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Abstract

Between October 1988 and August 1992, field experiments were carried out in West Kenya to evaluate the suitability of
Leucaena leucocephala, L. collinsii, Gliricidia sepium, Calliandra calothyrsus, Sesbania sesban, S. grandiflora, Senna
siamea and S. spectabilis to provide a range of agroforestry products and services. The initial object ve was to establish the
growth rates and wood ‘and leaf yields of these tree species, when planted in single rows. After the initial evaluation, it was
evident that valuable additional information could be collected if the trees were converted to hedjtes and their effect on
intercropped maize and soils was studied. At 21 months after planting, different species and provenances ranged in height
between 3.5 and 6 m and varied considerably in phenotypic appearance. Wood production (1988 990) varied from 3 to
33.8 t ha~ ' and leaf production varied from 0.62 to 10.1 t ha™'. During intercropping (1990-1992), leaf production varied
from 0 to 10.9 t ha™'. Maize yields were higher in association with Leucaena and Gliricidia than with Calliandra, Sesbania
and Senna. Cumulative maize grain and stover yields over four seasons were positively correlated with the total amount of
tree leaves applied (r? range, 0.70-0.95). The effect of tree leaf mulch on crop yields decreased over time for all species.
Leaves with high nutrient contents, which decompose fast ( Leucaena, Gliricidia, Sesbania) are likzly to have been more
effective in sustaining crop yields than leaves with lower nutrient contents (Senna) or more complex decomposition patterns
(Calliandra). Simple. *‘leaf input=crop output’’ budgets 1o calculate the reserves for N, P-and { in different systems
explained crop yield differences in some cases. Compared to the fertility status of ““zero-mulch’’ cor trol plots, the status of
soil C, N, P, K, Ca, Mg and S was to varying degrees improved under Leucaena, Gliricidia and Sesbania, much less under
Calliandra but not under Senna. First season grain yields were related to the soil fertility status at the end of the tree fallow.
The results of these experiments suggest that under subhumid tropical conditions with soils of relative:ly poor nutrient statug,
where light and water are not likely to be the major limiting factors to crop production, the application of sufficient
quantities of high quality tree mulch may positively influence maize yields. When agroforestry tree species with contrasting
decomposition and nutrient release patterns are evaluated jointly, it is more difficult to demonstrate a general relationship
between quantities of mulch applied and improvements in crop yields and soil fertility levels. Thercfore, further chemical,
physiological and phenotypic characterization of tree species with potential for fallow and intercropping systems is required.
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1. Introduction

Subsistence farming systems in the highlands of
Kenya occur in areas of high population density
(100-1000 people per km?), resulting in small farrs
(0.1-1.0 ha.) where continuous crop cultivation is
the norm. Because fertilizer use is usually insuffi-
cient, farmers are experiencing a steady decline in
crop productivity and soil fertility. The soils in west-
emn Kenya have low inherent fertility. Farmers nor-
mally grow two crops of maize and beans a year.
The dominant soil types are acrisols, ferralsols and
nitosols. These soils are mostly well drained and
have a low pH ranging from 4.0 to 5.5 (H,0 1:2.5).
Consequently, aluminium (Al) toxicity is a potential
threat and phosphorus (P) may be largely unavailable
for plant nutrition (Onim et al., 1990). Onim et al.
(1986) analyzed soils on farms in Western Kenya
and found that P was deficient in 92% of the cases.
Soils were also low in sodium (Na), potassium (K),
magnesium (Mg), nitrogen (N) and carbon (C). Ar.-
other on-farm survey (ICRAF, 1994) found that there
were root restricting soil layers at less than 50 cm at
ten farms out of a sample of 32 farms. Low available
P and P fixation were found on half of the farms and
high levels of Al saturation in the topsoil was found
on four farms. Nearly half of the farms had low soil
C levels of less than 1.5% in the topsoil.

Farmers generally realize the danger of soil fertil-
ity decline as a result of continuous cropping. Some
try to practice sound soil fertility management by
applying farm yard manure or inorganic fertilizers.
However, a survey of 71 farmers showed that only
41% used fertilizers regularly and 50% of these
farmers applied less than 5 kg N and 6 kg P ha~'
year™' (Shepherd et al., 1993). ‘These amounts are
insufficient to balance nutrient exports through re-
moval of grain and other produce (Smaling, 1993).
Application of farmyard manure, although generally
considered valuable, is often limited in quantity (<
10 kg N ha™' year™') and low in quality due to
storage problems. In addition, most farmyard manure
applications are derived from animal feed sources
within the farm boundaries. Grazing outside the farm
is limited to low quality roadside grasses. Thus,
nutrient imports to the farm system are often negligi-
ble (Shepherd et al., 1993). Based on these survey

results, literature research ani on-farm experimenta-
tion, it was calculated that the loss of N from crop
fields could amount to 76 kg ha~" year™', compared
to, for instance, positive N jalances at west Euro-
pean dairy farms with high arimal feedstuff inputs of
616 kg N ha™' year™' (Sma ing, 1993).

It is expected that the int-oduction of multi-pur-
pose (nitrogen fixing) trees a1d shrubs with an abil-
ity to recycle nutrients and to capture and access
nutrients from deeper soil layers can have a positive
impact on the farm N balarce and on the overall
nutrient status of crop fields. In addition to supplying
extra nutrients to the system hrough N fixation, the
trees must be able to penetrate soil layers which are
difficult for crop roots to senetrate. They could
thereby decrease nutrient losse:s resulting from leach-
ing (Young, 1989, Nair, 1993, Sanchez, 1995).

In addition to soil fertility related constraints on
crop production, forage shoriage, especially during
the dry season, is another widespread problem, fur-
ther limiting farm productivity and the potential to
generate cash income from milk and meat sales.
Also, the demand for timber poles, fuelwood and
fruits is high in rural areas an{ local towns. Consid-
ering the many potential constraints on farm produc-
tivity in smallholder practices in the tropics
(Richards, 1985, Chambers et al., 1989), flexibility
in the management of trees and the products and
services they provide in suppcrt of agriculture is an
important consideration for fariners with limited land,
Much research has been carrie1 out on the choice of
tree species for farmers’ woodlots (Hosier, 1984), for
forage (Gutteridge and Shelton, 1994) and in combi-
nation with crops (Kang et al., 1990). There is also
an increasing interest in improved fallow techniques
where trees are used to restoe the fertility of de-
graded crop land (ICRAF, 1992).

Evaluation and selection of trees on the basis of
their ability to provide a numoer of these products
and services simultaneously or sequentially is com-
plicated. It needs phased reseirch, both on station
and on farm. A first step in identifying which tree
species are suitable for multiple use on farms would
be to study their survival, growth and yield under
specified local edaphic and climatic conditions. Ini-
tial planting patterns should be kept simple, realistic
and manageable. A possible, but certainly not exclu-
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sive, second step would be to study the effects of
trees, managed in hedgerows, on food crops and
soils in intercropping arrangements. '

Studying woody plants first in a tree fallow ar-
rangement and subsequently as leaf producing hedges
in a hedgerow intercropping system would allow us
to add the dimension of varying the management of
the system, depending on which products (wood, tree
leaves or food crop components) are primarily pur-
sued at a particular point in time.

Experiments to study tree growth and yield as
well as tree-crop intercropping performance were
established at the Maseno Agroforestry Research
Centre in 1988 (Heineman et al., 1990). The site
adaptability and potential use of a wide range of
multi-purpose tree and shrub species (MPTS) was
studied. The trees were grown in single row plant-
ings and in hedgerow intercropping designs under
edaphic and climatic conditions broadly representa-
tive of Western Kenya and other parts of the East
African Highlands.

This paper reports the results of two adjacent tree
evaluation trials, identical in their objectives and
design, to compare a number of accessions and
provenances of Leucaena leucocephala, L. collinsii,
Gliricidia sepium, Calliandra calothyrsus, Sesbania
sesban, S. grandiflora, Senna (Cassia) siamea and S.
spectabilis. The initial objectives were to establish
the  growth rates and wood and leaf yields of these
tree species, when planted in lines and to determine
the available product range at various times after
planting. After the initial two year tree evaluation
phase, it was evident that valuable additional infor-
mation could be collected if the effect of the trees,
managed as hedges for mulch production, on inter-
cropped maize and soils was also studied. Therefore,
the experiment was extended beyond mid-1990 and
the effect of the presence of trees on crop yields was
studied during four successive cropping seasons. Soil
samples taken at the end of the initial two year tree
fallow phase provided a possibility to study the

" Note: The terms ‘intercropping food crops with trees’,
‘hedgerow intercropping’ and ‘alley cropping’ are used inter-
changeably in this paper. All these agroforestry land management
(practi():es refer to the same idea, first described by Kang et al.
1981).

effect of mulch applications ¢n soil fertility and
subsequently the effect of differ:nces in soil fertility
on crop yields. The eight tree soecies were selected
for evaluation because they :re widely used in
hedgerow intercropping with varying degrees of suc-
cess. The choice of species arnd provenances was
such that a potentially broad rarge in wood produc-
tion, leaf production, leaf nutriznt quality and leaf
decomposition characteristics was included.

Thus, two clearly separate phases are recognized
in these experiments. In the initial two years (phase
1: October 1988—July 1990), the growth and yield of
the trees in single row plantings was monitored.
Their survival and potential tc produce firewood,
building poles, leaf mulch and other products was
assessed, while a phased thinn'ng regime was im-
posed to reduce initial stocking rates to 50 and 25%
over a two year period. The leaves from the thin-
nings we returned to the plots. In the following two
years (phase 2: August 1990-August 1992), the trees
were managed as coppiced hedges and the effect of
the application of their pruning: on four successive
intercrops of maize was studied. :

A much shorter paper, only ‘ocusing on prelimi-
nary results for Leucaena and Gliricidia, which did
not yet include results on nutrient budgets, changes
in soil fertility and possible relationships between all
of the main components of the system (e.g. trees,
crops and soils) was published previously (Heineman
et al., 1995). For a comprehens ve presentation and
discussion of " all results of both experiments, the
current paper is recommended. :

2. Materials and methods
2.1. Location and climate

The research site is located on the equator at 34°
35" East, at 1500 m above sea level in Western
Kenya. It is part of the Masero Agroforestry Re-
search Centre, a joint research facility of Kenya
Forestry Research Institute (KEFRI), Kenya Agricul-
tural Research Institute (KARI) and The Interna-
tional Centre for Research in Agroforestry (ICRAF).
Rainfall is bimodal with the first rainy season from
March to July and the second rainy season from
September to December. Long term average annual
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Fig. 1. Long term average rainfall at Maseno Veterinary Farm (42 year-average) and the 60% reliability curve (the amount of rainfall, likely

10 be exceeded in 6 out of 10 years); (mm month™ ).

rainfall is 1678 mm and six out of ten years at least
1377 mm should be received (Fig. 1), (Jaetzold and
Schmidt, 1982). In Table 1, the rainfall data for
1988-92 are summarized by season. In all years
except 1991, more rain was received than the pub-
lished long term averages. The first half of 1988,
before these experiments were established, was much
wetter than usual. The amount of rainfall received in
1991 and especially in the second part of that year
was lower than the long term average. Average

Table | :
Rainfall received between 1988 and 1992 at Maseno Agroforestry
Research Centre, Western Kenya (mm year— ') g

1988 (a) 1989.(b) 1990 (c) 1991 (¢c) 1992 (d)

Long rains ' 1465 1021 1175 964 1098
Short rains * 888 876 659 584 £04
Annual total 2350 1897 1834 1548 1902

' Measured from January to July.

? Measured from August to December.

Source: (a) Maseno Forestry Nursery data, Ministry of Environ-
ment and Natural Resources, Kenya; (b) Mean values, based on
Maseno Forestry Nursery data and Maseno Veterinary Farm data.
(¢) Mean values, based on Maseno Agroforestry Research Cantre
data and Veterinary Farm data. (d) Maseno Agroforestry Research
Centre data.

potential evapotranspiration is 1738 mm per year
The mean annual day terperature is 20°C; average
maximum and minimum c aily temperatures are 31°C
and 15°C respectively.

2.2. Site and soil

‘The experimental site was located on former.
degraded pasture land. Tte slope in north to south
direction was less than 295. Couch grass (Digitaria
scalarum) was the predominant vegetation. There
were no trees on the site, prior to site preparation. In
1988, the soil was classified as a luvisol, It showed
no distinct boundaries b:tween horizons. Colour
gradually changed with increasing depth from dark
reddish brown to reddish brown. Soil depth exceeded
1.2 m. Soil texture was clayey to clay loam with a
pH (H,0; 1:2.5) of 5.5. 3oil fertility changes be-
tween the start of the tree fallow phase and the end
of the cropping phase werc not determined in these
experiments. However, onc¢ detailed dataset on soil
chemical properties was collected, based on sam-
pling experiments 1 and 2 plot by plot between the
end of the tree fallow phase and the beginning of the
cropping phase. The objective was twofold. Firstly,
to determine whether there were any detectable dif-
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ferences in chemical soil fertility properties that could
be attributed to the effect of different mulch applica-
tions during the previous two year fallow period.
Secondly, it was hypothesized that if soils differed in
some chemical properties in August 1990, then it
might be possible to correlate these differences with
subsequent differences in crop yields.

Thus, in August 1990, three samples of the top of
the profile (0-20 cm) were taken in each treatment
and bulked to form one composite sample. These
were analysed for N, P, K, Ca, Mg, S, C and pH.
The pH was determined in distilled water (soil to
liquid ratio 1: 2.5). Total soil N was determined,
following the Kjeldahl method, as described in
Bremner (1960). Phosphorus was determined through
the molybdenum-blue method (Olsen and Cole, 1954,
Murphy and Riley, 1962). The elements K, Ca and
Mg were determined colorimetrically (Mehlich et al.,
1962, Hinga et al., 1980). Sulphur was determined
with AAS. Carbon was determined, using the method

developed by Walkley and Black (1934) Walkley
(1947).

