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Abstract

In low-input land-use systems combining timber trees with shade-tolerant understorey crops, it is essential to establish the
effects of tree density upon weeds and the contribution of weeds to competition and nutrient cycling. Adjusting tree density
may alter weed competition for light, water and nutrients, the storage of nutrients by weeds through growth and the release of
nutrients via decomposition of slashed weed residues. The effects are reported of (1) two timber stand densities (TSDs) and,
(2) retention versus burning of slashed vegetation at field preparation, uponChromolaena odorata(kondengui), the dominant
weed, in an agrisilvicultural system in southern Cameroon. The system comprised the timber species,Terminalia ivorensis, and
plantain as an understorey crop. Total weed biomass was measured at the first weeding, 3 months after planting (MAP), and total
weed biomass and aboveground biomass, partitioning and nutrient accumulation ofC. odoratawere measured at the second and
third weedings, 7 and 12 MAP. Mass and nutrient loss were measured from stem and leaves placed separately in decomposition
bags. Here, burning was not an appropriate weed management tool, as it resulted in greater weed biomass. A high TSD did
reduce weed biomass. However, foliar nutrient concentrations were generally higher in high TSDs. Thus, retaining trees in the
high TSD did not lead to any reduction in nutrient uptake by theC. odoratastand. Furthermore, in the high TSD, mass loss and
nutrient release characteristics had higher coefficients, and a higher percentage of the total nutrients accumulated were released
in the early stages of incubation, all increasing the risk of nutrients being lost from the topsoil. Thus, from a weed competition
perspective, there were few benefits to retaining a high timber stand density. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the humid tropics of west and central Africa,
most smallholder fields are managed in natural fallow
rotation, prepared by slash and burn techniques with
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few trees retained. As human population densities
increase, fallows, traditionally used as weed-breaks
(de Rouw, 1995) and for soil fertility regeneration,
are shortened. Thus, soil fertility maintenance and
the management, rather than the avoidance of weeds
become crucial factors in any alternative system. An
alternative to slash and burn systems may be to com-
bine timber tree production (silviculture) with that
of understorey shade-tolerant crops. Cropping during
timber plantation establishment, known as ‘taungya’,
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is viable and well documented. Silviculture includes
periodic reduction of the timber stand density. The
post-thinning periods provide niches for cropping
phases, yet no research has been done on that option.
It is essential to establish tree densities high enough
to produce straight, clear boles, yet low enough for
acceptable crop yields. Such systems might require a
method of managing biomass, other than burning, as
this risks scorching the remaining timber trees.

Shade can alter the species composition, biomass
production (de Rouw, 1995) and aboveground partitio-
ning (sensuSaxena and Ramakrishnan, 1984) of tropi-
cal weeds. Thus, the density of trees might modify
weed-crop competition. As weeds establish quickly af-
ter crop planting they can also have a role in retaining
nutrients in the agroecosystem (Lambert and Arnason,
1986), potentially important in systems where fertili-
zer is not used and for long-cycle crops, such as
plantain. Further, the presence of trees may alter the
decomposition rate of the slashed weed residues.
Shade affects soil moisture and temperature regimes
which are rate determinants of decomposition (Olsen,
1963). Any modification in nutrient concentrations
of leaves and stems or partitioning, where leaves and
stems have different nutrient concentrations, may fur-
ther modify decomposition. While studies on residue
decomposition of cover crops (e.g. McDonagh et al.,
1995; Luna-Orea et al., 1996) and hedgerow prun-
ing (e.g. Handayanto et al., 1997) are widely cited,
research on the decomposition of slashed weeds, the
most available and ’investment-free’ residue, has been
neglected.

For crops, such as plantain, that do not require a
‘clean’ soil surface, burning at field establishment is
not necessary (Hauser and Norgrove, 2000). Yet, few
studies have compared in situ mulching with burning
(Thurston, 1997), although it is commonly believed
that burning reduces weed regrowth and the weed seed
bank. It is important to establish whether there are per-
sistent effects of burning at field establishment upon
the quantity and quality of weed biomass later in the
cropping cycle. Burning may reduce living microbial
biomass in the topsoil and potentially their decompos-
ing activities. Furthermore, there may be interactive
effects between the biomass management system and
the densities of trees used.

Chromolaena odorata(L.) King and Robinson
(Asteraceae) often dominates the weed flora in open

fields (de Rouw, 1991) and in young fallows (Slaats
et al., 1996) in west and central Africa. In southern
Cameroon, it is known as ‘kondengui’. In plantain
fields, it is managed by slashing the stand at ground
level and the land is not tilled.C. odorataresprouts
from woody rootstocks and produces many seeds. It is
perceived as an aggressive weed by some (Akobundu
and Agyakwa, 1998), yet by others as a beneficial fal-
low species (Slaats et al., 1996), preventing the estab-
lishment of grasses, such asImperata cylindrica(de
Rouw, 1991). Applied as a green manure, it was shown
to increase rice yields (Litzenberger and Lip, 1961).
C. odorata becomes less prevalent and degenerates
in older fallows where trees provide shade (Cruttwell
McFayden, 1991; de Rouw, 1991), although no ref-
erence has been found that quantifies its response to
shade. Some studies have been conducted onC. odor-
ata decomposition in young fallows (Agbim, 1987),
but not in cropped fields. Furthermore, only leaves,
not stems, were incubated, thus, it is not possible to
calculate whole-plant decomposition and contribution
to nutrient cycling from those data.

The effects are reported of two timber stand densi-
ties and burning versus retention of slashed material as
mulch (non-burned) at field preparation uponC. odor-
ata, the dominant weed, in an agrisilvicultural sys-
tem comprisingTerminalia ivorensis, a timber species,
with an understorey of the relatively shade-tolerant
crop, plantain. The following hypotheses were tested:
• total weed biomass,C. odoratabiomass and nutrient

accumulation is reduced under high timber stand
density (TSD);

• aboveground biomass partitioning ofC. odoratais
altered in the high TSD;

• burning results in increased weed biomass, in-
creases the dominance and nutrient accumulation
of C. odorata;

• decomposition rates and nutrient release rates from
C. odorata residues are lower under high TSD
because of lower soil temperatures.

