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1. Administrative information

1.1 DFID Reference-number: R5163.

1.2 Project Title: Maintenance of soil fertility and organic matter.

1.3 Organisation: The Department of Soil Science, The University of Reading, PO Box 233,

READING, RG6 6DW,

1.4 Project Leader: Profcssor P} Gregory

1.5 Full-time staff: GP Warren, SS Atwal.

1.6 Collaberating Institutions
() Kenya Agricultural Rescarch Institute, Embu Regional Research Centre, PO Box 27,
Embu, Kenya: SP Gachanja (Dircctor); JW Irungu, J Muthamia, FM Kihanda (Rescarch
Scientists); AN Micheni, E Njiru (Technical Officers).

(ii) Kenya Agricultural Research Institute, National Agricultural Research Laboratory, PO Box
14733, Nairobi, Kenya: JN Qureshi (Dircctor).

1.7. Project locations

Field work: Sites of the former Dryland Applied Research and Extension Project (DAREP) in Lower
Embu and Tharaka-Nithi Districts, Kenya (operated by KARI Embu RRC and DFID),

Laboratory work: Department of Seil Science, University of Reading, UK, and KARI National

Agricultural Research Laboratory, Nairobi.

2. Summary

Semi-arid sub-Saharan Africa nceds cropping systems that can maintain productivity over many years
o rcduée the risk of crop failure. This project was done in the environment of resource-poor farmers
in Eastern Kenya, in collaboration with an adaptive programne. Socio-cconomic data indicate that

many farms here arc below the size required to support a family with existing practices.

Soil organic matter (SOM) is the principal reservoir of N required by crops and it improves both the
availability of other nutricnts and soil physical conditions. Ideally, levels of SOM should be
maintained. The project was strategic and aimed to quantify the dynamics of SOM and nutrients under
arable cropping in semi-arid conditions and relate the changes to the use and management of manures,
fertilizers and residues. In long-lerm experiments, cereal and cereal/legume cropping systems received

different rates of manure, and the soils were analyzed to investigate changes in fertility.



The activities were as follows:

1. Collaboration was undertaken with the Kenya Agricultural Rescarch Institute, involving the
Embu Regional Rescarch Centre running ficld experiments and the National Agricultural
Rescarch Laboratory doing crop and soil analysis.

2. Soil was cxtensively characterised at the research sites.

3 At the ficld level, we coliaborated with DAREP, the ODA (DFID) adaptive programme. This
included (i) diagnostic surveys to assess soil fertility as experienced in famers’ ficlds, and (ii)
technical co-operation with the training of two scientists at the Cenire (onc PhD, one MSc).

4. Studies of so0il N dynamics in the ficld were made, in relation to weather pattern and SOM.

5. Soil N availability and crop growth were measured and modelied with the PARCH modcl, in
collaboration with Noulingham University.

6. Soil C, N and P were mcasured on sampies taken annually at all sites, and crop N and P for

nutrient balance studics. -

7. SOM turnover was modeiled in coliaboration with Rothamsted Experimental Station (UK).
8. Agronomic results were reported in the DAREP Technicat Reports and the Project Workshop.
9. A workshop was held in Embu for dissemination and criticism ol the results by local, national

and international participants,

Natural soil fertility was highly variable. Modest amounits of goat manure usually increased crop
yiclds, and always increased soil fertility and the responses varied significantly between soils. The
crop response was duc 1o the manure-P at one site, and to manure-N at five sites. Major losses of N
occurred at the start of the growing scason, especially with over 5 t ha' manure. Mineral N was
subject 10 large losses, and so the poiential for the integration of mineral N fertilizer into the cropping
system needs further rescarch. Cropping systems are required which can capture some of the mineral
N {lush at the start of cach scason. Losses of P appeared small and supplementary use of fentilizer

P can reduce N losscs.

Modelling of SOM tumover and P trends indicated that without remedial activitics, soil fertility drifted
down slowly, but increased casily in response to modest amounis of manure.  Residual cffects of

manure lasted threc years (six cropping scasons) afler application.

Manure rates over 5 ¢ ha, containing 100 kg N ha”, resulted in no benefit to soil fertility, with respect
to SOM or N. Improvement of soil fertility is best based on manure rates of < 5t ha'', applied at

intervals of two or three years, supplemented by mineral P fertilizers.
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3. Background information

3.1. Developmental problem of soil fertility in semi-arid sub-Saharan Africa.

Inadequate soil fertility is a developmental problem because it limits crop yields and hence food
supplics and the ability of farmers to generalc income. Shifting cultivation is the traditional soil
fertility management practice of the project region. as in many other parts of sub-Saharan Africa.
Food crops are not grown continuously in one place: yields decline until a better return for Iabour is
obtained by clcaﬁng bush for new ficlds (for a specific cxample identified within the project area, sec
DAREP 1995b, pl06). The project arca is typical of arcas of sub-saharan Africa in that population
is growing but food supply is not. Recent evidence (D. Hunt, Universily of Susscx, personal
communication) in comparison with a historic study (Hunt 1974) indicates that scnior farmers with
much land can still obtain adequate yields with traditional methods because they literally have room
to move: for them soil fertility is not a constraint. The arca of arable land required to feed one person
under traditional cropping is 1.20 ha (Buringh, 1989). But the majority of extended family (multi-
occupicr) households in Mbeere now have <2.5 ha: Hunt, pers. comm). Soil ferility is thus an
increasing constraini. Soil survey data are available for some of the project arca (de Mcceter & Legger
1988; van de Weg & Mbuvi 1975). These data indicate a range ol soil types, but provide limited

fertility information and no infonnation for relating soii type 10 nutrient management for arablc crops.

The wider goal of the work - improvement of the reliability of food production in the project arca -
is a muitifactor problem. In the conlext of Indian scmi-arid lands, Venkateswarlu (1986) obscrved that
there is a large positive syncrgism between (i) proper management (sowing, weeding, water), (ii)
improved seed varietics and (i) {fenility improvements, It is recognized in Kenya that in arid and
semi-arid arcas (some 80% of the total land arca), crop yiclds are significanily depressed by inadequate
nitrogen and phosphorus in the soils (Siderius and Muchena 1977). There is at present emphasis on
reducing risk for semi-arid climates through better use of water. Under even dryer conditions of West
Asia and North Africa, water use clficiency was increased by fertilizer (Cooper et al 1987, Shepherd
et al. 1987). In mechanistic terms, improving soil fertility economises on finite water resources
because a higher percentage of water is diverted to the vigorous plant stand, instcad of being lost by
evaparation (Gregory, 1989, I is recognised that for the fime being, resource-poor farmmers of the
project arca do not have cnough cash to buy ferilizer. However, lertility maintenance is a par ol the

route fo betier use of resources.

Thus the goal for this project was to generate information on fertility improvements and nutrient
dynamics with locally available materials. There is a need for improved cropping systems that give
some increase in yiclds but, equally importantly, can maintain their productivity without large outside

inputs, and are thus more sustainable.



3.2. Scientific background

Crop yields in African dryland subsistence agriculture are inadequate as a result of loss of soil fertility.
The problem has been recognized for some time and the review of Nye and Greenland (1960) remains
a definitive discussion. Productivity decline is brought about by the breakdown of the traditional
cropping systcms, which have long fallow (/e recovery) periods. Rapid popuiation growth has put
pressure on land and marginal lands are {aken into cultivation without inputs being applicd or
appropriate soil managemoent practices (Ofori, 1995). Simultancously, the loss of crop productivity
means that soil cover is reduced resulling in environmenial degradation by soil erosion, In fact, most
issues relaied 10 agricultural sustainability are related to soil quality, resilience and the ability ol soils
to respond to inputs and science-bascd management (Lal & Stewart, 1995). Thus, in reviewing the
necd for long-term soil myanagement rescarch in Africa, Ofori (1995) obscerved that agricultural
development cannot be planned without medium to tong term ¢considerations and that this can hardly

be achieved without identifying the potential and constraints of soils.

SOM is an important regulator of numerous cnvironmental contraints 1o crop productivity (Woomer
ct al 1994). The functions include: nutrient (N, P and S) retention and storage, improved aggregation
giving better stability and water holding characteristics, leading to lower erosion risk, retention of
available nutricnt cations and absorption and ncutralisation of toxic components, such as aluminium

and mangancse.

Since 1960, substantial additions have been made to the body of technical data regarding SOM, and
thesc were reviewed in the context of this project (Leech and Jenkinson 1993}, From this, il was
concluded that (i) rather little data exists in the form of long-term ficld work that can be used o asscss
the trué rates of change of SOM, but (ii) the retums of organic matter 1o soil in unimproved arable
agriculture are less than 50% of rclums pre-cultivation, feading to soil dcgradation. However,
application of animal manures and composts can slow down or reverse the decline, as can inorganic

fertilizers (because crop residucs are increased as well as grain yiclds).

The correct description of SOM tumover is of widespread interest because of the global environmental
implications. There is an increasing base of scientific knowledge about it, although this is biased
towards the remperate climates and cnvironmental protection. The tropical subsistence farmer is
directly dependent on SOM [rom the viewpoint of soil as a foed production medium. In the absence
of fertilizer inputs, soil organic matter is the principal reservoir of available N and P required by crops.
This project is to link understanding of SOM turnover (o the fertility conscquences ol SOM in tropical
soils. In these systems it is desirable to maintain SOM at higher levels, to increase the amounts of

nutrien{s cycling, and maximisc their utilisation and minimisc losses. It is desirable to (i) maintain



SOM at better level, (ii) obtain a more closed nutrient cycle, and (iii) synchronisc nutrient supplics
via SOM with crop uptake. In response to this nced, the project aimed to develop a belter

understanding of nutricnt dynamics in tropical soils by providing new data focused on SOM.

The observed changes in SOM arc the net effect of complex inicractions of many cnvironmental
factors. In this situation, computer modelling of the systems is a valuable tool. The Rothamsted
model (Jenkinson 1990) concentrates on soil based processes and although based on temperate
conditions has proved to represenl tropical soil changes satisfactorially, The CENTURY model is
based on North American data, but it too has been used for tropical conditions (Parion ¢t al. 1994)
with some success, Nevertheless, there is a clear need for appropriate data to {ully test and exiend
these modeis (o the particular complexitics of tropical subsistence farming, something which this
project has addressed. The organic constituents of tropical soils do not posscss any special qualities
that set them apart tfrom temperate soils (Theng et at 1989), rather, the relative pool sizes of the
components differ in responsce to climatic factors. Therefore, methods of SOM investigation for

temperate soils were applicd in the present project.

4. Project Purpose
The formal purpose (DFID) was:
Semi-arid Purpose 2. Decveloping slrategics to reduce risks through optimisation of land use and
cropping pattems.
» Technologies to maintain or enhance soil fertility.
The project aimed:
*To predict better the amounts of organic inputs required to maintain soil organic matter and
“fenility in scmi-arid soils. Maintenance of soil organic matter levels will increase efficiency
and reduce risk in food crop production.
«To generate information on the management of plant nutricnts in appropriale and sustainable

cropping systems.

5. Research activities
5.1 Detailed descriptions
Full descriptions of the experimenls and activities are given in Appendix I, with analytical methods

covered in the appendices relevant to the resulls. A concise overvicw is provided here,

5.2 Resources and expertise: aliocation of work and responsibilities
KARI provided scientific and technical expertise in agonomy, field sites, local labour, laboratory and

storage space and plant analyscs. The work was performed in association with an existing ODA/KARI



project, Dryland Applicd Rescarch and Exlension Project (DAREP) so as 1o be more integrated with
local agronomy and adaptive work. Rcading Universily provided a Research Fellow, visiting Embu
for intensive soil monitoring, data analysis and project management. Soil samples for long-tcem trend

analysis were taken to Reading for maximum quality conirol (Appendix 13).

Supplementary work and collaboration with DAREP and NARP2 was achieved in the form of
technical assistance provided to:
= A KARI PhD student at Embu (JW Irungu: Thesis completed in 1998, also Appendix 11).
= Short training in soil analysis methods to a KARI Technical officer (AN Micheni: see

Appendix 9 for some results).

5.3 Field experiments

The fickd experiments are described in detail at Appendix 1. An outline of the activities follows:

5.3.1 Contrasting {icld trcatments were maintained for several ycars to monitor changes in soil organic
matter (SOM). The esscential features of the ficld work are:
(i) An appropriale cropping Systcnl: @ rotation of sorghum/cowpca {ollowed by millet/green
gram, which provides the main food crops of the region.
G A treatment that builds up SOM (manure).
(iii) A treatment that brings about a decline in SOM (no manure).
This experiment originated in 1988 under EMI the Dryland Farming Project: we took advantage of

the preceeding work to gain a perspective longer than the lifetime of this project.

5.3.2 Soils were sampled and analysed at intervals (usually annual) to follow changes in nutrient
supply and SOM.

5.3.3 The data were {itled 10 the models (1) Rothamsted modet of SOM tumover, over the full lifetime

of the project and (if) the PARCH modcl for a within-scason study.

5.3.4 Long term sustainability was assessed {rom the stability of SOM and nutricnt supplics, as

described by the Rothamsted model in conjunction with trends in soil nutrients.

5.3.5 The manure experiment was replicated in 7 tocations (originally 9) to test and modcl the cffects
of differences in soil. It may be nofed that in the original concept notes it was only envisged that one

site would be used, plus limited supplementary data,



5.3.6 A sccond ficld experiment was started af 2 sites, to provide data on the effects of crop residucs
alone and the rapid decline of SOM soon alter clearing. The experiment formed a testing ground for

work with the PARCH meodcl (sce below).

5.4 Model development

Instead of developing new models, we collaborated with the authors of existing, appropriate modcls.
This gives better dissemination and acceptance. In particular we collaborated with Rothamsted, using
their intemationally renowned long-term SOM miodel. 'We collaborated with Nottingham University
in development of the PARCH modcl o take account of within-scason response 1o soil fertility,
contributing to the soil N tumover submodcl, developed with approriate datasets collected from the
field experiments. Crop yiclds depend on water, ferility and other constraints in an integrated way,
so the effects of soil fertility maintenance should be best represented by modelling in combination with

the other constraints.

5.5 On-farm soil assessment
An outcome of the association with DAREP was the comparison of laboratory and farmers’ asscssment

of seil fenility, reported below (Section 6.11 and Appendix 1),

6. Outputs
The key findings and conclusions are summarised here, with conclusions arising {rom the resulls. The

research results are discussed in delail in Appendices 2 to 11,

6.1 Centinuous manure application increased crop yields and soi! fentility (N, P, K and organic matter:
Appendices 2 and 4). However, soil fortility was still changing in the period four 10 seven years after
manuring started. as indicated by results for organic C and extractable P (Appendices 5 and 7). s0 a
new dynamic cquitibrium had not yet been reached.
Investigations of sustainabiliry as affected by the farmers’ principal fixed natural resource,
soil, must have a long rerm dimension. Special care must be taken with gquality control in the

soil analyses, to avoid bias between sampling years (see Appendix 13},

6.2 Manure applicd for four years had residual effects for at least three years (six cropping scasons)
after the final application {Appendix 3).
Investigations of sustainability as affected by soil, must have a long rern dimension.
Manuring need not be carried out every season. At low application rates, nutrients surplis

in the season of applicarion are stored and not wasted.



6.3 The high manure ratc (10  ha') did not increase soil organic C and total N morc than the low
rate (5 t ha''y (Appendices 4 and 5). The N in the extra manure was thercfore lost, as confirmed by
surplus soil nitrate-N at the end of the growing scason under the high manure rate (Appendix 6).

A low manure rare distributed thinly will conserve the nutrient value of the manure better than

a high rare applied occasionally or ro a small area.

6.4 The Rothamsied mrodel for C tumover worked well in these soils al moderate manure rates {up
to 5t ha'), but was not satisfactory al continuous high manure rates (10 t ha™") (Appendix 5).
Some amendment to the model may be ieeded ro account for the low stabilisation of C at high

rates, and checked against a longer dataset.

6.5 The beneficial cifects of manure were due to dilterent mechanisms in differcnt places: where soil
P was lTow, the yield benelits were due to the P supplicd; at other sites, the response 10.manure was
inverscly related 10 native soil N (Appendices 3 and 8). 1 is highly likely that such dilferences exist
within farms as well.

Because fields differ in fertility, an adaptive, but scientific, approach is required to geiting the

best from inputs (manire o mineral fertilizer), rather than blanker recommendations.

6.6 Efficiency of N uptake was incrcased by improved soil P status. Native soil P, manure P and
mincral fertilizer P all had this cifect (Appendices 6 and 8).
The use of mineral P fertilizer (S5P, TSP, DAP) is justified in the region. [Its introduction
should be on a small, careful and site-specific basis because some fields will give no yield
response. Consideration should be given ro calibration of soil extractable P in relation to

rerap yields, as a guide for fertility improventent.