2.3. Experimental design

In experiment 1, five accessions of L. leuco-
cephala, one accession of L. collinsii and six prove-
nances of G. sepium were planted. Experiment 2
consisted of three accessions of C. calothyrsus, three
accessions of S. sesban, one accession of S. grandi-
flora, one accession of Senna (synonym Cassia)
spectabilis and two accessions of S. siamea (Table
2). In those cases where the full details of the
location and parentage of the tree seed were known,
it is referred to as a provenance, otherwise the
material is referred to as an accession. The two
experiments were randomized complete block de-
signs with three replications. In October 1988, fif-
teen trees were planted in rows of 11.25 m length in
the centre of each plot (Fig. 2). Trees were spaced at

Table 2

Tree species, provenances and accessions planted in Maseno, Kenya in October 1988
Species : Provenance or accession
Experiment 1

Leucaena leucocephala LL1 Kibwezi, Kenya

Gualan Zacapa, Guatemala, (OFI-collection number: OFI-15/84)

Playa Tamarindo, Guanacaste, Santa Cruz, Costa Rica. (OFI-12/86)
Pontezuela, Cartagena, Bolivar, Colombia. (OFI-24 /86)

Monterrico, Taxisco, Santa Rosa, Guatemala. (OFI-58 /87; 17 /84)

Vado Hondo, Chiquimula, Chiguimula, Guatemala. (OFI-59 /87, 16/84)
Playa Samala, Retalhuleu, Guayotenago, Guatemala. (OFI-60/87; 14/84)

Collection site unknown; general collection, Guatemala

Arboretum de Ruhande, Ruhande, Rwanda

Leucaena leucocephala LL2 K8, NFTA, Hawaii, USA
Leucaena leucocephala LL3 Melinda, Belize -
Leucaena leucocephala g Fi Hengchun, Taiwan
Leucaena leucocephala LL5 Ukwala, Siaya, Kenya
Leucaena collinsii LL6 Kibwezi, Kenya
Gliricidia sepium GS7 ]
Gliricidia sepium GSB

Gliricidia sepium GS9

Gliricidia sepium GS10

Gliricidia sepium GSl11

Gliricidia sepium GS12

Experiment 2

Calliandra calothyrsus CCl

Calliandra calothyrsus (i@ Kibuye, Rwanda
Calliandra calothyrsus cC3

Sesbania sesban S54 Kakamega, Kenya
Sesbania sesban §85 Mukururiati, Kenya
Sesbania sesban 5§56 Kiambu, Kenya
Sesbania grandiflora SG7 General collection, Singapore
Senna (Cassia) spectabilis CS8 Bugarama, Rwanda
Senna (Cassia) siamea CSi9 Bugarama, Rwanda
Senna (Cassia) siamea CSilo Kwale, Kenya

Abbreviated species and provenance codes (e.g. LL1) are used in the text, tables and figures, where possible.
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Phase Ia: October 1988. Planting of 15 trees per plot at 0.75 m in-row spacing, marked 1". A 1.5 m wide strip
on either side of the single line of trees was not cultivated in the first two years of the ex periment. It received

leaf mulch when trees were thinned.

Phase Ib: May 1989. Seven trees per plot are managed

as trees at 1.5 m in-row spacing and 8 coppice stools

per plot (marked 'c) are managed at heights varying from 0 to 75 cm.

Phase Ic: November 1989, Four trees per plot are managed as trees at 3.0 m in-row spacing and 11 coppice
stools per plot are managed at heights varying from 0 to 75 cm until December 1989. Thereafier, all coppice

stools are cut back to ground level.

End of Phase I: July 1990. The last four trees per plot

(marked 'c*') are cut back to 50 cm and managed as

‘coppice stools; the other eleven coppice stools in each plot are managed at grourid level.
Start of Phase 2: September 1990. Four rows of maize per plot are sown (marked ----). Phase 2 ends in
August 1992 after four consecutive maize crops have been grown.

Fig. 2. Field layout and thinning (cutting) schedule for tv/o tree speci
plot dimensions are 1 1.25 % 3.0 m.

0.75 m within rows. Individual plot width was 3 m.
All plots were established almost exactly on the
equator in east-west direction, thereby largely min-
imising the effect of shade between treatments.

2.4. Tree management

Trees were established from inoculated scedlings
that nodulated at planting in October 1988. A recom-

es evaluation trials, planted in Mateno, Kenya in October 1988. Sin;

mended mixed strain Rhizobium (source: NifTA
Hawaii) was received with the seed from the Oxfc
Forestry Institute. Seed propagation and Rhizobii
use with relevance to these experiments are (
scribed in Macqueen (1993) and Hughes (199
Seedlings were fertilizad at planting with 25 g
diammonium phosphatz (DAP) per tree, equival
to 20 kg ha™' of N and 22 kg ha~' of P. In order
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promote the production of firewood and wooden
poles at the intermediate and final tree harvests, a
phased thinning and coppice management regime
was adopted in the first two years (Fig. 2). After 7.5
months, 8 trees per plot were thinned; after 13
months, 3 more trees were thinned. In July 1990, 21
months after planting, the last 4 trees, now spaced at
3 m in-row, were cut back to 50 em. This is a widely
adopted cutting height for hedges in hedgerow inter-
cropping (Kang et al., 1990). From September 1990
onwards, tree stumps were managed as hedges for
mulch production with 4 trees plot coppiced at 50
cm height and the 11 earlier thinned trees in each
plot coppiced at ground level. From September 1990
until June 1992, the leaf production of ten successive
hedge cuttings was measured. At all early thinnings,
at the final tree harvest and during hedge manage-
ment, the leaves were left in the plots as mulch,
representing a potential nutrient input or nutrient
return through recycling and woody products were
removed, representing a nutrient export.

2.5. Maize management

In August 1990, maize was sown at 75 X 25 cm
(53333 plants ha™') without fertilizer. The first crop
row was sown at 37.5 cm on either side of the hedge.
Therefore, four rows of maize could be accommo-
dated in each (former) tree evaluation plot. No land
was lost for growing maize because the hedges were
located in the centre of the plots between two maize
rows, spaced 75 cm apart (Fig. 2). At the first crop
harvest (January 1991), fresh maize cob and stover
yields were determined. Grain yields were converted
to t ha'' dry grain at 13% moistute content. Stover
yields were converted to t ha' dry stover. In 1991,
maize was again sown in the first and second rainy
season, and in 1992, it was sown in the first rainy
season, following procedures identical to those of
1990.

2.6. Measurements on trees and crops

Tree height was measured by placing a graduated
stick along the bole and recording the height of the
highest living tip. Diameter at 5 cm above ground
level was measured with vernier callipers. This mea-
surement is referred to as the root collar diameter

(rcd) measurement. Tree and shrub species used in
agroforestry are known to vary considerably in above
ground phenotypic appearance. Some are single-
stemmed specimens with a clearly defined mainstem
and branched, foliated crown. Other species more
closely resemble bushes than trees and have several
or many stems emerging from ground level. As tree
phenotype can largely determine the use of its prod-
ucts, the number of individual stems at four heights
above ground level was recorded. Calculations of the
cross sectional areas at suitable heights along the
bole(s) of the tree can assist in determining the
amount of standing woody biomass non-destruc-
tively (Stewart et al., 1992). Therefore, the diameter
of each stem of each tree was also determined at 50
cm above ground level. At each thinning and felling
event, the fresh weight of mainstem wood, side
branch wood and leaves was determined. Fresh leaf
weight was also determined during hedge manage-
ment. Sub-samples were taken to determine dry mat-
ter and in some cases to determine nutrient content
of the leaves. At maize harvest, grain and stover
yields were determined separately. Fresh samples
were taken to determine dry matter contents and
convert grain yield to t ha™' at 13% moisture con-
tent and stover yield to t ha™' dry matter.

3. Results
3.1. Phase I (October 1988—July 1990)

3.1.1. Height and diameter

The mean height of each species at 21 months
after planting as well as diameter at ground level and
diameter at 50 cm above ground level (D50) sum-
marized in Table 3. In Table 4, the average monthly
growth rates for height and diameter between plant-
ing and felling are summarized. In experiment 1,
seedlings used for establishing LL1 to LL4 were four
months older than seedlings used for LL5, LL6 and
GS7-GS12. Seedling height and red at planting were
used as covariates in the analysis of variance for
height and red at later measurements. Initial seedling
age and size did not have a significant effect on the
height and rcd 7.5 months after planting or at any
later measurement dates ( p = 0.05). In general, L.
leucocephala accessions were taller at 21 months
after planting than G. sepium provenances, but had
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smaller root collar diameters and larger diameters at
50 cm above ground. In G. sepium, diameter fell off
more rapidly with increasing height, i.e. stems were
more heavily tapered. Calliandra was on average
taller than Sesbania and Senna. Calliandra acces-
sions also had larger rcd and D50 values. S. grandi-
flora (SG7) failed to grow and was removed shortly
after planting. SG7 plots were treated identical in
terms of maintenance to all other plots between 1988
and 1992, except that they did not receive any mulch
in phase 1 or phase 2. Table 3 shows that the
mainstems of most L. leucocephala accessions main-
tain a sizeable girth along their bole longer than
mainstems of G. sepium. Therefore, L. leucocephala
mainstems are more suitable as poles in fence mak-
ing and building construction. The more spindly

Table 3

mainstems of G. sepium ae suitable as stakes for
supporting annual crops, lik2 climbing beans. As G.
sepium can be established fzirly easily from cuttings,
there is potential to use suitable sections of the
mainstems to create hedges and live fences. Main-
stems of Calliandra and Senna species are, like
Leucaena, suitable for light construction purposes.
Mainstem wood of Sesbaria has a lower specific
weight and is much more susceptible to decay. It is
unsuitable for building applications but useful as a
very fast growing source of low quality fuelwood. Its
role in restoring soil fertility of degraded crop land
under improved tree fallow regimes is currently in-
vestigated (ICRAF, 1992). ""wigs and branches of all
species are suitable as firewood after sufficient air

drying.

Mean height, diameter at ground level (rcd) and at-50 cm (d50) in Leucaena, Gliricidia, Calliandra, Seibania and Senna (Cassia), 21

months after planting

Experiment 1

Leucaena leucocephala ) ] R 1 5 SR 4 LL4 LES Mean  sed cev(%)  p

Height (cm) . 448 496 474 501 451 474 30.5 6.4 - 0.400

red (cm) 8.7 11.9 02 9.6 9.1 9.7 0.37 3.8 0.005

d50 (cm) 6.8 6.8 6.7 6.2 4.5 6.2 0.32 52 0.008

Gliricidia sepium GS7 GS8 GS9 .GS10 * GSl1 Gsl2 Mean - sed cev(%) p
Height 427 342 401 384 . 439 462 409 546 13.3 0.410
red 1o 10.9 12.4 13.8 11.0 13.1 12.0 1.3 10.7 0.220
d50 3.5 2.8 35 3.6 4.1 4.4 3.7 0.75 20.5 0.490
Experiment 2

Calliandra calothyrsus CCI' : /€C2 .-CC3 . Mean'. . sed cev(%) p

Height 543 522 514 526 30.5 7l 0.680

red 12.9 10.6 1.5 11.6: 2.18 23.0 0.630

ds0 5:2, 4.6 5.1 5.0 0.59 11.8 0.660

Sesbania sesban S84 885 - /8S6 Mean  sed cev(%) p

Height 533 527 354 471 14.1 3.7 0.009

red 10.6 11.0 53 9.0 1.11 15.2 0.059

d50 5.4 4.9 3.9 4.6 0.28 6.1 0.039

Senna (Cassia) spectabilis and S. siamea  CS8  CSi9  CSil0  Mean  sed cv(®%) p

Height 602 451 377 476 46.4 11.9 0.076

red 12.5 . 89 8.3 99 0.52 6.5 0.026

ds0 5.0 55 52 5.2 0.19 36 0.213

sed: standard error of the difference; cv: coefficient of variation (at plot level); p: significance level.
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Table 4

Mean monthly rate of increase of height and root collar diameter for Leucaena, Gliricidia, Calliandra, Sesbania and Senna species between

planting and felling at 21 months (cm month™")

Experiment |: Leucaena and Gliricidia species

Code LL1 LL2 LL3 LL4 LLS
Height 19.2 210 20.7 22.5 21.0
red 0.40 0.55 0.41 0.44 0.43
Experiment 2: Calliandra, Sesbania and Senna (Cassia) species
Code CCl cc2 cc3 §S4 SS5
Height 25.7 25.1 24.7 24.5 + 234
red 0.62 0.50 0.55 0.50 0.51

GSs7 GS8 GS9 GS10 GS11 GS12
20.2 16.4 193 18.4 20.9 22.2
0.50 0.51 0.59 0.66 0.52 0.62
886 CS8 CSi9 CSil0

15.9 29.3 21.6 18.2

0.24 0.60 0.42 0.39

3.1.2. Tree form

In Table 5, the mean number of stems per tree,
counted at 0, 25, 50 and 130 cm above ground is
summarized for each species. Both within and be-
tween species, considerable variation in the number
of individual stems at various levels above the ground
is noted. Different tree forms were present in these
experiments, ranging from single stemmed trees (e.g.
SS6) to shrubs with multiple mainstems, emerging
from ground level (e.g. GS8). The development of
the form and size of trees and shrubs determines to a
large extent what use can be made of the woody
parts, ranging from firewood to building materials.

