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Abstract

Smallholder farming systems in Sub-Saharan Afrieacdten nutrient-limited systems
that depend largely on the use of land resourceshar subsistence. Crop-livestock
integration is an effective means by which nutserdn be rapidly recycled within and
between farms. However, there is great uncertaingy which are the critical stages of
nutrient transfer through crop-livestock systemaclEtransfer of nutrients within the
farming system provides a risk of inefficiency, aimidepends on the type of system,
its management practices and site conditions. Beckestock fulfil several functions
in crop-livestock systems, and farmers manage #r@mals according to the weight
assigned to each function, there are trade-offwdmt increasing animal productivity,
and income from livestock and sustaining crop patidn through cycling nutrients
from animal manure. This thesis is a contributiordévelopment of an analytical tool,
the NUANCES framework, to support the analysisraflé-offs in crop-livestock sys-
tems, with focus on opportunities for intensifioatiand maximisation of the benefits
from crop-livestock integration for smallholder rars. The framework that was
developed can be used to analyse options for iffiatgon at different scales, from
the cattle sub-system, farm scale to village scale.

Efficient use of animal manures depends on impi@viranure handling and storage,
and on synchrony of mineralisation with crop uptak#odel calculations with the
HEAPSIM model show that manure management duridigateon and storage has a
large effect on the efficiency of C and nutrientergion. Differences in nitrogen
cycling efficiency (NCE) between farms of differemealth classes arise due to differ-
ences in resource endowment. Measures to improveinr@dandling and storage are
generally easier to design and implement than rmeado improve crop recovery of
N. Covering manure heaps with a polythene film oedmass and N losses considera-
bly. For the poor to increase overall NCE, invesitria cattle housing and recycling
of urinary-N is required. Direct application of ptamaterials to soil results in more
efficient cycling of N, with lower losses than fromaterials fed to livestock and the
applying manure to the soil. However, livestockyiie many other benefits highly
valued by farmers.

Evaluation of lifetime productivity is a sensibl&ategy to target interventions to
improve productivity of smallholder dairy systeniodel simulations with LIVSIM

show that it is possible to maximise lifetime protivity by supplementing with con-
centrates to meet the nutritive requirements dfecabt only during lactation but also



during early development to extend productive ilfiet Reducing mortality by

implementing health care management programmes leustcluded in interventions
to increase dairy outputs. Improving lifetime protivity has a larger impact on small-
holders’ income than interventions targeted to wmprg daily milk yields through

feeding strategies.

Indicators of network analysis (NA) are useful tgogort discussions on diversified
and sustainable agro-ecosystems and allow assessohethe effects of farm
management strategies to improve the system deSigm.amounts of N cycled in
crop-livestock systems in the highlands of East smathern Africa were small and
comparable in size at all sites (less than 2.5 kgp\capita per year). Dependency on
external inputs to sustain current production wagdr for poor than for wealthier
households, who had larger soil N storages petaapecause increases in size of the
network of N flows and organisation of the flowadeto increases in productivity and
food self-sufficiency, combination of both strategi may improve not only
productivity but also adaptability and reliabiliby smallholder crop-livestock systems.

An analysis of village scale interactions in a eliwpstock system of NE Zimbabwe
using NUANCES-FARMSIM showed that the grasslandstiioute to c. 75% of the
annual feed intake of the herd of the village, trad the crop residues produced by the
non-livestock owners sustained c. 30% of the intfkesestock during the critical dry
season. The removal of carbon (0.3-0.4 t§ sesulted in a long term reduction of
the yields of their farms. Impeding the accesswafstock to the crop residues of non-
livestock owners increases the quality of theitssomodestly and improved yields in
the mid- to long term. Adding mineral fertiliserttee whole (community) system con-
currently with changes to the current managemerthefcrop residues and manures
appears to be a promising strategy to boost thdugtwity of the community as a
whole. There are benefits in terms of productieityl resource use efficiency of closer
integration between crops and livestock. Opporiemiseem to be small, but still may
play an important role in rehabilitating soils ttdggr with other measures. However
opportunities for intensification have to be explbin a broader context, taking into
account that farmers face constraints at highdescaonstraints that need to be re-
laxed by proper policies and interventions.

Keywords: System analysis, modelling, smallholders, manutigersity, feeding
strategies, resource use efficiency, NUANCES
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General introduction

1. Crop-livestock integration

Smallholders in Sub-Saharan Africa (SSA) depengelgron the use of land resources
for their subsistence. They are exposed to a yaoiatisks, including harvest failure due
to the effects of climate change, policy shockisola shortage and death and illness of
livestock (Dercon, 2002). Farmers believe that mneayenerated outside of cropping is
crucial to their livelihoods and recognise livestoand low dependency on external
inputs as factors decreasing vulnerability to (Block and Webb, 2001). Buying and
selling cattle is a common strategy for coping wiikk but a large proportion of
smallholders in Sub-Saharan Africa does not owasheck. Livestock has multiple
purposes in smallholder systems. It provides fawdliacome, draught power for crop
production, manure to improve soil fertility anddgta key asset for insurance in times
of scarcity.Depending on the importance assigned to theseifunsctfarmers manage
livestock in different ways to suit specific purpss

Dixon et al. (2001) identified five major strategidor the improvement of farm
household livelihoods: (i) expansion of the croplan herd size, (ii) diversification, (iii)
intensification of production systems, (iv) increas off-farm income (both agricultural
and non-agricultural), and (v) complete exit frohe tagricultural sector. Farmers’
vulnerability to risks is increased where theraas much scope for further agricultural
expansion. Diversification is a risk managemeratsgy, which from a natural resource
perspective may enable the realisation of complésnées between different
production activities, such as between crops awektock. Intensification and crop-
livestock integration are usually consequencesefincreased population pressure for
land (Mclintire et al., 1992).

Diversity and integration are often associated withtainable and resource use efficient
systems (Dalsgaard and Oficial, 1997), but divéas® household systems are not nec-
essarily integrated. For example, multiple actgtimay be undertaken within farm
households without having real connectivity. In tcast, integration occurs when the
farming activities are interdependent. In an iragep and diverse farming system, its
compartments may be connected in several diffevays so that the degree of integra-
tion also varies. In crop-livestock mixed system&nsification may occur through the
introduction of animal traction, use of animal mamuodder production, stall feeding
and replacement of animals. Intensification creafgsortunities for increasing integra-
tion due to increased production of crop residieedt may be fed to livestock, and
manure that may be used for cropping. But does-loveptock integration lead to
increased resource use efficiencies and highewuptoty of the farming system?
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1.2 Theroleof livestock in crop-livestock systems

In a line of intensification following populationrgssure, mixed systems move from
obtaining almost exclusively the feed for livestdokm grasslands, at one extreme, to
the other in which feeds are produced on-farm erimported. Fernandez-Rivera and
Schlecht (2002) proposed the use of the invertesh&ped curve of Mcintire et al.
(1992) to explain the sources used to manage eilitf in mixed systems following
that line of intensification, going from fallows @h there is no integration between
crops and livestock, passing through various degoééntegration with the use of crop
residues as feed, producing fodder on farm, tdlfispecialise and import the feeds for
cattle and the fertilisers for cropping (Fig. 1Baltenweck et al. (2004) indicated that
the characterisation of intensification of Mcinteeal. (1992) does not account for agro-
ecological potential and labour opportunity co$tgese authors proposed four drivers of
intensification: education, labour opportunitiesarket access and costs of labour and
land. The study of Baltenweck et al. (2004) in #8ssacross three continents showed
that the ratio of cost of labour to cost of larite proximity to markets and the ability of
farmers to understand the benefits of introductibnew technologies explained largely
the level of intensification in crop-livestock sgsts measured through the feeding
system and use of manures in cropland. In margireds, where risks to agricultural
production are high, the transition to more inteediforms of mixed farming may be
prevented by outmigration. In contrast, in higherteptial areas the transition to
specialised systems may be prevented by the pneferef farmers to produce a large
share of their staple food (Romney et al., 2004).

It is often stated that crop-livestock integratisnan effective means by which plant
nutrients can be rapidly recycled within and betwégms (Thornton and Herrero,
2001). However, there is great uncertainty on thical stages of nutrient transfer
through crop-livestock systems. There is poteréiaincreasing livestock productivity
through better feeding management, which may requgreased labour allocation to
livestock activities, and compete with other farotivaties. Improving cattle stalls and
manure collection methods requires investment bydes, investment that needs to be
justified by the benefits in terms of crop prodantor stability of crop yields. Livestock
produce physical products but also play an impomtale as accumulation of wealth,
insurance and display of status (Moll, 2005). Tarsction is especially important where
it is not fulfiled by other means (Slingerland,). The financing role may bring
negative consequences for crop production becaalseo$ animals prevents benefits
from the manure and animal traction for crops. Beealivestock fulfil several
functions in crop-livestock systems, and farmersage their animals according to the

4
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weight assigned to each function, there are trdfde{metween increasing animal
productivity, and income from livestock and sustaincrop production through
cycling nutrients from animal manure.
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Figure 1: (A) The relative importance of feed reases and soil nutrient sources for c
production in mixed crop-livestock systs following a line of intensification and poputat
pressure. Source: Fernandez-Rivera and SchlecB2)2(B) Schematic representation af
cropivestock system at a relatively low level of ingdication, where most feeds come fr
grasslands. The main feedbacks among the systenpactments are shown. (C) Crop-
livestock system at a high degree of intensifiegtishere most feed is produced in cropland.

1.3 Crop-livestock integration and nutrient cycling

Powell et al. (1996) stated that nutrient recycimgritical to maintain the productivity
of the land and to maximise the benefits from euftrinputs in most African farming
systems. Nutrients in mixed crop-livestock systanescycled through several steps, and
losses at each step may decrease the amount of os@ffut. A measure of nutrient
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cycling and a measure of the dependency on exteymatis for production are needed to
evaluate resource use efficiencies and vulnenal@fittarming systems. Increasing soil
organic matter may serve both restoration of safld mitigation of the effects of
climate change through reduced vulnerability t@atesrrainfall. According to Vagen et
al. (2005) opportunities for soil organic carborO(E sequestration in SSA are: (i)
conversion of traditional cultivation into no-tibr using a combination of animal
manure and fertilisers, (ii) improved fallows (mix@nd natural). These technologies
need to be evaluated in crop-livestock systemsralegant scale, because their benefit
may not be perceived by farmers if they do nathi farm livelihood due to constraints
at an immediate lower or higher scale.

1.4 Integration and scales

The crop-livestock integration concept is oftenueetl to mixed farming aimed at
arable farmers with the objective of increasingpcpsoduction to feed the increasing
population (Slingerland, 2000). Exchange of crogidges and manure between
specialised farm systems appears promising sindgemiu recycling takes place.
Integration may potentially benefit different fammewithin a farming community.
Lépez-Ridaura (2005) in a scenario analysis of @bakls’ conflicting objectives (food
self-sufficiency, forage self-sufficiency and valokethe agricultural production), found
that the wealthier farmers with large herds prodoclky part of the feed needed and
profit the most from communal grazing resourcesthiis case, there is competition
among farmers for limited organic resources whiok aften crucial to sustain solil
productivity. At the village scale, ‘islands of tiéty’ or ‘hot spots’ are created where
good yields are obtained (Breman et al., 2008) vbtlt an uneven distribution among
different farmers in the community (Ramisch, 2009nhere are other (social)
mechanisms that (at least partly) compensate éontitrient losses and lower yields of a
proportion of the farmers in a community (Fairheadd Leach, 2005). These
mechanisms include for example exchanges of oxemela livestock owners and non-
livestock owners, food-for-work, and manure exclesng

It is often argued that the poorest smallholdersld/denefit the most from integrating
livestock with crops because of the reduction oherability to risk (through the
insurance function of livestock), and because efdpportunities created for recycling
and maintaining soil productivity. Assessments aeeded of how well different
strategies fit within the farm livelihoods in snialder farming systems. These analyses
are conducted under the Nutrient Use in ANimal @ndpping systems — Efficiencies
and Scales (NUANCES) framework (see www.africanaamg) (Giller et al., 2006).