6.7 Mincral N supply in the soil is high at the start and finish of the seasons but low in the middle,
ie. it is poorly matched to crop demand (Appendix 6). Losses of mineral N are high and thus mincral
N fertifizers have a low chance of efficiency.
The use of mineral fertilizers based on N (CAN, urea) is not recommended at present since
losses will he high. Extra research is necessary to find out how N inputs to the farming
systemt can be incorporated out relatively efficiently.  Methods to improve synchrony of

nutrient supply are highly relevant.

6.8 Under intercropping (sorghum/cowpea and millet/green gram), the performance of the legumes
(as a proportion of grain yiclds) varicd hetween sites. Improvement of soil fertility by addition of

manure had little effect on the legume proportion (Appendices 2 and 8). 1t could be bencficial to



fammers if they could control the legume/eercal ratio for a better quality of food or cconomic retum.
The influence of soil properties on the relative productivity of cereals and legumes reguires

additional investigation.

6.9 For P, nutrient balances were rclated (o the trends in soil P It was apparant that when manure
was added, there was much unused P going to soil organic P fractions (Appendix 7). These become
a major reserve of P that is partly available to crops. Little is known about these fractions of soil P
and their potential mineralization rates. In tum, the availability of this combined P may influence
plant growth and the efticicncy of N uptake.

Further investigations of the organic P components and their dynamics are called for if there

is to be better management of available P.

6.10 The "optimum” rates of manure application might vary greatly according 10 the costs and
availability of manure as well as soil type (Appendix 2). Some mathematical relationships between
manure rate and crop yicld were outlined {Appendix 10}, and in conjunction with economic and
fanning system data can be used to generale immediate choices and guidelines regarding manure rates,
that can be selected appropriately to particular farms.
These aspects require investigation in an adaptive project utilising manure-response
relationships (see Appendix 10) with major input from agricultural economics and farming

sysrems approaches.

6.11 Interaction with DAREP and DFID/NARP2 activitics enabled on-farm characterization of soil
{DAREP 19954, 1995b). Famers identified fertile and infertile soil on their land and the most
important differcnce between these categorics was found 1o be soil organic matter (SOM) content
{Appendix 1),
Participating farmers perceive soil fertility to he a limitarion and their assessments correlare
with cerrain chemical asssessments of soil fertilivy. Thus the aims of this project were shown

to identify with farmers’ interests.
6.12 Written Outputs. A list of publications and writicn outpuls is given at Appendix 12,

6.13 Established ficld plots. The ficld demonstration of the effects of changes in SOM on crops is
a unique resource, since soil fertility has been characterised and monitored for several years, This
resource would take much time (10 years) and money to repeat. It is hoped that the plots can be uscd
in a diffcrent way to contribute extra information on sustainability as deiermined by natural resource

constraints (see sections 7.2 and 74.11).
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6.14 Data storage. Crop and soil data covering the complete lifetime of Trial | (1988ff) arc kept by
KARI Embuy RRC and The University of Reading, Department of Soil Science in paper form, and

mostly also as Excel spreadsheet files. These data can be made available to interested rescarchers.

6.15 General conclusions regarding the sustainability of cropping.

Modeliing of SOM tumover (Appendix 5. Figure 2) and P trends (Appendix 7, Figure 2) suggested
that without remedial activities, soil fertility drifted down stowly, but it increased casily in response
to modest amounts of manurc. The residual effects of manure lasted at least threc years and six
scasons after application (Appendix 3). Manure seemed more cffective than crop residucs for
increasing SOM (Appendix 4). Manure at rates over 5 t ha'', containing 100 kg N ha! resulted in no
benefit to soil fentility, as regards C or N, whereas P and K always accumulated in the soils.
Improvement of soil fertility is best based on manure rates of < 5 t ha', applied at intervals of two

or three years, suppiemented by mincral P fertilizers where soil P is deficient. -

7. Contribution of cutputs to DFID goals

7.1 Developmental goals

The project was strategic, acquiring relevant natural resource information, rather than dircctly
improving the situation of a particular group of people. 1t was targetied on a typical region of sub-
Saharan Africa. in a semi-arid climate away from the centres of mainstream private-sector commercial
activity and in locations where there arc limiled opportunitics to participate in the cash economy. The
ultimate beneficiarics arc thus resource-poor rural communities who depend on subsisience farming.
Soil is one of the most important natural resources for these people, since the agricultural potential of
a farm is strongly determined by its soil fertility, which was found to vary very greatly. The project
acquired esscntial information relevant to soil fertility changes on a short term (within-scason) and

longer-term (year-1o-year) buasis.

Furthermore, the comparison of farmers® and laboratory assessment of soil fertility (Scction 6.11;
Appendix 11) showed that farmers are well aware of soil lertility variations and changes, and their
perception generally accords with objective analysis.  Investigation of the dynamics of SOM to

maintain or increase fertility is an objective that [its well with farmers’ perception of the problem.

Additional adaplive stages arc required and can be planned in the light oft (i} results; (i) identified
regional/national priorities, in the particular case by KARI and the NARP2 adaptive programme: and
(tiiy information from other projects in the targe! zone. Approriate tarm-level advice (Section 7.3) and

adaptive activities (Section 7.4) were developed at the Project Workshop.



7.2 Uptake pathways

(i) KARI Regional Rescarch Centres.

The KARI centres concerned with dryland agriculture and soil fertility investigation are principal
intermediate users, The results establish the natural ferfility of these soils and the potential of manures
to improve yicld and reduce risk. KARI Embu RRC in particular will utilisc the outputs for adaptive

projects in its mandate arca.

(i) Local NGO’s. Full results are being communicated with two NGO’s which are active in the
project arca and have an inlerest in soil {enility: Intermediate Technology, Kenya (Nairobi bascd
branch of the UK Charity) and Kamurugu Project, Iriamurai {an Halian mission funded development

project in Mbcerc District).

(iii) KARI National Dryland Farming Rescarch Centre, Katumani.

It is intended that the two remaining project sites will be integrated with a major strategic + adaptive
research project - CARMASAK (see 7.4.11) - funded by the Rockefeller foundation in colloration with
Kaumani and ICRISAT. Data supplicd by this project, further measurents at the ficld sites and
modelling by ICRSAT will add to wider understanding of dryland soil fertility dynamics, within the
current KARI and CGIAR activitics

7.3 Results of immediate use to extension and farming in the project area

This was intended as a strategic project, not an adaptive onc, so a large output ol practical farming
techniques was not to be cxpected. However, based on the resuits, the following guidelines were
developed at the Project Workshop and can be brought to farmers now, in the course of extension and

adaptive work;

7.3.1 1In the long term, it is betier to spread manure thinly, rather than use very high rates, beeause

N will be lost. However, rates up (0 5 t ha” appear acceptable {rom this viewpoint (Finding 3).

7.3.2 Mineral fertilizers based on N are not at present recommended for use in the arca because of

high losses.
7.3.3 Modest amounts of P fertilizer can be uscful. There are some soils that arc very deficient, but

many other soils arc supplicd adequately with P, On-farm, sitc-specific adaptive experimenis with

small arcas and trial amounts of {ertilizer are neecded to find the places where P is required.

11



7.4 Suggested follow-up work

First priority activities: mostly suitable for adaptive projects

7.4.1 Monitoring long-term fertility dynamics (sce output 6.2)
Annual soil sampling continucd; it is highly preferable that existing management and analysis
arrangenmients (KARIT Embu RRC/Reading University) arc maintained for continuity. Improve

link with TSBF. Core funding for the sites is required, plus costs of annual soil analysis.

7.4.2 Relating nutricnt balances 1o soil characteristics (sce output 6.9).
The manure plots are a weli-characterised test-bed for relating nulrient balances over the
longer term 1o soil properties. This has shown a way forward and relevance {or the NUTMON

(KARI/Nctherlands project) activitics, which so far only deals with 1-year periods.

7.4.3 "Oplimum” rates of manure application.
An adaptive project utilising manure-response relationships (Appendix 10) with an cconomic
and I‘annﬁwg syslems approach is necded, to analyse the costs and benelits of different manure
and crop scquences. This shouid establish a set of diffcrent, but all sustainable options that

farmers can sclect and adapt to their own ficlds.

7.4.4 Changes in soll physical propertics.
No work was done on detailed physical measuremenis of the soils such as infiltration rates and
aggregation, because this project was oricnted 1o aspects of soil chemical fertitity aspects and
there was no qualificd and interested scientist to hand 10 take an intercst. Some aclivily can

‘now be developed through KARE NDFRC Katumani, with Dr G Okwach (sce 7.4.11).

7.4.5 Manure-pest/discase interactions.
No work has been done on interactions with other limitations on yield and soil fentility, Other
limitations such as pests, discases and physical conditions combine to limit yields in the long
term. Fertility changes slowly (scc outputs 6.1 and 6.2) and sccondary problems and
interactions may develop, as alrcady identified by farmers on visits fo the sites, These
experiments {orm an ideal opportunity to investigate long-term sccondary effects. This is a

subject arca where adaptive approaches are particularly suitable.

Long-termy plots and farmers’ ficlds would be thoroughly assessed by farmers and crop
proiection experts. On-farm experimentation and monitoring by joint expert/farmer groups

could be carried out. KARI Embu RRC, with Kamurugu Project and Intermediate Technology
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(NGO's) to be the lead organisations. The latter two NGO's are increasing their activitics

refated (o soil fertility in Mbeere and Tharaka respectively.

7.4.6 Integration of mincral N and manure N fertilization (sce outputs 6.6 and 6.7).
Testing of manure plus {op-dressing, probably best as an adaptive project.  Must be co-
ordinated with NARL NUTMON activities: NUTSAL is in the immediaicly adjacent region,
Mincral N in sclected long-term plots of different fertility could be monitored for one or two

scasons with top-dressed N.

7.4.7 Moisture/nutricnt intcractions.
Interaction of soil moisture content and N mincralization was clearly observed, in these arcas
of very variable rainfall. Studics of the interaction of water harvesting and nutrient supply are

called for.
Research projects of a strategic andlor basic nature, where project dara gives a sirong justification

7.4.8 SOM change/decomposition in relation to climate and soil type (sce outputs 6.3 and 6.4).
Measure SOM-C {ractions (POM/Ludox?) and decomposition under incubation. Use also soil
from other dryland sites. Suitable as # student project, TSBF and University of Nairobi to be

involved.

7.4.9 Destination of immobilized/fixed P (scc oulput 6.9).
Plot-level nuirient balances show that much of the P added in manure has remained in the soil
“but in non-cxtractable form. s cxact forms and their (re-ymineralization potential are
unknown, and should be investigated by analysis of organic P. Basic/strategic rescarch is
nceded, with co-operation of "Advanced” research centres (international level for specialist
methods) and regional level (for broad comparisons and principles). Co-ordination through

KARI NARC Muguga is suggested.

7.4.10 Legumc/cerecal performance (sce oulput 6.8 above).
Investigation ol soil factors that influence legume/eercal ratio; Glasshouse experiments to
isolate climate {actors; on-farm experiments 1o test managenient factors: cropping of long-term
plots adjusted 1o complement on-larm work. Appropriate for a student or rescarcher project

based at NARL. A rclevant project proposal has been drafted.



7.4.11 Crop modclling and integration with KART activities.
The project has run {rom 1993 to 1997 in association with the DAREP activities at KARI
Embu RRC. The nature of the soils is now quite well known. The time is appropriate to
intcgrate the remaining {icld sites with other KARI soil research activitics. In this way, the
cxpericnce can contribule to wider soll fertility issues. It is suggested that the ficld sitc
aclivitics be linked to the Katumani project CARMASAK (Collaboration on Agriculjural
Resouce Modelling and  Applications in Semi-Arid Kenya;  KARVICRISAT/APSRU
{Australia)), CARMASAK deals with sustainability ol dryland cropping, and discussions with

that project show that several of the findings above are to be researched by CARMASAK.

7.4.12 Organic residucs studics
The organic residues used were materials in the project area ie. goat manure and residucs of
the crops grown, but data on the actual amounts, composition and potential for nutrient relcase
arc limited.  Somec detailed surveys of certain of these propertics are currently under
investigation clsewhere in Kenya, particularly by the University of Nairobi and TSBF
(Tropical Soil Biology and Fertility Programme). Contacl is maintained with these
investigators, with a view (o identifying the best way 1o integrate SOM turnover results,

residues data and methods of resource capture by food crops.

I, as mentioned above, the animal compoenent seems importand, there would be a need for
expertise in animal nutrition in conjunclion with agricultural systemy nutrient balance work.
This would be readily possible through KARID Embu RRC because of (i) the relative
intcgration ol scicntilic disciplines at a small Centre and {il) now-established networks of
“collaborating farmers provide a good human resource structure for this purpose in an adaptive
context. It is hoped that application will be made for further {funding, in collaboration with
the KART Embu Centre and other centres of local expertise, such as ILRI, TSBF and the

University of Nairobi.

7.5 Wider dissemination

Results are being disseminated to the wider scientific and development community via these pathways:
(i) Journal publications,
(iiy Data input 1o netwoerk projeets such as those of ICRAF and TSBF.
(i) Description and announcement at appropriatec meetings.
(iv) Personal discussion and demonstration on site with visits by National and Development
agency representatives and scienlists.

(v) The participatory Tarming systems methodologics, events and publications devised by
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DAREP continue {o create interest.

{vi) The Project Workshop, held in Embu in November 1997, The main project results were
presented and then discussed by peer groups. The participants were drawn from KARI
(scveral Centres and at all staff levels), Universities and Intemational organisations. Ideas and
recommendations that arosc in the Workshop have been described above. The Workshop

Proccedings will be issucd during the first half of 1998.
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R5163 Final Report, Appendix 1.

INTRODUCTION TO THE PROJECT: "MAINTENANCE OF SOIL FERTILITY AND
ORGANIC MATTER IN DRYLAND AREAS" AND ITS FIELD EXPERIMENTS,

1. Objectives and activities

The essential objective was to understand better the dynamics of soil organic matter (SOM) in semi-
arid climates, with a view to improving the management of manures and crop residues. These organic
inputs to soil are responsible for maintenence of the SOM as it is formed and decomposed by natural
turnover. SOM is a vital component of soil and plays in important role in several aspects of soil, such
as acting as a rcservoir of nutrients (N cspecially), and assists in mainfaining satisfactory soil
conditions for plant growth, such as structure and pH. A number of objectives were described in the
project proposals. The main oncs, and the activities which were undertaken to provide relevant

information and outputs are listed here,

1.1 Measurement of changes in SOM, nutrients, and rates of nutrient rclease.
» Soil characterisation for the initial 9 sites, to assess the effects of the preceeding 4 or 5 years
of manure treatment.
« Annual soil analysis in 7 sites, looking for trends.

= Intensive study of nitrate dynamics in one season.

1.2 Correlation of the changes with crop yiclds.
- Yields and residues measured.

« Nutrient balances for crops measured.

1.3 Manipulation of SOM tumover to improve supplies of plant nutrients.
«  SOM tumover modelled

« TIssues discussed ai this workshop.

1.4 Development of models for nutrient mineralizalion rates in relation to the cropping system.

+ Work with Nottingham University on the PARCH model.

1.5 Demonstration of long term cropping with improved cropping systems and rccommendations on
the amounts of organic matter required to sustain them,

« Field experiments over an extended period.

« Crop response data.

+ Interpretation of soil analysis and agronomy data.
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2. Field work

The work was based around a pre-cxisting multi-centre field experiment located in semi-arid Mbeere
and Tharaka-Nithi Districts of Eastem Province, Kenya. An additional ficld experiment was set up
at the two sites with the lowest and highest natural fertility. The main features of the two experiments

are summarised below (Sections 3 and 4).

The project location was choscn by NRI because it was desired 1o associate the research work with
the participatory and adaptive project DAREP (Dryland Applied Research and Extension Project) at
KARI Embu RRC from 1993 to 1996. The field sites were shared with DAREP. Advantage was
taken of this link to add some on-farm measurements work, described in Section 5: (i) analysis of soil
{from farmers” ficlds, for two diagnostic surveys and (ii) soil analysis and scientific assistance in field

experiments 1o assess N fixation by cowpeas.

3. Experiment 1; “Trial 17

3.1 Introduction

The experiment was started in 1988/9 and is commonty calied “Trial 1 since that was the name given
in EMI (Embu-Meru-Isiolo Project) days. We have maintained the name and also most of the original
treatiment codes on the plots. This can be confusing to the outsider (M1 receives more manure than
M2), but has reduced the chance of mistakes in management at the local level. An altemative coding

will be introduced for joumal publications.

There are two rainy scasons, which we have identified by the month of peak rainfall. They are (i} the
"April scason” from March to June and (ii) the "November season” from October to January. It is
normmally found that in the November season, the amount of rainfall is more and its distribution is
better. AThc terms "Short" and "Long" rains are commonly used in Kenya, but have been avoided here,
because in these areas the traditional "Long" season from March is the less favourable one for arable
crops, and "Long" nommally implics "better” in semi-arid climates.