3.1.3. Relationships berween wood biomass and cross
sectional area '

Stewart et al. (1992) reported a simple but accu-
rate- and partially non-destructive technique to esti-
mate the standing woody biomass in multi-stemmed

Table 5

trees and shrubs, using the sum of the cross sectional
areas below breast height as the predictor variable.
This method was tested for both experiments. In July
1990, the sum of the cross sectional areas ( 3d?) of
each remaining sample tree at 50 cm above ground
level was determined. Trees were then harvested and
the yield of mainstem wood, branchwood and leaves
was determined. A linear regression model of the
form: wbm =a + b3d? was fitted, with the aim to
predict total woody biomass (wbm) from total cross
sectional area (csa). The model was fitted separately
for each treatments in both experiments except LC6
and SG7. The datasets were small; only seven to
eight observations of “‘csa’” and “*wbm’’ were avail-
able for individual provenances. The proportion of
the variation (r2) of *‘wbm”’ explained by the fitted
line which could be accounted for was between 44
and 70% in 5 cases and above 70% in the remaining
15 cases (Table 6). Stewart et al. (1992) found a

Number of individual stems of each accession or provenance at 0, 25, 50 and 130 cm above'gmund. Mean values ( x) for provenances of L.
leucocephala, G. sepium, C. calothyrsus, S. sesban and Senna (Cassia) siamea

Experiment 1: Leucaena and Gliricidia spp.
Height above ground (cm) LL1 LL2 LL3 LL4 LL5

0 L1210 1.0 1.0 1.12
25 1225 150 1500 135 250
50 1.38° 225 1.62 .20 3.0

130 1:88 295 237 237 312

Experiment 2: Calliandra, Sesbania and Senna (Cassia) spp.
Height above ground (cm) CClI CC2 CC3 «x 5S4

0 2.5 1.0 138 1.63 1.0
25 35 275 30 3.08 213
50 3.63 288 338 330 213

130 388 3.13 338 346 213

x GS7 GS8 GS9 GSI0 GSI1  GSI12 «x LC6
1.05 225 -3:37 312" 40 275 212 294 208
1.70 337 4.62 450 40 4.12 3.38 4.0 2.96
205 337 462 525 40 4.12 3.38 412 3.8
250 337 462 525 40 4.12 3.38 412 3.39

885 8SS6 «x CS8 CSi9 CSilo «x

1.0 1.0 1.0 1.0 1.0 1.13 1.07
1.29 1.0 1.47 375 1.38 1.38 1.38
3.14 1.0 209 388 1.88 1.50 1.69
3.14 1.0 209 413 213 1.50 1.82
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Table 6 consequently reliable estimates of standing woody
Coefficients of determination (r*) and significance levels () of a biomass. CSA measurements in this height range are
linear regression model, which predicts total woody biomass mich : ferred to me - a single diameter ne
(wbm) from total cross sectional area (Xd*) at 50 cm above eh preferied (o TEAS 1_ng # g g Ay
the root collar. The latter 1s more likely to be influ-

ground level !
T 1Lz Ll LA LIS - & enced by trunk swellings and irregularities near the
—_— base of the tree.

n, 8 7 7 7 7 36
r2 726 906 76.1 443 866 803 ’
p 0004 0000 0.006 0.040 0.000 0.000 3.1.4. Early coppice behc viour
Two months after the first thinning, the ability o

Gs7 Gss . GS9 GSI0 GSil GS12 x trees to coppice was asscssed by counting the num
n 8 8 8 8 8 7 47 ber of coppice shoots on each cut stool (Table 7). L
2 906 993 948 804 960 945 #93 leucocephala on average produced 23 coppice shoot
p 0000 0000 0000 0000 0000 0.000 0.000 per stool, but LL5 was significantly less vigorou

= This early indication of ts reduced vigour was late
confirmed, when it produced fewer leaves in phase
and 2. On the other hand, LC6 showed high coppic

cEl  TE2 ce3 - x

n 8 8 8 24
o2 605 <508 ST0. 6T

p 0010 0024 0030 0.000 numbers after the first cutting bul- this was m
matched by satisfactory leaf production later on. L
$s4 §85 . 856 x G. sepium, there was 10 apparent correlation b
n 8 8 i1 23 tween the number of initial coppice shoots and su
rro944 929 964 949 sequent leaf production as illustrated by low sho
p’ 0000 0000, 0.000° 0.000 numbers in GS12, combined with consistently sup
S©  CSil0 x | CS8 rior leaf production in _;hase 1 and 2. In Calliandr
3 2 = 3 on average 12.7 coppi:e shoots were counted i
n ; 2 A ¢ ’
2o sl RS T tlgl_ly. Differences between accessions were not s
p 0000 0029 0.000 0008 nificant (p= 0.05), bu: CCI1 later turned out _to
‘ the most abundant leaf producer. Although init
. Based on harvesting seven to eight trees per treatment (n) at 21 coppice shoot numbers were twice as high in I
months after planting: The equation for the regression model is: caena than in Calliandra, long term leaf product'

wbm = @ + b(Zd?). In the x column, r2 and p values are given
for models that predict total wood biomass for all provenances
within a species. '

(1988-1992) of the two species was comparat

. ¢ Table 7
similar range of values, although they derermined Initial coppice behaviour 0" Leucaend leucocephala, Gliric
«sesa’’ at 30 cm above ground level and their sample sepium, Calliandra calothyr sus, Sesbania-sesban, Senna (Ca.

specrabilis and Senna siame 1, measured as the number of cof
shoots visible (no. ¢), two nionths after the first harvest

LL1 LL2 LL3 LL4 LL5 Mean sed p L
no.c 24.1 255 255 245 163 232 237 0.021 2

size was larger (n=30). In trees with a distinct
shrub type appearance, like Gliricidia, several stems
may sprout from low levels above the ground, with
rapidly increasing numbers of side branches, adding
to the complications of accurate measurement. Thus, Gs7 Gs8 GS9  GS10 GSII GS12 T
a balance must be found between measuring a suffi-
cient number of individual stems in each tree and not
taking large numbers of diameter measurerents, for CCl CC2 CC3 Mean sed  p
instance at breast height, at the cost of accuracy. Our
results confirm the earlier work by Stewart et al.
(1992) that measuring the diameter of all rainstems CS8 CSi9 CSil0 Mean sed  p

at 30 to 50 cm above ground level is suitable for o e 189 150 129 110 130 0023
obtaining reliable cross sectional area velues, and

no.c 162 185 194 168 157 148 169 147 0

no.c 14.8 121 112 187 1.13 0.071
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Once S. sesban was cut back to coppice height, it
universally failed to regenerate, irrespective of the
seed source used. The failure of S. sesban to coppice
under hedge management, reported earlier by Evans
and Rotar (1987) and Yamoah et al. (1989), effec-
tively disqualifies it for use as a leaf producing
species in intercropping systems. S. spectabilis (CS8)
coppiced much more vigorously than either of the S.
siamea accessions. The results obtained about early
coppice behaviour show that this is not necessarily a
reliable indicator of longer term leaf production.
Coppice production must be monitored over a suffi-
ciently long period of time, probably at least two
years, to establish which provenances are good leaf
producers under regular cutting management.

As pointed out previously, SG7 died early on and
was removed within the first year. Effectively, these
plots .could be regarded as controls, which did not
receive any mulch inputs but were subject to nutrient
exports during the four successive cropping seasons
of 1990-1992. The S. sesban provenances SS4, SS5

Table 8

and SS6 did not receive any mulch inputs during
phase 2 but were subject to continued biomass and
nutrient exports through crop yields in phase 2. LC6
had a very limited input of mulch in phase 1 and 2,
but also experienced continued nutrient exports
through crop yields in phase 2.

3.1.5. Leaf yields in phase 1 (tree management) and
in phase 2 (hedge management)

Leaf production data for phase 1 (October 1988—
July 1990) and for phase 2 (August 1990-August
1992) are first discussed for experiment 1 (Leucaena
and Gliricidia) and thereafter for experiment 2 (Cal-
liandra, Sesbania and Senna).

3.1.5.1. Experiment 1. Table 8 summarizes mean

. fresh leaf yields per tree between establishment and

21 months after planting. In L. leucocephala, 112
was significantly more productive than the other
accessions at 7.5 months after planting. Leaf produc-
tion of L. collinsii (LC6) was already low at this

Mean leaf yield (kg tree ™'; fresh weight) of trees at 7.5, 13 and 21 months after planting of Leucaena, Gliricidia, Calliandra, Sesbania and

Senna (Cassia) species

Months after planting LLI LL2 LL3 LL4 LLS5 Mean sed P LC6
7.5 1513 3.17 1.50 1.83 1.19 1.88 0.37 0.006 0.68
13 8.58 5.78 8.00 9.44 6.49 7.46 1.35 0.16 2.07
21 10.82 12.77 13.36 12,76 9.7 11.89 1.54 0.25 2.09
Months after planting GS7 GS8 GS9 GS10 GS11 GS12 Mean sed P
75 0.64 0.67 0.61 0.63 0.74 1.34 0.77 0.184 0.018
13 2.63 25 3.58 3.87 3.93 5T 371 0.72 0.011
21 4.09 297 4.69 7.44 4.32 8.96 5.41 1.99 0.015
Months after planting CCl1 ce2 CC3 Mean sed P
7.5 1.78 1.92 1.71 1.80 0.552 0.931
13 4.71 5.27 4.90 4.96 1.732 0.949
21 11.40 12.40 13.70 12.50 2.60 0.708
Months after planting SS4 SS5 SS6 Mean sed P
75 2.83 0.95 0.91 1:57 0.712 0.117
13 5.20 3.91 1.04 338 1.804 0.174
2] 7.60 4.40 0.0 4.0 1.23 0.049
Months after planting CS8 CSi9 CSilo Mean sed P
7.5 1.18 1.12 1.01 1.10 0.306 0.852
13 4.69 4.64 1.56 3.63 1.062 0.067
21 4.47 737 3.44 5.10 1.061 0.119
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early age. At 13 months after planting, average leaf
yield per tree was not significantly different (p=
0.05) for the five L. leucocephala accessions, but the
mean leaf yield was four times higher than at the
initial harvest. Low productivity of LC6 continued.
At 21 months after planting, the overall mean fresh
leaf yield was 12 kg/tree, 60% more than at the
previous cutting, but differences between accessions
were insignificant.

In G. sepium, GS12 was significantly more pro-
ductive than the other provenances at the first, sec-
ond and final harvest ( p = 0.05). GS12 has come out
as a provenance of consistently high productivity in
many MPTS evaluation experiments around the trop-
ics (Simons and Dunsdon, 1993). At the second
harvest, the mean leaf yield per tree (i.e. the average
value of six Gliricidia provenances) was five times
higher than at the first harvest. At final harvest, the
mean fresh leaf yield was 5.4 kg/tree, 46% higher
than at the second harvest. A comparison of dry
matter leaf production of Leucaena and Gliricidia
during the first 21 months showed that L. leuco-
cephala was on average three times more productive
than G. sepium.

3.1.5.2. Expériment 2. In C. calothyrsus, no signifi-
cant differences ( p = 0.05) in mean leaf production
per tree were observed at 7.5 months after planting.
The three accessions remained similar in leaf produc-
tivity at later thinning dates; mean leaf yield -was
2.75 times higher at 13 months then at 7.5 months; at
21 months it was nearly seven times higher than at
the first thinning.

In S. sesban, S84 appeared more productive than
the other accessions at all three thinning dates. How-
ever, because of high between plot coefficients of
variation (cv's), the observed yield differences were
not significant at both 7.5 and 13 months (p > 0.05).
At 13 months, SS6 had died; no leaves were har-
vested from this accession. At final harvest, SS4
produced 7.6 kg of fresh leaves/tree and SS5 pro-
duced 4.4 kg. Mean leaf yields were twice as high at

13 months as at the first thinning. At 21 months, the

two surviving accessions produced seven to eight
times more leaves than at the first thinning.

S. spectabilis and S. siamea produced similar
amounts of fresh leaves at the first thinning: 1.1 kg
per tree. From the second thinning onwards, CSil0

was consistently less productive. At 21 months, CS8
was less productive than CSi9, whereas at 13 months,
they had comparable leaf production.

Comparing leaf production between species dur-
ing the first 21 months after planting, C. calothyrsus
was on average three times more productive than
Senna species in dry matter equivalents. Partly be-
cause of the large variation in leaf productior be-
tween accessions and partly because of the lower dry
matter content of S. sesban leaves, it was the least
productive species in phase 1.

3.1.5.3. Toral leaf production: 1988—1992. The total
amount of leaves applied to the plots, expressed in
dry matter equivalents, during tree managemen: and
during subsequent hedge management is shovn in
Table 9. LL1-LL4 were comparable in production,
whereas 115 was approximately 25% lower in pro-
ductivity. Leaf production of LC6 was low; only

Table 9

Total leaf yield (t ha™'; dry matter) of Leucaena, Gliricidia,
Calliandra, Sesbania and Senna (Cassia) species during tree
management phase 1 (1988-1990) and during hedge management
phase 2 (1990-1992), retained in the plots

LL1, - LE2 -°LL3 . LL4 .LLS. Mean LC6

,1988-90 9.16 10.1 9.19 9.58 696 9.00 .40

1990-92 098 1005 876 983 777 928 2.15
Total 19.14 20.15 17.95 1941 1473 1828 £.55

GS7 GS8 GS9 . GSI0 GSI1 GSI2 Mean

1088200 /264 231 - 324 377 335 502.:39
1990-92 - 252 422 683 " 655 597 738 158
Total 516 653 1007 -1032 932 124 97

GCl-. €E2 CC3 . Mean

1988-90 9.26 - 976 9.14 - 9.39
1990-92 936 7.03 638 7.9
Total 13.62 1679 15.52 16.98

SS4 SS5 SS6 Mean

1988-90 5.24 3.06 - 062 297
1990-92 O 0 0 0
Total 524 306 062 297

(S8 CSi9 CSil0 Mean

1988-90 5.46 470 258 425
1990-92 10.9 173 1.51 491
Total 1636 6.43 409 896
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5.55 tha™! of dry matter was produced over 4 years.
The five L. leucocephala accessions were approxi-
mately as productive in phase 1 under tree manage-
ment as in phase 2 under hedge management. In G.
Sepium, GS12 was the most productive provenance
over the four year period. Average productivity of
Gliricidia was 32% lower than that of L. leuco-
cephala. Gliricidia leaf production was 65% higher
under hedge management than under tree fallow,
both measured over a two year period. L. leuco-
cephala and G. sepium leaves have comparable N, P
and K contents and decomposition characteristics,
but L. leucocephala leaves have a higher dry matter
content. Therefore, in the conversion from fresh
yields to dry weight equivalents, the leaf biomass
figures of L. leucocephala increased nearly 40%
relative to the figures for G. sepium. As a result, a
considerable range of leaf productivity figures for
material of comparable quality was available for
calculating the effect of tree leaves on maize yields
in experiment 1. C. calothyrsus was comparable in
leaf production to L. leucocephala during phase 1
and slightly less productive in phase 2. Different
seed sources of C. calothyrsus were not significantly
different in productivity ( p = 0.05). Over four years,
S. spectabilis ‘'was comparable in productivity to
Leucaena and Calliandra, but it was especially pro-
ductive in phase 2, when it was managed as a hedge.

Both ‘S. siamea accessions were much less produc- -

tive than S. specrabilis and rapidly declined in leaf
productivity, once they were managed as hedges. In
S. sesban, there were marked differences in leaf
production in phase one. SS4 was more productive
than §S5; SS6 was a very poor leaf producer. In
phase 2, none of the S. seshan accessions produced
leaves under coppice management. As a result, over-
all yields for the four year period were the lowest of
all species tested.