6
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The key objectives of AfricaNUANCES were: (i) toderstand spatial and temporal
dynamics of rural livelihoods and their relationshwith food security, sustainability,

and resilience of natural resource base, (ii) tpla® farmers’ decisions regarding
resource allocation across heterogeneous farmsaagse inefficiencies, and (iii) to

identify measures to promote successful and sadigragricultural development. This
thesis is a contribution to the development ofahalytical tools to support the analysis
of trade-offs in crop-livestock systems, with foaus opportunities for intensification

and maximising the benefit from crop-livestock gregion.

2. Objectives

The main objective of this research was to quaritigy contribution of crop-livestock
integration to smallholders’ livelihoods in ternmfsppoductivity, and the perspectives for
the sustainability of crop-livestock mixed farmisgstems.

Specific objectives

1. To develop analytical tools to analyse cropsgteek interactions at different scales,
from livestock sub-system, farm scale, to village@mmunity scale.

2. To identify opportunities for interventions thgh exploring current and alternative
management options in crop-livestock mixed systems.

3. To understand the dynamics of crop-livestoc&raattions and identify opportunities
for increasing resource use efficiency at farmahage scale.

3. Methodology

A combination of qualitative and quantitative systanalytical methods was used to
address the main objective. In order to analysp-tivestock interactions (Mcintire et
al., 1992), scales and system boundaries need tdebdy defined. Farm household
activities are conceptualised as compartment ofyseem. A compartment is associated
to a state (e.g. storage of nutrients) which magive inputs and donate outputs to the
environment. Within the system, flows pass from aoenpartment to another. The
conceptualisation of compartments within systemabkss to work at different scales.
The compartments of the farm household system wdefieed as related to activities
and certain criteria. Scaling up, the farming systeonsist of farm households that are
represented as compartments. Scaling down, atléu@h compartments may represent
different farming activities.
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The NUANCES framework combines participatory reskarfarm typologies, data-
mining, experiments and modelling tools to idenbfyportunities for intensification of
smallholder systems in Sub-Saharan Africa. Differsteps in the methodology are
articulated using the ‘DEED’ approach:

1. Describe, current production systems and their probj

2. Explain, current farmers’ decisions on resourcecallion and their
consequences;

3. Explore, options for agrtechnological improvement for a range of poss
future scenarios;

4. Design, new management systems that contributesteustainable
intensification of smallholder agriculture.

Throughout this thesis, examples of different migeap-livestock system are chosen to
study crop-livestock interactions and opportunitigzsg intensification. Different
aggregation and temporal scales are used dependittige problem definition, and a
combination of methods is used to characterise easé study. Modelling was used to
explore options, at the scale of interest, by agskivhat if’ questions (Van Ittersum et
al., 1998). On the one hand, the modelling appragsd involves a relatively large
level of uncertainty, due to for example our indajy to predict farmers’ decision
making and adaptive management in relation to tsigéchange (e.g. policies, markets,
climate). On the other hand, the models were ugeslimmarise existing knowledge,
and therefore as far as it was possible, and dasaawailable for parameterisation and
tests, a high level of causality was included tecdbe biophysical processes.

The tools developed and used throughout this thetsesmpted to comply with the
minimum requirements to modelling properly cropebtock systems listed by Thornton
and Herrero (2001): (i) Describe and quantify thieractions between components, (ii)
Represent management, (iii) Determine the impaahahagement strategies on land
and resource use, (iv) Quantify nutrients balarateshole-system level, (v) Quantify
system’s performance variability associated wittatier, (vi) Allow trade-off analysis
and both medium and long term analyses of strage@i@) Use minimum data sets for
parameterisation, tests and general use, and Ifwi@prate data from different levels of
aggregation. Because of the complexity in the dr@mstock systems analysed,
compartments were treated in a descriptive rathan tin a mechanistic fashion.
Information available was summarised, making usengpirical models and rule-based
methods to describe management.
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The crop-livestock systems chosen for the analgise® contrast in degree of intensifi-
cation, the main sources of feed, the soil feytifrtanagement practices, and agro-eco-
logical potential (Table 1). In the mixed systenfisttee communal farming areas of
Zimbabwe, maize is the most important crop, matuitivated for self-consumption
although surpluses are marketed. Livestock feethgluhe rainy season on communal
grasslands and on crop residues during the drpsd&sg. 1B). The production goals
for the livestock sub-system are animal tractioth aranure for crop production, milk is
considered a by-product. At least half of the etecege left in the land where livestock
graze, while the rest may be recycled on-farm fop groduction. Because of the pro-
duction goals, and the other roles of cattle, fasn@m at increasing herd size. The
highlands of northern Ethiopia were used as anathse study. The main difference
with the site at Zimbabwe are the lower rainfaltlahe higher reliance of livestock on
communal grazing, and that due to altitude, farngeosv temperate cereals instead of
maize.

Table 1: Main characteristics of the farming systersed as case study in this thesis.

Ethiopia Zimbabwe Kenya

Study sites Tigray Murewa Central and western

Rainfall 540 (270-810) 750-1000 (unimodal) 1400-2000 (bimodal)

(mm) (unimodal)

Main crops barley, wheat, field maize, groundnut, maize, beans, potatoes,
peas, faba beans, sorghum, soybean, cassava, sweet potatoes,
buckwheat, teff and cowpea yams, banana, coffee,
prickly pears tea,

Livestock Free ranging in Free ranging in Stalled or tethered on
communal grasslands; communal grasslands; farm (cut and carry);
Zebu cattle (mainly Zebu cattle (Mashona Zebu cattle (mainly
Boran), goats, donkeys and Africander), goats, Boran), and crossbred,
and mules and chicken and chicken goats, sheep, chicken

Soils Leptosols, Luvisols and Lixisols and Luvisols Nitosols, Ferrasols and
Cambisols Acrisols

Farm size (ha) 0.3-25 0.5-3.0 0.5-4.0

Population density ~130 ~100 650-700

(inhabitants krif)

In the crop-livestock systems of the highlands ehttal and western Kenya, dairy sys-
tems are used as examples. Here the main sourtesdgfare forages produced on-farm
or purchased from the market, and dairy concemstraded as supplements. Grasslands

9
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are virtually absent or contribute little to tofaked intake. Dairy cattle are normally
stalled and fedn ditu (zero-grazing), where feed availability and feaghliy are
controlled by the farmer. The feed refusals togetith the animal manure are used to
produce compost that is applied to the crops. Marmamd fertilisers are used in
combination in the cropland (Fig. 1C).

4. Outline of thethesis

In Chapter 2 we identify the critical steps whdre éefficiency of nitrogen (N) cycling
through livestock in African smallholder crop-litesk farming systems could be
increased. In Chapter 3, we describe a simple mimdehalyse the effect of manure
management on the efficiency of mass and nutregantion. This model was built with
information collected on-farm on manure excreted mianure management and derived
from experimental results and literature to analgsses during manure storage. The
model was used to analyse N cycling efficiency imitbmallholder farms in western
Kenya. In Chapter 4, a dynamic modelling approaels wsed to explore the effect of
feeding strategies and mortality on the lifetimedurctivity of dairy cattle, and to iden-
tify points where interventions may have a prodcimpact. We used as an example
the farming systems of the highlands of Central y@erin Chapter 5 we introduce a
method based on Network Analysis (NA) to charaséeand assess the diversity and
integration in farm household systems. The indisatwe discussed in an application to
mixed crop-livestock systems of the highlands ofrthNern Ethiopia where we used
nitrogen (N) flows to illustrate the utility of theethod. In Chapter 6 we study the size,
integration, diversity and organisation of N floassd cycling within contrasting crop-
livestock systems of the highlands of northern &ila, western Kenya and NE
Zimbabwe. Here we relate the indicators of NA tstegns performance, assessed
through biomass production, N conversion efficienayd household food self-
sufficiency. In Chapter 7 we explored the impacintééractions at the community level
on the productivity of different farm types in mikecrop-livestock system of NE
Zimbabwe. We focused on the interactions due tdectte management of feed
resources, under current and alternative managepractices. In this chapter, we
combined information available for the area of gtudnd used the NUANCES-
FARMSIM modelling framework, imposing a number gegrarios to represent current
and alternative practices. In Chapter 8, we puperspective the main findings and
limitations encountered during the course of tleisearch and a discussion on future
research is elaborated.

10
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Nitrogen cycling efficiencies through resource-poor
African crop-livestock systems

" This chapter is published as:
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282.
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Abstract

Success in long-term agricultural production inorgse-poor farming systems relies on the
efficiency with which nutrients are conserved aedycled. Each transfer of nutrients across the
farming system provides a risk of inefficiency, dralv much is lost at each step depends on the
type of farming system, its management practicessiie conditions. The aim of this review
was to identify critical steps where efficiency witrogen (N) cycling through livestock in
smallholder crop-livestock farming systems could ibereased, with special emphasis on
Africa. Farming systems were conceptualised in feub-systems through which nutrient
transfer takes place: 1. Livestock: animals partitidietary intake into growth and milk
production, faeces and urine; 2. Manure collectémd handling: housing and management
determine what proportion of the animal excreta meycollected; 3. Manure storage: manure
can be composted with or without addition of plawdterials; 4. Soil and crop conversion: a
proportion of the N in organic materials appliedtdl becomes available, part of which is taken
up by plants, of which a further proportion is gaed into grain N. An exhaustive literature
review showed that partial efficiencies have be@ichmore commonly calculated for the first
and last steps than for manure handling and storBgetial N cycling efficiencies were
calculated for every sub-system as the ratio ofiemnit output to nutrient input. Estimates of
partial N cycling efficiency (NCE) for each sub-sr® ranged from 46-121% (Livestock), 6—
99% (Manure handling), 37-85% (Manure storage) &Ad6% (Soil and crop conversion).
Overall N cycling efficiency is the product of tpartial efficiencies at each of the steps through
which N passes. Direct application of plant materia soil results in more efficient cycling of
N, with fewer losses than from materials fed teed$itock. However, livestock provide many
other benefits highly valued by farmers, and animanures can contain large amounts of
available N which increases the immediate crop aesp. Manures also can contribute to
increase (or at least maintain) the soil organipd®l but more quantitative information is
needed to assess the actual benefits. Making nfficiet use of animal manures depends
critically on improving manure handling and storaged on synchrony of mineralisation with
crop uptake. Measures to improve manure handlimgséorage are generally easier to design
and implement than measures to improve crop regaMeN, and should receive much greater
attention if overall system NCE is to be improved.

Keywords: Cattle, compost, feed intake, manure, partitionimigrogen use efficiency, N
losses



Nitrogen cycling efficiencies through crop-livestock systems

1. Introduction

Extensive areas in Africa have soils that are poarganic matter, nitrogen (N) and
phosphorus (P), where nutrient recycling is crittcamaintain the productivity of the
land (Powell et al., 1996) and maximise the besdfidm nutrient inputs. Nutrients in
mixed livestock-cropping systems are cycled in sgva&ages, and losses at each stage
may decrease the amount of useful output. Nutregnoling efficiency (NCE) is de-
fined as the ratio of effective or useful outpuirtput in any system or system compo-
nent, provided that the output may be re-used withe system, e.g. kg manure N per
kg feed N. For this review of nutrient cycling thgh livestock, a farming system was
conceptualised as consisting of sub-systems thraudgich nutrient transfer takes
place: 1. Livestock; 2. Excreta collection and Hemgg 3. Manure storage; and 4. Soil
availability, crop capture and conversion to hare@products (Fig. 1).
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Figure 1. Nitrogen transfer among ssystems across the farming system: 1. Livesto
certain amount of dietary N is consumed by livelst@xcreta may be left in the stalls (fli
a) and/or on rangelands (flow b) depending on taes management. 2. Manucellection
and handling: manure is collected (flow c) and egupldirectly to croplands (flow d)
composted (flow e). 3. Manure storage: plant malermay be added to excreta (flow
before composting. 4. Soil availability, Crop captand conversiormanure or compost
applied to croplands (flow g) and a proportion lo¢ tN contained may become availa
Crop plants take up a proportion of this available(flow h), and the N taken up
partitioned by the plant into grain N and plantidass (fow i). Crop residues may

returned to livestock (flow j).
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Overall system efficiency can be calculated asptiogluct of the partial efficiencies at
each stage through which the N passes. Interachehseen the partial efficiency
terms may occur; for example diet quality may &ffaot only the proportion of

consumed N excreted, but also the proportion ofezgd N which can be collected.
Such interactions cannot be included in an efficyeanalysis unless a dynamic
modelling approach is taken, and have therefora Ipeored in the current study for
the purpose of simplicity.

