contribution au cycle des elements mineraux en foret 
ombrophile de Cote d'Ivoire. Oecologia Ptantarum 5:247-266. 

Bernard-Reversal, F. (1975). Nutrients in throughfall and their quantitative importance in rain forest 
mineral cycles. Ecological Studies 11: Trap. Ecol. Sys., Galley, F. and Medina, E. (eds.). 

Binkley, D. (1986). Forest nutrition management. John Wiley & Sons Inc., New York. 

Bolan, N.S. (1991). A critical review on the role of mycorrhizal fungi in the uptake of phosphorus by 
plants. Plant and Soil 134:189-207. 

Boone Kauffmann, J., Cummings, D.L., Ward, D.E. and Babbitt, R. (1995). Fire in the Brazilian Ama
zon: 1. Biomass, nutrient pools, and losses in slashed primary forests. Oecotogia 104:397-408. 

Boring, L.R., Swank, WT., Waide, J.B. and Henderson, G.S. (1988). Sources, fates, and impacts of 
nitrogen inputs to terrestrial ecosystems: review and synthesis. Biogeochemistry 6: 119-159 

Bormann, F.H. and Likens, G.E. (1967). Nutrient cycling. Science 155:424:429. 

Bosch, J.M. and Hewlett, J.D. (1982). A review of catchment experiments to determine the effect of 
vegetation changes on water yield and evapotranspiration. Journal of Hydrology 55:3-23. 

Bottcher, J. and Strebel, 0. (1988a). Spatial variability of groundwater solute concentrations at the 
water table under arable land and coniferous forest. Part 2: Field data for arable land and statistical 
analysis. Z. Pflanzenernahr. Bodenk 151:190-195. 

Bottcher, J. and Strebel, 0. (1988b). Spatial variability of groundwater solute concentrations at the 
water table under arable land and coniferous forest. Part 3: Field data for a coniferous forest and 
statistical analysis. Z. Pflanzenernahr. Bodenk 151 :197-203. 

Brasell, H.M. and Gilmour, D.A. (1980). The cation composition of precipitation at four sites in far north 
Queensland. Australian Journal of Ecology 5:397-405. 

212 



Brasell, H.M. and Sinclair, D.F. (1983). Elements returned to forest floor in two rainforest and three 
plantation plots in tropical Australia. Journal of Ecology 71 :367-378. 

Breemen, N. van (1995). Nutrient cycling strategies. Plant and soil 168-169:321-326. 
Breemen, N. van, Driscoll, C.T. and Mulder, J. (1984). Acidic deposition and internal proton sources in 

acidification of soils and waters. Nature 307:599-604. 

Breemen, N. van, Mulder J. and Driscoll, C.T. (1983). Acidification and alkalinization of soils. Plant and 

Soil 75:283-308. 

Brinkmann, W.L.F. (1983). Nutrient balance of a central Amazonian rainforest: comparison of natural 
and man-managed systems. In: Hydrology of the humid tropical regions with particular reference to 
the hydrological effects of agriculture and forestry practice. Proceedings of the Hamburg sympo
sium, IAHS no.140. 

Brinkmann, W.L.F. (1985). Studies on Hydrobiogeochemistry of a tropical lowland forest system. Geo
journal:89-101 

Bruijnzeel, L.A. (1983). Hydrological and biogeochemical aspects of man-made forests in south-central 
Java, Indonesia PhD thesis, Free University Amsterdam, the Netherlands. 

Bruijnzeel, L.A. (1989a). Hydrochemical and soil chemical responses to disturbance and conversion of 
moist tropical forest. FR/M-IHP-UNESCO, Regional seminar on tropical forest hydrology, Kuala 
Lumpur, 4-9 September 1989. 

Bruijnzeel, L.A. (1989b). Nutrient content of bulk precipitation in south-central Java, Indonesia. Journal 
of Tropical Ecology 5:187-202. 

Bruijnzeel, L.A. (1989c). Nutrient cycling in moist tropical forests: the hydrological framework. In: Min

eral Nutrients in Tropical Forest and Savanna Ecosystems, J. Proctor (ed.). Blackwell Scientific 
Publications. 

Bruijnzeel, L.A. (1990). Hydrology of moist tropical forests and effects of conversion: estate of knowl
edge review. UNESCO-IHP, Humid tropics programme, Paris, 224 pp. 

Bruijnzeel, L.A. (1991 ). Nutrient input-output budgets of tropical forest ecosystems, a review. Journal of 

Tropical Ecology 7:1-24. 

Bruijnzeel, L.A. (1992). Managing tropical forest watersheds for production: where contradictory theory 
and practice co-exist. In: Wise management of Tropical forests. Miller, F.R. and Adam, K.L. (Eds.). 
Oxford Forestry Institute, Oxford, 37-75. 

Bruijnzeel, L.A. (1994). Predicting the hydrological impacts of land cover transformation in the humid 
tropics: the need for integrated research. Keynote paper presented at the ABRACOS symposium 

on Amazon deforestation and Climate, Brasilia 1994, also published in 1995 by J. Wiley & Sons in: 
Amazon deforestation and climate. Gash, J.H.C., Nobre, C.A., Roberts, J. and Victoria, R. (eds.). 

Bruijnzeel, L.A. (1995). Soil chemical and hydrochemical responses to tropical forest disturbance and 
conversion: a hydrologist's perspective. Keynote paper presented at the international symposium on 
soils of tropical forest ecosystems, Balikpapan, Indonesia, Oct.-Nov. 1995. 

Bruijnzeel, L.A. et al. (1993). Hydrological observations in montane rain forests on Gunung Silam, Sa
bah, Malaysia, with special reference tot the 'Massenerhebung' effect. Journal of Ecology 81:145-
167 

Brunschot, J. van and Lange, K. de (1992). The impact of selective logging on the micro climate and 
the nutrient balance in two gaps of different size in tropical rain forests in Guyana. Tropenbos Guy
ana internal reporVMSc thesis Utrecht University. 

Burghouts, T.B.A. (1993). Spatial heterogeneity of nutrient cycling in Bornean rain forest. PhD thesis, 

Free University Amsterdam, The Netherlands. 

Burnham, C.P. (1989). Pedological processes and nutrient supply from parent material in tropical soils. 
In: Mineral Nutrients in Tropical Forest and Savanna Ecosystems, J. Proctor (ed.). Blackwell Scien

tific Publications. 

Burrough, P.A. (1986). Principles of Geographic Information Systems. Monographs on soil and re

sources survey, Oxford University Press, UK. 

Burrough, P.A. and Webster, R. (1976). Improving a reconnaissance soil classification by multivariate 
methods. Journal of Soi/ Science 27:554-571. 

Burslem, D.F.R.P., Turner, I.M. and Grubb, P.J. (1994). Mineral status of coastal hill dipterocarp forest 
and adinandra belukar in Singapore: bioassays of nutrient limitation. Journal of Tropical Ecology 

10:579-599. 

Buschbacher, R.J. (1984). Changes in productivity and nutrient cycling following conversion of Ama
zonian rain forest to pasture. PhD thesis, University of Georgia, Athens, USA. 

213 



Cahn, M.D., Bouldin, D. R., Cravo, M.S. and Bowen, WT. (1993). Cation and Nitrate Leaching in an 
Oxisol of the Brazilian Amazon. Agronomy Journal 85:334-340. 

Camargo, J.L.C. and Kapos, V. (1995). Complex edge effects on soil moisture and microclimate in 
central Amazonian forest. Journal of Tropical Ecology 11:205-221. 