2. Materials and methods

2.1. Site, establishment and design

The sites were in the Mbalmayo Forest Reserve
in southern Cameroon (3◦51′N and 11◦27′E). Mean
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annual rainfall is 1513 mm in a bimodal distribution.
Rains start in March and end in early July, followed
by a short dry season of 6–8 weeks, then restart in
September and stop at the end of November. Altitude is
540 m a.s.l. Mean annual insolation is 1645 h. The soil
is classified as an isohyperthermic, Typic Kandiudult
(Hulugalle and Ndi, 1993) or Gleyic Acrisol (FAO).

The experiment had a split-plot design in four
blocks with TSD as the main plot factor and various
crop management treatments as the subplot factor.
This was repeated at two timber plantation sites ofT.
ivorensis(A) Chev (Combretaceae), 6 and 17 years
old when the experiments were established in April
1995. They are referred to as ‘younger’ and ‘older’
plantation in the following text. Initial land clearance
in 1989 and 1978 was manual and uniform and some
upper-canopy species were retained in both planta-
tions (Lawson, 1995).

The understorey and midstorey vegetation was
slashed with machetes in mid-April 1995, any crippled
trees were felled and the tree stands were mapped.
Mean height ofT. ivorensistrees was 9.8 m in the
younger and 21.5 m in the older plantation. TSD treat-
ments were imposed by felling trees with a chainsaw.
Main-plots were 50 m×50 m. In both plantations, there
were some non-T. ivorensistrees, that were not permit-
ted to be felled. In the older plantation, the percentage
of non-T. ivorensistrees was low so they were retained
instead ofT. ivorensis. Stands were thinned to approxi-
mately 64 stems ha−1 (‘low’ TSD) and 192 stems ha−1

(‘high’ TSD). In the younger plantation, the non-T.
ivorensis trees were predominantlyLophira alata
Banks ex Gaertn. As these larger trees modified the
canopy cover, the density imposed for the low TSD
was approximately 40 stems ha−1 (32 T. ivorensis+8
non-T. ivorensis) to obtain a similar canopy cover to
that of the low TSD in the older plantation. In the
high TSD, the stand was thinned to 192 stems ha−1.
All slashed material was left in situ. Resultant mean
canopy covers were 12.4% (low) and 60.9% (high) in
the younger plantation and 17.5% (low) and 64.3%
(high) in the older plantation.T. ivorensisand L.
alata are deciduous, shedding leaves once per year.
Different crop management practices were subplots
of which two are described in this paper: sole plan-
tain (Musa spp. AAB sub-group plantain ‘French’
c.v. ‘Essong’, Musaceae) (1) ‘non-burned’, with the
vegetation slashed at establishment retained as a

mulch, and (2) ‘burned’, with the slashed vegetation
burned at establishment. Subplots were 25 m×25 m.
In the plots to be burned, slash was removed from the
zones within 50 cm of standing tree trunks to prevent
scorching and within 50 cm of plot borders to prevent
spreading to other plots. Plots were burned in May
1995 only and there was no subsequent burning. Burn-
ing affected the entire plot surface, except the zones
within 50 cm of standing tree trunks. Plantain suckers
were planted in May 1995 at 1600 plants ha−1.

2.2. Weed management and biomass sampling

All plots were weeded by slashing the weed stand
at ground level with machetes in mid-August 1995,
mid-December 1995 and mid-May 1996 at 3, 7 and
12 months after planting (MAP). The land was not
tilled and slashed residues were left in the field in all
plots. Weed sampling was done just before slashing.
Twelve samples, 0.5 m×0.5 m, were taken per plot us-
ing a systematic sampling system. All aboveground
live biomass was sampled. At the first weeding, weeds
were divided into arable and forest species. At the
second weeding, weeds were divided intoC. odorata,
other arable and forest species. At the third weeding,
each species was recorded separately and the num-
ber of individuals per species in each sampling frame
was recorded. Samples were dried at 65◦C to constant
mass and dry mass was recorded.

2.3. Biomass partitioning and decomposition of C.
odorata

Biomass partitioning ofC. odoratawas measured
at the second and third weedings just after biomass
sampling.C. odoratawas harvested from each plot
separately along two diagonal transects, 1 m wide, by
cutting at ground level with a machete. Sixteen plants
were randomly selected from the harvested material.
These were divided into stems and leaves and fresh
mass was recorded in the field. Samples were dried
at 65◦C to constant mass and dry mass was recorded.
Biomass amounts at the second and third weedings
refer to the amounts produced since the previous weed
sampling and are not cumulative.

The remainingC. odoratamaterial was divided into
stems and leaves by a 10-person team to minimise
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the time between cutting, division and weighing to
<15 min, thus, to reduce error due to water loss. Fresh
mass of stems or leaves (200 g) was placed inside
decomposition bags, 300 mm×300 mm, made of alu-
minium netting, with 2 mm mesh size. Stems were still
green. Fresh, rather than air- or oven-dried material
was used because drying alters leaf structure (Tukey,
1970) and has been shown to significantly change de-
composition rates (Taylor, 1998).C. odorata stems
and leaves material were put in separate decomposi-
tion bags as they were of widely differing nutrient
concentrations and, thus, were likely to have different
decomposition characteristics.