The different pathways that plant materials catofelmay result in a different overall
nutrient cycling efficiency (Fig. 2). Plant matdsiasuch as crop residues or green
manure may be used directly or after compostingnasent inputs that will, after
decomposition, be taken up by crops to produce assmand grain. Alternatively,
farmers may decide to feed plant materials to taeds The passage of low quality
feed through the rumen decreases the quantitygaingc material for soil amendment,
but generally increases the nutrient concentratiovestock represent a means of
gathering nutrients from the surroundings whilezgrg on communal land, which can
become additions to the farm when manure is degbsitiring confinement. Livestock
may also affect nutrient redistribution within fang communities, by grazing on crop
residues and thus removing nutrients from the si@iflfarmers without livestock. The
integration of livestock offers the opportunity tacrease the cycling of nutrients
within the farming system, though it also increafesrisk of nutrient losses. Effects
of livestock on nutrient cycling must be consideredelation to other cultural and
economic reasons for owning them. The benefitshefihtegration of livestock into
farming systems and particularly the long-term egpgnces of transferring nutrients
from rangelands to croplands are still activelyated (De Ridder and Van Keulen,
1990; Turner, 1995; Sumberg, 2003; De Ridder eRaD4).

Livestock system Cropping system
r Fresh
> plant >
materials
2. Collection e Storag_e Compost » » Grain
Plant: AAAAAA ,< (heap or pit) R 4. Soil Crop
material availability | uptake
1. Livestock >
, Fresh
L faeces » Pasture

and urine

Figure 2: Pathways that nitrogen contained in tlentpmaterial can follow before bei
converted into grain N. Numbers identify the sylstems for which nitrogen use efficiel
was calculated in this review.
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Nitrogen cycling efficiencies through crop-livestock systems

The review focuses on nitrogen (N) cycling effiagnNCE). Nitrogen is the most
limiting nutrient for production in most agriculalrsystems, due to the large amounts
harvested with the crops and because it can ehsillost through gaseous losses,
leaching, runoff or erosion. N and P are the masiied elements in flows and bal-
ances of nutrients in agricultural systems (Smabh@l., 1999), and the amount of
published data enables calculations on N cyclirfgciehcy to be made for diverse
environments. Other nutrients are discussed sihe& tavailability may influence
NCE.

Cattle and sheep are the most numerous ruminattie world occurring mainly in the
tropics and developing countries (Van Soest, 19%#)s review focuses on cattle,
since these are the most important livestock intniasning systems in terms of
abundance and amounts of nutrients transferredtleCate important assets for
smallholder farmers that can easily be convertéa egash when required. Bebe et al.
(2003a) found that farmers in the highlands of kKemyainly keep cattle for milk
production, for family subsistence or to generashcincome. Manure was perceived
as a non-marketable product that contributes tp production but was not a priority
when addressing management. In some African farsystems, manure production is
a major reason indicated by smallholder farmerskieping cattle (Baijukya et al.,
2005), whereas in other systems, such as arid afe@ambabwe, manure is a potential
resource for nutrient recycling that is hardly ugedpfumo and Giller, 2001).

Livestock management varies between agroecologegions as a result of the
variability in available resources and human poparapressure, which determine the
land available for cropping and grazing activiti@able 1). As pressure on land
increases, the proportion cultivated increasediveldo grazing land, and there is a
trend towards more intensive livestock husbandtytfSet al., 1995; Roothaert and
Paterson, 1997). Less densely populated areasaijgrieave extensive common lands
on which livestock are herded. With increasing pafon density, herds are confined
to smaller grazing areas during the rainy seas@vadd crop damage. This may result
in animals’ undernourishment being shifted from ding season to the wet season, and
higher risks of pasture overgrazing (Powell et E096). More intensive grazing close
to villages during the wet season can lead to tmidance of unpalatable or poorly-
productive, short cycle species in rangelands. Géansreduce livestock production and
therefore reduce nutrient transfers to croplandsichvin turn can diminish crop
residue availability for livestock. As populatiorertsity increases still further, and
particularly in areas with good access to urbanketar zero-grazing with improved
dairy cattle and cultivated fodder becomes the @redant form of management.
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Table 1: Livestock production systems in Sub-Sahafaica (adapted from Sere and Steinfeld, 1996 Bmainton et al., 2002).

Stocking Livestock system Description Total land Total Countries
rates area area
(TLU km™) (km?) (%)
Rangeland-based systems 5-10 Temperate/tropical highlands (LGTLattle and sheep extensive production 210,05¢ 1 Ethiopia, South Africa
Livestock only: More than 90% of Constrained by low temperatures mainly with local breeds for local markets
the feed comes from rangelands, and subsistence. Potential production is
pastures, annual forages and relatively low.
purchased feeds and less than 10%  1-5 Humid/subhumid (LGH) Agropastoralism and ranching systems in 2,454,871 10  Angola, Benin, Cameroon,
from crops. Growing season > 180 days West and Central Africa. Cattle are the Central African Republic,
dominant species, being the production Congo, Cote d’lvoire, Guinea,
market oriented. Sheep and goats are only Nigeria, Sudan
kept for local consumption.
0-5 Arid/semiarid (LGA) Pastoralist in the Sahel Northern Kenya,  6,300,75! 26  Angola, Botswana, Chad,
Growing season < 180 days Southern Sudan, Southern Ethiopia. Sheep Ethiopia, Kenya, Madagascatr,
and goats, few cattle or camels. Very low Mali, Mauritania, Mozambiqu
crop-livestock intensification. Herds move Namibia, Niger, Somalia, Sot
across diverse landscapes. Africa, Sudan, Zambia
Mixed farming systems 35-55 Temperate/tropical highlands (MRTmallholders in the East African mainly 79395 3 Burundi, Ethiopia, Kenya,
(Rainfed) Constrained by low temperatures small scale dairy farms. Multipurpose Rwanda, Tanzania Uganda
More than 10% of feed comes from cattle (meat, milk and traction).
crop by-products or more than 10%  5-20 Humid/subhumid (MRH) Tsetse belt across Central and West Af 2,328,321 10  Cameroon, Congo, Céte
percent of the total value of Growing season > 180 days Local breeds are widely used. Livestock d’lvoire, Ghana, Nigeria
production comes from non-livestock have multiple roles, particularly traction
farming activities. and manure.
10-20 Arid/semiarid (MRA) Mixed crop-livestock farms in the Sahel,  3,410,90. 14  Botswana, Burkina Faso, Chi
Growing season < 180 days semi-subsistence mixed communal sector Kenya, Mali, Mozambique,
in Zimbabwe, dairy farms in Senegal and Niger, Nigeria, South Africa,
Mali. Livestock represent an asset to Sudan, Tanzania, Zambia,
farmers. Land that is not suitable for Zimbabwe
cropping is owned by the community and
used for grazing.
Mixed farming systems >20 Temperate/tropical highlands (MIT) It is fouimdregions of high population 9931 <1  Ethiopia, South Africa
(Irrigated) density.
These are similar to the previous >20 Humid/subhumid (MIH) Cattle are mainly tethemeded cut-and 817 <1 Ethiopia
systems, but more than 10% of the carry forages.
value of non-livestock farm produce  >20 Arid/semiarid (MIA) Sheep and goats consume cesidues. 109,90t <1  South Africa, Sudan

comes from irrigated land use. These

systems are very rare in Africa.
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Nitrogen cycling efficiencies through crop-livestock systems

Since fodder availability is very site- and seaspeeific, in this review we have not
attempted to estimate the efficiency of intake ofnNfodder; instead we define the
system as beginning with ingested forage. Nitrogentained in ingested forage is
used to build animal protein or excreted in faegmed urine. In ruminant nutrition, a
high ratio of animal protein formed in milk and méa N intake is defined as an effi-
cient use of N. These animal products can be usegeherate income or improve
human diets, but generally remove nutrients frora tarming system. Only the
remainder of the N which is partitioned to excretan be recycled within the pro-
duction system if collected and used. Dependin¢hemuality of the feed, excreted N
is partitioned differentially between faeces anoheir which has a large effect on the
efficiency of collection of excreta N. Assuming thine main production goal is
animal protein, then to maximise N recycling witkive farming system partitioning of
excreta N into faeces N should be as high as dessib

Cattle excreta may be left in the rangelands oplarals where the animals graze, or
collected. Losses during collection and handlingxdreta are common. Urine cannot
be collected from grazing animals, and is oftenspdally lost from stalls. Fresh faeces
are generally referred to as manure. Manure stalieate or mixed with urine, feed re-
fusals or other organic materials is called compadigr it has undergone a process of
combined decomposition known as maturation or catipg. Nutrient losses occur
during composting, through leaching or volatilisati

When composted or fresh excreta or plant matesi@sapplied to soil, a proportion of
the N these contain becomes available for planakgytthrough mineralisation of
organic N or from mineral N already present (mitisadion efficiency). A proportion
of this available N is actually taken up by croppasture plants (capture efficiency),
and a proportion of this uptake is converted irgeful plant products such as grain or
forage (conversion efficiency). These three partdliciencies may be treated
separately (e.g. Van Noordwijk and De Willigen, &98but different studies have
reported measurements using a range of differdnsgstem boundary definitions and
so here they have been grouped together. Planugiodre the final stage in the
system considered. Considerations of nutrient mefitom human wastes, or from sale
of products and purchase of nutrient resourcesheyend the scope of this review.

This review uses a systematic and analytical agbrda estimate overall N cycling
efficiency and to identify key sources of inefficey in N cycling, through a review of
studies which focus individually on discrete partsrop and livestock systems. Our
objective was to identify critical steps where @tncy of N cycling in smallholder
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Chapter 2

crop-livestock farming systems could be increaseith special emphasis on Sub-
Saharan Africa.

2. Methods

The definition of system NCE as the product ofiphNICEs at each of four N transfer
steps was used as framework for a review on liteeatntensity for each of the

identified sub-systems. Partial NCE can be caledl&r every sub-system as the ratio
of useful nutrient output to nutrient input. Niteg partitioned to animal products
(meat and milk) is not considered because thissisally removed from the system
through sale or consumption and not further recyckor the livestock sub-system,
partial NCE is calculated as the amount of N inretacas a proportion of N intake:

N excreted
NCE|; estock = Nintake

True digestibility is the balance between feed katand the residues that escape
digestion. In studies where excreta N and N inthleee both been measured,
NCE; estock 2N be simply calculated as:

(Faecal N+urinary—N)
I\|CEIivestock = N int ake

Another possibility is to calculate NGEsiockas:

_(Nintake-milk N —liveweight gain N)
I\|CEIivestock - N int ake

However, N intake is often estimated indirectlynfroneasurements of faecal N and of
feed N digestibilityin vitro or in vivo. In vivo measurements include microbial and
endogenous matter, and thus reflect the appargasiibility i.e. the balance between
feed intake and total faeces production. Methodsektimating digestibilityin vitro
are more related to true digestibility (Van Sod€194). Studies where intake was
estimated indirectly were not used to calculate NG, because this would simply
reflect the assumed ratio between inputs and csitf@ame studies of this kind are
discussed in relation to N partitioning betweencéseand urine. In economic terms,
depending on the goals of the livestock farmersimising NCEyestock and €nsuring
maximum use of N in protein production would beferable.
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Nitrogen cycling efficiencies through crop-livestock systems

Partial NCE during the collection and handling geepalculated as the amount of N in
collected excreta as a proportion of the amounited&d:

_ N collected

I\ICEcoIIection - N excreted

During the storage step, partial NCE is calculatedhe amount of N in compost as a
proportion of the N contained in the fresh matsr@mposted:

_Ninapplied manure

NCE sorage = N collected

For the soil and crop sub-system, partial NCE & dmount of N in the harvestable
plant product as a proportion of the amount of Nliad to the soil:

Ningran
N inapplied manure

I\ICEsoiI&crop =

Because NCEijecop is the product of N uptake efficiency and N cosian
efficiency, we calculate those efficiencies sepyads:

N uptake efficiency=— Blomass N and.
N in applied manure
N conversion efficiency =1 drain
Biomass N

The contribution of manure to build up of soil angacarbon (SOC), and total soil C
stocks, is considered to be an important extra fiteoé using manure as a soll
amendment. Long-term experiments indicate thattaagi of 5-10 t ha y™* of ma-
nure are sufficient to maintain SOC close to theteots of the soil under undisturbed
savanna vegetation in West Africa (Agbenin and @ipla997; De Rouw and Rajot,
2004; Mando et al., 2005). In an experiment in &&urkina Faso, additions of 2t C
ha' y™ to plots cropped to sorghurofghum bicolor L.) and hand-hoed over a 10
year period resulted in a net increase of approdina.5 t C ha to the SOC pool
(Mando et al., 2005). When tillage was done witlergxthe addition of SOC was not
significant. This clearly shows that more informatiis needed to assess the role of
manure in SOC build-up in a quantitative manner.