3.2 Sites

Ning sites were sclected by EMT as described by Gibberd (1995a) and in Ministry of Agriculture/ODA

reports. They were as lollows, with the starting scason:

Gategi 11/88
Machanga 4/89
Mutuobare 11/89
Kamwaa 4/89
Kajiampau L1/88
Gacheraka 11/88
Kaanyaga 4/89
Kaaragankuru 11/88
Kirimbu 11/90
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3.3 Design, 1988 - 1993
For full details see Gibberd (1995b). There were three manure treatments and three cropping systems,
in a complete factorial design with three replicates. The manure treatments were:

MO Control (no manure).
M2 Low manure rate: 5 t ha'' applied annually every October.
M High manure rate: 10 t ha'! applicd annually every October.

Due t¢ a change in plans while sciting up the experiment, at sites which started before September 1989
(all except Mutuobare and Kirimbu) the 5t ha' plots received an extra 10 t ha”' manure in March
1989. This is because M2 was originally intended to be manure applied in March each year. Manure
applied in October 1988 and March 1989 was acquired locally to each site. From October 1989, all
manure came from goats housed in sheltered animal houses at the Ministry of Agriculture station at
Marimanti, Tharaka. The total amounts of Marimanti manure used over four years (1989 o 1992)
were 40 t ha! (high rate) and 20t ha' (low rale), except at Kirimbu, where 30 t ha'* (high rate) and

15 t ha? (low rate) were applicd over three years.

Locally acquired manure is always highly variable, and if used (as in most agronomy work),
differences between sites in the effects of manure are more likely to be the result of variations in the
composition of the manure. In Trial 1, the same manure was used at all sites and all seasons from
October 1989, This is an important feature of the experimeni: [t is therefore possible to say that

differences in results between the sites are largely due ro the soil.

The cropping systems were:

Cl Rotation with a legume planted in October and a cercal in March.
C2 Rotation with a cercal planied in October and a legume in March,
C3 Cercal/legume intercrop sown in both scasons.

The crop combinations altemnated between sorghum (Sorghum bicolor, var. 954066} and cowpca
(Vigna unguicwlata, var. M66) for two consccutive seasons, foliowed by pearl millet (Pennisetum
ryphoides, var. KPM 1) and green gram (Vigna aureus, var, N26) for two conseculive seasons. This

cycie commenced with sorghum/cowpea in October 1988.

3.4 Main results from 1988-93

Crop yiclds were significantly increased by manure at most sites (Gibberd, 1995b). Intercropping
yielded more grains than either sole-crop rotation and an economic analysis indicated that
sorghum/cowpea with 5 t ha™' manure gave the best retum for the labour of manure application. The
C1 rotation was the least productive, and therefore it was the one that was terminated after the April
1993 season. Differences between sites in the responsc fo manure were tentatively ascribed to

differences between soils in available P, based on preliminary soil samples taken in July 1992 to assess
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the suitabitity of the sites for the subsequent work.

Soil was sampled in all plots at the start of 1993 as part of the Maintenance of Soil Fertility Project
(Appendix 2). Manure at 5t ha’ increased soil P and K almost everywhere, but C and N at some

sites only, Extra manure (treatment difference M1-M2} increased P and K, but not C and N.

3.5 Design, 1993 - 1997
In 1993, Kaaragankuru and Kirimbu sites were closed by DAREP. The crop rotations Cl and C3 were
changed to an annual cycle with intercropped sorghum/cowpea every November season and

millet/green gram every April scason,

In C3, the manure rates were unchanged, so the treatinents designated C3Mx have a continuous run
of intercropping with the same four crops from 1988/9 to 1997. In the former CIMI and CIM2,
manure application was stopped to cxamine the rate of run-down of soil fertility alter mariuring. NPK
fertilizers were added in the former CIMO at the same rate of N and P as in C3M2, to test the possible

benefils of organic over inorganic fertitizers. The new treatments were:

C3M0O Control

CaM2 Conlinuous manure (5 t ha™)

C3MI Continuous manurc (10 t ha')

C3F (ex-CIMD) Fertifizer from 1993 (N & P at the same raic as in C3M2)
C3R2 (ex-C1M2) Residual manure: 1989-1993 only (5 t ha™)

C3RI1 (ex-CIMD Residual manure: 1989-1993 only (10t ha™)

The C2 treatments remained unchanged. rotating between the four crops as before, but the plots were
not used for seoil studies. They had o be maintained since they were randomised with the other
experimental plots, and they are available as a soil resource for future experimenis.

CzM0 Control
C2M2 Continuous manure (5t ha™)
C2M1 Continuous manure (10 t ha'®)

3.6 Major findings, 1993-7

Fuller details are reported in Appendices 2 to 10. Regarding the agronomy, it may be noted here that:
(i) Crop yiclds continued (o be significantly increased by manure (Project Summary Paper 1).

(ii} There were differences between soils in the effect of manure, and the differences could be related
to soil propertics {(Appendix 2).

(i) The composition of the crops (N, P, K; grains and residues) was not signilicantly affected by
manure use, so there was little "luxury uptake” of nutrients added in manure at the rates used (Report:

Warren and Qureshi, 1993),
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3.7 Conclusion
Trial 1 has been at the core of the project work, and the data accumimulated in 1993-7 benefit from
the continuous run since 1988/9. These data are a unique resource, since no other manure experiment

has been carried out for such a tong time in semi-arid East Africa.

3.8 References and reports: Trial L.
Gibberd, V. 1995a. A farmer-friendly research project in semi-arid Kenya. Tropical Science 35: 308-
320.

Gibberd, V. 1995b. Yicld responses of food crops to animal manure in semi-arid Kenya. Tropical
Science 35 418-426.

Warren, G.P. and Qureshi, JN. 1995, Concentrations of N and P in sorghum, millet, cowpca and
green gram at seven sites in Mbeere and Tharaka-Nithi. Report, Kenya Agricultural Rescarch Institute,
Embu Regional Rescarch Centre.

Warren, G.P., Muthamia, J., Irungu, J.W. and Gibberd, V. 1997, Soil ferility improvements under
manuring in semi-arid Mbeere and Tharaka-Nithi, Kenya. Draft paper for submission to a journal.

Warren, G.P., Muthamia, J. and Irungu, J.W. 1996, Soil fertility improvements under manuring in
semi-arid Mbeere and Tharaka-Nithi, Kenya. Poster displayed at the 5th KARI Scientific Conference,
Nairobi, October 1996, and also at the conference: Participatory dryland research east of Mount
Kenya, January 21-24, 1997, Embu,

4. Experiment 2: “SOM Experiment”

4.1 Introduction

This experiment was slarted in February 1994, Tt was planned in order to supplement Trial by
giving information on the cffccts of crop residues alone, and to incorporate elements of the TSBF
(Tropical Soii Biology and Fertility Programme) “Setsomt” design, for long-term assessment of SOM
dynamiAcs. Two sites are used, Machanga and Mutuobare, the ones with the lowest and highest soil

P, respectively. That contrast is examined in Appendix 8.

4.2 Treatments:

The treatments arc as follows, aranged with three replicate blocks:

B: Bush - Natural vegetation.
This arca is fenced off and left as a wilderness. It will be useful in the future, to represent
the soil at the start of the experiment.

F1: Grass Fallow - Vegetation cut, soil undisturbed.
At the start (March 1994), all vegetation was cut to ground level and the cut material removed.
Subsequently, fresh plant growth is cut to the ground once or twice per rainy scason, without
disturbing the soil. Plant material which grows on the plot is left on the plot. Organic debris
which falls on the plot naturally (twigs and leaves from nearby trees) is also left on the piot.
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F2: Barc Fallow - Tilled regularly.
All vegetation was removed from the plots and the soil cellivated with a forked jembe. Fresh
plant growth and any other organic material which falls these plot is removed. Once per
month, the soil is cullivated again with a jombe, as if a seed bed is being prepared. This
treatment corresponds to the TSBF "Killsom™ treatment and can be used to measure the
potential .rate of SOM decline.

C1: Cropped - Residues retained {(Machanga only).
The land was cleared as for F2. Each scason, sorghum is grown without manure or lertilizer,
Weeding, pesticide and fungicide applications are done according to the current practice.
After harvest, the stovers are cut and left on the plot.

C2: Cropped - Extra residucs.
Sorghum is grown cach scason as for Cl. After harvest, the stovers are Icft on the plot,
adding all the stovers from the C3 plot in the same replicate block.

C3: Cropped - Residues removed.
Sorghum is grown as for Cl. After harvest, thie stovers are cut and removed to the C2 plot
in the same replicate block. Since the C3 plots are twice the size of the C2, plois, the C2
plots get three times the rate of residucs in C1.

FI1P/F2P/CIP/C2P/C3P; (Machanga only).
These are treated the same as the corresponding treatments F1-C3, apart from an initial
application of 250 kg P ha'! as TSP fertilizer in March 1994 only. {Therefore, for these plots,
the stovers from plot C3P are added fo plot C2P in the same replicate block.)

At Mutuobare, the arca available was smaller and the saoil is naturally well supplied with P so there
was no need for the ferilizer treatments. The treatments are: Bush, FiI, F2, C2 and C3, in three
replicate blocks.

4.3 Results

So far, the main contribution of the experiment to the projeet objectives has been as the place where
the intensive monitoring of soil mincral N dynamics was done, because it included the bare fallow
treatiment (Project Summary Paper 5). Soil nitratc and crop growth data were also used to develop
the soil N turnover submaodel for the PARCH crop growth model, but at present, no publication is
available. Tt can be mentioned that the choice of tumover time for short-period SOM-N pools
(turmnover time in months) was important to account correctly for the differences between Machanga

and Mutuobare soils.

At the time of the project workshop, the compicte agronomy data had not been assessed for trends.
However, the effect of P fertilizer was very clear in relieving P deficiency. h appears that so far, the
extra residues in trealment C2 have litlle effect on yields. The current lifetime of nearly four years
is unlikely to be long enough to give deteclable differences in SOM-C, based on expericnce in Trial
I, where manure was used. Manure is much more effective at increasing SOM than undecomposed

crop residucs. Model predictions have been made, but not yet tested against field results.
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4.4 References and reports: SOM
GP Warren, SS Atwal and JW Irungu. 1997, Soil nitrate variations under grass, sorghum and bare
fallow in scmi-arid Kenya. Experimental Agriculture 33: 321-333.

GP Warren 1995, Eflects of P and crop residucs on Soil Organic Matter, N and P balances and Soil
Mineral N in Lower Embu, Kenya. Procecdings of the 5th TSBF African Network Workshop,
Entebbe, Uganda, 15-20 May 1995. Tropical Soil Biclogy and Fertility Programme, Nairobi, Kenya.

GP Warren and JA Meredith 1998, Isotopic composilion of organic carbon in some soils of semi-arid
Africa. In: Carbon and Nutricnt Dynamics in Natural and Agricultural Tropical Ecosystems. (Eds:
L Bergstrom and H Kirchmann). pp 23-32. CABIL Wallingford, U.K.

GP Warren 1998. Effects of native soil phosphorus on biodiversity, productivity and the dynamics
of soil carbon and nitrogen at two sites in semi-arid Kenya. Symposium No. 12. Proceedings of the
16th International Congress of Soil Science, Montpellier, France; 19-26 August 1998,

5. On-farm work with DAREP

5.1 Diagnostic survey on-farm

Soil C, N, P and K varied substaniially between sites (Project Summary Paper 3). To rclate this
observation more closely to the on-farm situation, seil from farmers’ fields was analysed. Diagnostic
surveys were 10 be carricd out by DAREP teams, and the first was done in Tharaka-Nithi District.
As part of this survey farmers were asked 1o identify fertile and infertile fields on their farms and the
soils were sampled. These sampies were analysed by the Soil Fertility Project.  Soil fertifity was
variable between farms and between ficlds, and soil organic C was the soil property correlated most
closely with farmers” perception of fertility (Irungu ct al. 1997a). Extractable P also varied widely

and this formed the scientific starting point for further work mentioned below.

5.2 N fixation by cowpeas

Legumes can supply at least some of their N requircment by fixation from the atmosphere, but P must
be supplied from the soil. Soil P varicd greatly between farms, and especially between Machanga and
Mutuobare sites. Thesce obscrvations suggested that the effectiveness of N fixation by legumes should
be assessed in relation to soil P in the arca. A separate project has been funded by DFID, forming
the PhD project for JW Trungu, KARI agronomist. An initial survey of 50 farms showed that legumes
are widely grown in the area, but very little fertilizer is used, so their performance depends highly on
soil P (Irungu ¢t al. 1997b). Following this, on-fann ficld experiments were sct up 10 assess N
fixation by cowpeas al four larms of contrasting fertility with respect to P, in the 1996-7 scasons,

collaborating with the Soil Fertility Project, The results will be reported next ycar.

5.3 References and reports: On-farm.

JW Irungu, AN Micheni, A Sutherland and GP Warren 1997a.  An appraisal of soil fertility in
smallholder farms in the semi-arid arcas of Tharaka-Nithi District: framers® assessment compared (o
laboratory analysis. In: Kangara, L., Sutherland, A. and Gethi, M. (Eds) Proceedings of the Conference
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on Participatory Dryland Agricultural Rescarch cast of Mount Kenya, January 21-24, 1997. KARL
Kitale, Kenya., pp 243-248.

JW Irungu, GP Warren, M Wood and JR Okalebo 1997b. Soil fertility management practices in
smallholder farms in semi-arid Mbcere in castern Kenya: an analysis of the farming systems. In:
Kangara, J., Sutherland, A. and Gethi, M. (Eds) Proceedings of the Conference on Participatory

Dryland Agricultural Rescarch east of Mount Kenya, January 21-24, 1997, KARI: Kitale, Kenya. pp
214-220.
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R5163 Final report, Appendix 2.
EFFECTS OF CONTINUOUS MANURE APPLICATION ON GRAIN YIELDS AT THE
SEVEN SITES OF TRIAL 1, FROM 1933 TO 199%6.

1. Intreduction and ohjectives

In the first phase {rom 1989 1o 1993, both crop yields (Gibberd, 1995) and soil fertility (Warren ct al.,
1997 were increased significantly by using manure, After this initial increase in soil fertility, the
productivity of the land from 1993 to 1996 was expected 1o stabilise at different levels in the three
treatments.  The yields should thus be more representative of long-term cropping at the differnt
manure rates. A new statistical treatment devised to investigate differences between the sites. These

differences are largely controiled by the soil, since the same manure was used everywhere.

2. Data work-up

2.1 Yield response calculations and ranked lists

The main intcrest was in the effects of adding manure, so the responses calculated as follows (the
treatments with 0, 5 and 10 t ha™ manure were coded MO, M2 and M1 respectively, sce Appendix 1:

(i) The response to the first 5t ha! manure (treatment difference M2-MO)
(ii) The response to an additional 5 t ha! manure (treatment difference M1-M2)

For each site there were three replicates and the mcan responses and associated Standard Ermors were
calculated. Then the sites were ranked: the best response at the top of the list. Since the individual
SEs did not vary excessively, a pooled SE was calculated for each list, and also the Least Significant

Difference (P=0.05, DF=12) for a comparison between {wo soils.

The lists were then examined o identify the sites which tended to give particularly good and poor
responses to manure. The yiclds, responses and rankings will vary from scason 1o scason with the
weather, management variations ete. However, the soils are always the same, so effects of soil fertility
should show through as tendencics to above- or below-average responses, even though the effect might
be masked in a particular scason. Sometimes, there were apparent negative responses, Manure at the
rates of this experiment is unlikely to depress crop yicld, so these negative responses are merely a
result of random variation. Normally, negative responses were not significantly different from zero.
In these lists, a group of sites was formed from the bottom upwards, identifying a group of sites where

the response differed little {rom zero.

3. Results
3.1 Overview of response curves

The cumulative yield response over all crops (cercals plus legumes for every season) was plotted
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against manure rate (Figure 1), The response to manurc was highest at Machanga. In general, the
response to the second 5 1 ha?! of manure was be less than the response o the first 5 t ha'', as would
be expected. At Gategi, there was little response to the low manure rate, but a high response to extra
manure. At Kajiampau, the response line was lincar. These observations suggested that Machanga,
Gategi and Kajiampau were sites where the response to manure differed from the response at the other

siics.

3.2 Results: crops.
Resulis for sorghum (Table 1) arc described in detail: for the other crops the main resulls are

summariscd.