Carlisle, A.; Brown, A.H.F. and White, E.J. (1967). The nutrient content of tree stem flow and ground 
flora litter and leachates in a sessile oak woodland. Journal of Ecology 55:615-627. 

Chapin, F.S. Ill (1980). The mineral nutrition of wild plants. Annual review of ecology and systematics 
11:233-260. 

Chapin, F.S. Ill (1991). Effects of multiple environmental stresses on nutrient availability and use. In: 

Response of plants to multiple stresses, pp 67-88, Ed Academic Press Inc., San Diego. 
Clayton, J.L. (1979). Nutrient supply to soil by rock weathering. Proceedings of the symposium on im

pacts of intensive harvesting on forest nutrient cycling. State University of New York, Ithaca, New 
York. 

Colchester, M. (1994). The new sultans. Asian loggers move into Guyana's forests. The Ecologist 

24:45-52. 
Cole, D.W. (1995). Soil nutrient supply in natural and managed forests. Plant and Soil 168-169:43-53. 

Cooper, A. (1982). Litter fall and decomposition in tropical xeromorphic woodland and scrub. Tropical 
Ecology 23:193-207. 

Cornejo, H.C.; Varela, A. and Wright. S.J. (1994). Tropical forest litter decomposition under seasonal 
drought: nutrient release, fungi and bacteria. Oikos 70:183-190 

Cornforth, I.S. (1970). Leaf-fall in a tropical rainforest. Journal of applied ecology 7:603-608. 

Crowther. J. (1987). Ecological observations in karst terrain, West Malaysia. II Rainfall interception. 
litterfall and nutrient cycling. Journal of Biogeography 14:145-155. 

Crowther, J. (1987). Ecological observations in karst terrain, West Malaysia. Ill. Dynamics of the 
vegetation - soil - bedrock system. Journal of Biogeography 14:157-164. 

Crozat. G. (1979). Sur !'emission d'un aerosol riche en potassium par la fore! tropicale. Tel/us 31 :52-

57. 
Cuevas, E. and Medina, E. (1986). Nutrient dynamics within Amazonian forest ecosystems. I. Nutrient 

flux in fine litter and efficiency of nutrient utilization. Oecologia 68:466-472. 
Cuevas, E. and Medina, E. (1988). Nutrient dynamics within Amazonian forests. II. Fine root growth . 

nutrient availability and leaf litter decomposition. Oecologia 76:222-235. 

Czarnowski, M.S. and Olszewski, J.L. (1970). Number and spacing of rainfall gauges in a deciduous 
forest stand. Oikos. 21:48-51. 

Daniel, J.R.K. and Hons, B.A. (1984). Geomorphology of Guyana: an integrated study of natural envi
ronments. Department of Geography, University of Guyana. Georgetown. Guyana. Occasional pa

per number 6. 
Dantas, M. and Phillipson, J. (1989). Litterfall and litter nutrient content in primary and secondary Ama

zonian 'terra firme' rain forest. Journal of Tropical Ecology 5:27-36. 

Davis, T.W.A. and Richards, P.W. (1934). The vegetation of Moraballi creek, British Guiana: An eco
logical study of a limited area of tropical rain forest. Part 11. Journal of Ecology 22: 106-155. 

Delmas, R. and Servant, J. (1983). Atmospheric balance of sulphur above an equatorial forest. Tel/us 

358:110-120. 
Draaijers, G. (1993). The variability of atmospheric deposition to forests. The effects of canopy struc

ture and forest edges. PhD thesis, Utrecht University, The Netherlands. 
Duivenvoorden, J.F. and Lips, J.M. (1995). A land-ecological study of soils, vegetation and plant diver

sity in Colombian Amazonia. Tropenbos Series 12, The Tropenbos Foundation, Wageningen, The 

Netherlands. 
Duysings, J.J.H.M., Verstraten, J.M. and Bruijnzeel, L.A. (1983). The identification of runoff sources of 

a forested lowland catchment: a chemical and statistical approach. Journal of hydrology 64:357-

375. 

Eaton. J.S., Likens, G.E. and Bormann. F.H. (1973). Throughfall and stemflow chemistry in a northern 
hardwood forest. Journal of Ecology 61:495-507. 

Edwards, P.J. (1977). Studies of mineral cycling in a montane rain forest in New Guinea. II The pro
duction and disappearance of litter. Journal of Ecology 65:971-992. 

Edwards, P.J. (1982). Studies of mineral cycling in a montane rain forest in New Guinea. V Rates of 
cycling in throughfall and litterfall. Journal of Ecology 70:807-827. 

214 



Eernisse, N. (1991 ). A soil hydrological study of the Mabura Hill area, Guyana. Tropenbos Guyana in

ternal report/MSc thesis Free University Amsterdam. Tropenbos Guyana internal report/MSc thesis 

Free University Amsterdam. 
Eernisse, N. (1993). Relative depths of weathering front and fine root network: a pilot study, Mabura 

Hill, Guyana. Internal report Tropenbos-Guyana Programme/Free University Amsterdam. 

Ek, R.C. (1995). Botanical diversity in Greenheart dominated forest in Guyana. Tropenbos Guyana 
Reports 95-3, Georgetown, Guyana. 

Enright, N.J. (1979). Litter production and nutrient partitioning in rainforest near Bulolo, Papua New 
Guinea. The Malaysian forester 42:202-207. 

Ewel, J.J. (1976). Litter fall and leaf decomposition in a tropical forest succession in eastern Guate
mala. Journal of Ecology 64:293-309. 

Fanshawe, D.B. (1952). The vegetation of British Guiana. A preliminary review. Institute paper 29. Im-
perial Forestry Institute, University of Oxford, UK. 

Foister, H. (1986). Forest-savanna dynamics and desertification processes in the Gran Sabana. lnter
ciencia 11:311-316. 

Forti, C.M. and Moreira-Nordemann, L.M. (1991). Rainwater and throughfall chemistry in a Terra Firme 

rain forest: Central Amazonia. Journal of Geophysical research 96:7415-7421. 

Franken, M. (1979). Major nutrient and energy contents of the litterfall of a riverine forest of central 
Amazonia. Tropical Ecology 20:211-223. 

Franken, M., lrmler, V. and Klinge, H. (1979). Litterfall in inundation, riverine and terra firme forests of 
central Amazonia. Tropical Ecology 20:225-235. 

Franken, W. and Leopoldo, P.R. (1984). Hydrology of catchment areas of central Amazonian forest 

streams. In: The Amazon. Limnology and landscape ecology of a mighty tropical river and its basin, 

H. Sioli (ed.), 501-519, W. Junk, The Hague, the Netherlands.
Franken, W., Leopoldo, P.R. and Bergamin Filho, H. (1985). Nutrient flow through natural waters in 

'terra firme' forest in Central Amazon. Proceedings of the workshop on biogeochemistry of tropical 

rain forests: problems for research, 30 September- 04 October 1985, Piracicaba, Sao Paulo, Brasil. 
Freiesleben, N.E. v and Rasmussen, L. (1986). Effects of acid rain on ion leaching in a Danish forest 

soil. Water, Air and Soil Pollution 31 :965-968. 