The overall N cycling efficiency is the product mdrtial efficiencies in all considered
sub-systems:

19



Chapter 2

I\ICEoveral = NCElivestock X I\K:Rcollection xNCE xNCE

storage soil &crop

A potential flaw in this approach, common with damiexercises that look at series of
efficiency factors, is that it may not be possitdeequate the sum of the sub-system
effects to the overall effect, because the sulesystare not independent of each other
and may interact in a non-linear fashion. Choosing one value for efficiency of N
flow through a sub-system, will unavoidably constréhe other efficiencies. Such
effects have been ignored in our current study aslainsimulations of the whole
system, which are not possible given our curremiwkedge, would be necessary to
examine them,

The AGRICOLA (1970-2004), Biological abstracts (298004) and CAB Abstracts
(1972-2004) and Science Direct databases weretaseentify sources of informa-
tion. Keywords for the search were combinationscafttie manure, Africa, manure,
nitrogen, milk yields, dairy cattle, N availabiljtynanure storage, manure decomposi-
tion and crop yields. The results of these searaless grouped into studies done in
Africa and studies in high-input farming systemstides containing information on
cattle management were considered to belong tacdéitegory of manure handling,
since these may be used to derive excreta depogiticangelands and kraals/bomas.
Those African studies where partial NCE could bangiiied are discussed.

3. Results
3.1 Research effort into different nutrient transfe stages

Publications on organic matter transfer and utitsamainly deal with the livestock
and soil-crop sub-systems, and there is a disi@o&t of information regarding manure
handling and storage (Fig. 3). Most of the studesewed did not quantify nutrient
mass balances, and were not useful for our purpdse.sub-systems have all been
studied more intensively in high-input systems, nhaiin Europe, USA, Canada,
Australia, and New Zealand, than in low-input tagbisystems. Studies on N recovery
efficiency for cattle are abundant for high inpatriing systems. In the last few years
these studies focused on the control of dietaryoNetdluce N emission from dairy
production. In Africa, the aim of the researcheais been to increase milk yields and
milk protein concentration, and most of the studige found did not report
partitioning of N into excreta. There has beetelitesearch on manure handling and
manure storage in Africa. African studies of soil mMineralisation from manures
comprise mainly laboratory incubations, with veewffield experiments.
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Figure 3: Numbers of articles describing studieditierent stages of nutrient transfer through
crop-livestock systems, from Africa and from othiegions. Sources: AGRICOLA (1970-
2004), Biological abstracts (1969-2004), CAB Absisa(1972—-2004) and Science Direct
databases. Keywords: cattle manure, Africa, mamiteggen, milk yields, dairy cattle, N

availability, manure storage, manure decomposéiaeh crop yields.

In high-input systems these studies are mostly @iateassessing the environmental
impact of the manure spread on field crops. Theeensany more studies on crop N
uptake than on crop N conversion, since the forowmmprise mainly greenhouse
experiments where grain yield was not measuredallyinthere are many studies
where N uptake in biomass is reported and graitd yieere measured, but grain N
content was not reported. African studies wherentfigation of partial NCE was
possible represented only 8%, 7%, 5% and 8% qdwddlications on sub-systems 1-4,
respectively.

3.2 Sub-system 1: Livestock
3.2.1 Factors controlling feed degradation in the rumen

Ruminants are able to make use of energy fromloskubecause they maintain large
populations of cellulose-degrading microorganismshieir rumens. Most cellulose is
digested in the rumen, but a substantial portiomearhicellulose is fermented in the
lower digestive tract (Van Soest, 1994). The nomil value of cellulose depends
largely on its degree of lignification, althougleth are other inhibitors and limiting

factors such as silicification, cutinisation anttimsic properties of the cellulose itself.
The C:N ratio of organic materials is also a kegtda since rumen microorganisms
require N for growth and efficient fermentationghin is regarded as the most impor-
tant fibore component that limits degradation aneldf@utrient availability for cattle,
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because it protects cell wall structural polysacdes from attack. Almost all ingested
lignin can be recovered in the faeces (Chessor))199

Analytical digestibility tests are based on seqanlegradation with neutral and then
acid detergent solutions (Van Soest, 1994). Neuledérgent solution leaves a fibre
residue (NDF) containing lignin, cellulose and hesliulose, with some protein and
bound N, minerals and cuticular material. An aatugon of quaternary detergents
leaves a fibre residue (ADF) containing lignin aatlulose. ADF also contains a little
N, but this is considered to be recalcitrant andigestible by animals. A strong
sulphuric acid solution (0.7 g9 leaves only the most recalcitrant fibre fraction,
commonly referred to as acid detergent lignin (ADThe organic matter quality
parameters governing the degradation of faecesaftzetion, and in soils, are similar
to those governing digestibility (Chesson, 199bwever, in faeces the ADL fraction
includes not only lignin but substantial amountsre€alcitrant microbial cell wall
residues.

Plant materials may also contain soluble compouwvitish reduce digestibility. Con-
densed tannins (or proanthocyanidins), phenolicpmamds, are commonly found in
feed legumes and especially in browse from tredssarnubs (Le Houérou, 1980; Palm
et al., 2001a). In high concentrations, they redimgradation rate and affect feed in-
take and digestibility of protein and carbohydrdiesause they precipitate salivary or
feed proteins to form complexes that are stablerumhen pH (Reed, 2001).
Proanthocyanidins also reduce cell wall digestiplliy binding bacterial enzymes and
forming indigestible complexes with cell wall poiecharides (Reed et al., 1990).
When cattle consume legumes with large concentstad proanthocyanidins, faecal
ADL and neutral detergent insoluble N (ADIN) framis are larger than those in the
plant material consumed (Wiegand et al., 1995)aptioocyanidins cause the forma-
tion of detergent insoluble complexes that increhgse fractions in the faeces. The
formation of these complexes reflects the redudgestibility of the dietary protein.

Most of the protein consumed in the diet by rumieas hydrolysed in the rumen.
Much of the ammonia liberated, together with somee famino acids is assimilated
into microbial protein in the rumen (drskov, 1992mmonia that is not utilised

diffuses through the rumen wall and is transpottethe liver where it is converted to
urea. Some of the urea is returned to the rumesalina, or via the bloodstream, but
most is removed from the blood by the kidneys anéxcreted in the urine. In the
lower digestive tract, dietary protein that escapgaden fermentation and the micro-
bial protein synthesised in the rumen are bothesiilip hydrolysis, releasing small
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peptides and amino acids, which are absorbed Idloodstream (Webb and Berg-
man, 1991) The amino acids and peptides are then utilisedhersynthesis of milk
protein and body tissue protein. Undigested propesses into the large intestine,
where there is a small amount of further digesthmrt, most is excreted in the faeces.
Ruminants can decrease losses of urea throughorgdibs in the kidneys when the N
supply is restricted (Marini and Van Amburgh, 2001)

3.2.2 Partitioning of dietary N into milk, meat and excreta

The concentration of nutrients in animal tissues ianblood, at least in forms that are
metabolically active, is maintained relatively ctam by homeostatic mechanisms,
irrespective of the diet composition (Whiteheadd@0 Dietary N that is not used by
the animal for body weight gain or milk is excretadaeces and urine. During lacta-
tion, dietary requirements for protein are increllsecause about one third of the dry
matter in milk is protein. The maximum utilisation dietary N by the animal occurs
when the ratio between available N and availabkrggnis close to the optimum for
the rate of live weight gain and/or amount of nbking produced. However, the lack
of even one limiting amino acid can modify N ugli®n by cows and reduce milk
protein yield (Bgrsting et al., 2003). The aminadazomposition of microbial protein
deviates from the composition of milk, with methiog, leucine and histidine being in
lower concentration than the milk’s requirementsiAo acids that have been assimi-
lated, but are in excess of what is needed to balt#re most limiting amino acid, will
be excreted as urea in urine.

Evidence from experiments with high-yielding dacattle indicates that increasing
dietary N increases milk yield only when N is mbneiting than energy requirements,
and provided the amino acid composition of the dhekts the requirements for milk
production (Bgrsting et al., 2003). Beyond thisnpogreater dietary N simply results
in a greater excretion of labile N. In temperatgioas, where feed is generally more
N-rich than in the tropics, a greater proportionNofis usually partitioned to urine.
Milk yields and dietary N are extremely differemtr fcows in Europe and in Africa.
While a Friesian cow can produce more than 30 kot per day in dairy farms of
Northern Europe, the same breed hardly reacheg ekday in Sub-Saharan Africa
(Kabuga, 1991; Ojango and Pollott, 2002).

Metabolic materials excreted in faeces include gedous substances (salts of fatty
acids, bile salts, some sloughed-off animal cefiscus and keratinized tissue) and
microbial debris (bacterial cell walls from rumeackeria and some whole cells from
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fermentation in the lower tract). Microbial cell Mgaconsist of substituted glucosa-
mine (muramic acid) polymers with attached peptid€se large proportion of
microbial cell wall in faeces indicates its resmta to degradation (Van Soest, 1994).
Faecal N is largely contained in indigestible mimad matter, which is produced
approximately in proportion to dry matter intakendijested feed, microbial and
endogenous N were estimated to account for 16 n8528% of faecal N respectively
in dairy cows supplemented with concentrates (lraegeal., 2001).

Faecal N varied considerably across experimenigjusgeers (Table 2) and dairy cows
(Table 3), from 19 to 136 g N animald™’, but the range of urinary-N was even
greater (0.1 to 444 g N animal™). This variation was associated with the N intake
by the cattle (Fig. 4). Faecal N concentrations than 1% are common in the tropics,
while in temperate regions they are often abovedi# to the higher quality diets.
Urine normally contains 4-12% of dissolved solidi@n@l, much of which consists of
nitrogenous compounds. The N concentration in uisnesually between 2—20 @'l
Urea generally accounts for between 60 and 90%taf trinary-N, the rest consisting
of other nitrogenous compounds such as hippurid, atlantoin, uric acid, xanthine,
hypoxanthine, creatine and creatinine. The C:Norafiurine is generally within the
range (2-5):1 (Whitehead, 1995). The N contentdagices and urine may vary
between individuals, on different days and on ddfe times of the day, and reflects
the variability in individual N intake. Urinary Nsivery susceptible to loss, and so
increasing dietary N above amounts that can belyeassimilated by the animals is
likely to lead to less efficient N recycling (Powahd Williams, 1993).
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N partitioning into faeces
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N intake (g N TLU-1d™?)
Figure 4:Effect of nitrogen intake on the proportion of keaecovered in faeces. Regres
line: y = -0.004 x + 1.076P¢tvalue < 0.01), ¥ = 0.74***. After Betteridge et al(1986)
Schlecht et al. (1995), Delve et al. (2001) andastlet al. (2001).
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Table2: Nitrogen intake, excretion of faecal N and ary N all expressed as per tropical livestock unitld, animal of 250 kg body mé) and per dg, and calculated partial and total
recovery efficiency in excreta.