3.2.1 Sorghum.

Sorghum vyield is considered to be the best test of soil fentility because it gave higher yields than any
other of the four crops, except at Kajinmpau. The ranking lists for sorghum showeéd the close
consistency between the seasons with Machanga at the top and Gategi at the bolttom. In all seasons,
the first 5 t ha! manure resulted in a significantly greater response at Machanga than at Gategi. Most
sites fell between in a fairly clear group. Manure response at Machanga was above the central group
in two scasons, and manure response at Gategi was below the central group in two scasons. It was
concluded that for the first increment of manure, Machanga gave a high response and Gategi gave a
low response. This result confirmed the hypothesis proposed above (section 3.1) that Machanga and
Gategi differed from the other sites. The other soils gave an intcrmediate response, but differed little

belween themselves.

For the sccond increment of manure, the response to manure did not differ significantly between sites,

either with or without any of the three "exceptional” sites mentioned at section 3.1,

3.2.2 Millet.

There were significant differcnces between top and bottom sites in most lists for millet, but the results
were not nearly as consistent as for sorghum. For the low manure rate, there were some responses
to manure at Machanga, Kamwaa and Gacheraka in the weltter seasons. In the dry 4/96 season (only
261 mm rainfall, the driest of any season), no differences between sites were significant, indicating

major limitations by low water availability,

For most sites, the responses to exira manure were fairly evenly distributed around zero, indicating
no overall effect. But Gategi and Kajiampau appeared to give high responses even though there was

little effect of the low rate.

t
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3.2.3 Green Grams
Little attention need be paid to the results for green grams because they contributed littie to the grain

production. There were small responses in the wetter secasons.

324 Cowpeas

The lists for cowpeas showed complicated variations between seasons. It is felt that the response of
legumes to the manure is complicated because of their secondary role in the intercropped system,
where they are literally overshadowed by the cercal component, This may inhibit responses in
otherwisce favourable scasons. No one sife was consisiently much better or worse than the majority.
It was considered that cowpeas responded to manure in the wet seasons, but not mwuch in the dry

Scasons.

The growth of cowpeas at Kajiampau merils special attention.  Kajiampau gave the best yield
responscs tor legumes overall, and at this site only, cowpeas were the highest y'i'clding Crop.
Conditions here cvidently favoured cowpeas and it was observed that the balance of competition
between cereal and legume components of the cropping system varied between sites and was not much

affected by manure application (see also Appendix 8).

3.3 Ranking of.sites and soils

As an indicator of which sites gave consistently good responses (0 manure, the frequencies with which
each site appeared in the top two ("high") and bottom two ("low") places of each list were counted
{Table 2). The table is not truly independent of the LSD comparisons since it is derived from the
same data, but it is a complemeniary approach 1o assist interpretation.

First 5 t ha'! manure. Machanga, Kamwaa were often found in the top two places of the lists and
rarely in the boitom places (Table 2) while Gategi and Mutuobare were often found in the bottom two
places. Thus, the lists indicate that Machanga and Kamwaa had poor soil fertility because relatively

large responses were common,

Extra mannre.  Compared to the results for the low manure rate, more variety of siles appeared in
high and low response catcgorics. Galegi, Machanga and Kajiampau appeared most often in thic top
two, while in the bottom two places, all the sites appeared about equally often (except for the
responsive Machanga and Kajiampau sites). The rankings were therefore less consistent. It appears
that after relicf of the most severe nutrient deficiencies, responses to extra manure were similar in the
sites, hence the more random ranking in the lists. Gategi site was unusual hecause it gave few

responses for the first 5t hal, but more for the extra manure,

In conclusion, Machanga and Gategi were clearly identified as giving exceptional responses.
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Machanga gave frequent and significantly high responses to both 5 t ha' and extra manure. Gategi
gave significantly low responses to 5 t ha' manure but some significantly high responses to extra
manure.  Kajiampau was added fo the list of unusual sites because it gave some unusually high

responsces in cowpeas and millet to extra manure.

For the other four sites, some gave significantly high responses with particular crops and scasons,
notably with legumes at Kamwaa. However, they fell into a statistically similar group for much of
the time. An important additional lesson from this is that reliance cannot be placed on results for a

single season, which is likely to be unusual in some way.

3.4 Seasonal differences in manure response
There was a suggestion that responscs were lower in drier scasons. With intercropping, ratio between
the cereal and legume components could also depend on the weather, with wet weather favouring

cereals.

4 Response to manure in relation to soil properties

The responses to manure could differ between places because the different soils had different amounts
of available nutricnls.  An objective of soil analysis is to help predict nutrient requircments from
measurcments of soil. Statistical consideration of the agronomic results showed that at three sites, the
responses to continuous manure were different from the responsc at the other group of four sites: the

group of four were treated together.

4.1 Gategi

Gategi soil was the only vertisol and it showed an anomalous response curve, where the response to
the scc.ond increment of manure was less than the response to the first 5t ha'. Two possible
cxplanations may be proposced. First, the high clay content means that a higher proportion of the
nutrients supplied at the low rate of manure may be made unavailable on the high surface arca of clays
or in organic matter stabilised by the clay. At the higher rate, more nutrients would be surplus to soil
capacity and instead available for plants. However, the montmorillonitic clays of vertisols are not
normally associated with this kind of nutricnt immobilisation. The second suggestion is that a high
proportion of the low rate of manure may have fallen 1o the bottom of the deep cracks formed in the
dry scasons, and become inuccessible.  However, this behaviour should result in very variable
responses because the exact response would be determined by the chance formation of cracks, and the

low response to the first 5t ha' manure at Gategi was rather consistent.

4.2 Machanga

Machanga soil was the most delicient in phosphorus as indicated by extractable P (Olsen-P = 0.9 mg
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kg!). At the ncarby SOM cxperiment on almost the same soil, addition of P fenilizer alone caused
sorghum grain yield to be almost tripled (Warren ct al. 1997). It is clear that extreme P deficiency
is the cause of the dilferent response characteristic here. Analyses of the manure from 1993 to 1996
showed that on average, 24 kg P ha werce supplied each year in 5 t ha™ manure, which alleviated the

deficiency.

4.3 Kajiampau

There was no extreme soil chemical characteristic at Kajiampau , although the Olsen-P was high (10
mg kg') whereas total N (0.051%) was the lowest of any soil, so imbalance of N and P may be a
factor here. The good performanee of legumes relative to cercals could be explained by this, since
although the soil is probably deficient in N, the legumes can fix their own effectively because P is not

limiting.

4.4 Mutuobare, Kamwaa, Gacheraka and Kaanyaga
This group of soils gave statistically similar responses, and the response to the first addition of manure
was investigated in relation fo soil N and P. The soils look fairly simitar, being sandy loams, reddish

in colour and are provisionally ciassed as chromic cambisols,

Simple correlations were made between the size of the response to 5 t ha! manure for each site and
(i) the mean soil 1otal N (Kjcldahl meihod) and (i) extractable P (Olsen method), in the unmanured
soil. The agronomy data were the cumulative yiclds of legumes, cereals and total grains over the three
years from the 1/93 scason to the 4/96 season. The soil data were for soil sampled in all plots at ali
siles in 2/93, at the start of the project. It is obvious that not 100 much reliance can be placed on these
results because they are over four points only, although the data points are themsclves representative
means bvcr many measurements (plots and scasons). A significant inverse relationship was found
between the response in total graing response and soil total N (Figure 2). This suggested that the crops
were responding mainly to N in the manure, because the higher the soil N, the less the response to
manure. A {urther examination was made by correlating the responses in Iegume and ccreals
separately. The correlation cocfficients were significant (P = 0.05) only between legumes and Olsen
P and between cereals and N, suggesting that legumes responded to P and the cereals to the N. This
seems logical since legumes can fix their own supply of N (if P is adequate), but cereals dominated

the overall yields and responses.
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rigure 1. Response in total cumulative grain yield (3 years, all crops)
to continuous manure, at the seven sites of Trial 1..
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Figure 2. Response in cumulative grain yield to 5 tha continuous manure
in refation 1o total N in unmanured soil.
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Table 1. Responses in grain yield (kg ha') for sorghunt (intercropped with cowpea) as a result of
annual manure application, with sites placed in ranked order of the size of the response. Standard
Errors are shown for the nican response at each site, with a pooled SE for all sites and an LSD for
comparing two site means.

Response to the first 5t ha' manure (with Standard Error)

11/93 season 11/94 season 11/95 scason
Mac 1033 87 Mac 2793 (18D Mac 1187 (209 a
Kam 373 (114) a Kny 1227 (13) a Kny 1160 208) a
Gceh 373 (167 a Mut  E147 (14h a Mut 907 (192) a
Kaj 280 (266) a Kaj 853 (207 a Kaj 760 (284) a
Kny 213 (371372 Gch 653 48y a Gch 653 (104) a
Mut 13 (361 a Kam 613 (1TH a Kam 613 (359) a
Gat -133 87 a Gat 293 (674 Gat -07 (104)
Pooled SE: (246) (289) (225
LSD (5%) 759 889 694

Response to an additional 5 t ha™ manure (with Standard Error)

11/93 season 11794 scason 11/95 season

Mac T47 (306) 4 Kam 1053 @92y a Mac 520 (312) a

Kny 387 (275) a Mac 740 {6123 a Gat 400 (288) a

Mut 360 (349) a Gat 640 572y a Kny 213 (9% a

Kaj 347 (254) a Mut 587 (1703 a Gceh 173 (176) a

Kam 253 93 a Kaj 440 (401 a Kaj 67 (213) a

-Geh 160 (92) a Gceh 1G7 38 a Mut 53 260y a

Gat 80 (174) a Kny -67 (127 a Kam  -227 (577) a

Pooled SE: (240) ! (327)
LSD (5%) 740 1163 1007

Notes: Abbreviations for sitc names: Gat: Gategi, Mac: Machanga, Mut: Mutuobare, Kam:
Kamwaa, Kaj: Kajiampay, Geh: Gacheraka, Kny: Kaanyaga.

Statistically similar groupings: For cach list, multiple t-tests were used to form the largest (i.c. with

most sites) group without significant differences al the 5% Ievel, and these are indicated by the symbol
a.
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Table 2. Frequency of sites at the top and bottom of the ranking lists for individual crops (sorghum,
cowpea, millet and green gram) and seasons (11193, 4194, 11794, 4/95, 11195, 4196).

(i) Response to the low rate of manure

Top two places Bottom two places
Gategi 1 8
Machanga 7 2
Mutuobare 2 6
Kamwaa 8 2
Kajiampau 0 4
Gacheraka 2 )
Kaanyaga 4 I
(ii) Response to the second increment of manure
Top two places Bottom two places
Gategi 5 4
Machanga 7 I
Mutuobare I 5
Kamwaa 2 5
Kajiampau 6 0
Gacheraka 0 5
Kaanyaga 3 4




R5163 Final Report: Appendix 3.
RESIDUAL VALUE OF MANURE IN TRIAL 1

Introduction

Manures and fertilizers can have significant residual effects: increases in crop yields occurring in
seasons after the onc in which the manure or fertilizer is applied. To assess the full benefits of fertility
improvements, account should be taken of the residual effect and how long it lasts. As described
above (Appendix 1), Trial 1 was started in 1988/9 and by 1993, one of the original objectives, to
compare intercropped and sole cropped rotations, was considered to be completed.  Instead of
continuing that comparison, it was decided to assess the residual effects of manure. The design was
therefore altered to investigate the residual effects of manure by stopping manure application in some

plots.

Treatments

Sorghum/cowpea were planted as an intercrop every October (Seasons 1, 3 & 5) while millet/green
gram intercrop was planted every March (Scasons 2, 4 & 6). This rotation was applicd to both the
Continuous manure treatments and Residual manure treatments. The fertility treatments were as
follows:

Continions Manitre

«No manure (control) (code CIMO)
*5 t ha! manure annually (code C3M2)
«10 t ha” manure annually (code C3MD)

Residual Manure
*5 1 ha'! annually, October 1989 to 1992 only (code C3R2)
+10 t ha annually, October 1989 to 1992 only (code C3R1)

Since 1989, all manure was obtainced from the Ministry of Agriculture’s Goat and Sheep Project station
at Marimanti. Continuous manure plots have received annual manure since the start of the experiment
in 1988 and 1989. The plots for the Residual manure treatment 1ast received manure in October 1992,

o the comparison of residual and continuous effects starts from October 1993,

The Residual plots were adapted from plots of the previous sole crop rotation (code Ct) which had
legumes planted in October and cercals in March, rather than the same intercropped roration.
However, analyses of variance on the measurcments of soil organic C, total N and extractable P in
1993 showed that there were no significant differences between the sole crop and infercrop rotations

in soil properties. Thus a reasonable comparison of continuous and residual manure is possible.

Results: residual effects of manure.

Cumulative yield response Analyses of variance for the five treatments were done for each site, and
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the pattern of responses was similar at all sites, so only an all-sites mean was used for this paper.
During the three years after manure application ceased, residual manure gave significantly more grain
(approximatcly 240 kg ha' of legumes and 1190 kg ha' of cereals) than the conirol (Fig. 1). The

residual effect of 10 t ha’ manure was no larger than the effect from 5t ha™,

Season-to-season results Residues of 10 t ha'! gave significant yield responses in seasons 1 and 3
(10/93 and 10/94 planting; Fig. 2). Responses were not significant at the March planting scasons. The
reasons arc probably a combination of (i) the lower responsivencss of the millet/gram crop
combination, compared to the sorghum/cowpea combination (Gibberd, 1995) and (ii) the lower

responscs to manure apparant in dricr seasons (Appendix 2).

Residual Value
To compensate for season-to-season variations in the yields and residual effects, a residual value was

calculated, relative to the yield under continuous manure as follows:

Residual value = Response for residual manure treatment
Response for continuous manure treatment

The residual value of the 10 t ha treatment showed a progressive decline (Fig. 3), although the
residual value in the 5 t ha'! treatment fluctuated, especially for seasons 3 and 4. For both rates, the

residual value becamc negligible in the last scason.

Conclusions

Figure 3 suggests that the residual value remained noticeable up to scason 5 (10/95 planting), i.e. 7
seasens and about 3.5 years after manure application, Economic and adaptive studics of manure use
need to take this into account when planning experiments with manure in order to obtain a full

assessment of the benefits.



Figure 1. Residual effects of manure application: cumulative yields for 6
seasons from 10/93 to 7/96, averaged over all sites.
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R5163 Final Report: Appendix 4.

SOIL FERTILITY IMPROVEMENTS UNDER MANURING FROM 1988 TO 1993 IN
TRIAL 1.

Introduction

Low soil fertility is a scrious cnvironmiental limitation to agricultural development in the present
economic climate, because of the high cost of fertilizers. For most fammers in Kenyan semi-arid
climates, manure is the only atfordable concentrated source of plant nutricnts. To sustain or improve
production, good management ol manure is essential. This paper looks at the effects of manure on

fertility in the soils of Trial 1, as a background to the changes measured in the following four years.

Materials and methods 4
Field experiment In 1988/9, Trial 1 was sct up to test the effects of goat manure and crop rotation
systems as described above (Appendix 1), Agronomic results from the start to 1993 were reported by
Gibberd (1995), The manure freatments werce:

{MO) Contro! (no manure).

(M1) High manure rate: 10 ¢ ha” annually applied in October.

{M2) Low manure rate: 5 { ha' in October for most years.

From October 1989, all manurce came from the Ministry of Agriculture station at Marimanti, Tharaka-
Nithi. This very important feature of the experiment means that differences between sites in the
amounts of nutrients found arc largely due 1o differences in the nature of the soils, and are not duc
to the variable nature of focally acquired manure. The total amounts of Marimanti manure used before
1993 were 40 t 11;1" (high rate) and 20 t ha! (low rate) for all sites except Kirimbu (30 and 15 t ha'!).
Duc to a change in plans, an extra 10 ¢ ha” of local manure was applicd in the first year at some sites.
However, this appcared (o have little effect on soil properties four years fater. It will be scen that the

effects of manure were related to the Marimanti manure applied.

The plots were cropped (o rotations with sorghum, cowpea, miilet and green gram, as sole crops and
as intercrops as detailed by Gibberd (1995). The amounts of residues and grains increased in this
order of the cropping systems: (i) Sole crop, cereal planted in March < (ii) Sole crop, cercal planted
in October < (i) Intercropped system. This suggested that fertility differences might arise, because
the higher yictding cropping systems might deplete the soil nutrients faster, but alse gave higher
returns of C (o the soil. However, there were no significant differences between the cropping systems
in soil chemical measurcments. Thercfore the results presented are for the effects of manure, meaned

over all cropping sysicms.
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Soil sampling and anaiytical methods Early in 1993, all plots at all sites (243 plots) were sampled
to 20 cm. The soil was air-dricd and ground to pass a 2mm sicve. Measurements were made of
extractable P (Olsen’s method, 0.5M NaHCO,), exchangeable K, total soil N (Kjeldahl method) and
organic C (Tinslcy method). The methods used normally conform to those of the Tropical Soil

Biology and Fertility Programme (Okalebo et al, 1993),

Results: Differences between sites in unmanured soil

Unmanured Gategi soil differs from the others, as it is a vertisol and has the highest pH, clay,
exchangeable cations and organic-C (Table 1). The other soils fall into mapping units where chromic
cambisols and [erralic arenosols predominate (Kenya Soil Survey, 1982). All soils have a ncutral pH.