The data in Table 8 show, as expected, a relation-
ship between leaf yield and the age of the tree at
cutting. A regression equation of the form ¥ = a + bX
was used to describe the relationship between Y (leaf
yield) and X (tree age between planting and 21
months) separately for the two groups of five L.
leucocephala accessions and six G. sepium prove-
nances. For Leucaena, 90% of the variation in leaf
yields could be described by the single equation:
Y= —-3+0.73X. In the case of Gliricidia, only

62% of the variation in leaf yields was described by
the single equation: ¥ = — 1.3 4+ 0.33 X. For the three
C. calothyrsus accessions, 97% of the variation in
leaf yields could be described with the single equa-
tion: ¥ = —4.69 +0.803X. In S. sesban, only 59%
of the variation in leaf yields could be described with
the single equation: Y= —0.90+0.33X, if SS6,
which produced no leaves at 21 months after plant-
ing, was excluded from the analysis. For S. siamea,
only 58% of the variation in leaf yields could be
described with the single equation: Y= —0.7 +
0.29X. A possible éxplanation for the difference in
ability to predict leaf yields accurately from tree age
in Leucaena, Gliricidia, Calliandra, Sesbania and
Cassia is discussed later.

3.1.6. Wood yields

Wood production in 1990-1992, before the trees
were managed as hedges, is summarized in Table 10.
Total wood yield of each species and provenance in
phase 1 is summarized in Table 11. In both experi-
ments, similar to the findings for leaf biomass, pro-
duction of wood per individual tree increased signifi-
cantly for species and provenances from the first
cutting to the second cutting to the final cutting. The
only exception was the decrease in side branch wood
in S. sesban between 13 and 21 months. This may be
explained by the reduced vigour of the species as it
got older. Also leaf yields did not increase in SS5
and SS6 during the same period.

3.2. Phase 2 (July 1990—August 1992)

3.2.1. Maize yields

Maize yields are summarized by season and yield
component (grain, stover) for expenment 1 and 2 in
Tables 12 and 13.

3.2.1.1. Experiment I. In experiment 1, there were
significant differences ( p < 0.01) in grain and stover
yields in the first two cropping seasons with high
yields in association with LL1-LL5 and GS12. Low
yields were recorded in association with LC6 and
GS7-GS11. Yields in the first two seasons after the
tree fallow ranged from 43% above to 35% below
the mean yield for the experiment. Compared with
control yields (SG7 in experiment 2), the average
performance of experiment 1 was 60% higher in the
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first year and some treatments were 120% higher
than the control yield. Grain yields and stover yields
in the first two seasons were highly correlated (r ==
098 and r=0.93 respectively), suggesting that
maize plants were healthy with well developed grain
cobs and that the partitioning of dry matter between
the vegetative and reproductive parts took place un-
der suitable (i.e. average) climatic conditions for this

maize variety. In the third sezson, maize yields were
very low. Much less rain than normal was received
between September 1991 and January 1992 and it
was also poorly distributed (Table 1). The sudden
drop in grain yields, but not in stover yields, can be
attributed to the failing raias. As a result, crop
development took place under severe moisture stress,
an unusual situation in the highlands of western

.21

Table 10
Wood production (kg tree™"; fresh weight) of Leucaena, Gliricidia, Calliandra, Sesbania and Cassia during phase 1 (1988-1990)
Months after planting Wood type LLI LL2 LL3 ‘LL4 LL5 Mean sed P LC6
7.5 ms 0.85 1.27 0.82 0.89 0.53 0.87 0.239 0.135 0.13
T3 sb 0.72 1.93 0.52 0.78 0.53 0.9 0.284 0.005 0.20
13 ms 5.98 5.96 5.62 7.49 4.29 5.87 1.204 0.282 1.07
13 sb 2.49 2.38 211 278 1.64 2.28 0.557 0.387 0.52
21 ms 8.91 16.20 12.81 11.78 9.44 11.83 2.£67 0.270 2.14
21 sb 8.94 13.93 9.71 10.04 7.15 9.95 1.£62 0.123 227
Months after planting Wood type GS7 GS8 559 GS10 GS11 GS12 Me:in sed P
1.5 ms 0.65 0.64 0.64 0.46 0.73 1.38 0.75 0.201 0.014
5 sb 0 0 0 0 0 0 0 0 0
13 ms 2.16 2.09 2.83 2.38 4.31 4.27 3.01 0.903 0.094
13 . sb 1.41 1.26 1.82 2.16 23 4.08 217 0.596 0.009
21 ms 10.1 8.1 14.3 16.8 14 18.5 13.6 4.690 0.353
21 sb 0 0 0 0 0 0 0 0 0
Months after planting - Wood type CCl cc2 CC3 Mean sed P
i) ms 1.60 1.86 1.78 1.75 0.70 p.93
e sb 1.02 1.35 0.96 1.11 0.32 0.49
13 ms 6.93 6.27 6.36 6.52 2.10 0.94
13 sb 4.10 4.27 3.77 4.04 1.20 0.92
21 ms 16.29 14.80 13.39 14.80 3.72 0.77
sb 13.20 11.02 10.69 11.64° 1.22 0.29
Months after planting Wood type 554 SS85 556 Mean sed p
7.5 ms 3.75 3.05 0.93 2.58 1.67 0.32
15 sb 4.28 472 0.96 332 3.17 0.50
13 ms 7.48 7.36 1.78 5.54 231 0.11
13 sb 7.04 4.53 | 4.37 1.59 0.06
21 ms 9.11 9.79 1.1%7 6.70 1.45 0.04
21 sb 4.29 1.20 0.00 1.83 0.93 0.08
Months after planting Wood type CS8 CSi9 CSilo Mean sed P
1.5 ms 1.12 0.56 0.43 0.70 0.27 0.12
TS sb 0.43 0.65 0.58 0.56 0.23 0.65
13 ms 6.32 439 1.40 4.04 1.39 0.06
13 sb 3.04 3.27 1.44 2.59 0.64 0.09
21 ms 13.61 8.11 425 8.66 0.71 0.01
21 sb 2.12 591 3.94 3.99 0.92 0.11

Wood type: ms, mainstem wood; sb, side branch wood.
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Table 11
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Total wood yield ( X'w, dry weight) from harvesting Leucaena, Gliricidia, Calliandra, Sesbania and Senna (Cassia) species at 7.5, 13 and

21 months after planting and exported from the plots

LL1 LL2 LL3 LL4 LL5 LC6 ~ GS7 GS8 GS9 GS10 GS11 GS12
Zwltha™") 173 -26.0 19.3 20.1 14.3 30 5.8 50 7.9 8.7 8.5 11.3
cCl cc2 cC3 SS4 SS5 $S6 SG7 S8 CSi9 CSilo
Swltha=") 33.8 299 29.1 15.5 13.0 3.2 0.0 19.0 12.1 9.0

Side branch wood and mainstem wood combined.

Kenya. In this season, the average grain to stover
ratio changed significantly from more than 1:1 to
0.3:1. Proportionally more stover was produced at
the expense of grain production, suggesting that cob
formation and grain development were impaired by
drought conditions. Despite the restrictions imposed
by the weather, Table 12 shows that the highest grain
yields continued to be in association with some of
the L. leucocephala treatments which also gave high
yields in the first two seasons (LL1-LL2). In the

fourth cropping season, when rainfall was back to
normal levels, yields recovered. However, grain yield
differences were no longer significant at p = 0.05.
Between 1990 and 1992, the mean grain yield in
experiment 1 declined from 4.16 t ha™' to 3.27 t
ha™' (to 0.53 tha™') to 2.89 t ha~'. The benefits of
applying varying amounts of mulch to the plots
during the tree fallow are most visible in the first
cropping season. The initial yield of 4.16 t ha'
would be considered high in the study area. This

Table 12
Yield (t ha™"') of maize grain and stover in plots intercropped with Leiicaena and Gliricidia during four consecutive seasons (1990-92) and
total yields .
Species code Cropping season Total yield 1990-1992

Short rains 1990 * Long rains 1991 Short rains 1991 Long rains 1992 :

Grain Stever Grain Stover Grain -~ Stover - Grain  Stover Grain Stover
LLI 6.28 6.15 5.04 3.09 -0.96 2.04 3.68 297 15.96 12,26
LL2 4.98 4.95 4.16 2.50 0.83 1.99 3.66 273 13.63 12.16
LE3 5.57 5.70 - 3:57 2.63 0.63 1.86 2.81 231 12,57 12.49
LL4 5.04 5.10 4.12 2.65 0.63 1.84 2.62 2.44 12.41 12.03
LL5 4.96 5.19 333 2.46 0.63 1.71 2.78 2.19 11.70 11.55
LC6 3.77 4.03 2.30 1.81 0.25 1.26 1.82 1,72: 8.14 8.82
GS7 2.50 3.36. 2.24 2.09 0.28 1.58 2.05 1.97 7.07 8.99
GS8 3.35 4.16 2.64 2.03 0.30 . 7 A 2.97 2.50 9.26 10.26
GS9 3.19 3.83 3.26 2,25 0.54 2.03 3.13 2.63 10.13 10.73
GS10 3.12 4.15 2.89 2.44 0.51 2.02 3.43 2.96 9.96 11.56
GSl11 3.22 3.85 1.85 1.66 0.29 1.35 2.33 315 7.69 10.01
GS12 3.90 4.33 3.82 2.85 0.52 212 335 3.10 11.59 12.39
Mean 4.16 4.57 327 2.37 0.53 1.78 2.89 2159 10.84 11.27
sed 0.727 0.41 0.63 0.34 0.249 0.29 0.594 0.64 1.454 1.149
p! 0.006 <.001 0.002  0.013 0.162  0.09 0.068  0.461 <.001 0.004
cv 17.5 11.0 23.6 17.6 57.6 19.9 25.2 30.5 16.4 12.5
gs? 0.91:1 1.40: 1 0.30:1 1.13:1 0.96:1

Grain yields expressed at 13% moisture content; stover yields expressed as dry matter.
" The p value represents the level of significance of the difference between treatment means.

* Coefficient of variation of plots within blocks.
* Grain to stover ratio.
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Table 13
Yield (t ha~') of maize grain and stover in plots intercropped with Calliandra, Sesbania and Senna ((Zassia) during four consecutive
seasons (1990-92) and total yields

Species code  Cropping season Total yield 1990-199

Short rains 1990 Long rains 1991 Short rains 1991 Long rains 192

Grain Stover Grain Stover Grain Stover " Grain Stover Grain Stover
CCl1 4.64 4.17 2.83 1.94 0.87 2.20 1.62 152 9.96 9.83
cc2 4.89 4.12 2.96 1.80 0.84 227 1.91 173 10.60 9.92
CC3 Ly 4.27 3.33 2.18 0.97 2.28 2.20 1.66 11.67 10.39
SS4 3.54 3.49 320" 1186 0.65 1.94 2.48 1.€5 9.96 9.14
§S5 3.53 3.35 2.56 2.29 0.87 210 2.07 1.79 9.03 9.53
§S6 2.16 221 2.49 1.98 0.56 2.01 2.12 151 733 791
SG7 2.08 2.44 2.83 1.74 0.56 177 2.18 1.¢8 7.65 7.63
Cs8 4,04 3.36 267 1.86 0.36 1.63 2.86 2.(0 9.93 8.85
CSi9 4.00 4.03 288 .19 0.64 1.92 2.07 1.5 9.59 9.30
CSilo 3.88 4.09 2.88 1.81 0.66 2.08 2:37 .64 9.79 9.82
Mean 3.719 3.55 2.85 1.93 0.70 2.02 2.19 152 9.53 9.22
sed ) 0.642 0.573 0.353 0.183 0.183 0.244 0.479 0..174 1.83 1.23
p' 0.011 0.045 0312 0.136 0.091 0.220 0.493 013 0.007 0.009
cv 2 20.7 19.8 15.2 11.60 322 14.8 26.8 19.5 11.9 12,3
gs? 1.07:1 1.48:1 0.35:1 1.27:1 1.03:1

Grain yield expressed at 13% moisture content; stover yield exprcsscd as dry malter.

? Coefficient of variation of plots within blocks.
* Grain to stover ratio.

yield level can only be achieved by using substantial
amounts of inorganic fertilizers or, as demonstrated

in this study, through carefully managed intercrop-

ping with suitable tree species.

3.2.1.2. Experiment 2. In experiment 2, yields were
on average lower in the first two cropping sezsons
than in experiment 1. Differences in grain and stover
yields were only significant ( p = 0.05) in the first
season. Yields were higher than average in Callian-
dra (CC1-CC3) and Senna (CS8, CSi9-CSil0).
SS6 gave relatively low grain and stover yields. Low
yields were also recorded in the SG7 control ireat-
ment. The mean grain yield in this treatment over
four seasons was 1.91 t ha™'. The first season it was
2.08 t ha~', followed by 2.83, 0.56 and 2.18 t ha™'.
Without the addition of fertilizers or leaf mulch, an
average grain yield of 2.0 t ha™' is within the
expected range on this soil type, provided soil fertil-
ity has not been largely depleted by continuous
cultivation. When the rains fail, grain yields are
likely to be well below 1 t ha™' on this soil type. In

The p value represents the level of significance of the di‘ference between treatment means.

the second season, aversge grain yields had de-
creased by 25% and stover yields by 46%. Differ-
ences were no longer significant (p = 0.05). The
mean grain and stover yields in the first two seasons

‘ranged from 24% above to 30% below the mean

yield for the experiment. In the third, failed season,
grain and stover yields were very low and compara-
ble to those in experiment 1. The effect that the
failing rains had on maize yields during the third
cropping season are discussed at the end of this
paper. In the last season, grain and stover yields
recovered, but not as mucl as in experiment 1. Mean
grain yields in the last scason were 28% lower in
experiment 2 than in experiment 1. In the course of
the four cropping seasons, grain yields declined from
3.79 to 2.85 (to 0.70) to 2.19 t ha™".