French, D.D. (1988). Patterns of decomposition assessed by the use of litter bags and cotton strip as

say on fertilized and unfertilized heather moor in Scotland. In: Cotton strip assay: an index of de

composition in soils. Harrison, A.F., Latter, P.M. and Walton, D. W.H. (eds.). Institute of terrestrial 

ecology, Merlewood research station, UK. 
Frith, D. and Frith, C. (1990). Seasonality of litter invertebrate populations in an Australian upland tropi

cal rain forest. Biotropica 22:181-190. 
Fritsch, J.M. (1990). Les effets du defrichement de la foret Amazonienne et de la mise en culture sur 

l'hydrologie de petits bassins versants. Operation ECEREX en Guyane Fran,;:aise. PhD thesis, Uni
versity of Montpellier, France. 

Galloway, J.N. and Likens, G.E. (1976). Calibration of collection procedures for the determination of 

precipitation chemistry. Water Air and Soil Pollution 6:241-258. 

Galloway, J.N. and Likens, G.E. (1978). The collection of precipitation for chemical analysis. Tel/us 

30:71-82. 

Galloway, J.N .. Likens, G.E., Keene, W.C. and Miller, J.M. (1982). The composition of precipitation in 
remote areas of the world. Journal of Geophysical Research 87:8771-8786. 

Gibbs, A.K. and Barron, C.N. (1993). The geology of the Guyana shield. Oxford Monographs on geol

ogy and geophysics 22, Oxford University, UK. 

Gong, W.K. and Ong, J.E. (1983). Litter production and decomposition in a coastal hill dipterocarp for

est. In: Tropical Rain Forest: Ecology and management. S.L. Sutton. T.C. Whitmore and A.G. 
Chadwick (eds.). pp 275-285. Blackwell Scientific Publications, Oxford. 

Gosz, J.R., Likens, G.E. and Bormann, F.H. (1973). Nutrient release from decomposing leaf and 

branch litter in the Hubbard Brook forest, New Hampshire. Ecological monographs 43:173-191. 

Grimaldi, C. (1988). Origine de la composition chimique des eaux superficielles en milieu tropical 
humide: exemple de deux petits basins versants sous foret en guyane francaise. Sci. Geo/. Bull 

41 :247-262. 
Grip, H., Maimer, A. and Wong, F.K. (1994). Converting tropical rainforest to forest plantation in Sabah. 

Malaysia, I. Dynamics and net losses of nutrients in control catchment streams. Hydrological Proc

esses 8:179-194. 

215 



Grossman, J. and Udluft, P. (1991 ). The extraction of soil water by the suction-cup method: a review. 

Journal of Soil Science 42:83-93. 
Grubb, P.J. (1989). The role of mineral nutrients in the tropics: a plant ecologist's view. In: Mineral Nu

trients in Tropical Forest and Savanna Ecosystems, J. Proctor (ed.). Blackwell Scientific Publica
tions. 

Gunadi, B. (1995). The flow of nutrients in a pine forest plantation in central Java affected by volcanic 
emissions. Proceedings international congress on soils of tropical forest ecosystems. Vol. 6: Nutri
ent cycling/ecosystem studies. Malawarman University Press, Samarinda, Indonesia. 

Gundersen, P and Rasmussen, L. (1987). Nitrification, acidification and aluminium release in forest 

soils. Laboratory of environmental sciences and ecology, technical university of Denmark, Lyngby, 
Denmark. 

Hadley, M. and Lanly, J.P. (1983). Tropical forest ecosystems: identifying differences, seeking similari
ties. Nature and resources 19:2-19. 

Haines, B.L., Waide, J.B. and Tona, R.L. (1982). Soil solution nutrient concentrations sampled with 
tension and zero-tension lysimeters: report of discrepancies. Soil. Sci. Soc. Am. J. 46:658:661. 

Hammond, D.S. and Brown, V.K. (1995). Seed size of woody plants in relation to disturbance, disper
sal, soil type in wet neotropical forests. Ecology 76:2544-2561. 

Harrison, A.F., Latter, P.M. and Walton, D.W.H. (1988). Cotton strip assay: an index of decomposition 
in soils. Institute of Terrestrial Ecology, Merlewood Research Station, Grange-over-sands, UK. 

Harriss, R.C. (1986). Influence of a tropical rainforest on air chemistry. From: the geophysiology of 
Amazonia. Dickinson R.E. (ed.), John Wiley and Sons, New York. 

Henderson, G.S., Harris, W.F., Todd, D.E. and Grizzard, T. (1977). Quantity and chemistry of 
throughfall as influenced by forest-type and season. Journal of Ecology 65:365-374. 

Hendry, C.D., Berish, C.W. and Edgerton, E.S. (1984). Precipitation chemistry at Turrialba, Costa Rica. 
Water Resources Research 20: 1677-1684. 

Herborn, J.L. and Congdon, R.A. (1993). Ecosystem dynamics at disturbed and undisturbed sites in 
north Queensland wet tropical rain forest. II Litterfall. Journal of Tropical Ecology 9:365-380. 

Herrera, R., Jordan, C.F., Klinge, H. and Medina E. (1978). Amazon ecosystems. Their structure and 
functioning with particular emphasis on nutrients. lnterciencia 3:223-231. 

Herrera, R., Jordan, C.F., Medina, E. and Klinge, H. (1981 ). How human activities disturb the nutrient 

cycles of tropical rainforest in Amazonia. Ambia 10:109-114. 
Herrera, R., Medina, E., Klinge, H., Jordan, C.F. and Uhl, C. (1984). Nutrient retention mechanisms in 

tropical forests: the Amazon Caatinga, San Carlos Pilot Project, Venezuela. Ecology in practice I, 
Tycooly international pub/. Ltd, Dublin - UNESCO, Paris. 

Herrera, R., Merida, T., Stark, N. and Jordan, C.F. (1978). Direct phosphorus transfer from leaf litter to 
roots. Naturwissenschaften 65:208-209. 

Heyligers, P.C. (1963). Vegetation and soil of a white sand savanna in Surinam. PhD thesis, Utrecht 
University, The Netherlands. 

Hill, M.O., Latter, P.M. and Bancroft, G. (1988). Standardization of rotting rates by a linearization 
transformation. In: Cotton strip assay: an index of decomposition in soils. Harrison, A.F., Latter, 

P.M. and Walton, D. WH. (eds.). Institute of terrestrial ecology, Merlewood research station, UK.
Holscher, D. (1995). Wasser- und stoffhaushalt eines agrarokosystems mit waldbrache im ostlichen 

Amazonasgebiet. Gottinger beitrage zur land- und forstwirtschaft in den tropen und subtropen 106 
pp. PhD thesis, University of Gottingen, Germany. 

Hopmans, P., Flinn, D.W. and Farrell, P.W. (1987). Nutrient Dynamics of Forested Catchments in 
South-eastern Australia and Changes in Water Quality and Nutrient Exports Following Clearing. 
Forest Ecology and Management 20:209-231. 

Hornung, M. (1990). Nutrient losses from ecosystems. In: Harrison, A.F., Ineson, P. and Heal, 0. W, 

Nutrient cycling in terrestrial ecosystems. Elsevier Science Publishers Ltd. 
Hout, P. van der (1992). Integrated rain forest management in Guyana. Internal report department of 

Plant Ecology and Evolutionary Biology, Utrecht University, the Netherlands. 

Howard, P.J.A. (1988). A critical evaluation of the cotton strip assay. In: Harrison, A.F., Latter, P.M. 

and Walton, D.H. W (eds.). Cotton strip assay: an index of decomposition in soils. Institute of ter
restrial ecology, Merlewood research station, UK. 