Exchangeable cations were low (<10 emol kgh) at Machang’a, Kaaragankuru and Kirimbu.

Wide variations between sites may be noted for extractable P (0.94 to 30.97 mg kg, Figure I).
Extractable P was low at many sites, but P sorption was never high (<150 mg kg). Nong of the soils
had received fertilizer before the start of the experiment, so the high concentrations of Olsen-P (>30
mg kg') found at Mutuobare (Figurc 1) were surprising, This was attributed to the local geology,
since the P mineral apatite was identificd in the soil fine sand fraction (Plum 1994). Kajiampau site

was also naturally well supplicd with P (10.8 mg kg, Table 1).

Machanga and Mutuobare soils were naturally well-supplicd with K, having over 250 mg kg’ of
exchangeable K (Table 1). As with P, wide variations between sites are cvident for exchangeable K
(29 10 331 mg kg, Figure 2). Five sites appeared to be low in K, having less than 60 mg kg' of
exchangeable K: Gategi, Kamwaa, Kajiampau, Gacheraka and Kaanyaga, although only Kaanyaga

appearcd to be seriously deficient.

N in the unmanured soif (0.045 10 0.095%, Table 1) was always less than 0.1%., which is often
regarded as low for arable cropping. However, the range suggests that the amount of available N is
likely to vary between soils, since a roughly conslant proportion (1-3%) of soil organic N is

mineralised in each growing scason.

Effects of manure

Composition of manure Analyses of Marimanti manure were carried out from 1993 to 1996. The
feeding of the Marimanti goats was unchanged from 1989 1o 1996. Assumimg that the composition
of the manure was also unchanged. it was estimated that 1281, 102, 24 and 138 kg ha of C, N, P and
K respectively were applied each year in Marimanti manure at the low rate of application (5 t ha'),

and double these amounts in the high manure rate.
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Phosphorus,  Addition of manure always caused highly significant increases in Olsen-P (Figure 1).
Larger increases in Olsen-P were found at the sites with more natural P, For example, compare
Machanga and Muiuobare sites.  Averaged over ail sites, the increasc in Olsen-P was roughly
proportional to the ratc of Marimanti manure applicd, since the annual low rate was 5 t ha™ and the

high rate 10 t ha'',

Porassium. Manurc almost always gave highly significant increases in exchangeable K (Figure 2).
The exception was Kamwaa, where the sotl is quite sandy. Leaching loss may be significant here,

On average, the increase in K was roughly proportional to the rate of manure application.

Nitrogen. Five of the nine sites showed significant increases in soil total N after manuring (Figure
3). Normally, there was no significant difference between the low and high manure rates in total N,
indicating that the higher rate ol manurc conferred no additional benefit on soil N supply.

Carbon. SOM, asscssed by organic C varicd substantially between sites (Figure 4). As expected,
organic C and 1otal N showed similar patterns in amount and significance of the response (Table 2),
since most soil N is contained in soil organic matter. The largest increases in organic C with manure
were found at Gategi, Machanga, Mutuobare and Kaaragankuru sites. Manuare had little effect at
Kirimbu. The high ratc of manure normally resulted in only a littic more soil organic matier than the

low manure rate, an increase that was significant onlt at Machanga,

Calcium and magnesium. There was little effect of manure on exchangeable Ca and Mg (Figs § and
6), although at Machanga and Kaaragankuru, the two sites with the lowest Ca and Mg, significant

increases were found.

Discussion

P and K concengrations varied widcly between sites, indicating that nutrient requirements can vary a
lot within the region. The response 10 manure may be due to different elements in different places.
Nutrient build-up was highest at the sites with most natural P and Ko Thus, where soil P and K
supplies are good in semi-arid soils, surplus nutricnts are retained. Nutrients can build up to high

concenfrations where there are no offakes, as found under caitle bomas by Probert et al. (1995).

The build up of s0il organic matter by manure varicd between the sites, but was not related 1o the
original soil C. At Kirimbu, C was not increased, bul the significant increases in P and 'K prove that
manure was not 1ost by erosion, We suggest that organic matier is more quickly decomposed here.
Kirimbu is hotter than the other sifes, with a mean annual maximum temperature of 35°, compared

to 29° to 33° at the others.
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Conclusions
There were wide variations between sites in natural fertility.  Strategies for integrated nutricnt
management (INM) and adaptive development in semi-arid arid arcas need 1o recognise that the

limiting nutrient, and thus INM stralegy may well be different between farms and ficlds.

The low manure rate normally incrcased C and N, but the high rale was incflective at increasing C
and N over the low rate and the cxtra N was therclore fost. It follows that the most efficient way to
use manure N is 1o spread a low rate over a wide arca.  This obviously requires more labour than
adding a high ratc to a small arca. But since fertility maintenance is an increasing constraint, the

additional work may become essential for sustainability.
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Appendix 4; Table 2. Levels of statistical significance for the increases in soil extractable P,
exchangeable K, total N, organic C, and exchangcable Ca and Mg, which resulted from application
of manure at the ninc sites.

(i) Effect of the low rate of manure (5 t ha' per year).

Site P K N c Ca Mg
Machanga * ok ok ik NS * NS
Mutuobare NS FAk ok ok NS NS
Kamwaa FAok NS NS * NS NS
Kajiampau * o * NS NS NS
Gacheraka * NS NS NS NS NS
Kaanyaga NS ik * NS NS NS
Kirimbu NS #k NS NS NS NS

*, ** and *** denote increases significant at the 5. 1 and 0.1% levels respectively.,

(ii) Effect of increasing the manure rate from 5 to 10 t ha' per year.

Site ' P K N C Ca Mg
Gategi NS NS NS NS NS NS
Machanga ok * NS * * *

Mutuobare HdkE ok NS NS NS NS
Kamwaa NS NS NS NS NS NS
Kajiampau ik ook NS NS NS NS
Gacheraka ok how NS NS NS NS
Kaanyaga ok NS NS NS NS NS
Kaaragankuru NS ok NS NS NS NS
Kirimbu * ik NS NS NS NS

*, ** and *** denote increases significant at the 5, | and 0.1% levels respectively,

A



Figure 1. Effects of manure on

extractable soil P,

Figure 2. Effects of manure on
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R5163; Appendix 5.

DYNAMICS OF SOM CARBON IN TRIAL 1.

Introduction

The principal sciémiﬁc objective of the Project (Appendix 1) was to test the established Rothamsted
carbon rnover model ROTHC-26.3 (Coleman and Jenkinson, 1996) for soils of the semi-arid tropics.
The model describes the dynamics of soil organic carbon and was constructed around the long-term
changes observed in the Rothamsted classical experiments (150 years’ data), and also using
experimental and empirical relationships for the effects of soil temperature, moisture and clay on the
decay of fresh organic materials. Some of the latter relationships were based on work in the tropics
{at IITA, Nigeria) but there was no direct input from semi-arid conditions. If the model can handle
semi-arid conditions acceptably, then the underlying concepts would be validated and it could be used

for predictive purposes with confidence.

This modcl is dedicated 1o soil processes. Principles such as the number of C pools and descriptions
of rate processes, are used in other models intended for an agronomic context. Validation of the
Rothamsted approach thus underpins many other models and is of wider help in understanding
sustainability of cropping. The work was centered on Trial 1, where the treatments have been
maintained for § years. Predictive modelling of the SOM experiment was also done, but the present
timespan of that experiment was judged to be not yet long enough for a real test of the model.
However, soil analytical information of the initial uncultivated soil serve to substitute for the missing

initial soil data in Trial 1.

Nlethods

The model has five pools of organic C, four active ones - decomposable plant material (DPM),
resistant plant material (RPM), microbial biomass (BIO) and humified organic matter (HUM) and one
inert poot, inert organic matter (JOM). The pattern of decay of input C is illustrated in Figure 1.
Incoming organic residues arc divided between DPM and RPM, depending on the type of plant
material. The sizes of the pools are recalculated cach month, and appropriate transfers made between
the C pools. The model can also include the incorportaion of manure. The manure used in this set
of experiments was from the same source was used throughout the experiment (except for a short
initial period up to October 1989). It was analysed for C, N, P and K from 1992 to 1997. C content
was fairly consistent at around 30%, because the manure was collected with little contamination from
soil and this figure was used for the whole experimental period. Meteorological date required were
rainfall and mean air temperature, available for all sites, and pan evaporation, which was available at
four sites and estimated for the others by interpolation and historic data from the Kenya

Meteorological Office climatological statistics.
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The model was optimised on the MO (no manure) treatment for each site. The sites were assumed to
be at an cquilibrium state under bush for 10° years until the start of cultivation (1988/9 at most sites),
with an unknown C input to the soil. Then the actual/estimated C inputs for MO were used. Fitting
was done first with Machanga, because there were measurements of (i) the radiocarbon age, to help
set the JIOM (inert) component and (ii) standing biomass under bush, available from the vegetation
survey. The C input under equilibrium and 10M pool were adjusted iteratively until a satisfactory {it
was obtained for the MO data. Then the actual C inputs for the other treatments were used, with the

same initial (equilibrium) state. Thus, these other treatments are independent tests of the model,

Results

The modelied patterns of SOM change reflected the pattern of fertility change that might be expected
(Figure 2). The model output suggested that the cffects of manuring is quite long-lived, since manure
applied from 1989 to 1992 created residues that increased the SOM in 2002, 10 years Jater. All the
fitted curves and actual data points are shown for Machanga site (Figure 3), Perhaps because this site
was the best characterised one, resulls were generally good here. Fits for MO and F treatments were
satisfactory, as would be expected since the medel was optimised on MO, and there were only small
additional inputs of plant C with fentilizer. At Machanga, and all other sites, the data for treatment
M2 was simulated well by the model (Figure 3). The pattern of change under treatment R2, where
manure was applied for {our or five years only, was also well represented. However, at the higher
manure rate, 10 t ba”' per year, the modet did not perform so well, and consistently overestimated the
soil C (Figure 3) in the period 1993 10 1997. Up to 1993, the disagreement was not marked at
Machanga, and for freatment R1, 10 t ha! manure for four or five years only, model predictions fitted

acceptably to the actual data during the period of decline from 1993 to 1997,

Yor the other sites, similar patierns were observed, although there were some particular difficultics at
Kamwaa and Kaanyaga. At Kamwaa, optimisation on MO would lead to large overcstimates of C at
all other trealments, but optimisation on the fertilizer treatment gave underestimantes for M0 and the
ususal pattern of fit for the other treatments. At Kaanyaga, for treatments F and R1, as well as M1,

SOM-C was overestimated,

For all the sites, the results were pooled together for a general picture. There were significant
differences between soils in the natural soil C. A good fit was obtained if the data were expressed
as changes on the modelled equilibrium situation, ic. 1988 = 100% for all sites, instead of averaging
the individual results. When this was done, the results again suggested that the low manure rates were
handled satisfactorially, but the M1 treatment was not well represented by the model (Figure 4),

Deviations from _[hc modelled data were least for treatment M2,



Discussion and conclusions

Continuous manuring at 5 t ha” (M2) appeared to increased soil C at all sites except Kirimbu by 1993
(Appendix 4), but the increase was significant at only four of the original nine sites, perhaps in part
because of soil variability and the need to look for a small difference in a large background. In
drawing conclusions, it was necessary to bear in mind the short run of data (four ycars only),

experimental error and lack of initial data.

The modet consistently over-predicted soit C at the high manure rate. The model is linear with respect
to C inputs, ie. the same % of input C is turned into DPM and RPM, no matter how much C is added.
Similarly for the C which is decomposed cach month, the split between CO,, BIO and HUM is the
same, no matter whether a lot or a little C is added. This is at odds with the observation that in 1993,
the high manure rate did not much increase SOM, compared to the low rate. It suggests that the
capacity of semi-arid soils to stabilise humified C is limited and at over about 5 t ha' manure, the
capacity was exceeded. Perhaps the most important potential improvement to the model would be a

non-linear relationship between input C and stabilised C.

Nevertheless, and based on experience of fitting other datasets, it was concluded that the ROTHC-26.3
model gave a generally acceptable fit to the observed C dynamics except for treatment M1, But for

semi-arid conditions, the model should not be used at C inputs of over 5t ha™.

It had been hoped that using the model would assist in describing and interpreting differences between
the soils but no clear systematic differences between soils could be found. 1t was noted though that
if the fitted 10M pool was related to the fitted total C as at 2/96 (the last sampling of all sites) the
highcst‘propor’tiens of total C as IOM were at Gategi and Machanga. The former soil has the highest
clay content. At the latter site, fertility was very low and the SOM probably provided few plant

nutrients, as indicated by the poor yields without manure.

Reference
K Coleman and DS Jenkinson 1996. ROTHC-26.3 A model for the tumover of carbon in soil.
Model description and users guide. ISBN 0 951 4456 6 9. IACR Rothamsted, Harpenden, Herts, ALS
21Q, UK.



Figure 1 - Structure of the Rothamsted Carbon Mode)
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Figure 2, Modelled changes in soil organic C under the
six fertility treatments at Machanga Trial 1.
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Figure 3. Actual and modelled soil organic carbon at Machanga Trial 1 site from 1989 to 1997
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Figure 4. Changes in soil organic Cin rel

sites of Trial 1.

............................ IﬁN-OON
+5003
+ €002 '
T o
+ 5002 © g
[ T n_r..v E
N + 6661 5 £
== i o o L
E= 2 o &
@ - T 4661 £ b
LL, . + .,nnu.v .m
: . T 5661 = g
L . 1 T &
1661 _ =
L o
T =
T 1664
b+t 5861
32588398°
ebejuecieq
. ................ _ NDDN r 2008 T NOOW
+500Z rS00e ‘15008
+go00g F 002 © Eeee
4 @ L 5 4
o + 1002 © - Lo0Z g | T1o0g
5 T @ I £ T
o + > i T -
m l-mmmv 5 2 z T 6661 5
> - H >
o . + L6614 £ I . + 1661
Pt ™ ~+ z =) H +
_ 2 S 5 2 P 15661
W i T 5661 S o ) T
4 - £66¢ o . P +E664
+ = o 4
: 1664 @ 4 165L
L e 1] H Attt 5861
BgRE889R® B3888B2&°
ebeueniey ebeluaviod

Asb



R5163 Final report; Appendix 6.

SOIL NITRATE DYNAMICS UNDER GRASS, SORGHUM AND BARE FALLOW IN THE
FIELD EXPERIMENTS AT MACHANGA, MUTUOBARE AND KAJIAMPAU

Introduction

A major function of soil organic matter is its role as the reservoir of nitrogen (N) in the soil.
Microbial decomposition of SOM rcleases ammonium-N, which is quickly oxidised to nitrate-N.
Nitrate may be taken up by plants or lost by leaching or denitrification. The rates of all these
processes vary with soil moisture content. In the November 1994 rainy season, a set of studies was
made on soil nitrate at three sites in order to assess the availability of SOM-N in these soils. The sites
were selected on the basis of contrasts in soil chemistry. Soil P was low at Machanga, high at
Mutuobare and adequate at Kajiampau. Soil total N was lowest at Kajiampau and highest at
Mutuobare (Table 1). The work was done in both Trial 1 and SOM Experiments (see Appendix 1)

and in the latter experiment, values of P were similar to those in Trial 1 and N was a little higher.

In the SOM Experiment at Machanga, ammonium-N was measured three times and did not vary
between sampling time and treatment (bare fallow, grass or sorghum). It was considered satisfactory
to assess the changes in available soil N by measuring only the soil nitrate. Nifrate was measured at

intervals of 2 to 5 days in Machanga SOM cxperiment and on sclected occasions at the other places.

Table 1. Selected characteristics of the sites and unmanured soils of Trial I, as sampled in September
1994, nb: There were only small differences between the SOM and unmanured Trial 1 plots at
Machanga and Mutuobare.

Machang’a Mutuobare Kajiampau

Rainfall (mm):

Mean Annual 740 809 1040

Oct. to Jan, season 423 497 683

Oct. 1994 to Jan. 1995 439 616 862
pH (water) 6.55 6.84 7.10
pH (CaCly) 5.75 6.18 6.39
Total N [Kjcldahl] (%) 0.066 .092 0.059
Olsen-P (mg/kg) 0.98 26.3 10.2

Texture

Sandy clay loam

Sandy clay loam

Sandy loam

b/



Results

SOM Experiment

At Machanga, nitrate concentrations were highest soon after the start of rain (Figure 1). Under bare
fallow the increase in nitrate from October 8 to 18 was significant at the 5% level, clearly
demonstrating the existence of a flush of SOM decomposition (Birch, 1960) in the field situation.
Within another weck, most nitrate had been lost. Under bare fallow and sorghum, nitrate concentration
increased during dry weather and losses occurred when soil water content exceeded 10%. Modelling
of soil water movement indicated that there was no leaching below the rooting zone, so denitrification
may be the main route for loss of soil N.