Diet Season Animal type N intakeFaecal N Urine N Excreta N N partitioning N Country Reference
(@TLU™? (gTLU? (gTLU™? (gTLU™? intofaeces  recovery
) ) ) d™) efficiency
Rangeland pasture Dry Male zebu 78 39 41 80 0.49 Mali Schlecht et al. (1995)
Rangeland pasture Dry 102 a7 54 101 0.47
Pasture + supplementation Dry 91 47 47 94 0.50
Pasture + supplementation Dry 109 48 59 107 0.45
Rangeland pasture Rainy 175 53 103 156 0.34
Rangeland pasture Rainy 147 58 71 129 0.45
Napier, concentrates, poultry litt€&ainy to dry Friesian steers 109 41 12 53 0.77 0.48Kenya Lekasi et al. (2001)
Napier, concentrates 78 36 10 46 0.78 0.65
Maize stover, concentrates 109 31 20 50 0.61 0.46
Pasture mixture Warm and rainyAberdeen Angus steers 172 41 88 129 0.32 New ZealBetteridge et al.
Pasture mixture Cold 160 35 73 107 0.32 (1986)
Pasture mixturk Warm and dry 231 36 93 129 0.28
Barley straw 16 19 0.1 19 0.99 1.21 Kenya Debva.g2001)
Barley straw, 15%. calothyrsus Rainy to dry Friesian Ayrshire steers 53 36 0.3 36 0.99 0.68
Barley straw, 309%. calothyrsus 81 48 0.2 48 0.99 0.59
Barley straw, 159%/. axillare 38 27 0.1 27 0.99 0.70
Barley straw, 30%M. axillare 56 31 0.2 32 0.99 0.56
Barley straw, 15% poultry manure 40 28 4.4 33 0.87 0.83
Barley straw, 30% poultry manure 62 39 5.8 44 0.87 0.72

TSupplements consisted of cowpea hay and rice meal

2pasture mixture: 43% ryegrass, 27% white clove¥ béher species (grass and flat weeds) and 12%rdatetial
3Pasture mixture: 68% ryegrass, 21% white cloverofidér species and 5% dead material

“Pasture mixture: 72% ryegrass, 11% white cloveriaftd dead materi
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Table3: Milk yield, N intake and partitioning of N intoitk, faeces and urine for dairy cows that receidéterent dietsLiveweight ranged between 6-690 kg cov? for Holstein cows
and it was 420 kg for the crossbreed cows.

Diet Breed Milk yield N intake Milk N Milk N Manure N Faecal N Faecal N Urine N Urine N N Country  References

(kgd* (gd* (gd' recovery (gd* (gd* recovery (gd' recoveryrecovery

cow?) cow?l) cow?) cow?)  cow?) cow'}) efficiency
Clover-ryegrass, low N Holstein 26.4 549 142 0.26 136 0.25 284 0.52 60.Denmark Petersen et al. (1998b)
Clover-ryegrass, high N 25.2 722 142 0.20 136 90.1 444 0.62 0.80
Roughage, concentrates, lo¥ N Holstein 334 411 171 0.41 225 0.55 Sweden nkaad Swensson
Roughage, concentrates, high N 35.4 552 180 0.33 18 3 0.58 (2002)
Roughage, concentrates, lo# N Holstein 33.2 695 166 0.24 0%6 210 0.30 0.76 USA Sannes et al. (2002)
Roughage, concentrates, high N 33.7 824 169 0.20 0.45* 289 035 0.80
Hay, concentrates Friesigfebu 6.5 190 32 0.17 113 0.59 024 0.83* Ethiopia Khalili and Varvikko
Hay, concentrates: sebania (2:1) 5.8 174 28 0.16 108 0.62 0%22 0.84* (1992)
Hay, concentrates: sesbania (0.5:1) 5.2 162 22 401 90 0.56 0.36 0.86*
Hay, sesbania 4.6 138 20 0.14 70 0.51 0.35 0.86*
Hay, concentrates Friesiefebu 5.2 181 25 0.14 108 0.60 026 0.86* Ethiopia Varvikko and Khalili
Hay, concentrates: tagasaste (2:1) 5.2 168 24 0.14 95 0.57 029 o0.86 (1993)
Hay, concentrates: tagasafe5:1) 4.4 149 19 0.13 83 0.56 031 0.87*
Hay, tagasaste 4.0 112 17 0.16 58 0.52 .320.84*

In addition to grazing, cows received 139 g N(tbw N) or 304 g N @ (high N) as concentrates

2 Roughage consisted of grass hay, grass silagbestgulp silage and concentrates were formulatédrapeseed, brewers’ grain, dried beet pulp fivd linseed cake
3 Roughage consisted of alfalfa hay, corn silagé,catton seeds and concentrates were formulatédgndund corn and sucrose. The high N diet had Gf#esin meal.
4 Calculations were made under the assumption thgttiag cows do not retain tissue N and there imeight gain during lactation.

5 Concentrates replaced by sesbaSisiania sesban) forage at ratio of 2:1 and 0.5:1.

8Concentrates replaced by tagas{Chamaecytisus proliferus ssp.palmensis) forage at ratio of 2:1 and 0.5
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3.2.3 Effect of diet on N partitioning

Adding fermentable carbohydrate to the diet ofleaticreases the microbial require-
ment and promotes utilisation of excess ammonia asd result, larger amounts of
more recalcitrant faecal N may be recycled into fwening system (Delve et al.,
2001). Conversely, low N intake is associated w&tention of a large proportion of
the dietary N for milk or weight gain, and thus Ipartitioning to excreta. With low N
intake, a large portion of the metabolised N isyeded through the rumen, and in ex-
treme cases there may be net loss of N (Delve,e2@01), which will cause the death
of the animal if sustained. This situation is likéb occur towards the end of the dry
season, when only poor quality fodder is availaBl@tein-poor diets can be supple-
mented with a range of high N content materialshsas urea, poultry manure or
legumes to reduce the N limitation on rumen micgaoisms. When a N-poor barley
straw basal diet was supplemented with legume®oltny manure, the recovery of N
in the excreta of steers was increased (Delve.e2@01). Poultry manure diets also
resulted in a large excretion of urinary-N. HowesIipplementing with legumes may
not provide benefits if these are low in N contenhave substantial amounts of solu-
ble polyphenols. Calliandr&alliandra calothyrsus Meissn.), which has a high tannin
content, and ArcheMacrotyloma axillare Verdc. Cv. Archer), low in tannins, did not
modify N partitioning to faeces when supplementedarley straw, which might be
related to the low N content of these materialsil@rly, supplementing the diet of
dairy cows with sesbaniaSdsbania sesban Merrill.) or tagasaste Ghamaecytisus
proliferus ssp. palmensis (L.f.) Link (Christ) Kunkel) demed feed intake, N intake
and milk production (Khalili and Varvikko, 1992; akko and Khalili, 1993) (Table
3). This can be attributed to a reduction in N kaality due to soluble phenolic com-
pounds in these materials.

3.2.4 Partial NUE in the livestock sub-system

There are several sources of uncertainty on thmason of N recovery into excreta.
Spanghero and Kowalski (1997) reviewed a numbeN dfalance experiments with
lactating cows and indicated underestimation ofcdheN and urinary-N or unac-
counted dermal losses as sources of error. Logsearonia after excretion of faeces
and before drying of samples cause underestimafidaecal N, and volatile N losses
cause underestimation of urinary-N unless urineoldected in dilute acid solution.
Dermal N losses are very difficult to estimate anel usually ignored, but are probably
small. N recovery into excreta varied in steersnfré6% to 121% (Table 2) and in
dairy cattle from 55% to 87% (Table 3), although African dairy studies the
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minimum recovery into excreta was 83%. This agweids the conclusion of Reynolds
and de Leeuw (1995) that livestock in tropical dhwtler systems retain less than
20% of ingested N for productive purposes.

3.3 Sub-system 2: Excreta collection and handling

This section includes the collection of manure fiscéed by cattle management and
cattle housing features.

3.3.1 Partitioning of excreta between stall and pasture

The amount of manure that can be collected depend=sattle management. In zero-
grazing systems, where animals are confined all alayost all N contained in the ex-
creta could be recycled if properly managed. Herdatlle, by contrast, excrete N
where they are grazing and while this N is potdigtiaseful for fertilising pastures,
and crop fields being grazed after harvest, itls® susceptible to loss. Manure may
also be collected from pastures for use on aralvld br, particularly in Ethiopia, as
cooking fuel. Ayantunde (1998) observed no diffeeenin faecal excretion rate
between cattle grazing during the day or during tight in Toukounous, Niger.
Defecation in the stall overnight (from 18.30 t8(0 hours) accounted for 43% of total
daily faecal excretion during the dry season int@érMali (Schlecht et al., 1995).
The excretion rate was slowest during the nightfastest during the day for sheep in
Niger (Fig. 5). Faecal output is proportional tedantake, and if animals do not have
access to feed during the night, nocturnal faecaietion is reduced.

Cattle grazing in temperate rangelands defecate tlemn half as often as cattle in
intensive conditions (Barrow, 1987), which couldéglained by lower rates of feed
intake. Betteridge et al. (1986) observed thatatrmm during the night was less
frequent but this was compensated by higher volanteN concentration than during
the day, so N output in urine during night and degre approximately balanced.
Assuming that animals graze 12 hours per day, traturinary-N output rate is

constant and that faecal N output is lower durlmgnight, the excreta N deposited in
the kraal/boma would be less than half the totakbreted during the day.

Manure that accumulates in cattle stalls may bkecigld at variable intervals or at the
end of the dry season, to be composted or appiredtly to cropland. Often the kraal
Is used to store manurie@itu storage). Following our conceptualisation of theni-
ing system (Fig. 1 and 2), such manure managemapltels that the partial NCE of
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Figure 5: Diurnal variation in faecal excretionastby sheep fedd libitum. Bars represe
standard errors of the mean. Source: FernandezaRetal. (1995).

step 2 and 3 (collection and storage) are sumntansene NCE and that no distinc-
tion can be made to identify inefficiencies.

This sort of management represents a by-pass fubrsygstem 2 to 4, for which there
are no quantifications of losses and factors cdimgo them. Manure deposited
directly onto pasture or croplands is discusseaelstion to sub-system 4.

3.3.2 Factors affecting the efficiency of manure N collection from stall

Losses of N before collection may be substantiad, depend on the management of
the manure and the design of the stall. UrinarysNbarticularly susceptible to loss.
Leaching can be reduced by roofing the stall, aneivgnted by hard flooring.
Volatilisation of ammonia can be minimised by ussitaw to absorb ammonia from
freshly excreted faeces and urine. Most farmer€entral and western Kenya have
some type of improved cattle-housing structuretiglaroofing, solid floor, feeding
trough, etc. (Shepherd et al., 1995; Lekasi e803). In contrast, the use of bedding
to capture urine is very variable among farmers iarmatobably related to availability
of crop residues and labour costs. Addition of erohd not change the nutrient
concentration of the manure (Lekasi et al., 20@8)ich suggests that urinary N was
not effectively conserved by the current managememaictices in the Central
highlands of Kenya. Nzuma and Murwira (2000) fotmak addition of straw to faeces
reduced ammonia losses by up to 85% and when addsazmbined faeces and urine,
losses were reduced by 50%. The most effectiveumaxior composting of manure to
straw to reduce N losses was 8:1.
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In many regions of Africa, farmers apply large amisuof manure, e.g. 40 t Ha
(Probert et al., 1995), but this is of poor quatihd ineffective as a source of nutrients.
Poor manure quality is closely related to the managnt of the excreta during
corralling of the animals. Probert et al. (19955@tved that cattle spend at least 16
hours per day in small stalls in semi-arid East¢emya, where they were fed crop
residues. At the end of the dry season, manureliscted from the stalls, usually
composted for a short period and then applied tplands. Over time, the stall
becomes a shallow pit because of the digging oumariure. Total N contents of the
manure ranged from 0.23 to 0.70%, but ash contamiged from 79 to 94% because
of mixing with soil from the floor of the stall. Eneffect was greater on sandy soils.
Similar observations were made by Nhamo et al. 420@ho found that total N
ranged from 0.4 to 1.2% and ash content ranged 2@nto 92% in manure from
different smallholder farms in Zimbabwe. Only 7%tbé manures had ash contents
lower than 40%. Soil contamination of manure redudeconcentration and increases
handling costs. In itself soil contamination does reduce the total amount of N, but
it is often associated with conditions that prombtdoss through leaching which
further reduces the fertiliser value of the manure.

Important improvements in manure quality may beieaad through flooring and

roofing of the stalls, though this requires investinof capital and labour, which are
generally restricted for subsistence smallholdersAfrica. There appear to be
opportunities to use ash content or a finger tegdxdure to estimate the inert fraction
of the manure, but prediction of the mineralisatmithe organic N fraction from

manures remains problematic.

3.3.3 Partial NCE in the excreta collection and handling sub-system

Manure collection is the sub-system with the highescertainty in determining
overall NCE. The amount of N that can be colleatieghpends largely on livestock
management, which means that NCE for excreta ¢mleand handling is site-
specific. For example, if manure is collected anltalls, it appears that less than the
50% of total N excreted during the day can be usedecycling within the farm.
Increased manure collection reduces inputs intdupas, which has implications for
pasture quality and degradation in the long terowewer, collected manure can be
used in ways that are more efficient or economycalloductive. In zero grazing
systems, almost all excreted N could be collectedaproportion of manure N is
always lost immediately through NH\ volatilisation after excretion. How much is
lost depends on the use of bedding and the frequehenanure collection. When
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manure accumulates in the stall through the drg@eand is collected just before the
start of the rainy season, little of the excreters Bctually recycled.