Howson, G. (1988). Use of the cotton strip assay to detect potential differences in soil organic matter 
decomposition in forests subjected to thinning. In: Cotton strip assay: an index of decomposition in 
soils. Harrison, A.F., Latter, P.M. and Walton, 0. WH. (eds.). Institute of terrestrial ecology, Merle

wood research station, UK. 

216 



Hutjes, R.W.A., Wierda, A. and Veen, A.W.L. (1990). Rainfall interception in the Tai forest, Ivory Coast, 
application of two simulation models to a humid tropical system. Journal of Hydrology 114:259-275. 

Ineson, P., Bacon, P.J. and Lindley, D.K. (1988). Decomposition of cotton strips in soil: analysis of the 
world data set. In: Harrison, A.F., Latter, P.M. and Walton, D.H. W (eds.). Cotton strip assay: an in
dex of decomposition in soils. Institute of terrestrial ecology, Merlewood research station, UK. 

Ivens, W.P.M.F. (1990). Atmospheric deposition onto forests: an analysis of the deposition variability 
by means of throughfall measurements. PhD thesis, Utrecht University, The Netherlands. 

Janos, D.P. (1980). Vesicular-arbuscular mycorrhiza affect lowland tropical rain forest plant growth. 
Ecology 61:151-162. 

Janssen, B.H., Noij, I.G.A.M., Wesselink, L.G. and Grinsven, J.J.M. van (1990). Simulation of the dy
namics of nutrients and moisture in tropical ecosystem. Fertilizer Research 26:145-156. 

Jayachandran, K., Swab, A.P. and Hetrick, B.A.D. (1992). Mineralization of organic phosphorus by ve
sicular-arbuscular mycorrhizal fungi. Soil biol. Biogem.24:897-903. 

Jetten, V.G. (1994). Modelling the effects of logging on the water balance of a tropical rain forest. A 
study in Guyana. Tropenbos Series 6, The Tropenbos Foundation, Wageningen, The Nether
lands. 196 p. 

Jetten, V.G. (1994). SOAP, Soil atmosphere plant model. A one dimensional water balance model for a 
forest environment. Tropenbos Documents 5, Tropenbos Foundation, Wageningen, the Nether
lands. 

Jetten, V.G. (1996). Interception of tropical rain forest: performance of a canopy water balance model. 

Hydrological Processes 10:671-685. 
John, T.V. St. and Uhl, C. (1983). Mycorrhizae in the rain forest an San Carlos de Rio Negro, Vene

zuela. Acta Cient, Venezofana 34:233-237. 

Jordan C.F. and Herrera, R. (1981). Tropical rain forests: are nutrients really critical? The American 
Naturalist 117: 167-180. 

Jordan, C.F. (1982). The nutrient balance of an Amazonian rain forest. Ecology 63:647-654. 

Jordan, C.F. (1985). Nutrient Cycling in Tropical Forest Ecosystems. Institute of Ecology, University of 
Georgia, Athens, Georgia 30602, USA. 

Jordan, C.F. (1991 ). Nutrient cycling processes and tropical forest management. In: Rain forest regen

eration and management. A. Gomez-Pompa, T.C. Whitmore and M. Hadley (eds.}, Unesco Paris 

and Parthenon Publishing Group, Park Ridge, USA. 
Jordan, C.F., Galley, F.B. and Hall, J. (1980). Nutrient scavenging of rainfall by the canopy of an Ama

zonian Rain Forest. Biotropica 12:61-66. 

Kekem, A.J. van, Pullis, J. and Khan, Z. (1996). Soils of Central Guyana. Tropenbos-Guyana Scientific 
series 2. Tropenbos-Guyana programme, Georgetown, Guyana. 

Kellman, M., Hudson, J. and Sanmugadas, K. (1982). Temporal variability in atmospheric nutrient influx 
to a tropical ecosystem. Biotropica 14:1-9. 

Khan, Z., Paul, S. and Cummings, D. (1980). Mabura Hill - Upper Demerara Forestry Project: soils in
vestigation, report no. 1. Ministry of Agriculture, NARI, Guyana. 

Kiffer, E., Puig, H. and Kilbertus, G. (1981). Biodegradation des feuilles d'Eperua Falcata Aubl. en fore! 
tropical humide (Guyane Fran9aise). Rev. Ecol. Biol. So/, 18:135-157. 

Kimmins, J.P. (1973). Some statistical aspects of sampling throughfall precipitation in nutrient cycling 
studies in British Columbia coastal forests. Ecology 54:1008-1019. 

Klinge, H. (1973). Root mass estimation in lowland tropical rain forests of central Amazonia, Brazil. I. 
Fine root masses of a pale yellow latosol and a giant humus podzol. Tropical Ecology 14:29-38. 

Klinge, H. (1976). Bilanziering von hauptnahrstoffen im okosystem tropischer regenwalder (Manaus) -
Vorlaufige Oaten. Biogeographica 7:59-77. 

Klinge, H. (1977). Fine litter production and nutrient return to the soil in three natural forest stands of 
eastern Amazonia. Geo-Eco-Trop 1:159-167. 

Klinge, H. and Herrera, R. (1978). Biomass studies in amazon caatinga forest in Southern Venezuela. 
1. Standing crop of composite root mass in selected stands. Tropical Ecology 19:93-110.

Klinge, H. and Herrera, R. (1983). Phytomass structure of natural plant communities on spodosols in 
southern Venezuela: the tall Amazon Caatinga forest. Vegetatio 53:65-84. 

Klinge, H. and Rodrigues, W.A. (1968). Litter production in an area of Amazonian terra firme forest. II 
Mineral nutrient content of the litter. Amazoniana 1:303-310. 

Lacaux, J.P., Servant, J. and Baudet, J.G.R. (1987). Acid rain in the tropical forests of western Africa. 
In: Acid Rain: scientific and technical advances. Bell, J.N.B. and Lester, J.N. (eds.). International 
acid rain conference, Lissabon. 

217 



Lathwell, D.J. and Grove, T.L. (1986). Soil-Plant Relationships in the tropics. Annual Reviews Ecologi
cal Systems 17:1-16. 

Latter, P.M. and Harrison, A.F. (1988). Decomposition of cellulose in relation to soil properties and 
plant growth. In: Cotton strip assay: an index of decomposition in soils. Harrison, A.F., Latter, P.M. 
and Walton, O. WH. (eds.). Institute of terrestrial ecology, Merlewood research station, UK. 

Latter, P.M. and Shaw, F.J. (1988). Demonstrating effects of clearfelling in forestry and the influence of 
temperature and moisture on changes in cellulose decomposition. In: Cotton strip assay: an index 
of decomposition in soils. Harrison, A.F., Latter, P.M. and Walton, D. WH. (eds.). Institute of terres
trial ecology, Merlewood research station, UK. 

Lawson, D.R. and Winchester, J.W. (1979). Sulphur, Potassium, and phosphorus associations in aero
sols from south American tropical rain forests. Journal of geophysical research 84:3723-3727. 

Leopoldo, P.R., Franken, W., Salati, E. and Ribeiro, M.N. (1987). Towards a water balance in the cen
tral Amazonian region. Experientia 43:222-233. 

Lesack, L.F.W. (1993a). Export of nutrients and major ionic solutes from a rain forest catchment in the 
central Amazon basin. Water Resources Research 29:743-758. 

Lesack, L.F.W. (1993b). Water balance and hydrologic characteristics of a rain forest catchment in the 
central Amazon basin. Water Resources Research 29:759-773. 