Nitrate concentration was lower under sorghum due to plant uptake (Figure 2). Under grass, nitrate
remained very low throughout the scason because the dense, permanent rooting system could take up
mineralized N quickly. In the P fenilized treatments, nitrate concentration was lower throughout the

season and sorghum N uptake increased,

Estimates of net mineralization under bare fallow were made from the increases in nitrate during the
three main dry periods (Table 2). It was found that a total of approximately 57.6 kg N ha” was made
available during the season, exceeding the total above-ground N uptake of 51.9 kg N ha" in the P

fertilized treatment.

At P-rich Mutuobare, vigorous sorghum growth kept soil nitrate concentration low, even though N
mineralization was faster than at Machanga, as indicated by higher initial nitrate and a faster increase

late in the season in bare failow,

Table 2. Accumulation of nitrate-N in the 0-15 ¢m horizon of unfertilized Machang' a bare fallow, at
the end of each period of net mineralization.

Increase in nitrate-N Amount of mineralized nitrate-N
concentration in topsoil on the last day
(mg N kg (kg N ha!)
Mineralization period
Before Day 18 14.08 26.2
Day 23 to Day 33 3.41 6.3
Day 37 to Day 67 5.25 9.8
Day 70 to Day 17 8.22 15.3
Total - 57.6




Trial {

Soil nitrate was measured in all the manured treatments (Part 1: Introductory Paper 2) and control.
Because of the infrequent sampling, interesting details of the nitrate dynamics such as the early season
flush were missed. However, the general temporal pattern was the same as at Machanga SOM.
Topsoil nitrate concentrations were highest at the start of the scason, and within about 15 days, most
nitrate had been lost and differences between soils and treatments were much smaller. At the
beginning of the season the response of nitrate to manure normally followed that pattern that might
be expected ic. higher at the high manure rate and higher in soils under continuous manuring
compared to soils where manure was last applied in October 1992, At the end of the season nitrate
was significantly higher in soils with 10 t ha’ continuous manure than the other treatments at
Mutuobare and Kajiampau. During days 49 to 80 at Machanga, nitrate was significantly higher in the

unmanired control compared to other treatmients (Figure 3).

Nitrafe N correlated with N taken up by crops on many occasions at Kajiampau, where N was the
main limiting nutrient, but not at Mutuobare or Machanga (Table 3). The wide variations of measured
nitrate between sites and sampling dates make it unsuitable as a practical indicator of N requirements
for crops. Total soil N was correlated with N taken up by the sorghum at all sites and the degree of

correlation increased in the order Machanga < Mutuobare < Kajiampau.

Conclusions
At Kajiampau, the crops responded mainly to N in the manure, indicated by close correlations of soil

N with crop N uptake, whercas at Machang’a, the crops responded mainly to P in the manure.

For all soil types, nitrate contents were highest at the start of the season and increased again towards
the encI. of the season. Large losses of nitrate were found early in the season under all treatments
except grass. Thus the natural patiern of N availabifity was poorly matched to crop demand, which
is most during the middle part of the season. Application of N fertilizer early in the scason is not
recommended as it wouid be lost wilth the initial native soil nitrate. At present, mineral fertiliser N
should not be recommended to farmers for these areas, but research should be carried out into top

dressing, since N was clearly limiting at some places such as Kajiampau.

The continuous high manure rate resulted in additional surplus nitrate at the end of the season, which
would be lost at the start of the following season, A maximum manure rate of 5 ¢ ha'l is indicated
to reduce losses of N. At the lower application rate, manure had significant effects in the fifth scason
after application (sec agronomy results), so the frequency of application could be varied within that

maximum application rate. This gives opportunities for labour saving management in scheduling of

applications.
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‘The use of P fertilizer at the P-deficicnt site reduced soil nitrate and increased sorghum N uptake. At
the P-rich sites, vigorous sorghum growth kept soil nitrate concentration low, even though much nitrate
was produced and lost in bare fallow. Therefore, adequate soil P is essential to manage efficiently the

natural N resources of soil.

Although N is supplicd from soil to plant roots in the form of nitrate, the amounts of nitrate at any
time were not well related to yield and N uptake. Toral N is the better indicator of the fertility of the

soil with regard to N, and could be calibrated for soils of the area.

Table 3. Correlation cocfficients between (i) total N uptakes (grain plus residues) by sorghum or
cowpeas and (ii) soil nitrate or soil total N for three sites of Trial I,

Sorghum N uptake
' Planned Machanga Muguobare Kajiampau
Sampling Day?

Total-N 0 0.628% 0.657%* 0.760%**
Nitrate-N 10 0.166 (.423 (.444
25 0.326 (.656%* 0.645%%
50 -0.337 0.406 0.397
75 -0.503 0.640* 0.678*
100 0.102 0.4350 0.310
120 0.077 0.442 0.328

Cowpea N uptake
Planned Machanga Mutuobare Kajiampau
Sampling Dayt

Total-N 0 0.171 -0.049 0.524*

Nitrate-N 10 0.608* 0.345 0.578*
25 0.609%* 0.253 (0.603*
50 -0.102 0.147 0.641%*
75 -0.035 0.359 0.762%*
100 0.355 0.374 0.544*
120 0.163 0.137 0.764**

TThe actual dates varied between sites and are given in the text,
¥, # and *** denote corrclations significant at the 5. t and 0.1% levels respectively.

References
Birch, H.F. (1960). Soil drying and soil fertility. Tropical Agriculture, Trinidad 71; 3-10.

Warren, G.P., Atwal, S.S. and Trungu, J.W. 1997, Soil nitrate variations under grass, sorghum and
bare fallow in semi-arid Kenya. Experimental Agriculture 33: 321-333.
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Figure 1. Soil nitrate in Machanga SOM site, bare fallow soil, in relation
to soil water content, November 1994 season.
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R5163 Final Report. Appendix 7.
DYNAMICS OF EXTRACTABLE P AND FIELD BALANCES OF P IN TRIAL 1

Introduction

The sustainability of an agricultural system should be assessed by measurable indicators, such as trends
in crop yields, trends in soil composition and nutrient balances of the system. Nutricnt balances are
suggested as a suitable indicator of susfainability regarding soil fertility (Smaling et al. 1996), but
estimates of the inputs and outputs of N, P, K etc. for farmers’ ficlds are subject to many errors.
Observation of trends in crop yiclds and soil chemistry requires a long time-scale for the work.
Because it was established in 1988/9 and continued with the same crops until 1997 (Appendis 1), Trial
I provides an opportunity to try out all three approaches to the assessment of sustainability mentioned
above. Soil analysis was not undertaken in the first phase of the experiment (before 1993), so the
picture is incomplete, but trends in soil P status were investigated in the 1993-7 period. The objectives
of the work described here were (i) to assess the trends in soil available P and (ii) to relate the the

trends (o the P balance of the {ields.

Methods

During the second (1993-97) phasc of Trial I, the field treatments were: {code MO) no manure; (M1)
manure at 10 £ ha' annually; (M2) manure at 5t ha’; (R1) residual cffects of 10 t ha'! of manure
applied in the first phase (1989-93); (R2) residual effects of 5 t ha! of manure applied in the first
phase, and (F) N and P fertilizers applied at rates close the N and P supplied in treatment M2. The
annual rates of N and P applied in freatments M2 and F were approximately 102 kg N ha' and 24 kg
P ha’. The fields were cropped to sorghum/cowpea intercrop and millet/green gram intercrop as
described above (Appendix 1), Each scason from the 4/93 season to the 11/96 season, samples were
taken of the crops at harvest. Each crop (cereal and fegume) was sampled separately and divided into
grains and residues (all above-ground crop residues were combined). Samples were taken for ail plots
at all sites. Total N and P in the samples were measured by the KART National Agricultural Research
Laboratory. Samples of the manure used were taken at each site, and total C, N, P and K measured

at Reading.

Soil was sampled from all plots of the above treatments at all seven sites in February each year from
1993 to 1997, except that financial constraints caused the Kamwaa and Kaanyaga sites to be closed
a year early after the 1996 sampling. All samples were air-dried, ground to pass a 2mm sicve, and
analysed at Read‘ing. Extractable P was measured by the Olsen method, 0.5M NaHCO, at pH 8.5.
The method is sensitive to the extraction temperature and particular attention was paid fo the extraction

conditions. All samples were extracted for 30 minutes at 20°C in a controlled temperature roon).

h7/1



Results and discussion

Effects of manure on trends in Olsen-P.

In the first phase (1989-1993), manure significantly increased Olsen P relative to the MO treatment at
all sites (Appendix 4). Over the period 1993 to 1997, these basic differences between the three
continuous manure treatments in Olsen-P were maintained (M0O<M2<M1), There was considerabie
variability in the data between plots and from year-to-year. Neveriheless, linear refationships with time
were filted by simple regression, to quantify the trends. An example of the data and trends is
illustrated (Figure 1) and the parameters of all the fitted lines are given (Table 1), The mean trend

for each treatment over all sites was calculated from the parameters of the individual fitted lines.

For the continuous manure treatments (MO, M2, M1) the coefficicnts of time in the regression trends
were not significantly different from zero, except for M I at Gacheraka. Although the slopes were not
significantly different from zero, the following small trends were noted: (i) downwards in MO, (ii)
almost level for S t ha™' manure and (iii) upwards for 10 t ha! manure. These comparative trends were
seen distinctly for the ail-siles means (Figure 2). Unlortunately, soil samples were not taken af the
start of the field cxperiment in 1988/9, so the soil P status before the start of manure application is
unknown. To make an estimate, the trend line for MO was projected back to 1989 (Figure 2), on the
assumption that the depletion of available P in MO confinued at the same rate over the whole cropping
period. Using this projected 1989 Olsen-P, the trends in Olsen-P from 1989 to 1993 were positive in
both manured treatments (Figure 2). The 1993-7 trends were much closer to zero. Thus the Olsen-P
in each continuous manure treatment was tending towards a new dynamic equilibrium in 1993-7, with

small net changes after the initial divergence ol the treatments.

After manure application ceased in 1993 (treatments R1 and R2), there were significant declines in
QOlsen P at many sites (Table 1). Olsen P in the former 5t ha! manure treatment was almost down
to the Olsen P in MO by 1997, In the residual 10 { ha' manure treatment, Olsen P was about the same
as in the continuous 5 t ha' treatment. This suggested that the higher manure application rate, the

longer lasting the P residual elfect.

In treatment F, fertilizer application started in 1993 and the mean annual amount of total P applied was
24 kg ha'. The érend in Olsen-P from 1993-97 was approximately parallel to the projected trend in
Olsen-P from 1989-1993 in treatment M1 (Figure 2), so both F and M1 treatments increased
extractable P at the same rate over time. This suggests that treatments F and M1 supplied the same
amount of inorganic phosphate-P. Phosphate-P is released from the manure by mineralization. It
would be expected that the mineralized phosphate-P would be split between Olsen-P and “fixed"”
inorganic P in the same way as phosphate-P supplied by mineral P fertilizer. However, treatment M1

provided approximately twice the amount of total P (48 kg ha™'). Therefore, this result suggested that
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the other half of the P supplicd in manure remained in stabilised organic P fractions without passing
through a mineralised inorganic phosphate fraction, This reserve of organic P is a potentially
important medium-ferm (over a period of a few years) reserve of soil P that would have a positive

influence on the sustainability of soil fertility.

Relationships berween field balances for P and Olsen-P.

Balances for P in the ficlds (P inputs minus P offtakes) were calculated for the six harvests from 1993
to 1996 inclusive, using the analyscs of the crops and manures. There was considerable season-to-
season variability of yields and nutrient offlakes, so interpretation was based on the cumulative
balances. At all sites, the manured treatments resulted in clear positive balances for P (Figure 3).

Potential differences between sites may exist, but could not be identified in these results.

Surpius manure P, not required by the crops woutd be added 1o both labile {extractable) and non-labile
pools of soil P. The hypothesis was proposed that the trend in Olsen-P was proportional to the net
P balance. Thus, for continupus manuring, the larger the unused manure-P, the larger the annual
increase in Olsen-P. A graph of P input against Olsen-P trend should then give a positive slope. To
test this, the mean annual P balance (from data presented in Figure 3) and the mean anual change in
Olsen-P (from data presented in Table 1) were calculated for each treatment. The relationships were
plotted for each site (cg. Figure 4). The expected relationship was found for most sites, although not
all were as good as at Machanga, eg. at Kamwaa MO (no manure), an apparant increase in Olsen-P
conflicted with a negative P balance. However, the difference between M1 and M2 could be used to
estimate the response of Olsen-P trend to P balance. Some differences between the sites were

observed for the increase in Olsen-P, in response 1o unused manure-P (Table 2: column 1).

The pdsiiivc refationship between P balance and trend in Olsen P as illustrated in Figure 4, could be
used to calculate estimates of the fate of the unused manure P. It was assumed that all manure P was
retained in the sampling horizon (0-20 ¢m) and the mean annual change in Olsen-P was converted
from mg P kg soil to kg P ha'. To do the conversion, the weight of 0-20 ¢m soil per ha was
estimated from the soil bulk density. For Machanga, 3.7% of the unused manure P was converted to
Olsen-P (Table 2: columns 2 and 3). The range of the conversion was from 1.1 to 20.5%, suggesting
that 79.5 t0 98.9% of the unused manure P stayed in the soil as "fixed" inorganic and unmineralized
organic forms. It was also observed that the higher the Qlsen P in unmanured soil, the lower the
proportion of immaobilized manure P (Figure 5). Thus the amount of Olsen P in an unfertilized soil

may also indicate its potential for immobilization/fixation.

For the soils where manure application was ceased, crop growth and P offiake were limited by

constraints other than available P. In general, yiclds and P offtakes were little more in R1 compared
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to R2, while the concentrations of QOlsen-P were a lot more in M1 and R1 compared to M2 and R2
in 1993, at the start of the fertility run-down (Appendix 4). It was easier to consider the RI and R2
resulls separately from the continuous manure results, by thinking in a "depletion” sense by working
left and down from the origin (x=0. y=0} in Figure 4. Thus, in a comparison of R1 (former high
manure) and R2 (former low manure), the extra depletion of soil P (a more negative value for P
balance) was associated with a worse (more negative) Olsen-P decline.  However, the mean extra
offtake from the RI treatment was less than the mean extra depletion of QOlsen P (Table 3). This
suggests that in the R1 treatment, the depletion of labile-P was able to supply all or most of the extra
crop P requirement. The rest of the Olsen-P was converted from inorganic labile form (Olsen-P) to

non-labile forms, which would probably include inorganically "fixed" P.

Conclusions

Qualitative relationships between P balance and trends in Olsen-P were developed for most sites.
However, high levels of variation madce it impossible to show significant differences between sites.
Where there was a positive balance of P in the ficld, the extractable P showed an upward trend. It
was clear that this upward trend was much faster in the first phase of continuous manuring {(1989-
1993) than in the second phase (1993-1997). These results agree with the concept that there is a
dynamic equilibrium between labife and unavailable forms of soil P.  As the amount of labile P

(represented by Olsen-P) increased over time, there was a higher conversion to non-labile P,

Some of the unused manure P was converted to the labile form (Olsen-P) and some of the rest would
be converted to "{ixed” inorganic P. This was also suggested by the results for P balances in (i) the
residual high manure treatment (R1), where Olsen P declined more rapidly than was accounted for by
plant uptake, and (ii) ferilizer-P treatment (F) where surplus P would start as an inorganic form.
However, none of the soils was either strongly acid or calcarcous, and sorption of inorganic P was
never high {Appendix 4), so severe "lixation” of P is not an issue for these soils. Thus the results
suggest that much unused P was converted to stabilised organic forms, in agreement with the
comparisons of the trends in Olsen-P for manure and fertilizer treatments. The newly formed soil

organic P could persist over several years and positively influence sustainability of soil fertifity.
Reference

Smaling, EIM.A., Fresco, L.O. and de Jager, A. 1996, Classifying, monitoring and improving soif

nutrient stocks and fiows in Alrican agriculture. Ambio 25, 492-496.
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Table 1. Parameters of the regression equation P=a+bt describing trends in Olsen-P (P) with tine
(t), from 1993 to 1997, (1993 = Year 1).