The rate at which crop yields declined over time
varied by species. Grain yields in the last season,
expressed as a percentage of grain yields in the first
season, were on average 90% for Gliricidia, 76% for
Sesbania, 61% for Senna, 58% for Leucaena and a
surprisingly low 39% for Calliandra.
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3.3. Nutrient budgets: mulch inputs minus crop ex-
ports

Partial nutrient budgets were constructed for each
treatment in both experiments. The N, P and K
contents of tree leaves and maize grain and stover
were determined. The balance between nutrients re-
tained through mulch additions and nutrients re-
moved in crop harvests was then calculated, starting
with the situation at the end of the fallow phase, and
recalculating the situation as maize cropping pro-
gressed through four seasons. Nutrient exports in
crop components in experiment 1 during the first
season were in the range of 44 to 101 kg ha™! of N,
9t020 kgha™' of P and 28 to 58 kg ha™' of K. The
amount of nutrients retained in the plots until the end
of 1990 ranged from 103 to 414 kg ha™' of N, 9 to
31 kgha™' of P and 59 to 191 kg ha~' of K (Table
14 a, b and c). Successive maize crops did not
benefit from mulch applications as much as the first
crop because under hedge management over a period
of six months (first half of 1991), much less mulch
could be returned to the plots than during the initial
two year tree fallow. For instance, in the first half of
1991 returns of N were between 21 and 111 kg
ha™'; between 1.6 and 8.4 kg ha™' of P was re-
tumed and returns of K were between 9.8 and 51 kg
ha~'. As the nutrient reserves for N, P, K and
possibly other elements in the soil were depleted to
varying degrees during the maize cropping phase, it
was expected that crop yields would decline. How-
ever, the estimated nutrient reserves declined much
faster in some treatments than in others. As a result,

nutrient reserves for N, P and K at the end of the

experiment varied considerably between treatments.
In a number of treatments, especially P had changed
from initially positive values to negative values by
mid-1992. In experiment 2, the amount of nutrients
retained in the plots through mulching until the end
of 1990 ranged from 0 to 351 kg ha™' of N, 0 to 28
kgha™' of Pand 0 to 121 kg ha™' of K (Table 15 a,
b and c). By mid-1992, after four successive crop-
ping seasons, most Sesbania and Cassia treatments
faced N, P and K nutrient deficits.

The estimated N reserves are probably inflated as
no correction factor could be applied for N losses
due to leaching. Average concentrations of foliar N,
P and K were used for each tree species. Separate

figures could not be determined for each provenance
within species or for each mulch application between
1988 and 1992. Similarly, separate samples were not
collected to determine the extend of treatment related
differences in the N, P and K contents of maize grain
and stover at each harvest. Instead, average figures
were used, based on a limited succession of foliar
and grain analysis. The calculated nutrient budgets
are first approximations and should not be seen as
more than preliminary estimates. The concentrations
of N, P and K in the leaves of LL, GS, CC, SS, CSp
and CSi are summarized in Table 16.

If tree leaves had been analysed for their nutrient
contents at each hedge cutting and if maize grain and
stover had been analysed similarly for their nutrient
contents at each harvest, our estimates of nutrient
transfers between system components would have
been more accurate and the corresponding ‘‘input-
output regression equations’ would have described
an even higher proportion of the observed variation.
However, at the time of the experiment, we did not
have the technical and logistical capacity to carry out
this part of the study at more detail than we did. If
we had been able to analyse foliar material continu-

ously, it is likely that we would have been able to

show that the foliar nutrient concentrations in the
tree leaves and the crop components fell between
1990 and 1992 as the cumulative amount of nutri-
ents, removed from the site in crop harvests, in-
creased. Heineman (unpublished data) found this in
another intercropping experiment at the same site.

- Assuming that nutrients are an important limiting
factor for crop growth at this site, there is scope to
look for a relationship between the amount and type
of mulch applied through tree leaves (i.e. ultimately
the amount of nutrients made available to the crop)
and grain and stover yields, produced in a specific
tree-crop association. If such a relationship does
exist, it would be based on the premise that treés
were able to access soil nutrients from locations and
reserves that would otherwise not be utilized by
maize crops in monoculture. In the case of the
Leguminosae, additional N would also be supplied to
the system through biological nitrogen fixation. Thus,
correlations between tree leaf production and maize
yields were first calculated for experiments 1 and 2
separately. The potential loss of nutrients through the
removal of the woody parts of the trees in phase 1
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Table 15
a. Nitrogen budget (kg ha™') for experiment 2, based on tree leaf inputs (1988—1992) and maize crop removals (1990—1992)

Ccl a2 cc3 SS4 S85 586 SG7 CS8 CSI9 CS10
| input phase 1 + sr90 337.2 351.2 327.6 182.9 106.8 21.6 0.0 187.2 142.5 81.8
2 export sr90 72.4 75.0 78.9 56.8 56.0 35.0 35.2 61.8 64.5 63.5
3 balance after sr90 264.2 276.2 248.7 126.1 50.8 —13.4 =352 125.5 78.0 18.3
4 input 1r91 115.6 89.9 75.6 0.0 0.0 0.0 0.0 103.5 40.2 333
5 bal. before ex. 1r91 380.4 366.1 3243 126.1 50.8 —13.4 =352 2289 118.1 51.7
6 export Ir91 41.3 42.1 48.1 46.1 399 37.6 40.3 39.1 41.7 41.2
7 balance after Ir91 330.1 324.1 276.2 80.0 10.9 —=51.0 —=75.5 189.8 76.5 10.4
8 input sr91 76.6 55.7 49.2 0.0 0.0 0.0 0.0 68.4 03 0.2
9 bal. before ex. sr 91 415.7 379.8 3255 80.0 10.9 -51.0 =755 258.2 76.8 10.6
10 export sr91 20.4 20.4 21.9 16.7 19.9 16.0 14.8 11.9 16.4 17.4
11 balance after sr91 3953 359.4 303.6 63.4 —-9.0 —67.0 -90.4 246.3 60.3 —-6.8
12 input 1r92 107.0 773 78.3 0.0 0.0 0.0 0.0 107.2 0.0 0.0
13 bal. before ex. Ir 92 502.3 436.7 381.9 63.4 —=9.0 —67.0 -90.4 353.5 60.3 —-6.8
14 export 1192 25.6 29.9 32.8 36.9 32.0 2D 32.7 419 30.4 35.6
15 balance after 1r92 476.7 406.8 349.0 26.5 —41.0 —99.2 -123.1 311.6 30.0 —424
b. Phosphorus budget (kg ha™ ") for experiment 2, based on tree I-af inputs (1988-1992) and maize crop removals (1990-1992)

CCl cC2 CcC3 SS54 SS5 586 SG7 CS8 CS19 CS10
1 input phase 1 + sr90 26.6 27.7 25.9 14.7 8.6 L 0.0 17.7 13.5 qaF
2 export sr90 14.3 14.7 15.5 11.3 1.1 7.0 Tl 12.1 12.8 12.7
3 balance after sr90 12.3 13.0 10.4 34 =25 —5.2 -T.1 56 0.7 —-49
4 input 1191 9.1 Ll 6.0 0.0 0.0 0.0 0.0 9.8 38 32
5 bal. before ex. Ir91 213 20.1 16.4 34 =28 =82 =71 15.4 4.5 -1.8
6 export 191 8.0 8.1 93 8.8 79 74 T 7.6 8.0 1.9
7 balance after Ir91 13.48 12.03 7.09 —5.41 —1038 —=12.59 —14.84 7.8 -3.57 —9.69
8 input sr91 6.05 4.40 3.89 0.00 0.00 0.00 0.00 6.43 0.03 0.02
9 bal. before ex. sr9l 19.52 16.43° 10.98 —5.41 —-10.38 ~12:59 —14.84 1431 —-3.54 = —9.67
110 export 5191 4.4 4.4 4.7 3.6 ‘43 3.5 32 2.7 3.6 38
11 balance after sr91 15.1 120 6.3 =90 - 14.6 =161 —18.1 11.7 —=7.1 =135 :
12 input Ir92 8.5 6.1 6.2 0.0 0.0 0.0 0.0 10.2 0.0 0.0
13 bal. before ex. Ir 92 23.6 18.1 12.5 -9.0 —14.6 —16.1 —18.1 21.8 -7.1 -13.5
14 export 1192 5.1 59 6.4 7.2 6.3 6.3 6.4 8.1 59 6.9
15 balance after 1r92 18.5 1232 6.1 -16.2 —-20.9 =224 —24.5 13.7 —-13.0 —-204
c. Potassium budget (kg ha™') for experiment 2, based on tree leaf inputs (1988—1992) and maize crop removals (1990—1992)

: CCl CC2 CCE3: S84 . S85 586 SG7 CS8 CS19 CS10
linput phase | +5sr90 - 1163 1212 113.0 83.8 49.0 9.9 0.0 88.0 67.0 385
2 export sr90 : 41.9 41.9 43.8 33.0 22 20.6 215 34.4 37.8 37.6
3 balance after sr90 752 79.3 69.2 50.8 16.7 —-10.6 —=21.5 53.7 29.2 0.9
4 input 1r91 39.9 31.0 26.1 0.0 0.0 0.0 0.0 48.6 18.9 15.7
5 bal. before ex. 191 115.1 110.3 95.3 50.8 16.7 =10:6 —~21.5 102.3 48.1 16.6
6 export Ir91 21.9 21.7 25.2 33 22,6 20.7 20.8 20.8 21.9 214
7 balance after 1r91 93.2 88.7 70.1 27.5 -59 —-31.4 —423 81.5 263 —48
8 input s191 26.4 19.2 17.0 0.0 0.0 0.0 0.0 322 0.1 0.1
9 bal. before ex. sr91 119.7 107.9 87.1 275 —-59 -31.4 —423 113.7 26.4 -4.8
10 export sr91 15.2 15.5 16.1 12.9 14.7 12.9 |3 &7 10.1 12.8 137
11 balance after sr91 104.4 924 71.0 14.5 —20.6 —443 —-54.0 103.5 13.6 —18.5
12 input 1r92 36.9 26.7 27.0 0.0 0.0 0.0 0.0 50.4 0.0 0.0
13 bal. before ex. 1r92 141.4 119.1 98.0 14.5 —20.6 —44.3 —54.0 153.9 13.6 - 18.5
14 export 1r92 14.7 17.0 17.8 20.0 18.0 17.8 17.8 223 16.2 19.5
15 balance after 1r92 126.7 102.1 80.2 —5.4 —~38.6 —-62.1 —-71.8 131.6 - 2.6 —38.0

Legend: see Table 14.



A.M. Heineman er al. / Forest Ecology and Management 91 (1997) 103 135 123

was also taken into account. A simple regression
equation of the form ¥ =g + px was used to test
whether crop yield ¥ (grain, stover or total crop
yield) was related to tree leaf biomass X (tree leaves
applied; or tree leaves applied minus wood removed).
In second instance, leaf biomass applied was con-
verted to the N, P or K equivalents for each treat-
ment and the effect of this recalculation on the
predictive ability of the regression equations was
tested. Because different species have different leaf
nutrient concentrations and decomposition character-
istics, separate analysis were carried out for both
experiments, and for each species within an experi-
ment. Finally, an analysis for all species combined
Wwas carried out to test how much of the predictive
ability of this relationship was lost by combining a
collection of tree pecies with widely differing leaf
qualities, :

In Table 17, regression equations for experiment
I are tabulated. In step 1, Leucaena and Gliricidia
were first analysed separately. Species specific re-
gression equations are based on only 6 pairs of leaf
yield and crop yield observations. The relationship
between the amount of mulch applied and the amount
of crop yield obtained is in both species positive, but
r* values are higher in Leucaeng than in Gliricidia,
For the Leucaena model, »? values for first season
yields increased significantly, from 0.55 to 0.92, if a
Separate predictor term was added o account for
potential nutrient exports in the wood component,
Upto 77% of the variation in crop yields could be
accounted for, when cumulative (1990-1992) maize
yields were regressed on Leucaena leaf inputs (p <
0.05). In the case of Gliricidia, between 509% (p=
0.11) and 68% ( p = 0.04) of the variation in cumula-
tive grain and stover yields could be described.
When the datasets for Leucaena and Gliricidia were
combined (n = 12), the amount of variation in crop
yields that could be described ranged from 72 to
93%, depending on which (combination of) predictor
variable(s) and response variables were chosen, with
the majority of the r? values lying between 75 and
85% (p = 0.000). The amount of variation described
Wwas in general higher for cumulative maize grain
than for cumulative maize stover, suggesting that the
positive effects of mulch are more directly translated
in gains in grain yield than stover yield (Table 17).
The amount of variation described by the model that

Table 16

Average N, P and K nutrient concentration of leaves of Leucaena
(LL, LC) Gliricidia (GS), Calliandra (CC), Sesbania (SS) and
Cassia (CSp, CSi) species, applied as mulch between 1988 and
1992 (expressed as % of dry matter)

Species code: LL L GS cc ss CSp Csi

N 3.56 356 357 342 349 285 285
P 027 027 028 027 0.28 027 027
K 1.64 164 210 1.18 1.60 134 1.34

used leaf yield as the sole predictor did not decline
significantly over time, suggesting that leaf applica-
tions were an effective means of increasing crop
yields throughout phase 2 (1990-1992) and that the
positive effect of applying tree leaves was not en-
tirely cancelled by large nutrient €xport as a result of
the first crop harvest, or increased below ground
competition between trees and crops. The r? values
for the first cropping season of the combined Leu-
caena—Gliricidia model increased by 11% when a
Separate term was added to account for the removals
in the wood component.