Lesack, L.F.W. and Melack, J.M. (1991). The deposition, composition and potential sources of mayor 
ionic solutes in rain of the central Amazon basin. Water resources research 27:2953-2977 

Lescure, J.P., Puig, H., Riera, B. and Sabatier, D. (1990). Une foret primaire de Guyane frani;:aise: 
donnees botaniques. In: Mise en valeur de l'ecosysteme forestier guyanais. Operation Ecerex. J.M. 
Sarrailh (ed.).INRA Paris, Centre Technique Forestier Tropical Nogent-sur-Marne. 

Lewis, W.M. (1981 ). Precipitation Chemistry and Nutrient Loading by Precipitation in a Tropical Water
shed. Water resources research 17:169-181. 

Lewis, W.M. (1986). Nitrogen and phosphorus runoff losses from a nutrient-poor tropical moist forest. 
Ecology 67:1273-1282. 

Lewis, W.M., Hamilton, S.K., Jones, S.L. and Runnels, 0.0. (1987). Major element chemistry, weath
ering and element yields for the Caura River drainage ba?in, Venezuela. Biogeochemistry 4:159-
181. 

Lindberg, S.E., Lovett, G.M., Richter, 0.0. and Johnson, D.W. (1986). Atmospheric deposition and 
canopy interactions of major ions in a forest. Science 231:141-145. 

Lloyd, C.R. and Marques F, A. de 0. (1988). Spatial variability of throughfall and stemflow measure
ments in Amazonian rainforest. Agricultural and Forest meteorology 42:63-73. 

Lovett, G.M. and Lindberg, S.E. (1984). Dry deposition and canopy exchange in a mixed oak forest as 
determined by analysis of throughfall. Journal of applied ecology 21:1013-1027. 

Luizao, F.J. (1989). Litter production and mineral element input to the forest floor in a Central Ama
zonian forest. Geojournal 19:407-417. 

Luizao, F.J. (1995). Ecological studies in contrasting forest types in central Amazonia. PhD thesis, 
Dept of biological and molecular sciences, Stirling University, UK. 

Luizao, F.J. and Schubart, H.O.R. (1987). Litter production and decomposition in a terra-firme forest of 
central Amazonia. Experientia 43:259-265. 

Luning, H.A. (1987). The need for tropical rain forests and their products. In: Wise utilization of tropical 
forest lands. Beusekom, C.F., Goar C.P. van and Schmidt, P. (eds.). Tropenbos scientific series no 
1. The Tropenbos Foundation, Wageningen, the Netherlands.

Luxmoore, R.J. et al. (1990). Physical and chemical controls of preferred path flow through a forested 
hillslope. Geoderma 46: 139-154. 

Maheswaran, J. and Gunatilleke, I.A.U.N (1988). Litter decomposition in a lowland rainforest and a 
deforested area in Sri Lanka. Biotropica 20:90-99. 

Maimer, A. (1993). Dynamics of hydrology and nutrient losses as response to establishment of forest 
plantation. A case study on tropical rainforest land in Sabah, Malaysia. PhD thesis, Swedish Uni
versity of Agricultural Sciences, Umea, Sweden. 

Maimer, A. and Grip, H. (1990). Soil disturbance and loss of infiltrability caused by mechanised and 
manual extraction of tropical rainforest in Sabah, Malaysia. Forest ecology and management 38:1-
12. 

Maimer, A. and Grip, H. (1993). Converting tropical rainforest to forest plantation in Sabah, Malaysia II. 

Effects on nutrient dynamics and net losses in stream water. Hydrological processes 8: 195-209. 

218 



Maltby, E. (1988). Use of cotton strips in wetland and upland environments-an international perspec
tive. In: Harrison, A.F., Latter, P.M. and Walton, D.H. W (eds.). Cotton strip assay: an index of de
composition in soils. Institute of terrestrial ecology, Merlewood research station, UK. 

Manokaran, N. (1980). The nutrient contents of precipitation, throughfall and stemflow in a lowland 
tropical rainforest in Peninsular Malaysia. The Malaysian forester 43:266-289. 

Marrs, R.H., Proctor, J., Heaney, A. and Mountford, M.D. (1988). Changes in soil nitrogen
mineralization and nitrification along an altitudinal transect in tropical rain forest in Costa Rica. Jour
nal of Ecology 76:466-482. 

Marrs, R.H., Thompson, J., Scott, D. and Proctor, J. (1991). Nitrogen mineralization and nitrification in 
terra firme forest and savanna soils on llha de Maraca, Roraima, Brazil. Journal of Tropical Ecology 

7:123-137. 
Marschner, H. (1991). Mechanisms of adaptation of plants to acid soils. Plant and Soil 134:1-20. 
Marschner, H. (1995). Mineral Nutrition of higher plants. Academic Press, Harcourt Brace & Company, 

London. 

McColl, J.G. (1970). Properties of some natural waters in a tropical wet forest of Costa Rica. Bio
science 20: 1096-1100. 

Medina, E. (1984). Nutrient balance and physiological processes at the leaf level. In: Physiological 
ecology of plants of the wet tropics. Medina, E., Mooney, H.A. and Vazquez-Yanes, C. (eds.), pp 
134-154. Junk. The Hague.

Medina, E., Garcia, V. and Cuevas, E. (1990). Sclerophylly and oligotrophic environments: relation
ships between leaf structure, mineral nutrient content and drought resistance in tropical rain forests 
of the upper Rio Negro region. Biotropica 22:51-64. 

Medina. E, and Cuevas, E. (1989). Patterns of nutrient accumulation and release in Amazonian forests 
of the upper Rio Negro basin. In: Mineral Nutrients in Tropical Forest and Savanna Ecosystems, J. 
Proctor (ed.). Blackwell Scientific Publications. 

Meentemeyer, V. (1978). An approach to the biometeorology of decomposer organisms. Journal of 
Biometeorology 22:94-102. 

Mennega, E.A., Tammens-de Rooij, W.C.M. and Jansen-Jacobs, M.J. (1988). Check-list of woody 
plants of Guyana. Tropenbos Technical series 2. The Tropenbos Foundation, Wageningen, The 
Netherlands. 

Miller, H.G., Cooper, J.M. and Miller, J.D. (1976). Effect of nitrogen supply on nutrients in litter fall and 
crown leaching in a stand of Corsican Pine. Journal of Applied ecology 13:233-248. 

Molicova, H. and Hubert, P. (1994). Canopy influence on rainfall fields' microscale structure in tropical 
forests. Journal of Applied Meteorology 33:1464-1467. 

Montagnini, F. and Buschbacher, R. (1989). Nitrification Rates in Two Undisturbed Tropical Rain For
ests and Three Slash-and-Burn Sites of the Venezuelan Amazon. Biotropica 21:9-14. 

Nilsson, L.O., Hutti, R.F., Johansson, U.T. and Jochheim, H. (1995). Nutrient uptake and cycling in 
forest ecosystems - present status and future research directions. Plant and Soil 168-169:5-13. 

Noij, I.G.A.M., Janssen, B.H., Wesselink, L.G. and Grinsven, J.J.M. (1993). Modeling nutrient and 
moisture cycling in tropical forests. Tropenbos Series 4, Tropenbos Foundation, Wageningen, the 
Netherlands. 

Nortcliff, S. and Thornes, J.B. (1978). Water and cation movement in a tropical rainforest environment: 
I. Objectives, experimental design and preliminary results. Acta Amazonica 8:245-258.