At the second weeding, 15 decomposition bags per
plot were filled, permitting nine sampling dates for
leaves and six for stems. At the third weeding, 10 de-
composition bags of each material type were filled.
Plant material was incubated in the plot from which it
originated. The decomposition bags were placed flat,
attached with metal wire to the soil surface in a 2 m2

area in each plot. Given the inherent heterogeneity
within a tree stand in terms of distance from the trees,
these areas were at least seven metres from one tree
in the low TSD and within 8 m of four trees in the
high TSD. These were the most representative strata at
the two TSDs. Immediately after all sampling proce-
dures were complete, entire plots were slashed manu-
ally with machetes. Incubation dates were 12 Decem-
ber 1995 (second weeding) and 14 May 1996 (third
weeding).

Dry matter disappearance from decomposition bags
was monitored. At each sampling (Fig. 1), one bag
each of stems and leaves were randomly selected. The

Fig. 1. Rainfall, incubation times and sampling frequency for leaf and stem material. Dates for which samples were analysed for nutrients
have open symbols (WAI=weeks after incubation).

material was dried at 65◦C for 2 days. Any visible
soil contamination, roots and live material were re-
moved with forceps. Any material that passed without
pressure through a 2 mm sieve was discarded, as this
is considered to be soil. The dry mass of the remain-
ing material was recorded and retained for chemical
analyses.

2.4. Soil temperature readings

In the younger plantation, once per week from the
third weeding, 12 MAP, soil temperature at 20 mm
depth was read with a hand-held thermometer between
14.00 and 14.30 h when soil temperature is assumed
maximal. Four readings were made in each decompo-
sition micro-plot.

2.5. Chemical analyses

Samples from the younger plantation only were
fully analysed, because of cost constraints. Dry leaf
and stem samples ofC. odorata were ground to
0.5 mm and analysed for total N, Ca, Mg, K, P and
lignin. Samples were digested according to Novozam-
sky et al. (1983). Total N was determined with an
ammonium sensitive electrode (Powers et al., 1981).
Ca, Mg and K were analysed by atomic absorption
spectrophotometry. Total P was determined by the
malachite green calorimetric procedure (Motomizu
et al., 1983). Samples were analysed for lignin ac-
cording to Van Soest (1963) and Van Soest and Wine
(1968).
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2.6. Statistical analyses

Biomass, plant density, partitioning and nutrient
concentration data were analysed in SAS v6.12 using
the GLM procedure with the random statement ap-
propriate for split-plot designs (SAS, 1989). The two
sites were analysed together for all variables except
nutrient concentrations and, thus, blocks were treated
as nested in site. Any effect of plantation age is con-
founded with site differences so cannot be considered.
The repeated function was used to test for time differ-
ences and the test criterion used was Wilks’ Lambda
(SAS, 1989). Plant density data were transformed
such thatY=√

y as is appropriate for counts (Sokal
and Rohlf, 1995). Biomass partitioning data and %
mass and % nutrient remaining were transformed
such thatY=arcsine (

√
y) where 0≤y≤1 as is ap-

propriate for proportions and percentages (Sokal and
Rohlf, 1995). All other data analyses were performed
on untransformed data.

Data on % mass and % nutrient remaining were
analysed in SAS v6.12 using a split–split plot design
with TSD as the main plot factor, burning treatment
as the subplot factor and retrieval week of decom-
position bag as the sub-subplot factor (SAS, 1989).
Data from different plantation sites were analysed
separately. Where a factor was significant, each week
was analysed separately to establish at what time
there were differences. Differences with probabilities
of P<0.05 are mentioned with the probability class
(P<0.05,P<0.01,P<0.001) in brackets.

Regressions of mass or nutrient remaining (%) over
time were calculated using PROC REG and PROC
NLIN procedures (SAS, 1989) for each site and
weeding time. Where there were significant treatment
effects, regressions were calculated separately for
each treatment using the means of the four replicates.
Where there were no treatment effects, data were
pooled across treatments. However, for the nutrient
release characteristics, regressions were calculated
separately for each treatment as these were used to
estimate nutrient release (kg ha−1). Logarithmic plots
were used to check whether the function was mono-
or bi-phasic.The following fits were compared:

linear :Y = −kx+ 100

single exponential :Y = 100× e−kx

double exponential :Y = (100− 2)e−kix + 2 e−kii x

asymptotic :Y = (100− 2)e−kx + 2

whereY is % dry mass or nutrient remaining,k the
decomposition or nutrient release constant,x the time
in weeks,2 the spline point in %. Regressions are only
shown on figures when the fit was significant and are
annotated as *P<0.05, **P<0.01 and ***P<0.001.

3. Results

3.1. Weed biomass and the contribution of C. odorata

At the first weeding, there were no significant dif-
ferences in total weed biomass between treatments
or between plantation sites (data not shown). Dry
weed biomass, averaged across treatments, was 0.50
Mg ha−1 (ranging from 0.25 to 0.99) in the younger
and 0.48 Mg ha−1 (ranging from 0.21 to 0.94) in
the older plantation. On average, 70.4% of the weed
biomass consisted of forest regrowth species and there
were no significant differences in this percentage
between sites or treatments.

At the second weeding, total weed biomass was
greater in the low than in the high TSD and greater in
the burned than in the non-burned treatments (Table 1).
At the third weeding, total weed biomass was greater
in the low than in the high TSD, yet the difference
between burned and non-burned treatments was no
longer significant (P=0.06).

C. odorataaboveground biomass was greater at the
younger than at the older plantation site at both second
and third weedings. Aboveground biomass was greater
in the low than in high TSD at both the second and
third weedings (Table 1). Aboveground biomass was
greater in burned than in non-burned treatments at the
second weeding yet at the third weeding the difference
was not significant (P=0.13).C. odoratabiomass was
greater at the third than at the second weeding.