In Table 18, similar regression equations, r? val-
ues and their significance levels are given for experi-
ment 2. A constraint in experiment 2 for carrying out
species by species regression analysis is, that the

_number of pairs of leaf yield and maize yield obser-

vations is very low; Calliandra (n = 3), Cassia (n =
3) and Sesbania (n = 4). Therefore, significant cor-
relations and meaningful regression €quations - be-
tween tree leaf inputs and maize yield outputs would
only be expected if there was a very strong relation
between inputs and outputs and if leaf production
and maize yield data points were adequately spaced.
In Calliandra, the “b-term’’ in all equations was
negative, suggesting that the effect of tree mulch or
Just the presence of this species on crop yields might
possibly be negative. The p values of the three
regression equations that describe cumulative maize
yields from Calliandra leaf inputs are not significant
(p>0.05). In Sesbania, strongly positive correla-
tions were found between tree leaf inputs and crop
outputs, both for the first season and for the cumula-
tive yield of four successive seasons. In Cassia, the
values of the “b-term’’, i.e. the contributions of leaf
mulch to maize yield changes, were generally much
smaller (close to zero) than those observed in any
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Table 17

Experiment |: Regression equations of ‘he form: ¥ = a + bX — ¢Z,
to predict maize yields (¥) from Leicaena and Gliricidia tree
leaf applications (X), and wood removals (Z) with their respec-
tive coefficients of determination (r?) and significance levels (p
values)

Experiment |: Leucaena leucocephala ad L. collinsii (n=6)
)

Regression equation r p
Yyparo0 = 315+021 X, 59.2 0,074
Yipero0 = 3.58+0.17X, 52.8 0.102
Y00 = 6.73+0.38 X, 56.4 0.085
Yyrano = 1.49+081 X, —0.22Z, 90.5 0.029
Yo 00 =193 +0.78X, —0.22Z, 94.0 0.015
Y00 = 342+ 1.59X, —0.43Z, 92.4 0.021
Y = 5.85+0.40X, 76.6 0.022
Y0y = 7.37+0.28X, 76.6 0.022
Yy = 13.2+0.68X, 713 0.021
Experiment 1: Gliricidia sepium (n =€)

Yypssoo = 2.01 +0.29X, 46.1 0.138
Yerop = 3.16 + 0.19X, 32.7 0.236
Yron = 5.18+0.48 X, 422 0.162
Yypsso0 = 213 +0.20X, +0.03Z, 46.4 0.393
Y00 = 2.48+0.70X, —0.16Z, 48.4 0371
Yiroro0 = 461 +0.90X, —0.13Z, 44.4 0.415
Yy = 4.00+0.56.X, 504 0.114
Yade = 6.22+0.47X, 68.2 0.043
Yares = 102+ 102X, 59.3 0.073
Leucaena and Gliricidia combined (n = 12)

Yyparso = 2:15+035X, 83.1 0.000
Yuro0 = 3.18+0.24X, 76.8 0.000
Yoo = 533 +0.59X; : - 81.2 0.000
Yyra0 = 1-88 +0.70X, —0.20Z, 933 0.000
Y00 = 2.98 +0.50X, = 0.15Z, 88.8 0.000
Y, 100 = 486+ 1.20X, —0.35Z, 922 0.000
Yyes = 635 +0.66X, 713 0.000
Y, . =885+0.36X, 62.5 0.002
Voir = 1524000, 0 73.7 0.000
Vs = 5.17+0.44X, 1 80.0 0.000
Yoss = 8.05+0.25X, 71.6 0.000
Yures = 1324 0.69X, 788 0.000
Predictors:

X,; leaf biomass of phase 1 (applied bi:tween October 1988
and July 1990)

X,/ ui; leaf biomass of phase | and 2 (applied between October
1988 and August 1992)

Z,; wood component (removed between October 1988 and
July 1990)

Responses:

Yyesro0 grain yield short rains 1990

Ysro0; Stover yield short rains 1990

Yisr00: total yield short rains 1990

Yyr45: cumulative grain yield of all fou - seasons

Table 17 (continued)

Y44ss cumulative stover yield of four all seasons
Y,14s; cumulative total yield of four all seasons

All equations are based on tree and crop yields, expressed in dry
matter (t ha™'); (n=6; Leucaena and Gliricidia analysed sepa-
rately). The a, b and ¢ terms have, where applicable, been
rounded to 2 decimal places.

other species, suggesting that Cassia leaves had a
much smaller effect in either enhancing or inhibiting
crop yields that leaves of Leucaena, Gliricidia, Cal-
liandra or Sesbania. A combined model for experi-
ment 2 with Calliandra, Sesbania and Cassia (n =
10) described maize grain yields to a similar extent
as comparable models for experiment 1 during the
first cropping season (r? = 0.86). Stover yields were
not correlated to tree leaf applications as closely as
grain yields (r* = 0.64).

A combined analysis for all species was also
carried out because there are situations where a
preliminary indication is required of the approximate
effect of the mulch of a wider range of tree species
on crop vields (Table 19). Variation in grain yields
in the first season was accounted for to a large extent
by leaf inputs (r*> = 0.84; p = 0.000). Stover yields
were less well described (r? = 0.64; p = 0.000). The
““b-term”’ in the overall regression equation, which
can be scen as a measure of the average effective-
ness of tree leaves to enhance crop yields, was 0.28
for grain and 0.21 for stover respectively. Four years
of leaf applications from a variety of tree species and
provenances could account for 61% of the variation
in total grain yields and 51% of variation in total

stover yields (Table 19). Because the ‘“‘b-term’’ in

the regression equations for Calliandra was shown
to be possibly negative and b was very small in the
case of Senna, it was decided to carry out further
regression analysis whereby either Calliandra or
Senna or both species were removed from the dataset.
Removing Calliandra or Senna separately increased
the r? values for grain from 61 to 68 and 66%
respectively. Stover r? values increased from 51 to
66 and 61% respectively. When Calliandra or Senna
were removed simultaneously, grain and stover r?
values increased markedly to 76 and 84% respec-
tively ( p = 0.000), suggesting that grouping the data
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for Leucaena, Gliricidia and Sesbania is Jjustified,
possibly because the nutrient contents of their leaves
is comparable, whereas the leaves of Calliandra and
Senna clearly seem to have a different effect on crop
yields. In addition, there is increasing evidence that
Calliandra is too competitive (below ground) for
hedgerow intercropping (Hairiah et al., 1989; Heine-
man, 1996).

Regressions equations, based on the N, P and K
contents of each leaf type were also developed. For
N and P, the fit of the relationship between inputs
and outputs did not change significantly in experi-
ment 1 (Table 19). This result was expected, consid-
ering that Leucaena and Gliricidia have comparable
N and P contents in their leaves. When tree leaf
biomass was expressed as K, the r? value for pre-
dicting cumulative grain yields declined from 80.0 to
73.2% and the r? value for predicting cumulative
stover yield increased from 71.6 to 77.4%, confirm-
ing that K is stored in a higher proportion in the
exported stover than in the exported grain. In experi-
ment 2, converting each tree leaf type to its N, P or
K equivalent did not improve the fit of the combined
regression models although the species used in this
experiment varied significantly in N and K contents
(Table 19). This may provide some additional evi-
dence that factors other than leaf N, P and K con-
tents influenced the effectiveness of the mulch of
Calliandra and Senna in supplying nutrients to inter-
cropped maize. Therefore, factors other than the
effect of leaf mulch may have to be taken in to
account for C. calothyrsus.

3.4. Soils

Coefficients of variation for soil analytical data
can be fairly high as a result of micro site variation
in soil properties, even if all analytical procedures
are carried out properly. When the analysis is based
on a relatively limited number of sub-samples from
each treatment, this can increase the cv values fur-
ther. Against this background, cv values higher than
20% were only calculated in the case of P and S. For
all other soil properties (7 out of 9), the cv values
were below 20%, suggesting that these experiments
were carried out on a relatively uniform site and that
laboratory procedures, necessary to obtain analytical
results with acceptable precision, were adhered to.

Table 18

Experiment 2: Regression equations of the form: ¥ = a + bX — eZ;
to predict maize yields (Y) from Calliandra, Seshania and Senna
{Cassia) tree leaf applications (X), and wood removals (Z) with
their respective coefficients of determination (»*) and significance
levels (p values)

Experiment 2: Calliandra calothyrsus (n= 3)

Regression equation FE P

Yyrsro0 = 8.18—0.33 X, i 18.8 0.715
Yaso0 = 6.27—021 X, 91.4 0.190
Yaisoo = 14.4—054X, 34.0 0.603
Yorss =19.9-054X, 94.0 0.158
Yoas = 13'0_0-l7xr/|] 78.9 0.304
Yaus = 328-0.71 X, 90.9 0.196

Experiment 2: Sesbania sesban and S. grandiflora (n = 4)

Yyuoo = 2.12+032X, 86.1 0.072
Yasroo = 232+ 0.25X, 85.9 0.073
Y0 = 444+ 0.56 X, 86.9 0.068
Ypsroo = 1.95—0.13X, +0.15Z, 97.4 0.163
Yogs0 = 224+ 0.04X, +0.07Z, 89.9 0317
Yoo = 4.19-0,10X, +0.227, 94.6 0.232
Yoras = 7.38+0.50X, 95.2 0.025
Yis = 782+033X, 72.4 0.149
Yas = 15.2+083X, 91.4 0.044
Experiment 2: Cassia spectabilis and C. siamea (n= 3)
Yyraro0 = 3.76+0.04X, 96.3 0.123
Yyoro0 = 473—0.19X, 73.9 0342
Yisso = 8.49—0.14X, 58.8 0.444
Yyas = 961 +0.02X, 48.0 0.513
Yass = 9.94—0.07X, 85.9 0.245
Yuis = 19.5—0.05X, ,,, 54.1 0.474
Calliandra, Sesbania and Cassia combined (n = 10)
Y yraro0 = 244+0.27X, 86.1 0.000
Yasroo = 273 +0.17X, 63.5 <001
Yyim0 = 5-16 +0.44X, 78.8 0.000
Yoo = 2444032 X, 0012, 86.2 0.001
Yysro0 = 275+030X, —0.04Z, 64.9 <0.05
Yarsroo = 5.19 4 0.61 X, —0,05Z, 79.2 <001
* Ypas = 7.97+030X, ; 75.0 0.000
Y5 = 8.26+0.18X, 60.0 0.008
Yuies = 162+0.48 X, 72.4 0.000
Yyas =8.38+0.14X, ,, 58.4 0.01
Yous = 8.57+0.08X, 40.0 0.05
Yyes = 169+0.21X, 53.1 <0.05

All equations are based on tree and crop yields, expressed in dry
matter (t ha™'); (n=3,4 or 3, depending on species). The a, b
and ¢ terms have, where applicable, been rounded to 2 decimal
places. For predictors and responses see Table 17.

Note: due to the very small value of n in the case of Calliandra
calothyrsus and Cassia spp., it is not possible to calculate the
effect of adding a term for *‘wood removed’, because there are
not cnough degrees of freedom for a multiple regression analysis.
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Table 19

Coefficients of determination (r?) and significance levels (p) for regression equations to predict firs: season and total (cumulative
1990-1992) maize yields from first season and total (cumulative 1988—-1992) biomass, and from the amount of nitrogen (N), phosphorus (P)
and potassium (K), in the leaves of Leucaena, Gliricidia, Calliandra, Sesbania and Senna (Cassia) species, when applied as mulch to maize
intercrops

Yield Predictor Experiment | Experiment 2 Experiment 1 and 2 combinec; grain 1 season and
component (4 seasons) (4 seasons) leaf phase 1(a); grain 4 seasous and leaf phase
1(b); grain 4 seasons and leaf phase | and 2(c)
r? P vyl p rfa)  p(a) rPb)  p. ) p(o)
Grain Biomass 80.0 0.000 58.4 0.010 84.1 0.000 68.9 0.000 60.6 0.000
Grain N 80.0 0.000 593 0.009 81.9 0.000 69.5 0.000 63.9 0.000
Grain P 79.8 0.000 7.3 0.011 83.6 0.000 69.1 0.000 58.7 0.000
Grain K 73.2 0.000 59.0 0.009 71.8 0.000 749 0.000 579 0.000
Stover Biomass 71.6 0.000 40.0 0.050 63.6 0.000 49.2 0.000 51.4 0.000
Stover N 70.2 0.000 - 442 0.036 65.7 0.000 53.3 0.000 7S 0.000
Stover P 73.1 0.000 37.7 0.059 63.8 0.000 50.1 0.000 50.1 0.000
Stover K 77.4 0.000 38.1 0.057 76.5 0.000 73.7 0.000 70.8 0.000
Total Biomass 78.8 0.000 53.1 0.017 78.9 0.000 63.7 0.000 60.0 0.000
Total N 78.3 0.000 55.7 0.013 78.8 0.000 66.1 0.000 64.8 0.000
Total P 79:3 0.000 51.4 0.020 78.7 0.000 64.3 0.000 58.3 0.000
Total K 76.8 0.000 52.6 0.018 78.5 0.000 78.9 0.000 67.2 0.000

For experiment | n= 12, n= 10 for experiment 2, n = 22 for the combined analysis, all calculations are >ased on t ha™' dry matter for
inputs (tree leaves or their nutrient equivalents) and outputs (maize grain, maize stover and total yield).

Table 20
Mean values of selected soil chemical parameters in experiment I, bascd on a.nalysmg one composite samplc per plot, collected in August
1990 from the top 20 cm of the profile

Element unit pH N(%) - C(%) CN P(ppm) ~ K(m.e%) Ca(me%) Mg(me%) S (ppm)
LLI 383 . 023 1.85 8.18 7867 0.63 3.10 2.00 31.4
LL2 3737 i0:24 .92 . - 8.02 6.00 0.63 2.70 1.88 28.7
LL3 397 022 2.04 9.15 7.33 0.60 2.50 1.91 28.4
LL4 : 380 0:19 1.99 10.3 7.33 0.63 73] 1.80 26.5
LLS 3.87 .02 - 1.88 8.80 6.00 0.53 ‘ 2.60 1.65 30.6
LC6 3.97 5018 1.78 10.54 4.33 033 2.30 1.33 26
Mean for Leucaena 3.83 0.21 1.91 9.17 6.61 0.56 2.66 1.76 28.6
GS7 417 0.9 2.09 11.33 9.83 0.50 2.97 1.68 30.1
GS8 410 0.18 1.90 10.42 10.17 0.47 2.83 1.54 30.3
GS9 410 0.9 2.09 12.0 15.83 0.47 2.97 1.77 337
GS10 420 020 1.99 9.88 5.17 0.57 3.13 1.91 26.5
GSl11 4,10  0.19 1.99 10.48 11.00 0.47 2.83 1.72 25.7
GS12 4.17  0.18 2.15 11.79 6.50 0.50 3.20 1.92 253
Mean for Gliricidia ~ 4.14  0.18 2.04 10.98 9.75 0.50 2.99 1.76 28.6
Mean for Exp. | 3.98  0.20 1.97 10.07 8.18 0.53 2.83 1.76 28.6
sed 0.114  0.022 0.128 1.69 2.64 0.077 0.26 0.13 5.50
p' <.001 0.15 0.20 0.33 0.016 0.02 0.06 0.003 0.90
v 2 (%) 3.5 13.4 8.0 20.5 39.4 17.9 11.2 9.3 23.5

} p value: level of statistical significance.
cv value: coefficient of variation of plot level.
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3.4.1. Experiment |

Table 20 shows that there were significant differ-
ences for the soil properties pH, P, K and Mg
approximately two years after the trees were planted.
The topsoil was more acid under Leucaena treat-
ments (p <.001). Although not statistically signifi-
cant, total soil N appeared to be higher under Leu-
caena than under Gliricidia, with the exception of
LC6, which received relatively little leaf biomass in
phase 1. Soil C levels did not differ significantly
between treatments. However, it is observed that
LC6 again showed a relatively low figure. Soil P
levels were on average higher under Gliricidia than
under Leucaena (p = 0.016). At low mulch applica-
tion rates, there was significantly less P in LC6 than
in 4 out of 6 Gliricidia treatments. Levels of soil P
were also more uniform under Leucaena than under
Gliricidia. Soil K levels differed significantly be-
tween treatments ( p = 0.02). With the exception of

LC6, soil K levels were mostly higher under Leu- -

caena than under Gliricidia. Soil K levels under
LC6 were nearly 40% lower than the average level
the experiment. Although soil Ca levels were not

significantly different ( p = 0.06), they were on aver-
age slightly lower under Leucaena than under Gliri-
cidia and the lowest value was found under LC6.
Soil Mg levels varied significantly ( p = 0.003). They
were 25% lower under LC6 than the experimental
mean. Between L. leucocephala treatments and Gli-
ricidia treatments, differences were sometimes statis-
tically significant but in general more limited. Sul-
phur (S) levels in the soil did not differ between
treatments.