M0: No manure F: Fertilizer (24 kg P ha per year)

(1 h a b
Gategi 1.333 - 0.077 Galegi 1.575 + 0.704 **
Machanga 1.006 - 0.007 Machanga 1581 + 0.737 **
Mutuobare 35.873 - 1453 Mutuobare 23265 + 3.168 #
Kamwaa 3.591 + 0.101 Kamwaa 3.008 + 1.580 *#*
Kajiampau 10.380 - 0.981 Kajiampau 10.521 + 1.004
Gacheraka 1,685 + (0.016 Gacheraka 2,983 +0.565 *
Kaanyaga 5.766 - 0.086 Kaanyaga 6.400 + 0415
Mecan 8.548 - (.355 Mcan 7.048 + 1.167

M2: 5 t ha” manure every year

Ml: 10 t ha!

manure every year

a h a h
Galegi 5365 -0.193 Galegi 7.161 + (359
Machanga 1.853 + 0214 Machanga 4.267 + 0.503
Mutuobare 37777 + (L2 Muluobare 57.198 + 1.639
Kamwaa 12546 - 1.217 Kamwaa 16.001 - 1.134
Kajiampau 15.613 - 0,120 Kajiampau 24767 - 1.088
Gacheraka 3.007 + 00131 Gacheraka 4250 + 0.686 *
Kaanyaga 5.258 +0.503 Kaanyaga 3.354 + (0.284
Mean Mecun 17,428 + 0.179

R2: 5t ha' manure, 1989-92 only

11631 - 0.064

R1: 10t ha' manure, 1989-92 only

i b a b
Galegi 7.362 - 1,528 * Gategi 6773 - 1,124 *
Machanga 1.871 - 0.143 Machanga 3567 -0.617*
Mutuobare 31.214 - 1.005 Muluobare 52.174 - 2.931
Kamwaa 9969 -0476 Kamwaa 12,794 - 1786
Kajiampau 16.564 - 1429 Kajiampau 24,557 - 2388 *
Gacheraka 2.395 - 0.090 Gacheraka 3.844 - (458 **
Kaanyaga 6.827 - 0.208 Kaanyaga 8.849 - 0,052
Mecan 10,779 - 0.697 Mecan F6.080 - 1.337

#and ** derote that the regression coetficient b was significant at the 5% and 1% levels respectively.
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Table 2. Relationships (regression coefficient) berween the mean annual increase in Olsen-P and the
mean annual P balance for continuously manured treatments, and estimates of the partitioning of
wused of manure P inio extractable (Olsen-P) and non-extractable (immobilized} fractions.

Coefficient: Partitioning of 100 g
Increase in Olsen P (me ko)) unused manure P between
P input (kg ha''y labile and non-labile P
Olsen P Immobilized P
(g ha) (g ha'"y
Galegi 0.0089 2.6 97.4
Machanga (0.0132 3.7 96.3
Mutuobarc 0.0698 20.5 79.5
Kamwaa 0.0036 1.1 38.9
Kajianipau 0.0496 12.4 87.6
Gacheraka (L0168 5.0 94.4
Kaanyaga (.0340 11.1 85.9

Table 3. Depletion of labile P under fertilivy decline in the residual manure treatments. Comparison
(RI - R2) of the former high manure (R1) and former low manure treatments (R2), for (i) the annual
rate of depletion of labile P (OQlsen P) and (ii) the extra P uptake.

Olsen P depletion in R Extra P uptake in R1
(kg ha'y (kg ha")

Galegi LIS £.70

Machanga 1.3 0.9

Mutuohare 5.64 (.82

Kajiampau _ 2.89 0.10

Gacheraka 1.22 -0.03

Kaanyaga 0.51 1.47

Six sites 2.13 1.33
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Figure 1. Trends in Olsen-P from 1993 to 1997 in the MO (no manure)
treatment at each site, with fitted regression lines.
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Figure 3. Cumulative P balance over six seasons, from March 1993 to
February 1996, for continuous manure treatments.
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R5163 Final Report. Appendix 8.,

EFFECTS OF NATIVE SOIL PHOSPHORUS ON BIODIVERSITY, PRODUCTIVITY AND THE
DYNAMICS OF SOIL CARBON AND NITROGEN AT MACHANG’A AND MUTUOBARE
SITES.

Introduction
Soil, natural vegetation and agronomy have been investigated at, Machang'a and Mutuobare, two sites with
contrasting natural soil fertility. Resulls of several studics have been brought together in this paper for a

broad picturc of soil fertility.

Sites

Machang'a and Mutuobare are experimental agriculture sites of the Kenya Agricultural Research Institute
(KARID), in the Mbeere District of Kenya and ncar 1°S 35°E. The climate is semi-arid with about 800 mm
rain per year, bimodally distributed (Table 1), The soils are Chromic Cambisols (about I m clqcp) overlying
granitéid gneiss (van de Weg and Mbuvi, 1975) and the major soil clay minerals arc kaolinite and itlite.
Many propertics of the two soils (c.g. pH, mincralogy, K content) are similar (Table 1). The sites dilfer
because Mutuobare soit is rich in avaitable native soil P, shown by (i) the high amount (30 mg kg') of
extractable P (Olsen method: 0.5M NaHCO;) and (if) the composition of the topsoit finc sand (0.05 1o 0.2

nun) which contains 35% of apatite (Plum, 1994).

WTable 3, Characteristics of the sites and soils.

Machang'a Muluobire
Altitude (nv) 1030 90¥)
Rainfall (mm): Mcan Annual® 740 809
October (o January scason’ 423 497
October 1994 to January 1995 439 616
Mean annual temperasure (°C) 23 25
pH (walter) 6.47 6.54
Total C {combustion] (%) 0.921 1.18
Total N [Kjcldahi] (%) 0.078 0.098
Olsen-P* (mg P kg'h) 0.87 30.0
Sand (%) 46 59
Sile (%) 30 21
Clay (%) 24 18
Bulk density (2mmsoil) L L28 SR .

"Mean, 1989-1995
® Extracted by 0.5M NaHCO; at pH 8.5

No arable cultivation had occurred on the experimental arcas in recorded times. So the sites represent stable
ecosystems in which man's impact has heen the traditional long-term, low-intensity uses of grazing and wood

harvesting.  Grazing has influenced the sites; by domestic goats and caltle in recent decades and by wild

f[g/l

herbivores belore,



Soil organic matter composition

In the topsoil, radiocarbon (*C) dating (Warren and Meredith, 1997) showed that soil organic matter (SOM)
was always >100% modem (Table 2), so its mecan age is more recent than 1950, Radiocarbon ages can be
given to the lower horizons at Machang'a and Mutuobare, which were dated at 835 and 415 years BP (belore
present: 1950) respectively. Thus the SOM-C of the lower horizons i$ rich in resistant fractions ol humic
matler, although it must be remembered that SOM-C is in a stale of turnover. Some recently formed SOM
always exists and there is a continuum of different age fractions within the overall mean age. Inputs of C 1o
soil are from roots and surface litier, and arc thus smaller in lower horizons. Therctore, the conceniration of

SOM-C decrcased down the profile, whiic carbon age increased {Table 2).

Table 2. (): r,rmuc c (mg g ) and radiocarbon ("Cy age of organic C, e\p:es*sc’d as %
maodern (refative to 1950) in each horizon.

Horizon Organic C Radiocarbon age

Machanga Mutuobarc Machang'a Mutuobare )
0-20 cm 8.8 10.9 1034 110.2
20-35 cm 6.1 6.1 90.1 94.9

T e TR L N N e W e T T A NN A P T e

The Mutuoebare surface horizon had more seil organic matter carbon (SOM-C) compared 10 Machang'a
(Table 2). This is ascribed (o the visibly greater standing plant biomass at Mutuobare, giving larger C inputs
at the surface. Below 20 om, the concentration of SOM-C was the same in the two soils. Topsoil SOM-C
was younger al Mutuobare than Machang'a, suggesting that the additional SOM-C formed by vigorous plant

growth was added 10 a fast-tumover pool.

Natural biodiversity

In May 1995 the natural specics composition was assessed at both sites (Kinyamario, 1997). The number of
species was counied in 15 quadrats (1 x 1 m) on undisturbed bush at cach site.  Specics diversily was
markedly greater at Machanga (45 spp.) than at Mutuobare (27 spp) and 17 species were common to both
sites (Tabic 3). The natural climax vegetation was acacia-commiphora bush, Trees at Machanga gave an
incomplete canopy cover, and the density of vegetation appeared greater at Mutuobare, in fine with its higher
soif fertility. The canopy cover by woady specics was assessed by measuring scgments of transcet lines which
were covered by individual plants. At Mutuobare, high soil P favoured indigenous N fixing specics, since
acacias (N fixing) accounted for more than half of the canopy cover (52%). whercas at Machang'a,

conpniphoras (Mon-1ixing) covered nearly twice the arca of aeacias (Table 4),

e e B e A e A A A DA A AP A P P

__ATdhlc’i B.'uc!we: ur\, (Jjundfmu/x'd bush Numbms ojpfrmr sp(’ues

Mdt,hang a Mutuobare
Trees 16 6
Grusses 14 9
Other herbs . 1 12
Total 45 27

N N e A N e A e RN A A A AN

Pré?/ 2



_Table 4. Biodiversiry of undisturbed bus

Machanga Mutuobare
Acacias 19 52
Commiphoras 34 21
WONCTSPOCICS ..M st

Dynamics of mineral N

In February 1994, part of cach site was cleared and the foliowing trcatments sct up:

Sorghuny: Cropped 10 sorghum and above ground dry matier removed.
Bare fallow: Tiled by hand every month.
Grass faliow:  Bush cut to the surface without disturbing the soil; natural grass regrowth

permitted and maintained by cutting 2 or 3 times per scason,
The dynamics of soil N were studicd by measuring extractable nitrate cvery few days during the rainy scason
from October 1994 to January 1995 (Warren et al. 1997). Changes in nitrate concentration were related to
the rainfall pattern: afier heavy rain, rapid losses of nitrate occurred.  Although it could not be confirmed
dircctly, the most likely foss mechanism was denitrification because (i) modelling indicated that rainfail was
not enough for teaching beyond the rooting zone and (ii) no accumutation of nitrale was found in soit samples
taken down to 1 m depth in seiected plots. In dry weather, nitrate increased and the rate of increase was faster
al Mutuobare than Machang'a, for example between days 55 and 635, and again between days 70 and 110
(Figure 1). Mutuobare soil contained up to five times more nitrate than Machang'a, although total soil N was
only 25% morc (Table 2). Mutuobare soil was therclore richer in readily mincralisabic fractions of soil

Orgarnic nitrogen.

Figure 1. Soil nitrate concentrations at Mutuobare (upper line)

and Machang'a (fower line) from October 1994 to February 1995.
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Agronomic results: response fo manure by intercropped sorghum and cowpeas
The effects of manuring were assessed in a companion cxperiment which was adjacent (o the miain
experimental area at Mutuobare. At Machang'a it was 500 m away but located on the same soil. From 1989,

goat manure was applicd 0. 5 and 10 t ha' per year and the plots cropped to sorghum/cowpea and
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millet/green gram in rolaiion. At Machang'a, there was always a response to manure, but responscs at

Mutuobare were usually small or non-significant (Gibberd (1995)

Inthe {994-5 scason, sorghum and cowpea responded to manure at both sites, but cowpea yiclds were always
much more at Mutuobare than at Machang'a (Figure 2), With 10 t ha” manurc, total yields were similar at
the two sites, but the proportion of legume yicld was lower at Machang'a (Figure 2). This suggests that

despite the addition of P by manure, the native P at Muluobare was more effective for cowpeas.

Figure 2. Grain yields of intercropped sorghum and cowpea in
January 1995, with different annual rates of goat manure.
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Discussion

Soil chemical and mincralogical data showed that in most aspects, the soils were very similar.  The major
difference was the soil P, which was much higher at Mutuobare.  There was more {opsoil SOM-C at
Mutuobare, and rclative to Machang'a, it was enriched in labije fractions, indicated by (i} the lower
radiocarbon age and (i) the high ralc of N mincralization during the rainy scason. The cxtra soil P at
Mutuobare thercfore influenced soil fertility, not only by its direct effect on plant growth, but by increasing
SOM tumover. The native soil P status at Mutuohare not only made growing conditions more lavourable to

legumes, but it also led to improved N supply by increasing the proportion of labile fractions of SOM.

The native P status of Mutuobare favoured N {ixing plants, indicated by (i) the natural mix of tree specics in
favour ol acacias and (ii) the betier performance of cowpea crops there. Improvement of the soil P status will
manure over the previous six years al Machang'a improved the yields of cowpeas, but it did not increase the
fcgume: cereald ratio. Beeause of their polential for adding N to the soil, the use of legumes is olten regarded
as an important aspect of improved cropping systems for tropical smaltholder farmiers.  Infercropping is
widely practiced and is a part of farmers’ strategy 1o diversily and thus reduce risk in food production.

However, it appears that it is not casy (o shill soil conditions in favour of legumes by adding P as manure.
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Thus, the native soil P status is an important indicator of the potential of a soil for improvement or

rchabilitation.
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A COMPARISON OF METHODS OF CARBON DETERMINATION FOR SOILS OF
TRIAL 1

A.N. Micheni, G.P. Warren and ¥.M. Kihanda

Introduction

Soil organic carbon is the basis for quantifying soil organic matter (SOM) which is an important
component in soil fertility. Almost all the soil nitrogen is contained in SOM. and other important
aspects of soil fertitity related to SOM are moisture retention, cation exchange capacity (CEC) and
stabilization of soil aggregates and soil structure. Maintenance of soil microorganisms and their
activities are highly influenced by the level of organic matter in the soil. Hence, SOM has an important

role in both soil physical and chemical propenties.

The amount of SOM depends on beth the annual input of organic matter and its rate of decomposition,
the latter being highest in hot, humid climatic regions (Rowell, 1994). Plant tissues are the main source
of soil organic matter, animal wastes and their remains are secondary compared to what is contributed
by plant (Brady, 1990). In arid and semi arid Eastern Kenya, climatic, edaphic factors and the land usc
systems have much impact on the amount of SOM, Such arcas have low and annual rainfall and the
soils are generally shallow, sandy or rocky. These factors cause sparse vegetation that gives a low
cumulative organic matter input. High temperatures and prolonged drought kill some of the plants or

speed up the decomposition and erosion losses of plant tissucs, contributing to low SOM,

Because SOM is important to soil fertility, suitable methods are needed to measure it in the Kenya

dryland soils.

Materials and methods

Soil samples

In the seven sites of Trial 1 (Appendix 1), there were four in Mbeere District (Gategi, Machang’a,
Kamwaa and Mutuobare), and three in Tharaka/Nithi District (Kajiampau, Gacheraka and Kaanyaga).

Soil samples were taken in February, 1996 {rom the three unmanured plots at cach site

Except for the return of crop residues, the sampled plots had been cultivated for about 12 seasons (6
years} without application of cither organic or inorganic fertility inputs. The samples were taken within
the cultivation depth (0 - [Scm) and later oven-dried (103°C  ovemight). Three methods of C analysis

were tested on these soil samples

i



Carbon determination methods

(i) “Tinsley” : The principle of the method is to completely oxidize soil organic matier by heating the
sample with a solution of potassium dichromate and sulphuric acid at 135°C for 2 hours. A known
amount of dichromate is used, and the excess afler reaction is measured by titration with ferrous

ammonium sulphate solution.

(ii) “Walkley-Black” In this simplificd procedure, soil is treated with hot potassium dichromate and

sulphuric acid solution but the temperalure is not controlled.

(iif) “Leco™ The soil was placed in an aufomated analyser (LECO instruments model SC444). The
sample is heated 1o 1000°C in a fumace and combustion ol the SOM produces CO» gas which is

measured by inlra-red spectrometry.

Table I: Comparison of Soil Carbon using different methods

Carbon Determination Method (% Oven Dry unmanured Soil)

Site Walkley-Black Tinsley Leco
Gategi 0.87 1.23 1.65

Gachcraka 0.61 0.81 1.1

Kaanyaga 0.46 0.61 0.68
Kajiampau 0.52 0.64 0.71

Kamwaa (149 0.61 0.72
Machang’a 0.47 0.58 0.71

Mutuobare 0.92 111 1.27
Average 0.62 0.80 0.98
Results

The three methods gave mean C contents over all seven sites of 0.62, (L80 and 0.98 %C lor Walkley-
Black, Tinsley and Leco. respectively (Table 1), The Tinsley method is the delinitive method for
organic carbon determination, since almost 100% of organic C is mcasured. The Walkley-Black
method measured only approximately 77% (i.c. "“fosof organic carbon, because organic C is only
partly oxidised by this method. A scaller diagram (Figure 1), showed the relationship between Tinsley

and Walkley-Black methods, and & good correlation was found. The corrclation line was:

Walkiey-Black Carbon = (L0555 + 0.7162 x Tinsley-C. R = 0.895.

d
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Figure 1. Correlation between Tinsley and Walkley-Black determined soil carbon

‘The Leco method also measures inorganic carbonates in the soil, which are decomposed at the furnace

temperature. Thus both the organic and inorganic C are determined by the Leco method.