At the second weeding, the percentage contribu-
tion of C. odoratato aboveground weed biomass was
higher in the burned than in the non-burned treatments,
particularly in the younger plantation. By the third
weeding, this difference was not significant. The per-
centage contribution increased from the second to the
third weeding, from 55.8 to 90% in the younger plan-
tation and from 37.3 to 83.5% in the older plantation.
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Table 1
Effects of timber stand density (TSD) and burning upon total weed aboveground biomass,C. odorata aboveground biomass (Mg dry
mass ha−1), density (individuals m−2), plant mass (g per individual) and aboveground biomass partitioning to leaves (%)a

Treatment Total weed
biomass (Mg ha−1)

Chromolaena odorata

Biomass
(Mg ha−1)

Density
(individual m−2)

Mass (g per
individual)

Leaves (%)

Second weeding High 2.78 1.35 – – 40.9
Low 4.53 2.29 – – 36.6
P (TSD) 0.0001*** 0.0013** 0.018*
Not burned 3.20 1.32 – – 38.5
Burned 4.10 2.32 – – 39.0
P (burning) 0.019* 0.007** 0.76 ns
P (interaction) 0.50 ns 0.17 ns 0.19 ns

Third weeding High 3.90 3.27 23.5 19.4 41.0
Low 4.82 4.33 17.9 40.2 38.6
P (TSD) 0.02* 0.0052** 0.18 ns 0.004** 0.09 ns
Not burned 4.00 3.54 14.2 35.4 40.4
Burned 4.72 4.06 27.2 24.3 39.2
P (burning) 0.06 ns 0.13 ns 0.016* 0.09 ns 0.39 ns
P (interaction) 0.43 ns 0.26 ns 0.55 ns 0.55 ns 0.89 ns

Second weeding Mean 3.65 1.82 – – 38.7
Third weeding Mean 4.36 3.80 20.7 29.8 39.8

P (Wilks’ Lambda) 0.018* 0.0001*** 0.23 ns

a Probability (P) of differences between treatment means are annotated as ns (P>0.05), *(P<0.05), **(P<0.01) and ***(P<0.001) and
used in subsequent tables. Interaction refers to TSD* burning and is used in subsequent tables. Results are pooled across plantation sites.
‘–’ denotes not measured.

3.2. C. odorata plant density, individual plant mass
and aboveground dry matter partitioning

Individuals were counted at the third weeding only.
There were no differences between plantation sites.C.
odorataplant density was twice as high in burned than
in non-burned treatments (Table 1). Individual plant
mass was twice as high in the low than in the high
TSD. When plant density was included as a covari-
ate in the GLM, it was highly significant (P<0.001).
Individual plant mass (g per individual) was nega-
tively correlated with plant density (individual m−2)
such that: individual plant mass=272.9 density−0.9

(r2=0.85, P<0.001). There were no discernible dif-
ferences between treatments in this response.

At the second weeding, there was no difference
between plantation sites in the percentage of above-
ground biomass partitioned to leaves. A higher per-
centage of aboveground biomass was partitioned to
leaves in the high than in the low TSD, however, at
the third weeding, the difference was not significant
(P=0.09) (Table 1). At the third weeding, a higher

percentage of aboveground biomass was partitioned
to leaves in the older plantation site than the younger
plantation site. There were no differences due to burn-
ing at either sampling.

3.3. Nutrient concentrations in C. odorata leaves
and stems at the younger plantation site

At the second weeding,C. odorataleaves from the
high TSD had higher N and Ca concentrations than
those from the low TSD (Table 2). At the third weed-
ing, Mg concentrations were higher in leaves from
the high TSD. Leaves from non-burned treatments
had higher N, P and Mg concentrations than those
from burned treatments. Calcium concentrations were
higher yet K concentrations were lower at the third
weeding than at the second weeding.

At both the second and third weedings, Mg con-
centrations were higher in stems from high than from
low TSD treatments (Table 3). Nitrogen concentra-
tions were higher in stems from non-burned than from
burned treatments. At the third weeding, the N con-
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Table 2
Effects of timber stand density (TSD) and burning on nutrient concentrations (mg g−1) in C. odorataleaf material in the younger plantation

Treatment N (mg g−1) Ca (mg g−1) Mg (mg g−1) K (mg g−1) P (mg g−1)

Second weeding High 41.2 15.7 8.27 23.6 2.74
Low 38.1 12.8 6.71 22.9 2.66
P (TSD) 0.032* 0.008** 0.075 ns 0.54 ns 0.54 ns
Not burned 39.3 14.3 7.38 23.4 2.77
Burned 40.1 14.3 7.60 23.1 2.63
P (burning) 0.51 ns 0.96 ns 0.77 ns 0.39 ns 0.20 ns
P (interaction) 0.56 ns 0.90 ns 0.89 ns 0.69 ns 0.67 ns

Third weeding High 41.0 18.2 7.74 19.6 2.56
Low 39.3 15.0 7.10 20.4 2.69
P (TSD) 0.51 ns 0.086 ns 0.028* 0.27 ns 0.41 ns
Not burned 44.7 16.4 7.76 20.6 2.87
Burned 35.7 16.8 7.08 19.3 2.38
P (burning) 0.011* 0.80 ns 0.021* 0.12 ns 0.016*
P (interaction) 0.53 ns 0.49 ns 0.26 ns 0.90 ns 0.20 ns

Second weeding Mean 39.7 14.3 7.49 23.2 2.70
Third weeding Mean 40.2 16.6 7.42 20.0 2.63

P (Wilks’ Lambda) 0.75 ns 0.004** 0.82 ns 0.0004*** 0.25 ns

centration difference was not significant. Conversely,
P concentration was higher in low than in the high
TSD at the third weeding. Calcium, Mg, K, and P stem
concentrations were higher at the third weeding than
at the second weeding.