3.4.2. Experiment 2

Table 21 shows that there were significant differ-
ences for the soil properties pH, N, K, Ca and Mg
approximately 2 years after tree establishment. Al-
though soil acidity (pH) varied significantly (p =
0.008), the differences were small (4.13-4.27) and
probably not of agronomic significance. Much less
variation in pH was found than in experiment 1.
There was no clear pattern in pH increase or de-
crease, related to species. However, the lowest pH
value (4.13) was found in treatment SG7, the control
treatment. Total soil N levels varied between 0.18

Table 21

Mean values of selected soil chemical parameters in experiment 2

Element unit pH N(®% C(% CN P(ppm)  K(m.e%) Ca(me%) Mg(me%) S (ppm)
CCl1 427 0.18 1.45 7.96 ; 5.76 0.57 3.3, 1.83 23.0
e 4.17 0.18 1.86 10.86 4.83 0.47 3.40 1.59 25.7
CC3 4.27 0.23 1.72 7.65 7.83 0.60 3.53 1.85 21.1
Mean for Calliandra 4.24 0.20 1.68 8.82 6.14 0.55 3.43 1.76 2 il
S84 427 0.25 1.84 7.38 6.67 - 0.57 3.57 1.58 35.7
SS5 4.20 0.23 1.59 6.83 533 0.57 2 3.27 1.41 21.8
556 4.17 0.22 1.39 6.41 7.33 0.40 - 2:53 1.41 26.1
Mean for Sesbania 4.21 0.23 1.61 6.87 6.44 0.51 N2 0 1.47 279
SG7 4.13 0.21 1.53 - 7.61 4.67 0.43 223 1.30 22.2
CSp8 4.20 0.21 1.76 8.39 5.00 0.40 2.50 1.36 13.8
CSi9 4.13 0.20 1.71 8.56 5.00 0.43 2.53 1.23 24.5
CSilo 4.17 0.27 1.75 6.80 433 0.53 2,73 127 23.0
Mean for Senna 4.17 0.23 1.74 7.91 4.78 0.45 2.59 1.29 20.4
Mean for Exp. 2 4.20 0.22 1.66 7.85 5.67 0.50 297 1.49 23.7
sed 0.039 0.02 0.162 1.11 1.53 0.068 0.28 0.111 534
p'! 0.008 0.008 0.11 0.041 0.34 0.041 < 0.001 < 0.001 0.091
cv 2 (%) 1.1 11.6 12.0 173+ 33 16.8 1.6 9:1 27.6

Data based on analysing one composite sample per plot, collected in August 1990 from the top 20 cm of the profile.

L. p value: level of statistical significance.
2. ¢cv value: coefficient of variation at plot level.
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and 0.23% ( p = 0.008). Below average values were
detected in soils associated with Calliandra and
above average values were detected under S. sesban.
Soil C and soil P levels did not differ significantly
between treatments. Soil K levels varied between
0.40 and 0.60 m.e.% (p=0.041). They were on
average higher under Calliandra and S. sesban than
under Senna and SG7. A similar pattern was seen in
Ca and Mg. Differences were highly significant (p
< 0.001). Above average values for Ca and Mg were
detected in soils under Calliandra and the most
productive S. sesban accession (SS4). Under S36,
SG7 and under Senna, Ca and Mg values were
markedly reduced. Soil sulphur (S) levels did not
differ significantly between any of the 10 treatments,
but a rather large range of values was detected
(13.8-35.7 ppm). .

Comparing the results of soil analysis in experi-
ment 1 and 2, it is noted that, on average, soil C was
16% lower in experiment 2 than in experiment 1.
Mean P levels were 30% lower in experiment 2.
There was more variation in Ca and Mg values in
experiment 2. The results for SG7 show that not
applying any form of (Calliandra, Sesbania or
Senna) mulch during the two year fallow period may
lead to a relative decline in most soil chemical
properties in the topsoil profile, even before cropping
took place. The reduced soil N levels under Callian-
dra may have been caused by net N immobilisation,
while the large quantities of mulch decompcsed
slowly.

3.5. Relationships between mulch applications, soil
chemical properties and crop yields

The effect of initial mulch applications in phase 1
on soil properties, measured immediately after the
termination of the tree fallow in August 1990, were
calculated for each species in experiment 1 and 2
separately (Table 22). In all cases, the question was,
whether adding varying amounts of a particular mulch
type had significantly changed soil chemical proper-
ties, compared to not adding any mulch in phase 1,
as was the practice in treatment SG7 in experiment
2

In experiment 1, two years of mulch application
was effective in changing soil pH, N, K and Mg.
When both species were combined for mulch input

Table 22

Values of a (intercept), b (slope), r* (coefficient of determina-
tion) and p (significance level) for regression equations, that
describe: (i) relationships between mount of tree leaves applied
and soil fertility status of selected :oil nutrient elements, and (i)
soil fertility status of selected soil nutrient elements and maize
grain yields in the first season after the tree fallow ended

Experiment 1: Leucaena plus SG7 in experiment 2
as control (n=7)"

Soil element a b r? P

pH 4.11 -003 95 0.000
(o 1.59 003 81 0.006
P 4.16 027 62 0.040
K Q36" 002 78 0.009
Ca 2:19 005 62 0.040
Mg 1.22 006 89 0.0l
S 23.5 053 58 0.045

Experiment 1: Gliricidia plus SG7 n experiment 2
as control (n="7)

e, 1.6 102 83 0.004
Ca 2.29 016 91 0.001
Mg 1.29 0.11 94 0.000

Experiment 2: Calliandra plus SG7 in experiment 2
as control (n=4)
Ca 2.24 C.12 97 0.013

Experiment 2: Sesbania plus SG7 i1 experiment 2
as.control (n = 4)

pH 4.14 €.023 97 0.02
N 0.21 €.008 99 0.006

Experiment 1: Leucaena plus SG7 in expcrimém 2
as control (n=7) *

pH 38.2 —£.7 76 001
G ~8.0 .8 69 002
P -0.13 7.0 74 0013
K ~0.64 £.7 56 0.05
Ca ~5.4 ©.9 70 002
Mg PR e L iR D 84 0.004
S -6.34 (.4 81 0.006

' Predictor: leaf input phase 1 October 1988 to July 1990);
response: soil chemical properties in the top 20 cm of the profile
in August 1990.

2 predictor: soil chemical propeities in the top 20 cm of the
profile in August 1990; response: maize grain yield in the short
rainy season of 1990, immediately after the end of the tree fallow.

and their effect on each soil property was tested
separately, significant positive correlation were found
with the following r? velues and p values: pH
(0.76; 0.000), N (0.45; 0.013) and K (0.70; 0.000).
After these preliminary investigations, the effect of
applying varying amounts of each mulch type



A.M. Heineman et al. / Forest Ecology and Management 91 (1997) 103135 129

(Leucaena, Gliricidia) on soil fertility status was
tested. For Leucocephala and L. collinsii, all tested
top soil properties, except total soil N, were signifi-
cantly changed and were dependent on the rate of
mulch applied. Leucaena mulch lowered the pH,
compared to control plots. All other properties were
increased. The r* values of regression equations that
described these relationships ranged from 0.58 to
0.95. Corresponding p values ranged from 0.045 to
0.000. The contribution of Gliricidia mulch to
changes in the fertility status of the topsoil were not
as strong as in Leucaena, Gliricidia did not change
soil pH or soil N status. However, soil C status was
significantly improved under some Gliricidia treat-
ments, as well as Ca and Mg.

In experiment 2, two years of mulch application
was less effective in changing soil chemical proper-
ties by the end of the follow phase. When all species
were combined for mulch input and their effect on
each soil property was tested separately, a significant
p051t1ve correlation was found only with soil Mg
(r?=0.56; p=0.013). In Calliandra, a significant
correlation between inputs and soil Ca was found
(r*=0.97; p=0.013). A high r? value.was also
found for Mg, but the relationship was not signifi-
cant (p=0.14). In Sesbania, mulch ‘applications
significantly changed soil pH ( p = 0.02) and soil N
(p=0.006). High r? values were also found for
~soil C, soil K and. soil Mg, but these relationships
were not significant ( p = 0.11, 0.10 and 0.09 respec-
tively). In Senna, no significant relationships be-
tween mulch applications and changes in soil fertility
indicators were found.

The second question is whether dlfferences in the
soil fertility status of the top soil, immediately after
the tree fallow phase ended, could be used to predict
crop yields in the season(s) that followed. For Leu-
caena, all soil fertility properties were used to de-
velop relationships between grain yields in the first
season after the tree fallow and each soil nutrient
element individually. Grain yields were negatively
correlated with pH (p = 0.001), but positively with
soil C, P, K, Ca, Mg and S status. When all soil
properties were entered in a stepwise, multiple re-
gression analysis, 85% of the variation in maize
grain yields could be attributed to differences in soil
Mg levels in August 1990 (p = 0.004). Adding soil
S, N, K and Ca in separate steps accounted for the

remaining 15% of the variation in crop yields. Thus,
the most powerful relationship between soil fertility
status under Leucaena, just prior to cropping, and
first season maize grain yields, appeared to be for
Mg. It is recalled that the relationship between Leu-
caena mulch inputs and soil Mg status was also
strongly posmve and had one of the highest r?
values (r? =89.0; p=0.001). For Gliricidia, again
all soil fertility properties were used individually to
develop relationships between grain yields in the
first season after the tree fallow and the soil nutrient
element in question. No significant correlations were
found. Only 53% of the variation in grain yields
could be explained from differences in soil Mg
levels (p = 0.06). For experiment 2, no significant
relationships were found between the status of a
single soil property and maize grain yields in the
first cropping season after the fallow, either when all
species were combined (n = 10) or when the analy-
sis was done for each species separately with the
inclusion of SG7 as the control (n = 4).

4. Discussion
4.1. Choice of ;gehnplasm

In the section on leaf yield in phase 1 (Sectlon
3.1.5), it was shown that the deve]opment of leaf
yield between planting and 21 months could be
described adequately with a single regression equa-
tion, resulting in high r? values, in the case of
Leucaena and Calliandra, but not so in the case of
Gliricidia, Sesbania and Cassia. The p- values were
significant in the case of Leucaena and Gliricidia.
However, the poorer predictive ability of the equa-
tion for G. sepium is due to the fact that the six
evaluated provenances varied increasingly in produc-
tivity as trees became older. At 21 months, leaf
productivity in Gliricidia varied by a factor of three,
depending on provenance. In L. leucocephala, there
was only a 30% difference in leaf yield between the
least performing (LL5) and best performing acces-
sion (LL2) at 21 months after planting. These find-
ings may suggest that the genetic variation in the
planting material of G. sepium was larger than that
of L. leucocephala. The G. sepium material con-
sisted of taxonomically and genetically distinct
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provenances, collected in Central America as part of
the Central American Dry Zone Hardwoods Pro-
gramme of the Oxford Forestry Institute. In contrast,
the L. leucocephala material consisted of seed
sources of which only the collection point was known
but not necessarily the actual provenance. The five
L. leucocephala accessions are possibly all based on
a few related accessions with a narrow genetic base.
The apparent lack of genetic variation could partly
explain the comparable growth and yield perfor-
mance of the five L. leucocephala accessions when
they were evaluated under a strictly regulated man-
agement regime on -a uniform site. Although the
three regression equations for Calliandra, Sesbania
and Cassia all had significant p values, the poorer
predictive ability of the single regression functions
for Sesbania and Senna were due to the fact that
different provenances increasingly varied in produc-
tivity as trees became older, suggesting that geneti-
cally distinct planting material was used for these
species. The planting material used for C. calothyr-
sus was genetically probably more uniform.

4.2. The effect of drought on maize yields in the
second half of 1991

Considering the sudden, significant, declinz in
maize yields in the short rains of 1991, it is noted
“that small, underdeveloped grain cobs and a failure
of the plants to complete grain filling is a typical
feature of maize, grown under rainfall regimes un-
suitably low for the variety in question. The maize
variety used in these experiments, Hybrid 512 (Kenya
Seed Company) was originally developed for medium
altitude areas (5000 ft a.s.l.) with well distributed,
bimodal rainfall. It is unsuitable for drier areas. The
within-plot variation of grain yield was much higher
in the third cropping season (57.6%) than in the
previous two seasons (mean = 21%), suggesting that
the crop was significantly stressed for moisture and
that the potential effects of mulch applications be-
tween 1988 and 1991 were not translated effectively
into grain yield increases during this season. Thus,
the crop may have switched from being largely
limited by the availability of nutrients to being lim-
ited primarily by low availability of moisture. The
fact that grain yields recovered universally in the
fourth season, may be due to a surge in nulrient

availability upon rewetting of the soil profile, when
rains resumed in early 199.