The Gategi site which is siteated on a vertisol had the highest value for SOM (1.23% organic C). The
second in line was Mutuobare with approximately 1.11 %C. The latter site is known 1o be very fertile
because it is rich in available phosphorus. Gategi soil had a much larger dificrence between Leco-C
and Tinsley-C (1.65-1.23=0.42%) than any other soil. 1t also has a high pH (8.2 in water) and thercfore

comnains ree carbonates

Conclusion

The Walkley-Black method is the standard method used at KAR! National Agricultural Rescarch
Laboratories, Nairobi, Comparced with Tinsley, it is much quicker to do. However, the Walkley-Black
method measured only approximately 77% ol organic carbon (determined using Tinsley), This result is
in agreement with the experience that the Walkley-Black method measures about 75% of C in temperate
soils (Rowell 1994y, Hence, it docs not measure all the organic carbon but because it has a good
correlation with Tinsley method, it can be used fo cstimate SOM for dryland soil and is completely

suitable for comparisons belween soils.

The total C method with the Leco instrament measured all organic C, plus inorganic C. This gave an
important dilference at higher soil pH. 1t is however the quickest method and is convenient and precise,

if the instrument is availabic.
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R5163. Appendix 10.

NUMERICAL DESCRIPTION OF THE RESPONSE TO MANURE AT THE SEVEN
SITES OF TRIAL 1, AND POSSIBILITIES FOR OPTIMISATION OF MANURE
RATES.

Introductory Note

The following material was drafted for the Project Workshop, in collaboration with Mr J
Ouma, the agricultural economist at KARY Embu RRC who worked on DAREP activities.
Unfortunately, Mr Ouma was called to another meeting at the time of the Workshop, and the
paper was not completed. Itis included in the Final Report because it indicates the additional

"adaptive” activities needed to estimate ranges of appropriate manure rates for these soils.

Technical Introduction

Trial 1 had been laid out with three treatments: 0, 5 and 10 t ha' of manure per year. For
most sites and crops, the response to the first 5 t ha” of manure was more than the response
to the second increment of 5t ha''. This is a clear case of the "Law of Diminishing Returns":
the highest economic return in for manure application will be at a rate less than the rate
giving the maximum yield. This is because there comes a point on the response curve when
the cost of adding more manure exceeds the value of the extra yield produced. A simple
comparison of yields at the two rates of manure does not enable an economic optimum rate
of manure application to be estimated, which might perhaps be 2 t ha in one soil or 6 t ha
1n another, Tt is impractical to do a field experiment with every possible rate of manure. In
principle, an optimum rate could be estimated if the response to manure in the experiment
with few rates could be fitted to & continuous function describing the effect of manure (M)
on yietd (Y):

Y = fiM)

This could then be incorporated in a numerical economic model for that soil, enabling the
value of the extra yields to be balanced against the work required to acquire and spead the

manure. An optimum rate would be one where the profit margin was maximised.

Methods
Comparisons of the yield responses showed that there were significant differences between
soils. Sorghum was the crop component which showed up the effects of manure most clearly,

but the other crops also responded to some extent, so each soil and crop combination was
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fitted to a separate curve. There were also differences between seasons. However separate
curves for each season were not produced. It is impossible to predict the rainfall of a year,
and it is only practical to apply manure before planting. Therefore manure management on
the field cannot realistically be modified according to actual subsequent weather conditions.
Instead, the equations should represent the response over a longer terin, balancing wetter and
drier years. For this work, the data fitted were the treatment means and manure rates for each

of the three seasons between 1993 and 1996 for which a crop was grown.

Various equations have been used to describe responses to fertilizers and manures, with the
quadratic and Mitscherlich (exponential) relationships probably the commonest. In Trial 1,
the possible precision was low because of the small number of manure rates, so complex
equations could not be used. Instead, a simple square root equation was considered
acceptable:

Y =a+ b'M

This shape of this equation is approximately correct as it describes a progressively lower
marginal response the higher the manure rate (Figure 1), and is very easy to fit. However,
a more realistically shaped curve at the lower rates is given by a quadratic equation, which
can also be formulated as a linear plus square root as follows:

Y =a+bVyM + cM

In our case, a study with the complete plot-by-plot data for Machanga site showed no
significant tmprovement in fit if a linear term was included as well, making a quadratic
equation.  When judged by simple correfation coefficients, the simple square root equation
was better than the quadratic for 17 out of the 28 crop and site combinations. For Gategi,
a simple linear equation was chosen because the second increment of manure gave bigger
yield increases than the first:

Y =a+ bM

For a few cases, with crops representing only a minor part of the yield and giving little or no

response to manure, a constant fitted yield was used.

Results and discussion

The tabulated results (Table 1) do not add any further interpretation to the data regarding the
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fertility differences between soils (Finul Report: Appendix 2). Examination of the coefficients
for VM, where fitted, confirms the strong response by sorghum to manure, all these
coefticients being higher than any coefficient of any other crop. Sorghum is therefore the
principal beneficiary of the manure application. The response to manure is particularly high
in the case of sorghum at Machanga, It would be possible to use the fitted equations to
estimate the grain yields from intermediate rates of manure applied. An optimum rate of
manure might be the one in which the profit was maximised for the activity of growing crops.

This depends on the following factors:

(i} The cost of manure.
(i) The amount of extra products produced in return for manure application.

(1i1) The value of the products produced.

Factor (it) has now been guantified for a cropping system which is reasonably typical,
incorporating the four main food crops of the region and the common practice of
intercropping. The relationships given (Table 1) could be used for further economic studies,

perhaps with some updating at particular sites to include additional data.

Factors (i) and (i) require supplementary socio-economic investigations, which were outside
the direct scope of the Maintenance of Soil Fertility project, but were intended to be followed
up if appropriate funding was obtainable. Studies in the Kiambu area, discussed by Dr
Kimani (KARI Muguga: Workshop Proceedings; to be published) showed surprisingly high
costs for manure, His figures were the source of significant disussion at the Workshop.
However, Kiambu is an area with significant commercial trade in manure. In the case of
dryland subsistence farming, monetary costs would be nil, but a value must somehow be
placed on the labour required to move the manure to fields, and possibly also on aspects of
the housing and management of the animals so as to enable manure to be kept and distributed.
Important components of such data, eg tarming activity surveys {(DAREP reports), monthly
surveys of grain prices in markets are available through the economic surveys of DAREP and
predecessor projects. In their turn, that work is of little use without the numerical description
of how the crop responds to fertility maintenance, to link (1) and (ii1). It is proposed that
estimates of manure requirements for improved yields should be investigated for different soil

types, with typical sets of economic conditions on-farm.

1
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Two environmental assumptions are present in the above proposal: (i) that the yield
relationships are stable and (ii) the manure used is the same quality as the Marimanti goat
manure used in Trial 1. The field experiments concerned have been farmed under a well-
defined system since 1988 or 1989, depending on the site. They had 4 to 5 years cropping
before the start of the period for assesssment of the yield-manure relationships. Early
indications from modelling work at Rothamsted (using in part data from this project) suggest
that the turnover time of SOM in the semi-arid tropics in much faster than in temperate
climates, with a turnover period of about 9 or 10 years (compared to over 20 in European
conditions). Also,l the trends in extractable soil P showed much less change over 1993 to
1997 than in the previous 4 or § years. It is suggested that a large part of the rapid change
that follows land clearance had occurred by 1996. Although the experiment was not yet at
a dynamic equilibrium regarding soil fertility tummover, the relationships developed from that
time onwards could be acceptable for practical purposes over a timescale in excess of 10

years. Regrettably, the sites are now lost.

The manure used was analysed for major nutrients every year from 1993 to 1996, and it was
of a high and uniform quality in terms of nutrient and C content, because it was collected
from a closely-managed and well constructed animal house at a research station. Manure
from dryland farm bomas is very variable (Probert et al. 19935, Kihanda 1996). To use the
relationships for typical farmyard manures, some adjustment is needed to account for the
lower nutrient contents of the latter. The C/N ratio was the best indicator of N supply in
manures collected from Embu District (Kihanda, 1996), so adjustment based on that ratio
might be appropriate. To achieve this effectively, it would be desirable to control manure
quality, paticularly by storage conditions, and to identfy suitable manure C/N values according

to animal and farm conditions.

Conclusion

Relationships between the manure applied and grain yields varied between soils and crops.
The data could be used to estimate optimum rates of manure for the different soils. This
would require extra economic and farming information. An adaptive project fully involving

economic approaches would be able to develop realistic recommendations.
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Table 1. Fitted equations describing the grain yields (Y, kg ha') in relation to annual
manure application rate (M, kg ha) for each crop, averaged over three years, from the

November 1993 season to the April 1996 season.

Sorghum Gategi: Y = 24497 + (.0405 M
Machanga: Y = 2810 + 23.44 VM
Mutuobare: Y = 1153.8 + 10,13 ¥M
Kamwaa: = 9328 + 8.68 VM
Kajiampau: = 597.0 + 9.11 ¥M
Gacheraka: Y = 535.5 + 7.22 YM
Kaanyaga: Y = 4457 + 10.78 VM
Cowpea Gategi: Y = 1684 + 0.0029 M
Machanga: Y = 240+ 2.96 ‘M
Mutuobare: Y = 8359 + 123 VM
Kamwaa: Y = 5622 + 5.06 M
Kajiampaw: Y = 1111.8 + 3.79 VM
Gacheraka: Y = 741.9 + 5.06 ¥M
Kaanyaga: Y = 8416 + 328 WM
Millet Gategi: = 1824 + 0.0525 M
Machanga: Y = 959+ 5.89 VM
Mutuobare; Y = 320.6
Kamwaa: Y = 5615+ 7.07 YM
Kajlampau: = 6926 + 5.56 VM
Gacheraka: = 431.5 + 2.76 'M
Kaanyaga: Y = 1175 + 3.22 VM
Green Gram Gategi: Y = 405.0 + 0.0085 M
Machanga: = 124+ 121 M
Mutuobare: Y = 6547
Kamwaa: Y= 881+ 1.19VM
Kajiampau: Y = 251.9
Gacheraka: Y = 1658 + 1.04 M
Kaanyaga: Y = 121.9 + 2.00 VM
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R5163 Finat report. Appendix 11.
SOIL FERTILITY ASSESSMENT IN FARMERS’ FIELDS IN THE PROJECT AREA

Reprinted from the conference paper in Kangara, Sutherland and Gethi 1997 (Eds.). Proceedings of
the conference on participatory dryland agricultural rescarch east of Mount Kenya, January 21-24,
1997. KARI: Kitate, Kenya.
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PUBLICATION LIST: Maintenance of Soil Fertility and Organic Matter.

Journal Papers

GP Warren, SS Atwal and JW [rungu 1997, Soil nitrate variations under grass, sorghum and bare
faliow in semi-arid Kenya. Experimental Agriculture 33: 1-13.

PJ Gregory, LP Simmonds and GP Warren 1997, Interactions between plant nutrients, water and

carbon dioxide as factors limiting crop yiclds. Philosophical Transactions of the Royal Society,
London (B) 352: 987-994,

Major conference papers {(peer-reviewed)

GP Warren and JA Meredith 1998, Isotopic composition of organic carbon in some soils of semi-arid
Africa. In: Carbon and Nutrient Dynamics in Natural and Agricultural Tropical Ecosystems (eds: L.
Bergstrdm and H. Kirchmann} pp 23-32. CAB International, Wallingford, U.K.

GP Warren 1998, Effects of native soil phosphorus on biodiversity, productivity and the dynamics

of soil carbon and nitrogen at two sites in semi-arid Kenya. Symposium No. [2. Proceedings of the
16th International Congress of Soil Science, Montpellier, France; 19-26 August 1998,

Other conference papers/presentations

GP Warren 1995, Effects of P and crop residucs on Soil Organic Matter, N and P balances and Soil
Mineral N in Lower Embu, Kenya. Proceedings of the 5th TSBF African Network Workshop,
Eniebbe, Uganda, 15-20 May 1995, Tropical Soil Biology and Fertility Programme, Nairobi, Kenya.

GP Warren 1995, Soil fertility mainienance in a semi-arid system. In: Proceedings of an ODA Plant
Sciences Research Programime Conference on Semi-Arid Systems. (Ed: EM Young), 5-6 September
1995, Manchester, UK. Overseas Development Administration, London, UK.

JW Trungu, GP Warren. and A Sutherland 1996. Soil fertility status in smallholder farms in the semi-
arid areas of Tharaka-Nithi District: Farmers® assessment compared to laboratory analysis. Oral
presentation, 5th KARI Scientific Conference, 14 to 16 October 1996, Nairobi, Kenya.

(derived from work described in DAREP Surveys, see below)

Posters

GP Warren, J Muthamia and JW trungu 1996, Soil fertility improvements under manuring in semi-
arid Lower Embu and Tharaka-Nithi. Poster presentation, 5th KART Scientific Conference, 14 to 16
October 1996, Nairobi, Kenya.

GP Warren, JW Irungu and J Muthamia 1997. Sustainability of arable cropping with manure. Poster

presentation, DAREP (Dryland Applied Rescarch and Extension Project) Workshop, Embu, Kenya,
January 1997,
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GP Warren, JW Irungu and J Muthamia 1997, Sustainability of arable cropping with manure. Poster
presentation, DAREP (Dryland Applied Research and Extension Project) Workshop, Embu, Kenya,
January 1997.

Other literature

IJW Irungu, G Warren, M Wood and JR Okalebo 1997. Soil fertility management practices in
smallholder farms in semi-arid Mbeere in Eastern Kenya: An analysis of the farming systems. In:
Proceedings of the conference on participatory dryland agricultural research east of Mount Kenya,
January 21-24, 1997 (eds: J Kang'ara, A Sutherland and M Gethi). KARI: Kitale, Kenya. pp 214-
229.

JW Irungu, AN Micheni, A Sutherland and GP Warren 1997, An appraisal of soil fertility in
smallholder farms in the semi-arid arcas of Tharaka-Nithi District: Farmers® assessnient compared to
faboratory analysis. In: Proccedings ol the conference on participatory dryland agricultural research
east of Mount Kenya, January 21-24, 1997 (cds: J Kang'ara, A Sutherfand and M Gethi). KARL
Kitale, Kenya. pp 243-248.

GP Warren and JN Qureshi 1995, Concentrations of N and P in sorghum, millet, cowpea and green
gram at seven sites in Mbeere and Tharaka-Nithi. Report, Kenya Agricultural Rescarch Institute,
Embu Regional Rescarch Centre,

GP Warren and JW Irungu {995. Technical descriplion of soil fertility in Gatunga and Kamaguna.
In: Farming in Tharaka. Report of an informal diagnostic survey. (Eds: A Sutherland and J Ouma.)
Dryland Applied Rescarch and Extension Project, Kenya Agricultural Research Institute, Embu
Regional Research Centre, PO Box 27, Embu, Kenya., pp 116-124

GP Warren and JW Trungu 1995, Soil fentility report. In: Farming in Mbeere. Report of an infonmal
diagnostic survey. (Eds: A Sutherland, J Ouma and J Ndubi.) Dryland Applied Research and
Extension Project, Kenya Agricultural Research Institute, Embu Regional Research Centre, PO Box
27, Embu, Kenya, pp 58-62.

PK Lecch and DS Jenkinson 1993, The long-term cifects of management on the quantity of organic
matter present in topsoils ol the Tropics. Rothamsted Experimental Station, Harpenden, UK.
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ANALYSIS OF SOIL ORGANIC CARBON AND QUALITY CONTROL
SS Atwal and GP Warren

Introduction

The atm of the Project was to assess trends in soil fentility over time, ic. the duration of the
project. Samples were taken every ycar and anatysed.  Because we were looking for small
changes against a background ol large variability it was cxceptionally important that there was
no bias or drift (or at least as littic as possible) in the analylical methods used, since the work
was spread over five years. The method used for soil organic C is described in some detail
here. Similar qu_ulity control procedures were adopted for the soil total N and soil extractable

P determinations.

Method

About 0.5g of soil is accurately weighed to 3 decimal places, info 100mi Tecator digestion
tubes, followed by 20.00ml of the digestion mixture (potassium dichromate, sulphwric acid,
orthophosphoric acid). A baich of 40 tubes, including 3 blanks, 1 standard soii and 36 soils
are placed in a Tecator Digestion block, which is preheated to 130-135 degrees centigrade.
This temperature is maintained for 2 hours after which the tubes arc removed from the
digestion block. During the heating, a redox reaction lakes place, whereby the dichromale is

reduced and the organic Carhon is oxidised.

The excess dichromate which does not take part in the redox reaction, is determined by titration
with a solution ol ammonium ferrous sulphate.  The ammonuim ferrous sulphate is first
standardised by titrating with a ‘cold blank’ of the oxidising solution, Then the *hot blanks’
are titrated 1o 1o check that none of the dichromate has decomposed by excess heating. Finally
the internal standard and soils are titrated. From this, the amount of dichromate used up in the
reaction to oxidise the organic carbon is determined, and knowing the stoichiometry of the

redox reaction, the % organic carbon in the soii can be determined.
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