Table 3
Effects of timber stand density (TSD) and burning on nutrient concentrations (mg g−1) in C. odoratastem material in the younger plantation
(mg g−1)

Treatment N (mg g−1) Ca (mg g−1) Mg (mg g−1) K (mg g−1) P (mg g−1)

Second weeding High 6.95 2.52 1.29 14.9 0.65
Low 6.24 2.28 1.02 14.7 0.72
P (TSD) 0.12 ns 0.13 ns 0.009** 0.85 ns 0.34 ns
Not burned 7.19 2.39 1.15 15.1 0.70
Burned 6.00 2.41 1.15 14.6 0.67
P (burning) 0.023* 0.86 ns 0.95 ns 0.17 ns 0.68 ns
P (interaction) 0.66 ns 0.48 ns 0.93 ns 0.89 ns 0.42 ns

Third weeding High 7.26 3.26 1.57 20.2 0.69
Low 7.41 3.04 1.21 21.8 0.92
P (TSD) 0.83 ns 0.33 ns 0.015* 0.45 ns 0.004**
Not burned 7.61 3.15 1.44 21.0 0.85
Burned 7.07 3.15 1.35 21.0 0.75
P (burning) 0.45 ns 0.97 ns 0.43 ns 0.98 ns 0.096 ns
P (interaction) 0.42 ns 0.35 ns 0.77 ns 0.20 ns 0.08 ns

Second weeding Mean 6.60 2.40 1.15 14.8 0.69
Third weeding Mean 7.34 3.15 1.39 21.0 0.80

P (Wilks’ Lambda) 0.08 ns 0.001*** 0.007** 0.002** 0.024*

Lignin concentrations of leaves at the second weed-
ing were higher (P<0.05) in the high TSD than in low
TSD (data not shown). Mean lignin concentrations
were higher at the second weeding for both leaves
(105.8 mg g−1) and stems (208.1 mg g−1) than at the
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third weeding (leaves=44.0 mg g−1, stems=50.8 mg
g−1). There was no other significant treatment effect.

3.4. Nutrient accumulation in C. odorata in the
younger plantation

At the second weeding, there were no significant
differences in total amounts of nutrients accumulated
in abovegroundC. odorata biomass between high
and low TSDs (Table 4). However, there were greater
amounts of all nutrients accumulated inC. odorata
in burned than in non-burned treatments. At the third
weeding, significantly more K and P had accumulated
in C. odoratain low than in high TSDs. There was no
other treatment effect. Greater amounts of all nutri-
ents accumulated inC. odorataat the third weeding
than at the second weeding.

3.5. Soil temperature at 20 mm depth in the younger
plantation

Average soil temperature at 14.00–14.30 h in low
TSD treatments was 27.2◦C, significantly higher
(P<0.01) than in high TSD treatments (25.4◦C)
(Fig. 2). Burning had no significant effect (P=0.54).

Table 4
Effects of timber stand density (TSD) and burning on aboveground nutrient accumulation (kg ha−1) in C. odoratain the younger plantation

N (kg ha−1) Ca (kg ha−1) Mg (kg ha−1) K (kg ha−1) P (kg ha−1)

Second weeding High 38.3 14.9 7.63 34.1 2.87
Low 52.5 18.7 9.24 52.3 4.26
P (TSD) 0.086 ns 0.29 ns 0.38 ns 0.051 ns 0.10 ns
Not burned 32.2 11.7 5.73 30.8 2.64
Burned 58.6 21.9 11.14 55.5 4.49
P (burning) 0.008** 0.019* 0.018* 0.016* 0.04*
P (interaction) 0.81 ns 0.75 ns 0.83 ns 0.82 ns 0.72 ns

Third weeding High 70.5 31.4 13.75 69.0 4.85
Low 94.0 37.3 16.91 106.2 7.66
P (TSD) 0.071 ns 0.25 ns 0.13 ns 0.029* 0.013*
Not burned 85.1 32.2 14.95 82.4 6.29
Burned 79.5 21.9 15.72 92.8 6.23
P (burning) 0.62 ns 0.40 ns 0.68 ns 0.46 ns 0.94 ns
P (interaction) 0.83 ns 0.87 ns 0.48 ns 0.82 ns 0.98 ns

Second weeding Mean 45.4 16.8 8.43 43.1 3.56
Third weeding Mean 82.2 34.3 15.33 87.6 6.26

P (Wilks’ Lambda) 0.002** 0.0009*** 0.003** 0.003** 0.005**

3.6. Leaf decomposition

At the younger plantation site, for the incubation
at the second weeding, % mass remaining in the low
TSD was more (P<0.05) than that in the high TSD
at all sampling dates. Differences between treatments
were greatest in the first 8 weeks when mean weekly
loss rates were 7.63% per week in high TSD and
6.09% per week in low TSD. At the final sampling, 21
weeks after incubation (WAI), there was no significant
difference in % mass remaining between high TSDs
(13.93%) and low TSDs (15.89%). Burning had no
significant effect. Single exponential regression func-
tions best fitted the data (Table 5).

At the younger plantation site, for the incubation
at the third weeding, % mass remaining was greater
(P<0.05) in low than in high TSDs and greater
(P<0.05) in burned than in non-burned treatments at
all sampling dates. In the first 2 weeks, weekly loss
rate was 21.38% per week, pooled across treatments.
These rates were higher than at the second weeding,
when it was the dry season. By week 12, the following
amounts of leaf residue remained: 21.7% (high TSD,
non-burned), 34.3% (high TSD, burned), 30.5% (low
TSD, non-burned) and 33.8% (low TSD, burned).
Leaves had an initial phase of rapid decomposition
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Fig. 2. Soil temperature at 20 mm depth taken between 14.00 and 14.30 h, at the younger plantation site (n=16). Pooled S.E.=0.066,
(WAI=weeks after incubation).

followed by a second phase with a lower decompo-
sition rate, thus, the data were best described with a
double exponential function (Table 6).