Nortcliff, S. and Thornes, J.B. (1989). Variations in soil nutrients in relation to soil moisture status in a 
tropical forested ecosystem. In: Mineral Nutrients in Tropical Forest and Savanna Ecosystems, J. 
Proctor (ed.). Blackwell Scientific Publications. 

Nye, P.H. (1961). Organic matter and nutrient cycles under moist tropical forest Plant and Soil 13:333-
346. 

O'Connell, A.M. (1994). Decomposition and nutrient content of litter in a fertilized eucalypt forest. Biol. 
Fertil. Soils 17: 159-166. 

Ohler, F.M.J. (1980). Phytomass and mineral content in untouched forest (in Dutch). Centrum voor 
landbouwkundig onderzoek in Surinamellandbouwhogeschool Wageningen. 

Oorschot, M. van (1996). Effects of the vegetation on Carbon, Nitrogen and Phosphorus dynamics in 
English and French riverine grasslands. PhD thesis, Utrecht University, The Netherlands. 

Palm, C.A. and Sanchez, P.A. (1990). Decomposition and nutrient release patterns of the leaves of 
three tropical tree legumes. Biotropica 22:330-338. 

Park, C.C. (1992). Tropical Rainforests. Routledge, London, New York. 

219 



Parker, G.G. (1983). Throughfall and stemflow in the forest nutrient cycle. Advances in Ecological Re
search 13:57-133. 

Parker, G.G. (1985). The effect of disturbance on water and solute budgets of hillslope tropical rainfor
est in north-eastern Costa Rica. PhD thesis, University of Georgia, Athens, Ga, USA, 161 p. 

Parker, G.G. (1994). Soil fertility, nutrient acquisition and nutrient cycling. In: La Selva. Ecology and 
natural history of a neotropical rain forest McDade, L.A. et al. (eds.), University of Chicago Press, 
Chicago, London .. 

Peace, W.J.H. and MacDonald, F.D. (1981). An Investigation of the leaf anatomy, foliar mineral levels, 

and water relations of trees of a Sarawak forest. Biotropica 13:100-109. 
Perk, M. van der (1996). Muddy Waters. Uncertainty issues in modelling the influence of bed sedi

ments on water composition. PhD thesis, Utrecht University, the Netherlands. 
Perk, M. van der and Klawer, K.J.M. (1996). Laboratory methods at the Physical Geography Dept of 

Utrecht University: Analysis of water samples. In: Muddy Waters. Uncertainty issues in modelling 
the influence of bed sediments on water composition. 

Perk, M. van der, Klawer, K.J.M. and Middelkoop, H. (1996). Laboratory methods at the Physical Ge

ography Dept of Utrecht University: Analysis of sediment samples. In: Muddy Waters. Uncertainty 
issues in modelling the influence of bed sediments on water composition. 

Pinay, G., Roques, L. and Fabre A. (1993). Spatial and temporal patterns of denitrification in a riparian 
forest. Journal of Applied Ecology 30:581-591. 

Peels, R.L.H. (1987). Soils, water and nutrients in a forest ecosystem in Suriname. PhD thesis, Agri
cultural University Wageningen, the Netherlands. 

Polak, A.M. (1992). Major timber trees of Guyana. A field guide. Tropenbos Series 2, Tropenbos Foun
dation, Wageningen, the Netherlands. 

Potter, C.S., Ragsdale, H.L. and Swank, WT. (1991). Atmospheric deposition and foliar leaching in a 
regenerating southern Appalachian forest canopy. Journal of Ecology 79:97-115. 

Prescott, C.E. (1995). Does nitrogen availability control rates of litter decomposition in forests? Plant 
and Soil 168-169:83-88. 

Prinsen, H.A.M. and Straatsma, J. (1992). Decomposition of leaf litter and other aspects of nutrient 
cycling in tropical rain forests in Guyana. Tropenbos Guyana internal report/MSc thesis Utrecht 
University. 

Proctor, J. (1983). Mineral nutrients in tropical forests. Progress in Physical geography 7:422-431. 
Proctor, J. (1983). Tropical forest litterfall. I. Problems of data comparison. Tropical Rain Forest: Ecol

ogy and Management. A.G. Chadwick & S.L. Sutton (eds.), pp 267-273, Blackwell, Oxford. 
Proctor, J. (1984). Tropical forest litterfall. II. The data set. Tropical Rain Forest: Ecology and Man

agement, Supplementary Volume. A.G. Chadwick & S.L. Sutton (eds.), pp 83-113, Proceedings of 
the Leeds Philosophical and Literary Society. 

Proctor, J. (1987). Nutrient cycling in primary and old secondary rainforests. Applied Geography 7:135-
152 

Proctor, J. (1992). Soils and mineral nutrients: what do we know, and what do we need to know, for 
wise rain forest management? In: Wise management of Tropical Forests. Miller, F.R. and Adam, 
K.L. (eds.). Oxford Forestry Institute, Oxford, 27-35.

Proctor, J., Anderson, J.M., Chai, P. and Vallack, H.W. (1983). Ecological studies in four contrasting 
lowland rain forests in Gunung Mulu National Park, Sarawak: I. Forest environment, structure and 
floristics. Journal "Of Ecology 71 :261-283. 

Proctor, J., Anderson, J.M., Fogden, S.C.L., Vallack, H.W. (1983). Ecological studies in four contrast

ing lowland rain forests in Gunung Mulu National Park, Sarawak: II. Litterfall, litter standing crop and 

preliminary observations on herbivory. Journal of Ecology 71:261-283. 
Proctor, J., Howson, G., Munro, W.R.C. and Robertson, F.M. (1988). Use of the cotton strip assay at 3 

altitudes on an ultrabasic mountain in Sabah, Malaysia. In: Harrison, A.F., Latter, P.M. and Walton, 
D.H. W (eds.). Cotton strip assay: an index of decomposition in soils. Institute of terrestrial ecology,
Merlewood research station, UK.

Puig, H. and Delobelle, J.P. (1988). Production de litiere, necromasse, aports mineraux aux sol par la 
litiere en fore! Guyanaise. Rev. Ecol. (Terre vie) 43: 3-22. 

Raaimakers, D. (1994). Growth of tropical rain forest trees as dependent on phosphorous supply. Tree 

saplings differing in regeneration strategy and their adaptations to a low phosphorus environment in 
Guyana. PhD thesis Utrecht University. Tropenbos Series 11, The Tropenbos Foundation, Wagen

ingen, the Netherlands. 

220 



Raaimakers, D., Boot, R., Olde Venterink, H., Perreijn, K., Marel M. van der, Lambers, H. (1993). Ac
quisition and utilization of phosphorus by rain forest trees. 

Raaimakers, D., den Ouden, F., van der Marel, M. and Boot, R.G.A. (1995). N and Pas possible limit

ing factors for tree growth on acid sandy soils in tropical rain forest in Guyana. Journal of Tropical 
Ecology 

Richter, D.D. and Babar, L.I. (1991). Soil diversity in the tropics. Advances in Ecological research 

21:315-389. 
Riezebos, H.Th. (1979). Geomorphology and soils of the Sipalawini Savanna (south Suriname). Fac

ulty of Geographical Sciences, University of Utrecht. 
Riezebos, H.Th. (1983). Geomorphology, soils and vegetation differentiation in a tropical rain forest 

environment in Suriname. Geologie en Mijnbouw 62:669-675. 
Robertson, G.P. (1984). Nitrification and nitrogen mineralization in a lowland rainforest succession in 

Costa Rica, Central America. Oecologia 61:99-104. 
Robertson, G.P. (1989). Nitrification and denitrification in humid tropical ecosystems: potential controls 

on nitrogen retention. In: Mineral Nutrients in Tropical Forest and Savanna Ecosystems, J. Proctor 
(ed.). Blackwell Scientific Publications. 