While it is possible to collect nearly all of theceeta (up to 99% was collected in an
experimental study by Lekasi et al., 2001), in pcacthe efficiency of collection of
excreta N is usually much less. Even in the stuflyekasi et al. (2001), where
manure was stored in a covered concrete storagm, 4p% of the N was lost before
composting (Table 4). Manure is commonly left imdds for weeks or months before
collection, and losses of urinary-N and labile &ecN through leaching and
volatilisation are likely to be very large. Assumithat 45% of excreta N is partitioned
into faeces (average for steers, Table 2), thairalary-N is lost when no bedding is
used, that 43% of total excreta are left in th# dtaing the dry season, and that up to
70% of faecal N can be lost through volatilisatiarenitrification and leaching
(Martins and Dewes, 1992), we estimate the mininfonthis partial NCE to be less
than 10%.

Table 4: N recovery efficiencies during handlinglaomposting of N from manure (faeces with or
without addition of straw, urine or feed refusdfe)m Friesian steers in Central Kenya. After Leletsi
al. (2001).

Manure type N fresh N after Handling Compost Composting Overall

manuré  storagé efficiency N® efficiency efficiency
(kg) (kg) (kg)

Faeces, urine + straw 3.73 3.65 0.98 3.18 0.87 0.85

(1:0.6)

Faeces + straw (1:1) 2.93 2.50 0.85 1.85 0.74 0.63

Faeces 1.90 1.45 0.76 1.13 0.79 0.59

Faeces, urine 2.88 1.83 0.63 1.55 0.85 0.54

Faeces + feed refusals 2.48 2.45 0.99 1.63 0.67 0.66

Faeces, urine + feed 3.60 2.28 0.63 1.40 0.61 0.39

refusals (mixed manually)

Faeces, urine + feed 3.73 2.25 0.60 1.38 0.61 0.37

refusals (mixed by cattle)

! Manure N contained in a heap as produced by @&tssfeer day.

2 Manure N as produced daily by one steer and actaietliover 61 days in a roofed concrete flooredh bar
¥ Manure N after composting for 90 days.

3.4 Sub-system 3: Manure storage (composting)

Collected manure is commonly composted in a heapitpralone or together with
bedding, crop residues and household waste. Soihecteal fresh manure is also
applied directly to crops, though in Western Ketlya amount was estimated to be
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small in proportion to the total amount of manureduced (Shepherd et al., 1995).
Compost heaps are usually not protected from nagup, but are often mixed once or
twice during the storage period of six months. @esnand losses occur during
composting. The composting process and the orgamaterials that are added

determine the quantity and quality of the final mi@nand, to a certain extent, the crop
response to the manure N. Most farmers from MangeeZimbabwe, heap the

manure to compost it before application to croptafddhamo et al., 2004). Literature

on composting manure is very scarce for Africa.dresh has concentrated on crop
response to composted manure and mostly the asigihat manure is not specified.

What happens to the manure between excretion aplicagon to fields has a large

impact on N availability for crops.

3.4.1 Nitrogen losses from different manure heaps

Factors controlling the magnitude of N losses fronanure heaps have been
investigated in several studies (Tables 4 and &3sés of N occur from labile N pools,
and are thus more likely when there is a high priopo of labile material. Gaseous
losses of N may occur as Nihen ammonium concentrations and pH are highan th
heap. The process is controlled by the availabdityeasily decomposable C and N,
and N losses decrease abruptly as soon as theNNslimmobilised. Murwira (1995)
observed that NEHN losses did not exceed 4% of total N for a 30 geyiod,
coincided with maximum microbial activity and appeh to reflect the size of the
labile N pool.

Although ammonium-N is the predominant form of mmaileN in manure heaps,
nitrate-N may be formed in the surface, more aertdyers, and is susceptible to loss
by denitrification. Denitrifying bacteria require naerobic conditions, and
denitrification of labile N is only likely if oxyge becomes depleted in zones of heaps
where nitrate-N is present, or in microsites withirDenitrifiers also require sufficient
moisture; at low water content, oxygen availabilifypears to have a negligible effect
on N losses during composting (Kirchmann and Witt802).

Soluble N may be leached if there is throughpuwafer. Heaping manure reduces its
surface area, and so decreases leaching compatedaollected manure. Leaching
occurs during the first days of composting andnisreased when heaps are turned
(Martins and Dewes, 1992). Most N in the leachats WH,-N, the second fraction
was organically bound N while NN represented only a small proportion of the total
N (0.1-2.2%) in the experiments of Martins and De992).
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Table5: Nitrogen losses from different types of manuresrdulaboratory incubations, aerobic or anaerobimostin.

Manure type Treatment Period Initial N Moisture NH4.-|\_I _Iosses NOx.-l\_l _Iosses N Iggghing Factors driving losses Country References
(days) (%) content (%) (% initial N) (% initial N) (% initial N)
Fresh faeces Anaerobic incubation 15 1.26 579* 11 Size of mineral N pool Zimbabwe 1
1.24 781* 0.7 Size of mineral N pool
1.11 986* 1.0 Size of mineral N pool

Stall manure mixed with refusals Aerobic incubation 30 1.90 12* 1.2 Moisture, microbial activity

36* 0.5 Moisture, microbial activity

48* 0.6 Moisture, microbial activity

60* 15 Moisture, microbial activity

72* 3.6 Moisture, microbial activity

84* 2.2 Moisture, microbial activity

100* 2.0 Moisture, microbial activity
Fresh faeces dried before compostidgrobic composting 210 2.3 50 0.1 Moisture, sizenineral N pool? Sweden 2
Fresh faeces dried before compostidgnaerobic composting 2.3 50 0 Moisture, anaerobic conditions
Fresh liquid manure Aerobic incubation 16 0.54 88 6.0 Temperature Germany 3
Fresh liquid manure + straw (1: 0.05) Aerobic irgtitn 0.54 84 10.8 Temperature, microbial N immobilisation
Fresh liquid manure + straw (1: 0.30) Aerobic iratidn 0.52 69 5.9 Temperature, microbial N immobilisation
Sheep faeces + urine + straw (9:10:8grobic composting 86 3.1 71 46 Temperatureplderconditions Denmark 4
Sheep faeces + urine + straw (9:10:8haerobic composting 3.1 71 18 Anaerobic conditions
Fresh liquid manure Aerobic composting 51 0.60 ? 3.72 Size of mineral N pool (% of urine N) Switizerd 5
Cattle urine-rich liquid manure 0.73 49 Sifemineral N pool (% of urine N)
Cattle faeces + straw (1: 0.025) 0.50 114 avéllability, microbial N immobilisation
Cattle manure + straw (1: 0.18) 0.51 10.6 véllability, microbial N immobilisation
Fresh liquid manure + straw (1: 0.55) Aerobic costpy 114 0.55 85 49 <5 17 Temperature, irrigatioming of the heapGermany 6
Fresh manure mixed with straw Aerobic composting 64 0.67 82 5 13 4 Size of mineral N pool Denmark 7

* % of water holding capacity

References: 1. Murwira, 1995, Kirchmann and Witter (199, 3.Dewes (199¢, 4. Thomsen (200, 5. Killing et al. (2001), tMartins and Dewes (19¢, 7. Peterselet al.(199¢a)
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Anaerobic conditions are more likely to develop witee heap has a high bulk density
or if it is tightly covered. However, these conalits also slow the diffusion of gaseous
N out of the heap, and if N demand from microorgars later increases then NN
may be reincorporated into organic matter. In a\sty Thomsen (2000), manure
composted aerobically lost 46% of its total N afé& days of storage, whereas
anaerobically composted manure lost only 18%. Mdghe N lost was from urine,
though as composting progressed the relative ¢tanioin of faeces-N and straw-N to
N losses increased. In the anaerobically compostadure, 48% of its total N was
present as mineral N, mostly DN, at the end of storage.

The relative importance of different pathways ofoss has been studied in few trials,
but these report that the greatest N losses dwergbic composting are through
gaseous emissions (Table 5). Martins and Dewes2j1ffund that turning manure
heaps stimulated a loss of 49% of N assN#tobably by stimulating aerobic microbial
activity and allowing better aeration. In a studyare the heap was not turned but the
surface was in contact with the atmosphere, déoétion losses were more important
(Petersen et al., 1998a). Volatilisation of Nseems likely to cause the largest N
losses during composting; only 4-17% of N was Itstough leaching or
denitrification in these studies. Most of the abstedies relate to situations where
manure heaps were covered. When manure heapsareeued, as is often the case in
Africa, leaching losses will be of greater impodan

3.4.2 Partial NUE in the manure storage sub-system

The N in manure after composting ranged from ard@irfb to 85% of the N initially
present. Opportunities exist to increase N recovesyn the storage process. For
example, addition of straw to manure increases ldimle C pool, promoting
immobilisation of labile N, although adding stra@nemonly produces a temperature
rise early in the composting process that can asgeammonia losses (Dewes, 1999).
Anaerobic composting can reduce N losses and rasudt final manure richer in
available N, which makes it more immediately effextalthough it also increases the
risk of loss of manure N after application to tlod.s

3.5 Sub-system 4: Soil availability, crop capturerad crop conversion

The partial efficiencies for these three stagethentransformation of manure N added
to soils into useful plant-protein have been re&$i well-studied (Fig. 3), but
different studies have used different boundaride/é&en the stages. Quality and rates
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of application of organic materials vary widely. 8livscale farmers from communal
areas in the Masvingo province of Zimbabwe applyasarage 5 t ha of manure,
mixed with small amounts of leaf litter (MugwiradcaMurwira, 1997). In the Kano
zone of Nigeria, one of the most intensive farmsggtems of West Africa (Harris and
Yusuf, 2001), with few remaining cattle and no r@lagds, manure is a poor quality,
heterogeneous mixture of organic materials and ast,farmers apply 18 t Hato
achieve crop yield responses. Probert et al. (1885)rted applications of up to 40 t
ha' in semi-arid Kenya. Crop responses depend ondateeaf application of N, as
determined by manure quality and application rbte,also on other manure quality
factors, crop characteristics and environmentaditmms.

3.5.1 Mineralisation of N from organic materials

Accurate predictions of N mineralisation from orgamaterials in soil remain elusive,
since interactions between the differentially lalmbrbon (C) and N pools are complex
and strongly influenced by environmental conditioH®wever, an understanding of
the main factors has developed, notably for plaatemals applied directly to soll
(Palm et al., 2001a). The release of N is goverbgdthe N demand of micro-
organisms, which is a function of the availabildlyC sources for microbial growth.
The presence of labile C increases the demandalbadelIN and therefore suppresses N
release. Plant materials also often contain ligmumich is recalcitrant for
decomposition and soluble polyphenols, which biadptoteins and thus retard N
mineralisation.

Mineralisation of N is essential to release N fanp uptake, but if N concentrations
rise because of a large release of N from labildgpwhen there is little plant demand
for N, large losses can occur. Ammonia losses aeatly reduced if manure is
incorporated to the soil. Recalcitrant C and N pabko create and satisfy microbial
demand for N, respectively, but at a slower ratel so these pools change size more
slowly and have less influence over soluble N catregions. They may however be
important for soil structure and for longer-terntrient cycling.

The release of N from manures is also governed ibyolmal demand, but the starting
composition of manures differs from that of plardterials in several important ways.
Soluble polyphenols are unlikely to be present ianores, and the stable fraction
includes large amounts of glucosamine (muramic )a@idlymers derived from
microbial cell walls (Chesson, 1997). This may explthe limited success that has
been achieved from applying plant quality indices the prediction of manure
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mineralisation (Table 6). The mineralisation ratar@nure N tends to be higher for
manure with narrow C:N ratios, but the influenceotiier chemical quality factors
remains uncertain. Quality parameters could not lagxp N mineralisation/
immobilisation in incubations in soil of fresh maayDelve et al., 2001). All manure
types released N in the first week of the incubmtlmut then immobilised N for 17 to
28 weeks, resulting in a lack of response in méiea mays (L.)) growth to any of the
manures in both pot and field experiments. Kyvsgaetr al. (2000) found that N
mineralisation from manure was significantly negelyy correlated with NDF, ADF,
crude fibre and apparent digestibility of the feadparent digestibility was correlated
to N faecal concentration and it was proposed fdi@atal N could be predicted from
dietary N and digestibility of the feed, which iged N recycling in the animal and
excess N excreted as urine. Because N mineralsats correlated with faecal N, the
authors concluded that N mineralisation can beipted from feed quality.