At the older plantation site, there were no signifi-
cant differences between treatments at either incuba-
tion. For the incubation at the second weeding, weekly
mass loss rate was 4.86% per week during the first
8 weeks. At the last sampling, 21 WAI, 11.6% of

Table 5
Linear and exponential regression analyses of the percentage of mass remaining in leaf and stem fractionsa

Regression type Treatment Rate constant,k r2 Half life (weeks)

Leaf material
Younger plantation Second weeding Expon h−b −0.0955 0.91*** 7.26

Expon h+b −0.0942 0.97*** 7.35
Expon l−b −0.0798 0.93*** 8.68
Expon l+b −0.0748 0.87** 9.27

Third weeding See Table 6

Older plantation Second weeding Linear Pooled −4.05 0.99*** 12.35
Third weeding See Table 6

Stem material
Younger plantation Second weeding Linear Pooled −1.78 0.93** 28.09b

Third weeding Expon Pooled −0.0183 0.76** 39.15
Older plantation Second weeding Linear Pooled −1.31 0.83* 38.17b

Third weeding Expon Pooled −0.0177 0.66* 37.80

a Linear regressions are of the form % rem=−kx+100 and single exponential are of the form % rem=100×e−kx . Means of four
replicates. Significance levels ofr2 are annotated as ns (P>0.05), *(P<0.05), **(P<0.01) and ***(P<0.001). Treatments are annotated as
high TSD non-burned (h−b), high TSD burned (h+b), low TSD non-burned (l−b), low TSD burned (l+b) and used in subsequent figures
and Table 6. Regressions are annotated as linear fit (Linear), single exponential fit (Expon), double exponential fit (d.exp) and used in
subsequent figures and Table 6. Analyses for leaf material at the third weeding are given in Table 6.

b Denotes extrapolation as 50% of material had not decomposed by the final sampling.

mass remained, across treatments. For the incubation
at the third weeding, mass losses in the first 2 weeks
averaged 18.7% per week. At 12 WAI, 36.2% mass
remained, averaged across treatments. Linear regres-
sions best fitted the data from the incubation at the
second weeding (Table 5). Double exponential regres-
sions best fitted the data from the incubation at the
third weeding (Table 6).
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Table 6
Double exponential regression analyses of the percentage of mass remaining in leaf fractions at the third weeding of the form % rem=
(100− 2)e−kix + 2 e(−kii x)a

Treatment ki +S.E. kii +S.E. Spline (% rem+S.E.) Spline (weeks) Half life (weeks)

Younger plantation h−b −0.904 (0.182) −0.073 (0.013) 54.19 (5.12) 1.98 2.42
h+b −0.811 (0.201) −0.036 (0.017) 48.56 (6.55) 2.92 2.67
l−b −0.638 (0.180) −0.030 (0.023) 46.47 (9.32) 3.74 3.06
l+b −0.734 (0.153) −0.036 (0.011) 55.49 (5.20) 2.87 4.12

Older plantation Pooled −0.402 (0.131) −0.008 (0.039) 38.07 (16.02) 8.10 3.87

a Means of four replicates.

3.7. Stem decomposition

There were no significant differences between treat-
ments at either plantation site for either incubation.
At the younger plantation site, for the incubation at
the second weeding, losses averaged 1.7% per week
across treatments in the first 8 weeks. At the final sam-
pling, 21 WAI, 62.6% mass remained, averaged across
treatments. For the incubation at the third weeding,
mass loss averaged 2.9% per week during the first 8
weeks and at 21 WAI, 65.8% mass remained, aver-
aged across treatments. At the final sampling, 35 WAI,
51.4% mass remained, averaged across treatments.

At the older plantation site, for the incubation at
the second weeding, losses averaged 0.28% per week
across treatments in the first 8 weeks. At the final sam-
pling 21 WAI, 69.6% remained, averaged across treat-
ments. For the incubation at the third weeding, losses
averaged 2.41% per week in the first 8 weeks and at
21 WAI, 68.9% residue remained on average, across
treatments. At the final sampling, 35 weeks after incu-
bation, 45.5% remained, averaged across treatments.
As there were no significant differences between
treatments, data were pooled for regression analyses.
Linear regressions best fitted the data from the sec-
ond weeding while single exponentials best fitted the
data from the third weeding, for both plantation sites
(Table 5).

3.8. Nutrient release characteristics of C. odorata at
the younger plantation site

For the incubation at the second weeding, % nu-
trients remaining in the leaf residue were greater
(P<0.05) in the low TSD treatments at all dates for
all nutrients except Mg. Probabilities of differences

were higher at the earlier sampling dates. Burning
had no significant effect on % nutrients remaining.
For the incubation at the third weeding, % nutrients
remaining in the leaf residue were higher (P<0.05) in
the low TSD for N, Mg and K whereas TSD had no
significant effect on % Ca and % P remaining. Per-
centage N remaining in burned treatments was higher
(P<0.01) than in non-burned treatments. Burning had
no other significant effects. Best-fit regressions and
coefficients are given in Figs. 3 and 4. Where less
than three treatments had significant fits, the graphic
is not shown. Best-fit regressions were calculated for
nutrient release from stem residue, however, there
were no significant treatment effects (data not shown).

3.9. Changes in nutrient concentration of remaining
C. odorata at the younger plantation site

Nutrient concentrations of the residue were plotted
(Fig. 5) to detect whether nutrients were being lost
at the same rate (y=1) as mass loss or either were
being leached (y<1) or preferentially retained (y>1) in
the remaining biomass. The concentration of nutrients
remaining was significantly affected by treatment for
N in leaves at both the second (Fig. 5a) and the third
(Fig. 5b) weedings, Mg in leaves at the third weeding
(Fig. 5c), N in stems at the second weeding (Fig. 5d)
and Mg in stems at the third weeding (Fig. 5e).