Russell, A.E. and Ewe!, J.J. (1985). Leaching from a tropical Andept during big storms: a comparison 
of three methods. Soil Science 139:181-189. 

Russell, C.H. (1983). Nutrient cycling and productivity of native and plantation forests at Jari Florestal, 

Para, Brazil. PhD thesis, University of Georgia, Athens, Georgia, USA. 
Sampaia, E.V.B., D'all Olio, A., Nunes, K.S. and De Lemos, E.P. (1993). A model of litterfall, litter layer 

losses and mass transfer in a humid tropical forest at Pernambuco, Brazil. Journal of Tropical Ecol
ogy 9:291-301. 

Sanchez, P.A. (1976). Properties and management of soils in the tropics. J. Wiley, New York. 
Sanford, D.A. (1985). Root ecology of mature and succesional Amazonian forests. PhD thesis, Univer

sity of California, Berkeley, USA. 
Schaik, C.P. van and Mirmanto, E. (1985). Spatial variation in the structure and litterfall of a Sumatran 

rainforest. Biotropica 17: 196-205. 

Schaik, C.P. van, Terborgh, J.W. and Wright, S.J. (1993). The phenology of tropical forests: adaptive 
significance and consequences for primary consumers. Annual Reviews in Ecology and Systemat
ics 24:353-377. 

Schulz, J.P. (1960). Ecological studies on rain forest in Northern Suriname. Mededelingen van het 
botanisch museum en herbarium van de Rijksuniversiteit Utrecht 163, Utrecht University, The 
Netherlands. 

Scott, D.A., Proctor, J. and Thompson, J. (1992). Ecological studies on a lowland evergreen rainforest 
on Maraca Island, Roraima, Brazil. II. Litter and nutrient cycling. Journal of Ecology 80:705-717. 

Seyler, P., Olivry, J.C. and Sigha Nkamdjou, L. (1993). Hydrogeochemistry of the Ngoko river, Camer
oon: chemical balances in a rainforest equatorial basin. in: Hydrology of warm humid regions. J.S. 
Gladwell (ed.).IAHS publication 216. 

Silver, W.L. (1994). Is nutrient availability related to plant nutrient use in humid tropical forests? 
Oecologia 96:366-343. 

Silver, W.L. and Vogt, K.A. (1993). Fine root dynamics following single and multiple disturbances in a 
subtropical wet forest ecosystem. Journal of Ecology 81 :729-738. 

Singer, R. and da Silva Araujo, I.J. (1979). Litter decomposition and ecto mycorrhiza in Amazonian 
forest. Acta Amazonica 9:25-41. 

Sinun, W., Meng, W.W., Douglas, I. and Spencer, T. (1992). Throughfall, stemflow, overland flow and 

throughflow in the Ulu Segama rain forest, Sabah, Malaysia. In: Tropical rain forest: disturbance 

and recovery. A.G. Marshall and M.D. Swaine (eds.), The Alden Press Oxford. 
Sobrado, M.A. and Medina, E. (1980). General morphology, anatomical structure, and nutrient content 

of sclerophyllous leaves of the 'Bana' vegetation of Amazonas. Oecologia 45:341-345. 
Sollins, P. and Radulovich, R. (1988). Effects of Soil Physical Structure on Solute Transport in a 

Weathered Tropical Soil. Soil Science Society America Journal 52: 1168-1173. 

Spain, A.V. (1984). Litterfall and the standing crop of litter in three tropical Australian rainforests. Jour
nal of Ecology 72:947-961. 

Staaf, H. and Berg, B. (1982). Accumulation and release of plant nutrients in decomposing Scots pine 
needle litter. Long term decomposition in a Scots pine forest II. Canadian Journal of Botany 

60:1561-1568. 
Stark, N. (1970). The nutrient content of plants and soils from Brazil and Surinam. Biotropica 2:51-60. 

221 



Stark, N. and Spratt, M. (1977). Root biomass and nutrient storage in rain forest oxisols near San Car

los de Rio Negro. Tropical Ecology 18:1-9. 
Stark, N.M. and Jordan, C.F. (1978). Nutrient Retention by the root mat of an Amazonian rain forest. 

Ecology 59:434-437. 
Statsoft Inc. (1994). Statistica. Statsoft Inc., Tulsa OK, USA. 
Steege, H. ter (1990). A monograph of Wallaba, Mora and Greenheart. Tropenbos Technical Series 5. 

The Tropenbos Foundation, Wageningen, the Netherlands. 
Steege, H. ter (1993). Patterns in tropical rain forest in Guyana. PhD thesis Utrecht University. Tropen

bos Series 3. The Tropenbos Foundation, Wageningen, the Netherlands. 
Steege, H. ter (1994). Flooding and drought tolerance in seeds and seedlings of two Mora species seg

regated along a soil hydrological gradient in the tropical rain forest of Guyana. Oecologia 100:356-

367. 
Steege, H. ter and Persaud, C.A. (1991 ). The phenology of Guyanese timber species: a compilation of 

a century of observations. Vegetatio 95:177-198. 
Steege, H. ter et al. (1993). Tropical rain forest types and soil factors in a watershed area in Guyana. 

Journal of Vegetation Science 4:705-716. 
Steege, H. ter et al. (1995). Basic and applied research for sound rain forest management in Guyana. 

Ecological Applications 5:904-910. 
Steege, H. ter et al. (1996). Ecology and logging in a tropical rain forest in Guyana. With recommenda

tions for forest management. Tropenbos series 14, The Tropenbos Foundation, Wageningen , the 
Netherlands. 123 p. 

Stoorvogel, J.J. (1993). Gross inputs and outputs of nutrients in undisturbed forest, Tai, Cote d'Ivoire. 
Tropenbos Series 5, Tropenbos Foundation, Wageningen, The Netherlands. 

Swift, M.J., Heal, O.W. and Anderson, J.M. (1979). Decomposition in terrestrial ecosystems. Blackwell 
Scientific publications, Oxford, UK. 

Tanner, E.V.J. (1981 ). The decomposition of leaf litter in Jamaican montane rain forests Journal of 
Ecology 69:263-275. 

Taylor, B.R., Parkinson, D. and Parsons, W.F.J. (1989). Nitrogen and lignin content as predictors of 

litter decay rates: a microcosm test. Ecology 70:97-104. 
Thompson, J., Proctor, J, Viana, V., Milliken, W., Ratter, J.A. and Scott, D.A. (1992). Ecological studies 

on a lowland evergreen rainforest on Maraca Island, Roraima, Brazil. I. Physical environment, forest 
structure and leaf chemistry. Journal of Ecology 80:689-703. 

Tiessen, H., Chacon, P. and Cuevas, E. (1994). Phosphorus and nitrogen status in soils and vegeta
tion along a toposequence of dystrophic rainforests on the upper Rio Negro. Oecologia 99:145-150. 

Tietema, A (1992). Nitrogen cycling and soil acidification in forest ecosystems in the Netherlands. PhD 
thesis, University of Amsterdam, the Netherlands. 