Table 6: Initial quality parameters of manures #radr effects on N mineralisation or N uptake. TSC:
total soluble C, TSN: total soluble N, NDF: neutddtergent fibre, NDF-N: nitrogen in neutral
detergent fibre, ADF: acid detergent fibre, ADF-hitrogen in acid detergent fibre, ADL: acid
detergent lignin, CF: crude fibre, TEP: total egtable polyphenols. Empty cell indicates no
measurements, + indicates positive effect, - negaifect and ns not significant.

Substrate TSC TSN TotalTotal C:N NDF NDF-NDF: ADF ADF-ADL CF ash TEP Ref.

C N N N N

Cattle manure ns ns 1
Cattle manure - 2
Cattle manure ns ns nNs NS ns ns ns ns ns 3
Cattlemanure ns ns ns ns - ns + ns + ns ns 4
Cattle manure + ns ns + ns + + ns 5
Cattle manure + + - - - 6
Sheep faeces + 7
Sheep faeces + 8
Sheep faeces ns ns ns ns ns ns 9
Sheep faeces + - - - 10
Goatmanure ns nNns NS NS ns ns ns 11

References: 1. Castellanos and Pratt (1981), 2séan(1996), 3. Delve (1998), 4. Lekasi (2000), 5.
Van Kessel and Reeves (2002), 6. Nhamo et al. j200Barrow (1961), 8. Floate (1970), 9. Powell
et al. (1999), 10. Kyvsgaard et al. (2000), 11. dngioya et al. (2000).

The studies previously discussed showing partiigrof excess N into urine, and the
difficulty of efficiently recycling this urinary-Nvithin farms, suggest that factors other
than feed quality need to be considered. This ballparticularly true when manure
handling and storage conditions are not optimalarNgngara et al. (1999) observed
that aerobically decomposed manure with a C:N rafid®d:1 immobilised added

fertiliser N, whereas manures with a C:N ratio 8f11did not. They concluded that
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C:N ratio of the manures is not a suitable paramitegoredict N mineralisation of
manures with narrow C:N.

3.5.2 Direct application of excreta to pastures and cropland

A proportion of the nutrients in excreta deposited pastures contributes to
subsequent pasture production. Pasture biomas=as&s due to excreta are estimated
to be between 27 to 38% (Weeda, 1967; During aneéd&/e1973), and are mainly
attributed to the N in excreta, although growthpmeses to P, K, Mg and Ca may be
expected in poor soils. Plants may also show resg®io the animal excreta in the
second year. The amount of N recycled is influenegdhe amount of N in excreta,
the frequency of excretion, size of each excretod the land surface covered by
excreta (Haynes and Williams, 1993). Under freesgiga conditions, cattle tend to
deposit excreta in non-productive areas, such asdle trees, around sources of water
and gateways and along travelling routes. In Iplgture excreta tends to accumulate
in flatter areas. Increasing the stocking rate ceduhis “camping” effect and manure
iIs more evenly distributed over the terrain (Hayaed Williams, 1993), particularly
under intensive rotational grazing management.

Plants that are actually covered by dung pats emecause of lack of light, but the
growth of adjacent pasture is stimulated. Undaridlgdung patches which disintegrate
quickly, pasture regrowth can be rapid (Weeda, 1967a rotationally grazed pasture
with a stocking rate of 2.5 cows Hal10% of the area was covered with faeces and
urine in one year (White et al., 2001). Dung anmheupatches affect an area much
larger than that actually covered. Powell et 898) found that sheep urine deposited
in concentrated patches of 95 Lrhut through lateral movement affected a totahare
nearly twenty times larger.

Local rates of N application within dung or partemly urine patches are extremely
high, which increases the risk that this N will lost. Urea hydrolyses rapidly after
excretion, suggesting that urease activity is dlyearesent in voided urine (Haynes
and Williams, 1993), causing a rapid rise in pH fhrdmotes ammonia volatilisation.
Such N losses range from 4 to 46% of urinary-N. ligapion of cattle urine to pasture
residues during the dry season in Australia redultepparent loss of 46% of urinary-
N from the soil-plant system (Vallis et al., 198&pd the following annual pasture
took up only 6% of the N applied in the urine. &ndy soils poor in organic matter in
Niger, Powell et al. (1998) observed that additionfs sheep urine (localised
application of 202 kg N hd) increased pH, available P and NN in the upper 15 cm
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of the soil. They estimated that 30—-50% of theanyaN was lost during the first week
of application. In high-N pastures, N urine lossee usually higher because the
proportion of the N intake that is returned as amyaN is higher than in poor-N
pastures. Losses @i\ after urination due to leaching were estimatede®7% under
humid temperate conditions (Whitehead and Bristt990). In New Zealand, it was
observed that application of sheep urine incredbedsoil NH-N content in both
short-term (2—-3 years) and long-term pastures (rii@e 20 years) and nitrate content
in the long-term pasture. This effect lasted lonigethe long-term pasture because
grasses consumed most of the available N in thd-ggron pasture. Nitrogen uptake
efficiency from the urine was higher in the shenrt pasture (41%) with a lower soil
N content than in the long-term pasture (21%) (Mhtis and Haynes, 2000).

Tethering livestock in croplands may appear anaeiitre means of recycling N.
However there are few sinks for labile N in aradxdds that are not being cropped, and
ammonia volatilisation and N leaching can cause losup to 50% of urinary-N
within one week of the application. Some faecal Nalso lost if manure is not
incorporated into the soil. Brouwer and Powell BpP@stimated the N losses from
manure produced by tethered cattle to be 91 kg N (B4 % of the N input). In semi-
arid West Africa, the amount of manure obtainedtddiering livestock in cropland
was influenced by rangeland productivity, consumptiate and the distance from the
rangelands to the crop fields being manured (Fele#&iRivera et al., 1995).

3.5.3 Efficiency of N uptake

Nitrogen uptake is limited by N availability, busa by plant N demand. Uptake effi-
ciency thus depends on other factors affectingtpdmowth (varietal characteristics,
and the availability of light, water and other memts) in relation to N availability
(Janssen, 1998). Limitations by other factors arplae range of N uptake efficiency
observed in the reviewed studies. In Niger, gred¢ses of manure N did not increase
crop biomass N, but increased N losses througlnieg¢Brouwer and Powell, 1998).
Lekasi (2000) compared poor soils in Gatuanyagatr@eKenya, with soils in nearby
Kariti which are particularly low in N but not irtleer nutrients, and found that P up-
take from manure in Kariti was twice that in Gatgaya, but N uptake was ten times
higher. N uptake efficiencies are usually lowesitds with less rainfall (Table 7).

Many studies have looked at crop responses to raaapplication, but studies that
address the synchronisation of N release from neawith crop uptake, attempting to
minimise the risk of N loss, are rare. The diffigubf predicting the pattern of
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Table 7: N uptake measured for maize crops thaived application of manure N in Africa.

Treatment Rainfall Cropping Soil type Incorpo- Manure NBiomass N uptake Overall N Grain N N Country Ref!
(mm) Season rated (kgha®) N!' efficiency uptake (kgha™) conversion
into soil (kg ha™® efficiency’ efficiency’
Control 900  First coarse Yes 0 255 Zimbabwe 1
Composted manure, split dose loamy 116 48.7 0.20
Composted manure, one dose sand 349 70.8 0.13
Control ? Second 0 225
Composted manure, split dose 116 78.1 0.27
Composted manure, one dose 0 96.6 0.24
Control ? Third 0 4.5
Composted manure, split dose 116 15.7 0.04 0.26
Composted manure, one dose 0 18.5 0.06 0.38
ControlL. leucocephala hedgerow 825  First ? Yes 0 24.5 18.6 0.76 Ethiop 2
Composted manure 87 32.2 0.09 24.6 0.76
ControlL. pallida hedgerow 0 215 15.5 0.72
Composted manure 87 24.8 0.04 17.6 0.71
Control 1300 -160Birst clay Yes 0 27.1 15.3 0.56 Kariti, 34
Composted faeces 75 53.5 0.35 39.1 0.73  Kenya
Composted faeces + feed refusals 75 59.1 0.43 41.4 0.70
Composted faeces + urine 75 39.8 0.17 27.4 9 0.6
Composted faeces + urine + feed refusals 75 60.1 0.44 441 0.73
Composted faeces + urine + feed refufsals 75 63.9 0.49 41.1 0.64
Control 750 —900 First sandy Yes 0 15 7.5 0.50 tu&ayaga,3,4
Composted faeces clay 75 17.1 0.03 8.2 0.48 y&en
Composted faeces + feed refusals loam 75 21.5 09 0. 12.3 0.57
Composted faeces + urine 75 12.1 - 6.8 0.56
Composted faeces + urine + feed refusals 75 20 0.07 10.1 0.51
Composted faeces + urine + feed refifsals 75 17.5 0.03 7.7 0.44
Composted farmers’ manure 750  First coarse 133 15 0.11 5.3 0.35 Zimbabwe 5
Composted farmers’ manure Second grained sand 0O .6 9 0.08 0.19 3.2 0.33

TBiomass N is total maize above-ground biomass N

%N uptake efficiency = (biomass N / (Manure N —rbass N previous season)), biomass N = (biomassathtent — biomass N control),

30verall efficiency = (total biomass N (all seasohital manure N)
* N conversion efficiency = grain N treatment / basa N treatment
®Faeces, urine and feed refusals have been mixedaiyabefore composting

®Faeces, urine and feed refusals have been mixedttlg before collection and composting
" References: 1. Nyamangara el(2002a), 2. Lupwayi et al. (199!, 3. Lekasi (200), 4. Lekasiet al. 2001, 5. Chikowo et al. (2004
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mineralisation has already been discussed. Cropmadd correlates with the rate of
biomass accumulation, and is thus predictable arsaé crop development can be
predicted.

More frequent application may in any case increhsesynchrony and the efficiency
of use of materials. Annual applications of mantoea maize-legume rotation in
Zimbabwe resulted in greater N uptake efficiencyhe first and second season after
application than the recommended practice of apgly85-40 t manure Faonce
every four years (Nyamangara et al., 2003a) (Téple

Crop response to manure N in the first season dispem the amount of mineral N and
labile N in the manure (Giller et al.,, 1997). Ngem uptake from manures in the
second and subsequent seasons also depends orergaality. In old manures much
of the N is in stable forms that are only mineedislowly, and N uptake efficiency
can be greater after the first season. Howeveryitbee stable N pools may not be
mineralised within a useful timescale, and it isrenoommon to see greater uptake
efficiency during the first season. Powell et a999) compared the N uptake
efficiency from legume leaves with that from faef®sn sheep fed the legume leaves
as a supplement. All faeces except those whichltegsdirom supplementing with
Vigna unguiculata (L.) Walp. resulted in higher N uptake efficierxigb—14%) than
the corresponding leaves (1-9%). However, therewerclear relationships between
measured faecal chemical components and N uptake.

3.5.4 Crop N conversion

The yield that can be produced from a certain amo@irN uptake depends on the
minimum concentration to which N can be dilutecthe plant. Cereals can produce
grain with relatively low grain N concentration, thilneir large grain yields require
substantial quantities of N (Muchow, 1998). The éqjuired for grain filling or the
development of other useful crop parts is partlgvael from current uptake, but also
comes from remobilisation of N from leaves and steRemobilisation efficiency is
affected by conditions towards the end of the gafevelopment. Efficiency of con-
version at low N uptake is low and increases whetteb growing conditions increase
N uptake (De Wit, 1992). Under low fertility conidibs or if there is a late drought,
grain development is arrested (“haying off”), arattpioning of N into grain is mini-
mal. However, when grain is formed but N uptakeyrsater than that required for
yield as limited by another factor, partitioninggoain tends to be higher. High grain
N concentrations are thus found in crops that sedfevater stress or deficiency of
other nutrients.
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Table 8: N uptake and N leaching measured for hileps that received application of manure N incs.