For leaf material, only N and K were lost at a sig-
nificantly higher rate than the residue and N and Mg
had higher loss rates depending upon treatment. For
the incubation at the second weeding, there was no
change in K concentration of incubated leaves in the
first 12 weeks (data not shown). However, with the
onset of rains, K concentration decreased (P<0.001)
from week 12 and approached 0 by week 21. For the
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Fig. 4. Release characteristics of Mg, K and P from leaf material weeks after incubation (WAI) at the third weeding at the younger plantation
site (n=4). Single exponential fit (Expon), followed byk and significance of the fit. Significance levels ofr2 are annotated as ns (P>0.05),
*(P<0.05), **(P<0.01) and ***(P<0.001) double exponential fit (d.exp), followed byki , kii , 2. r2=1 for all double exponentials.
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Fig. 5. Ratio of % nutrient remaining to % material remaining over time (weeks after incubation, WAI) for (a) N of leaf material at the
second weeding; (b) N of leaf material at the third weeding; (c) Mg of leaf material at the third weeding; (d) N of stem material at the
second weeding; (e) Mg of stem material at the third weeding, (n=4).

incubation at the third weeding, K concentration of
leaf residue decreased (P<0.001) in the first 2 weeks.
There were no treatment effects.

For the incubation at the second weeding, N con-
centration of leaf residue decreased (P<0.001) in all
treatments from weeks 0 to 8 (data not shown). From
week 8 on, N concentration continued to decrease in
high TSDs (time×TSD interaction,P<0.05) but did
not change in low TSDs (Fig. 5a). At the third weed-

ing, there was a significant time×TSD interaction
(P<0.05) and a time×burning interaction (P<0.01)
such that there was a decrease in concentration in the
high TSD non-burned treatment only (Fig. 5b). At the
incubation at the third weeding, there was a signifi-
cant time×TSD interaction (P<0.001) such that there
were decreases in Mg concentration in leaf residue
incubated in high TSDs, however, no change in those
incubated in low TSDs (Fig. 5c).
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Up to 8 weeks after the incubation at the second
weeding, loss rates of Ca (P<0.001), Mg (P<0.001)
and P (P<0.001) were lower than mass loss (data
not shown). Loss rates continued to be lower than
mass loss up until week 12 for Ca (P<0.001) and Mg
(P<0.05). For the incubation at the third weeding, loss
rates of Ca (P<0.05) and P (P<0.05) were lower than
mass loss in the first 2 weeks only (data not shown).

In the stem residue, for the incubation at the sec-
ond weeding, concentrations of all nutrients except
Mg decreased over time (P<0.001) (data not shown).
For N, loss rates were higher (P<0.05) in high TSDs
(Fig. 5d). There were no treatment effects on other
nutrient concentrations. For the incubation at the third
weeding, there were decreases in concentrations of all
nutrients from weeks 0 to 4 (data not shown). From
weeks 4 to 35, only K (P<0.01), and P (P<0.01)
concentrations continued to decrease. For Mg, loss
rates were higher (P<0.05) in high TSD treatments
(Fig. 5e).

Fig. 6. Estimated cumulative nutrient release (kg ha−1) over time (weeks after incubation, WAI) from weed residues in the younger plantation.

3.10. Estimated nutrient released from decomposing
C. odorata residues in the field

Release of nutrients (kg ha−1) over time byC. odor-
ata residues were estimated by combining data on
leaf:stem partitioning, nutrient accumulation and the
regressions of nutrient release characteristics (Fig. 6).
Models for Ca were not obtained because of inherent
variability.

4. Discussion

4.1. Biomass

The weed population was initially dominated by for-
est species, however, by the third weeding,C. odorata
was dominant in all plots. The negative relationship
between plant density and individual mass at the third
weeding indicates intraspecific competition within the
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C. odoratastand as predicted by the ‘thinning rule’
(White, 1985).

It is commonly perceived that burning reduces weed
infestation, yet here the contrary was found.C. odor-
ata plants can survive burning, as their underground
woody stumps can remain unaffected. Thus, initial
burning reduced competition from other weeds and re-
sulted in an overall greater biomass.C. odorataflow-
ers from December. Fields were weeded in December,
before seed production. However, seeds from nearby
farmers’ fields might have colonised plots. Ismail et
al. (1996) showed that germination rates are maximal
when seeds are on the soil surface, thus, where the
seeds fall into mulch, germination can be reduced. The
mulch in the present experiment was persistent. Thus,
germination rates of airborne colonising seeds may
have been lower in the non-burned (mulched) plots,
contributing to the lowerC. odorata density at the
third weeding. In this system, burning was clearly not
an appropriate weed management tool, as it resulted
in greater weed biomass and created the conditions for
C. odorataseed colonisation.

C. odoratabiomass was reduced in the high TSD,
due to reduced individual plant mass, not to lower
plant density. This agrees with Ismail et al. (1996),
who found in a greenhouse experiment that a shade
level of 50% reduced plant dry matter proportionally.
Saxena and Ramakrishnan (1984) found thatC. odor-
ata invested more aboveground biomass to stems in
older tree-dominated fallows and this was attributed
to the greater shading. Results from the present ex-
periment show the contrary with a greater percentage
of aboveground biomass in leaf material in the high
TSD. However, here,C. odoratawas kept at a young
successional stage by regular slashing and a shift to
partition more biomass into stems might only occur
later in the development of the plant.

4.2. Nutrient accumulation

Nitrogen, Ca and Mg concentrations in leaves were
higher in the high TSD, yet overall uptake was not sig-
nificantly different between TSDs. A delay in accumu-
lation of leaf biomass under shade is the likely reason
for higher concentrations, as concluded by Cruz et al.
(1995) in shade experiments with the tropical peren-
nial grass,Dichanthium aristatum. The TSD effect on
concentrations and biomass was less at the third weed-

ing. TheT. ivorensistrees shed their leaves from 9 to
12 MAP, thus, light levels would have been more sim-
ilar in high and low TSD understoreys, reducing the
treatment effect.