4.3. Limitations in estima‘ing the size of nutrient
reserves and transfers between system components

The main cause for differences in crop yields
within and between seasons might be that different
treatments recycle widely different amounts of nutri-
ents, as shown for N, P and K in Table 14 a, b, ¢ and
Table 15 a, b and c. However, the higher the nutrient
status, the higher the grain yields and the higher the
nutrient exports. Since the balance of nutrient im-
ports, transfers and exports is difficult to predict, the
effect of large nutrient returns is not always as one
would expect. Nutrient losses by leaching tend to
increase with the size of tie pool. Therefore, treat-
ments with large N reserves, like some of the best L.
leucocephala treatments, might produce crop yields
below their expected level if the maize crop is not
able to fully capitalize in each season on the large
amounts of mulch supplied through tree harvests and
hedge management. Unforiunately, comparable bud-
gets for Ca, Mg, S, C and micro nutrients could not

~ be drawn up due to limitations in logistic and analyt-

ical capacity. Had these additional budgets been
available, perhaps more co1ld have been achieved in
identifying a possible (ccmplex of) most limiting
nutrient(s). '

4.4. The site specific nature of the experimental
findings

Looking at the relationships between tree leaf
application and crop yields, the results of experiment
1 indicate that, even witl datasets of limited size
(n=6to n=12), high r? values, based on strongly
positive correlations, can bz established, which relate
the longer term effects of Leucaena and Gliricidia
leaf mulch to cumulative maize yields under the
edaphic and climatic conlitions, prevailing at this
experimental site. The amount of variation in crop
yields that can be described with each equation
depends on which predictor and response variables
are combined in the analysis. However, these regres-
sion equations are site specific, valid only for a
narrowly defined and carcfully executed hedge and
crop management regime. Extrapolating these find-
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ings to other sites might not necessarily result in
similarly high correlations between inputs and out-
puts. Especially when factors other than nutrients
(e.g. water or light) are suspected of strongly limit-
ing crop production, one should not expect to estab-
lish similar nutrients based input-output relationships
(Akyeampong et al., 1992, Ong, 1995, Howard et al.,
1995).

4.5. Calliandra and Senna: special cases in hedgerow
intercropping?

The failure to establish a clear correlation be-
tween Calliandra leaf inputs and maize outputs may
be due either to the small size of the dataset or
Calliandra may actually have had a negative effect
on crop yields, related to high levels of polyphenols
in its leaves and its slow rate of decomposition
(Handayanto et al., 1994). More research into the
effect of Calliandra mulch on crop yields is justi-
fied, especially since the species is increasingly seen
as an alternative to Leucaena (Macqueen, 1994).
Experiments, comparable to the ones discussed here,
with many more Calliandra provenances and with a
good spread in leaf productivity and mulching rates,
would be needed. In addition, the finding by Hairiah
et al. (1989) that Calliandra may have a tendency to
establish a network of lateral feeder roots at shallow
depth (0.5-1.0 m) could explain why maize yields
have been lower than expected from a species with
such a high leaf production potential. Although the
findings of Hairiah et al. (1989) were based on work
in Indonesia, Heineman (1996) found similar effects
of low maize yields in association with high yielding
Calliandra in hedgerow intercropping expenments in
western Kenya.

In regression equations, linking maize yields with
applications of Senna leaves, r* values were moder-
ate to high, but none of the described patterns had
significant p values. This may again be due in part
because the number of available data pairs was very
limited. Alternatively, the apparent lack of a sizeable
positive or negative effect of Cassia leaves on crop
yields may be partly explained from its much lower
N contents. No conclusive statements can be made
about its effect on crop yields. A combined model
for all species in experiment 2 did not described
cumulative crop yields from tree leaf yields as ade-

quately as similar models did for the first season
only. The lower r? values suggest that factors other
than the amount of leaves applied influenced maize
yields in the longer term. If Calliandra leaves have a
negative effect on crop yields and if Senna leaves, at
the mulching rates used, have a limited effect on
crop yields, then this would obviously contribute to a
significantly reduced fit for a model that seeks to
relate crop yields with tree leaf inputs.

In summary, variation in leaf quality, decomposi-
tion and nutrient release characteristics of leaves of
Calliandra and Senna may have confounded the
more direct relationship between leaf input and crop
output that appears to operate for groups of species
and provenances which are similar in nutrient con-
tent and decomposition characteristics, like Leu-
caena, Gliricidia and Sesbania.

4.6. Soil changes under Leucaena and Gliricidia: a
continuum?

The soil analysis results for experiment 1 suggest
that applying varying amounts of tree leaf mulch of
comparable quality even for a relatively short period
of time can improve soil chemical properties. Com-
pared to applying no mulch (SG7 in experiment 2),
applying sufficient amounts of Leucaena mulch can
influence the most important soil properties posi-
tively, but not necessarily total soil N. It was shown
that Leucaena mulch lowered the pH. Although it is
known that leguminous crops in general can cause
soil acidification, our observation that only Leu-
caena treatments experienced a significant decline in
PH suggests that this effect is either species specific
within the Leguminosae or may become only appar-
ent when a minimum mulching rate is reached. The
apparent acidifying effect of Leucaena mulch did
not seem to negatively influence other soil proper-
ties. In the absence of applying significant amounts
of either Leucaena or Gliricidia mulch during the
two year tree fallow (LC6), virtually all indicators of
soil chemical fertility moved towards relatively lower
values then when some mulch was applied. The
observed increase in soil C in some Leucaena treat-
ments may be important, as this demonstrates that
high quality tree leaf mulch can contribute to re-
building the soil organic matter status of impover-
ished agricultural soils. The increase in soil P status
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may be important in light of the fact that crop
cultivation at this site took place under acid condi-
tions, where P could become unavailable for plant
uptake due to aluminium toxicity. The increase in
soil Ca and Mg levels shows that, although N fixing
trees are preferentially selected for tree fallow and
intercropping systems, they might actually make a
contribution to maintaining the soil fertility status of
other important, possibly limiting, elements. Consid-
ering that the N, P and K contents of the leaves of
Leucaena and Gliricidia are comparable, the reason
that Gliricidia mulch did not seem to influence soil
chemical properties as much as Leucaena mulch,
could be due to the fact that the application rates of
Gliricidia for all tested provenances were much lower
than those of the L. leucocephala accessions. Gliri-
cidia might have represented the lower end of a
range of mulching levels, whereby Leucaena appli-
cation rates -were needed to change soil chemical
properties significantly.

4.7. The lack of correlation between tree, crop and
soil productivity aspects in experiment 2

The number of available data points to calculate
correlations between leaf inputs, soil status and crop
outputs for individual species in experiment 2 was
very limited (n = 4). To obtain significant relation-
ships with very small datasets requires high levels of
correlation. The amounts of leaf material applied
through each species would need to be well spaced,
ideally with one low producing provenance, one high
producing provenance and one average provenance.
The same requirement applies for the soil nutrient
values and crop yields.  Table 9 shows that this
requirement was not met in the case of Calliandra,
where the three accessions produced comparable
amounts of leaf biomass in phase 1. The lack of
correlation found for Senna could be attributable to
the fact that the data for S. spectabilis and S. siamea
had to be combined to obtain the minimum nuraber
of degrees of freedom to carry out a regression
analysis. Differences in leaf quality betweer S.
spectabilis and S. siamea may have confounded
possible effects on soil fertility status. Sesbania leaf
quality and decomposition characteristics are corpa-
rable with Leucaena and Gliricidia, rather than with
Calliandra and Senna. It is noted that its mulch

influenced more soil propeties in a positive direc-
tion than Calliandra or Senna mulch. The limita-
tions in the use of regression analysis results, based
on low numbers of independent data pairs, is fully
recognized and would in future call for MPTS evalu-
ation experiments with larger numbers of provenance
entries for each species.

4.8. Was a single soil nutriznt element most limiting
to crop growth and yield?

When grain yields in the first season were re-
gressed on individual soil properties for the com-
bined dataset of experiment 1 and 2 (n = 22), signif-
icant relationships were found for pH ( p = 0.009), K
(p=0.003) and Mg (p =0.016). However, the
amount of variation in griin yields that could be
explained from differences n each single soil chemi-
cal property was very limited (r®=25-35%).
Whereas it was possible for some tree species to
show the effect of mulch ag plications on soil fertility
status, it proved much more difficult to correlate
grain yields in the first season with soil fertility
status, directly after the trce fallow. This is under-
standable if we consider that a relationship between
changes in soil properties, caused by differential
mulch applications, and sudsequent maize yields, is
likely to depend on the relative.sizes of the soil
nutrient pool and the size of the nutrient additions
through tree leaf mulch. If the nutrient additions are
relatively small compared to the size of the initial
soil nutrient pool, then it should be difficult to
demonstrate a change in soil properties as a result of .
mulch additions. Subsequently, showing a relation-
ship between current soil hutrient status and future
crop yields will be difficult to achieve. However, if
leaf based nutrient additions are substantial com-
pared to the available soil pool, then it might be
possible to establish a relationship between nutrient
inputs during the tree fallow phase, soil status at the
end of this phase and crop outputs in the season(s)
that follow the change from tree fallow to intercrop-
ping. It is thus possible, bit not proven, that maize
grown in the soils under experiment 1 and 2 was
limited by a complex of natrients that included Mg
and that Leucaena mulch was most effective in
reducing this limitation by increasing levels of soil
Mg and other limiting elements, leading to higher
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overall nutrient availability for plant uptake. Unfor-
tunately, it was not possible to analyse maize grain
and stover samples for their nutrient contents every
season for each different treatment separately. This
could have provided further evidence in support of
the hypothesis that maize yields were controlled by
limitations for a specific (complex of) nutrient ele-
ment(s), and that some tree species were more effec-
tive than others in alleviating these specific nutrient
limitations to maize.

4.9. Experimental design limitations and opportuni-
ries: Are we measuring treatment effects or design
artefacts?

A sequential tree fallow intercropping experiment
that lasts four years and covers four cropping sea-
sons is by some workers considered a short term
experiment. The total time it would take for crop
yields in treatment plots to approximate control yields
could not be determined in this study. However, the
steady decline in maize yields in all treatments sug-
gests that crops were benefiting less from muich
applications as time progressed. Alternatively, it is
regularly suggested that crop yields in intercropping
experiments decline as root competition from hedges
increases over time. This is certainly cause for con-
cern in semi-arid areas, where soil moisture is often
the most limiting factor by far to crop growth and
yield. However, if hedges are managed periodically
and are severely cut back at the start of each season,
the danger that tree roots compete for nutrients and
water with crops can be significantly reduced under
the sub-humid conditions, prevalént. in Western

Kenya. Every time the hedges are pruned; the root to -

shoot ratio is suddenly altered and a significant
proportion of nutrients re-enters the soil nutrient pool
via sloughed off root biomass.

Future experiments, that combine principles of
tree fallow and hedgerow intercropping, should
preferably have a longer time frame, include more
tree species, be based on well documented seed
material and incorporate relevant experimental de-
sign modifications. These improvements could pro-
vide additional information on which trees are suit-
able for use in agroforestry systems where the pro-
duction of fuelwood, fodder and building materials
in a tree fallow phase is followed by intercropping

for food production. Changes in experimental design
may include plots with more than one line of trees or
square plots with trees planted in blocks. The use of
wider border and guard areas around individual plots
is nearly always preferable and thus strongly recom-
mended. Context sensitive evidence to suggest that
the specific results presented in this paper are based
on design artefacts rather than treatment effects could
not be produced by the authors.

5. Conclusion

The results presented in this paper provide some
evidence that positive effects of MPTS on soils and
crops can be demonstrated under certain circum-
stances. The right tree species must be used and the
tree fallow and intercropping phases must be man-
aged primarily to the benefit of the crop. This in-
cludes, inter alia, very regular and timely tree and
hedge management and placement of tree mulch
close to the base of the maize plants, so that the
nutrients in the decomposing mulch are located where
they have a high chance of being utilized by young
maize roots. Proper mulch placement may also have
a moisture conserving effect and reduce soil erosion
(Kiepe, 1995).

The timing of mulch placement in order to aim
for a degree of synchrony between nutrient release
and crop uptake is investigated by several agro-
forestry research groups, but was not included in this
study. However, it is hypothesized. that, the faster a
tree mulch decomposes, the higher the chance that
especially N may be lost for crop uptake. Thus, the

- more important it would be to establish a relation-

ship between the key climatic parameters involved in
decomposition, mulch quality characteristics and crop
nutrient uptake requirements.

The objectives of this experiment did not allow us
to determine which proportion of the nutrient trans-
fer between trees and crops was based on accessing
previously unused, deeper soil layers, and which
proportion was based on redistributing nutrients that
would have been available to the food crop, at some
point in time, independent of the presence of trees. If
these systems rely only on transferring nutrients
from subsoil to topsoil, then the increase in crop
yields would be temporary and an element of accel-
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erated nutrient depletion could be associated with
them. Lasting positive effects of the trees are more
likely to be expected in terms of improved soil
structure, due to soil organic matter increase, and
protection against soil erosion, provided the experi-
mental lay-out is correctly sited on sloping land. It
appears that in the long run, these systems may reed
the occasional ‘‘real’’ input of mineral nutricnts
through the use of purchased manures, fertilizers,
compost, waste materials, etc.

Perhaps a cycle of two to three years tree fallow,
followed by two to three years hedgerow intercrop-
ping, might be acceptable to farmers, if judicious
tree and hedge management can be guaranteed and if
hedge plant populations are such that the minimum
amount of mulch will be produced to make an
impact on crops and soils. The system then incorpo-
rates spatial and sequential elements of agroforestry
practices. Crop yields will have to be maintained at
levels that compensate for the additional labour,
needed to manage these improved systems. Other-
wise, it would be very difficult to motivate resource
poor farmers to make the extra effort. It would create
exaggerated expectations if we suggested that adding
- trees to cropland would automatically lead to closed,
self sustaining food production systems. However,
our results show that well managed trees in crop land
can make a positive contribution towards the objec-
tives of productivity and sustainability in food crop
production. This will remain the major attraction
from the users’ point of view for reintroducing trees
on small farms in the tropics, where food production
is the major constraint, and thus the farmer’s top
priority.
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