Tropenbos (1990). Annual report 1990. The Tropenbos Foundation, Wageningen, The Netherlands. 
Tropenbos (1992). Annual report 1991. The Tropenbos Foundation, Wageningen, The Netherlands. 
Tu key, H.B. (1970). The leaching of substances from plants. Annual review of plant physiology 21:305-

324. 
Uhl, C. and Jordan C.F. (1984). Succession and nutrient dynamics following forest cutting and burning 

in Amazonia. Ecology 65:1476-1490. 
Uhl, C. et al. (1982). Ecosystem recovery in Amazon caatinga forest after cutting, cutting and burning, 

and bulldozer clearing treatments. Oikos 38:313-320. 
Uhl, C., Clark, K., Dezzeo, N. and Maquirino, P. (1988). Vegetation dynamics in Amazonian treefall 

gaps. Ecology 69:751-763. 
Uhlrich, B. (1983). Interaction of forest canopies with atmospheric constituents: 802, alkali cations and 

chloride. In: B. Ulrich and J. Pankrth (eds.): Effects of accumulation of air pollutants in forest eco
systems. Reidel, Dordrecht, the Netherlands, 33-45. 

Ulrich, B., Bennecke, P, Harris, W.F., Khanna, P.K. and Mayer, R. (1976). Soil processes. In: dynamic 
properties of forest ecosystems, D.E. Reichle (ed.}, IBP Pub/. 23. 

Veenendaal, E.M. et al. (1995). Differences in plant and soil water relations in and around a forest gap 

in West Africa during the dry season may influence seedling establishment and survival. Journal of 
Ecology 83:83-90. 

Veneklaas, E.J. (1990). Nutrient fluxes in bulk precipitation and throughfall in two montane tropical rain 
forests, Colombia. Journal of Ecology 78:974-992. 

Veneklaas, E.J. (1990). Rainfall interception and aboveground nutrient fluxes in Colombian montane 
tropical rain forest. PhD thesis, Rijksuniversiteit Utrecht, 1990, The Netherlands. 

222 



Verstraten, J.M., Dopheide, J.C.R., Duysings, J.J.H.M., Tietema, A. and Bouten, W. (1990). The proton 
cycle of a deciduous forest ecosystem in the Netherlands and its implications for soil acidification. 
Plant and Soil 127:61-69. 

Vickery, P.J. and Floats, M.J.S. (1988). Effects of lime and pasture improvement on cotton strip de
composition in 3 Scottish acid hill soils. In: Cotton strip assay: an index of decomposition in soils. 
Harrison, A.F., Latter, P.M. and Walton, D. WH. (eds.). Institute of terrestrial ecology, Merlewood 
research station, UK. 

Vitousek, P.M. (1982). Nutrient cycling and nutrient use efficiency. The American Naturalist 119:553-
572. 

Vitousek, P.M. (1984). Litterfall, nutrient cycling and nutrient limitation in tropical forests. Ecology 
65:285-298. 

Vitousek, P.M. and Denslow, J.S. (1986). Nitrogen and phosphorus availability in treefall gaps of a 
lowland tropical rainforest. Journal of Ecology 7 4: 1167-1178. 

Vitousek, P.M. and Sanford, R.L. Jr (1986). Nutrient cycling in moist tropical forest. Annual Reviews 

Ecological Systems 17:137-167. 
Waterloo, M.J. (1994). Water and Nutrient dynamics of Pinus Caribaea plantation forests on former 

grassland soils in south-west Viti Levu, Fiji. PhD thesis, Free University Amsterdam, The Nether
lands. 

Whitmore, T.C. (1989). Tropical forest nutrients, where do we stand? A tour de horizon. In: Mineral 

Nutrients in Tropical Forest and Savanna Ecosystems, J. Proctor (ed.). Blackwell Scientific Publica

tions. 

Whitmore, T.C. (1990). An introduction to tropical rain forests. Oxford University press, Oxford, UK. 

Wieder, R.K. and Lang, G.E. (1982). A critique of the analytical methods used in examining decompo
sition data obtained from litterbags. Ecology 63:1636-1642. 

Wild, A. (1989). Mineral nutrients in tropical ecosystems: a soil scientist's view. In: Mineral Nutrients in 
Tropical Forest and Savanna Ecosystems, J. Proctor (ed.). Blackwell Scientific Publications. 

Woll, J.D. (1990). Effects of acidic deposition on the chemical form and bioavailability of soil Aluminium 
and Manganese. in: A.A. Lucier and S. G. Haines: Mechanisms of forest response to acidic deposi

tion, Springer Verlag, New York. 

Zag!, R.J. (1995). Population structure, dynamics and reproduction of tropical tree species. Tropenbos 
Guyana Reports 95-1, Georgetown, Guyana. 

Zanten, S. van (1991). Structure, soil and litter of a tropical rain forest. A comparative study of three 
different forest types in the Mabura Hill Ecological Reserve. Tropenbos Guyana internal report/MSc 
thesis Wageningen Agricultural University. 

Zulkifli Yusop (1989). Effects of selective logging methods on dissolved nutrient exports in Berembun 
watershed, Peninsular Malaysia. Regional seminar on Tropical Forest Hydrology, 4-9 September, 
Session IV, Kuala Lumpur, organized by FRIM, /HP and Unesco. 

Zulkifli Yusop (1991 ). Hydrologic nutrient losses following selective logging methods in a tropical rain 
forest. Paper presented at soil science conference of Malaysia, Genting Highland, Malaysia; 4-5 
March 1991. 

Zulkifli Yusop and Abdul Rahim Nik (1994). Nutrient exports from secondary forest catchments of Bukit 
Tarek experimental forest. Paper presented at the Soil science conference of Malaysia 1994, Kuala 
Lumpur. 

223 



Curriculum vitae 

Leo Brouwer werd geboren op 30 augustus 1964 te Utrecht. In 1982 behaalde hij 

zijn VWO diploma aan de rijksscholengemeenschap Hameland te Winterswijk. Een 
jaar later began hij zijn studie Fysische Geografie aan de Universiteit Utrecht. Tij
dens zijn studie volgde hij het bijvak Geohydrologie aan de Vrije Universiteit Amster

dam en de bijvakken Agrohydrologie en lrrigatie aan de Landbouw Universiteit Wa
geningen. Zijn doktoraal onderzoek omvatte een studie naar de hydrologie en bo

dems in een overstromingsvlakte van een rivier in noord Botswana, om de geschikt

heid voor extensieve landbouw vast te stellen. Als afsluiting van zijn doktoraalstudie 

liep hij een half jaar stage bij het adviesburo lwaco in lndonesie, in een project dat 
tot doel had om toekomstige bronnen van drinkwater op west Java te inventariseren 

ter uitbreiding van de drinkwater voorziening in de toekomst. 

In Augustus 1990 began de auteur als AIO bij de vakgroep Fysische Geografie aan 
de Universiteit Utrecht om in opdracht van de stichting Tropenbos een onderzoek te 

verrichten naar de nutrienten kringloop in het tropisch regenwoud in Guyana. Dit on
derzoek heeft geleid tot dit proefschrift. Eind 1995 werkte hij drie maanden bij de 

vakgroep milieukunde aan een project om met behulp van GIS technieken een ge
biedsdekkend beeld van potentiele natuurwaarden te geven. Sinds maart 1996 werkt 

de auteur als junior onderzoeker bij vakgroep Fysische Geografie aan de Universiteit 
Utrecht op een project dat de verwoestijning van het middellandse zee gebied on

derzoekt met Remote Sensing technieken. 

224 


	1
	2
	3
	4
	5
	6