At the third weeding, both aboveground nutrient
concentrations of N, K and Mg and accumulation of
all nutrients were higher than at the second weeding.
Potassium accumulation inC. odoratawas particularly
high; 43 kg ha−1 at the second weeding and 88 kg ha−1

at the third weeding at the younger plantation site. As
N and K were released quickly from theC. odorata
residues of the second weeding, this suggests, although
cannot confirm, that these nutrients were taken up by
the resproutingC. odorata. Retranslocation of N, K
and Mg from below-ground parts might have occurred,
but this was not measured.

4.3. Mass loss rates of residue

Double exponential functions to describe mass loss
rate, as for leaves at the third weeding, have also been
used by McDonagh et al. (1995) and Luna-Orea et al.
(1996), working with legumes. Agbim (1987) reported
the dry season incubation ofC. odorataleaves in SE
Nigeria. The decomposition constant calculated from a
single exponential modelling of his data is−0.006,
lower than the rates at Mbalmayo. However, those lea-
ves are likely to have had lower N concentrations (not
given) as they were collected from a 2-year old fallow
and this may have reduced the decomposition rate.

Mass loss rate of stem residue was low, with
half-lives exceeding 28 weeks, compared with 2.42–
9.27 for leaf material (Tables 5 and 6). Initial nitrogen
concentrations of stems were approximately one-sixth
those of leaves and lignin concentrations were higher
(Tables 3 and 4). N concentration differences (Mc-
Donagh et al., 1995) and N to lignin ratios (Palm and
Sanchez, 1991) can explain a large proportion of the
variation in mass loss.

At the younger plantation site, leaf residue had
higher mass loss rates in the high TSD and differences
between treatments were greatest at the earlier stages
of incubation. Topsoil temperatures were significantly
lower in high TSDs (Fig. 2) yet topsoil water contents
were similar (Norgrove and Hauser, unpublished).
Earthworm activity was similar between TSDs (Nor-
grove and Hauser, 1999) and other macrofauna, such
as termites, are unlikely to enter through 2 mm mesh
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(D. Bignell, personal communication). Higher leaf
nutrient concentrations, rather than other factors, are
the most likely reason for higher mass loss rates.
Lignin concentrations were higher in high TSD treat-
ments, yet this did not reduce loss rates. The higher
mass loss rates of leaf residue in non-burned treat-
ments at the third weeding may also be due to their
higher nutrient concentrations and possibly higher
soil microbial activity under mulch.

4.4. Nutrient release from residue

Nutrient release patterns depend upon mass loss
rates. However, nutrient loss rates can exceed mass
loss rates when the nutrient has a higher mobility
and solubility and it rains. Nutrient loss rates can
be lower than mass loss rates, when the nutrient is
immobile, insoluble and other components of the
material are being lost. At the second weeding, N
concentration continued to decrease in high TSDs to
21 WAI (Fig. 5a). For stem residue N, loss rates were
higher in high TSDs (Fig. 5d). At the third weeding,
N concentration of leaf residue decreased in the high
TSD non-burned treatment only (Fig. 5b). This was
probably due to the higher N concentrations in leaves
and stems from high TSD treatments at the second
weeding and higher N concentration in stems from
non-burned treatments at the third weeding. Average
N concentration ofC. odorata leaves in Mbalmayo,
pooled across treatments and dates, was 39.9 mg g−1,
stems was 6.9 mg g−1 (Tables 2 and 3) and bulked
residue was 19.7 mg g−1 (data not shown). These are
comparable to those of the legumeSesbania rostrata
where 80% of N was lost from the bulked residue in
the first 20 days (McDonagh et al., 1995). Here, only
23% of N was lost in the first 3 weeks after incuba-
tion at the second weeding whereas 36% of N was
lost in the 3 weeks following incubation at the third
weeding.Desmodium adscendens(Sw.) DC. residue
(Luna-Orea et al., 1996) contained 17.5 mg g−1 N and
40% of N was released after 4 weeks, comparable to
the losses measured in the present experiment. Mag-
nesium concentration changes in leaf and stem residue
at the third weeding showed similar patterns to those
described for N. Magnesium was lost at a significantly
higher rate than mass loss at the third weeding for
high TSDs only (Fig. 5c and e) and Mg concentrations
in residues were higher in high TSD treatments.

Losses of K from the dry season incubation at the
second weeding were not significantly different from
mass loss until the first rains after which losses greatly
exceeded mass loss. At the third weeding, an estimated
73% or 64 kg ha−1 were released in the first week,
thus, similar to results of Schroth et al. (1992) who
found losses of 70% in the first 10 days fromCajanus
cajan (L.) Millsp leaves. Potassium is highly mobile
and has a high solubility (Marschner, 1995) so the
rapid loss during rainfall is expected.

In the high TSD, a higher percentage of the total
nutrients accumulated were released in the early stages
of incubation. Estimated release rates were higher for
all nutrients from burned treatments, due to higher
biomass accumulation, rather than to differences in
nutrient concentrations or release characteristics.

5. Conclusion

In low-input systems, particularly those containing
crops with a low initial uptake capacity for nutrients,
weed management needs to find a balance between the
competitive role ofC. odorataas a nutrient sink and
its potential benefit to the crop as a regular source of
organic matter and nutrients after slashing. Here, burn-
ing was not an appropriate weed management tool,
as it resulted in greater weed biomass. Burning led to
both greater crop-weed competition for nutrients and
resulted in a greater labour requirement for weeding
(Norgrove and Hauser, unpublished). A high TSD did
reduce weed biomass and, thus, labour requirement
for weeding. However, retaining trees in the high TSD
did not lead to any reduction in nutrient uptake byC.
odorata. Furthermore, in the high TSD, mass loss and
nutrient release characteristics had higher coefficients,
a greater proportion of Mg and N was lost at rates ex-
ceeding mass loss of the residue and a higher percent-
age of the total nutrients accumulated were released
in the early stages of incubation. These all increase
the risk of nutrients being lost from the topsoil. Thus,
from a weed competition perspective, there were few
benefits to retaining a high timber stand density.
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