Treatment RainfallCroppingSoil type Incorporated Manure N Biomass N N uptake Grain N N conversionCountry Ref.
(mm) Season into soil (kg ha®) (kgha?) efficiency* (kg ha?) efficiency”
Cattle corralling 562 First deep sandy No 0 13 SC,INiger 1
81 51 0.47
271 52 0.14
Cattle corralling 562 First Sandy, concave sldjme 0 16 5.3 ISC, Niger 2
59 25 0.16 7.8 0.31
straight slope 0 24 7.9
81 82 0.71 28 0.35
crest 0 27 8
169 68 0.25 21 0.31
convex slope 0 27 8
189 53 0.14 16 0.30
Manure farmers’ fields 350 No 19 4 0.21 0.5 0.13 Quallam, Niger 3
Manure farmers’ fields 425 25 4 0.18 1.3 0.29 lakdliger
Manure Experimental 560 44 9 0.21 4 0.41 Saddiger
Cattle corralling 60 34 0.57 10 0.30
Manure farmers’ fields 650 55 9 0.16 2.4 0.27 vy, DHger
560 145 13 0.09 4 0.34 Sadoré, Niger
Cattle corralling 200 42 0.21 6 0.15
Manure farmers’ fields 73 15 0.20 4 0.26 Sagdnliger 4
290 39 0.13 14 0.35
Control 450 First Sandy No 0 24 15 0.60 BoundageN 5
Cattle corralling, grazing cattle 45 37 0.29 22 0.58
Cattle corralling, grazing + supplem&nt 54 35 0.24 21 0.60
Cattle corralling, grazing + supplemént 56 39 0.26 22 0.56

TN uptake efficiency = Biomass N / Manure N

2N conversion efficiency = Grain N treatment / Biamsa\ treatment

3 Supplement consisted of millet bran, salt and P

“* Supplement consisted of millet bran, salt, P, dnddmeal

References: 1. Brower and Powell (1995), 2. Braavet Powell (1998), 3. Williams et al. (1995), 4tiBao et al (1995), 5. Sangaré et al. (2).
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3.5.5 Partial NCE in the soil-crop sub-system

Nitrogen uptake efficiencies from manure in Sub&ah Africa are generally poor,
and vary considerably even at same rate of manusppication. Uptake of N in
maize ranged from 3 to 49% of that applied, witle @ase of negative recovery, and
apparent N uptake efficiency in millé®gnnisetum glaucum (L.) R. Br) varied from 9
to 71%. The conversion efficiency of total plantitb grain N varied from 33 to 76%
for maize (Table 7) and 13 to 60% for millet (TaBle Differences due to crop spe-
cific characteristics (crop internal efficiency) neeobscured by variability corre-
sponding to other growth factors, especially availy of water.

4. Overall efficiency and critical steps of N tranger

The ranges in partial NCE for each of the transtages from plant material through
to useful plant products are summarised in Tabl®w®erall NCE, calculated as the
product of partial NCE at each transfer step, vess lthan 1% for the worst-case
combination of animal production, manure handling arop response. For the best-
case combination overall NCE was 44%, but thisnikaly to reflect NCE in real
farming systems since it includes both maximum vecy of feed N (121%, with
extremely poor feed quality) and very well-contedll manure handling. By
comparison, NCE of legume crop residues and greanunes directly incorporated
into the soil in the tropics varies from approxiglgté to 28% in the first season, and
an extra 2 to 15% might be recovered by secondter ktrops (Giller and Cadisch,
1995). This suggests that livestock and manure ostiqg can be relatively
inefficient uses of N, and it is undoubtedly trimatt livestock increase the risk of N
loss. However, as well as providing many importaenefits in their own right,
livestock can facilitate nutrient management by iaduy spatial flows of N and by
improving the availability of the N contained inganic nutrient resources. The net
effect of livestock on the whole-farm nutrient bada is positive if they are stalled
overnight but obtain little feed, or only low quglifeed, on-farm. However, if
livestock are fed on good quality feed when they stalled overnight but graze off-
farm on poor quality pastures during the day, assliaing that only 50 % of excreta
are produced during the night (see Section 3.8y Hre likely to be net exporters of
nutrients from the farm. A complete analysis of f@ential for nutrient cycling
through livestock in farming systems needs alsguantify fodder availability and
feed intake, and the removal of nutrients as alreguhe sale of crop and animal
products. In intensive dairy systems nutrient ispat purchased feed are often sub-
stantial, and maintain positive farm N balances.
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Table 9 Ranges of partial nitrogen cycling efficienciesdiferent stages in the transfer of plant
material N within crop-livestock systems. Minimumean and maximum values from the reviewed
studiesarepresented. N output for livestock sub-system refeid in excreta rather than in milk and

meat.

System Type Partial NCE
(kg N output kg N input)
Min. Mean Max.
1. Livestock African steers 0.46 0.69 1.21
African dairy cattle 0.83 0.85 0.87
Other dairy cattle 0.55 0.71 0.80
2. Excreta collection and handling All 0.60 0.83 99.
3. Manure storage All ca.0.3 0.73 0.87
4. Soil availability, crop capture Maize uptake from manures 0.03 0.17 0.49
and crop conversion Millet uptake from manurés  0.09 0.31 0.71
Maize conversion to grain N 0.44 0.63 0.76
Millet conversion to grain N 0.13 0.35 0.60

! Uptake in the first season after application

5. Conclusions

Our review of the literature illustrates the graatertainty that remains over several
critical stages of nutrient transfer through criyesgtock systems. Studies of N parti-
tioning in livestock and of soil N availability aratop N uptake have been relatively
common, and some have included measurements ofbakses that can be used to
calculate and compare efficiency. Studies of marmaedling and storage are much
rarer. When such studies have been carried outhiéres mainly recorded only manure
quality, and amounts of manure or manure N prodinzee not been estimated. This
is unfortunate since the critical step for incragsN cycling efficiency appears to be
manure handling, although the range of efficienegetarge for many of the steps.
There is potential for increasing the partitionofgexcreted N into faeces N through a
better control of the feed quality. This must bae&aevithout affecting the partitioning
of N to milk and meat, which are the most valugbleducts. Improving the synchrony
of mineralisation and crop uptake is an importaebtetical principle, but because of
variation in rainfall, crop demand and the slow enalisation of N from manure, this
interaction can be complex and difficult to managia accuracy.

Techniques that reduce losses after manure excrat®relatively easy to design and
implement. Improving the roofs and floors of catttalls can assist in minimising N

losses and soil contamination of manure, resulim@ more concentrated product
containing a greater amount of the N excreted. Matorage technologies are also
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simple, and offer the chance to manipulate manusdity and use efficiency. Chang-
ing from aerobic to anaerobic composting reduceksdes, and results in manure
which has higher concentrations of available N. W@ richer manures is more eas-
ily lost, but they are less bulky and so easidrandle, and have a more immediate ef-
fect. Improving cattle stalls and manure collectimethods requires investment by
farmers, and will require full analysis of the ®sind potential benefits, compared
with alternatives. An assessment is also needédwfwell new approaches fit within
the livestock management system and the whole fatihood. This review repre-
sents a first step in such an analysis which weamneucting under the Nutrient Use in
ANimal and Cropping systems — Efficiencies and &aINUANCES) framework
(Giller et al., 2006). Studies of individual teclhogies and nutrient transfer stages are
invaluable in providing information for such an @ssment, but cannot substitute for
it. Partial nutrient use efficiencies are particiylauseful for measuring sub-system
performance, and studies should quantify nutrieptiis and outputs using mass bal-
ances in future. This approach makes it possiblssess the importance of each sub-
system relative to overall nutrient flows, and Isetp identify critical inefficiencies
and intervention points for more efficient nutriemanagement.
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Manure as a key resource within smallholders
farming systems:Analysing farm-scale nutrient
cycling efficiencies with the NUANCES framework'

" This chapter is published as:

Rufino, M.C., P. Tittonell, M.T. Van Wijk, A. Cadtanos-Navarrete, R.J. Delve, N. De Ridder and
K.E. Giller. 2007. Manure as a key resource withimallholder farming systems: Analysing farm-
scale nutrient cycling efficiencies with the NUANSHEamework. Livestock Science 112: 273-287.



Chapter 3

Abstract

Smallholder farmers in Africa recognise the impottaole of manure in maintaining soil
fertility. For smallholder farmers who use littlerfiliser, efficient management of nutrients in
manure is key for crop production. We describengpté model to analyse the effect of manure
management on the efficiency of mass and nutregention. We used on-farm data on manure
excreted and manure management, experimental seditdtature and fuzzy logic to analyse
losses during manure storage. The model was usethtidlel to analyse N cycling efficiency
(NCE) within smallholder farms in western Kenya.m8lations showed that manure
management during collection and storage had @ laffgct on the efficiency of mass and
nutrient retention. Differences in NCE between farof different wealth classes arose due to
differences in resource endowment. For poorer fesmarge N losses occur at all stages of
manure cycling. Urinary-N losses occurred on alinfa but their impact on NCE for poor and
medium-class farmers was larger due to the smalfeount of N recycled. With current
management the poor farmer recovered <1 kg Nirycomposted manure from 15 kg N'y
excreted. Improved manure storage had little eféctincreasing overall NCE for the poor
farmer due to large losses before storage. Fomtathier farmer improvement of manure
storage increased NCE and allowed the recycling08b of N excreted (ca. 30 kg Ny with
small investment in infrastructure. Covering manlieaps with a polythene film reduced mass
and N losses considerably. For the poor to increaseall NCE, investment in cattle housing
and recycling of urinary-N is required. Increasirgjtle numbers or improved feeding would
have a larger effect on manure availability butstie constrained by feed scarcity and
investment capacity. The absolute amounts of Naledy(1-6, 4-17 and 7-18 kg N'yfor
poor, medium and wealthier farmers) were small caneg with maize crop N demand (>50 kg
N ha?), but significant given the small farm sizes (L I-ha). Although absolute amounts of N
recycled with improved manure management may hittle immediate impact on crop
productivity, manure is often the only input avhia Manure provides other nutrients for crops
and maintains soil organic matter — both vital taugntee efficient use of fertiliser N — which
justifies the search for interventions to assighfers to make better use of manure.

Keywords: Sub-Saharan AfricaCE, fuzzy logic modelling, FARMSIM, HEAPSIM
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1. Introduction

Although manure is seen as a problematic wastatensive agricultural systems in
developed countries, it is a key resource to sustap productivity of the majority of
smallholder farming systems in Africa (Giller et,a2002). Steinfeld et al. (2006)
recently indicated that the contribution of livestoto climate change through gas
emissions is more important than that of the trartspector, and that climate change
mitigation measurements must include reducing theumt of meat in humans’ diets.
But in Africa, farmers keep livestock for other pases than only meeting their meat
consumption, for instance as a source of capital,sbcial status and for manure
production. Farmers recognise the important rolemznure in maintaining soil
fertility — largely because much of their land sogy productive due to continuous
cultivation on soils that are often inherently paar nutrients and receive little
fertilisers. Manure is often a scarce resource, larggtock are the central means of
concentrating nutrients within farming systemsukh@sg in inequitable redistribution
of nutrients from common to cultivated lands antkefalso from farms of poorer to
richer households. Crop productivity gains are @eobd by concentrating organic
matter and nutrients in homefields, at the longatexpense of declining productivity
in remote fields and common lands (Tittonell et 2007; Zingore et al., 2007b). As
most smallholder farmers use little mineral fesah, due to the high cost and/or poor
distribution of rural markets, the efficient managmt of nutrients through manure
recycling within the crop-livestock system is keysupport food production.

Rufino et al. (2006) — Chapter 2, conceptualisedcAh farming systems in four sub-
systems through which nutrient transfer takes pldcd.ivestock: animals partition
dietary intake into growth and milk production, ¢éae and urine; 2. Manure collection
and handling: housing and management determine wfogiortion of the animal
excreta (and the nutrients contained in it) magdikected; 3. Manure storage: manure
can be composted (or simply stored) with or witheddition of plant materials, during
varying periods of time, and under different steraystems (e.g. pits, heaps, roofed
stalls, etc.); 4. Soil and crop conversion: a propo of the nutrients in organic
materials applied to soil becomes available, panvisich is taken up by plants, of
which a further proportion is partitioned towardsanlestable products. Partial
efficiencies (i.e. the ratio of nutrient outputratrient input from and into each step)
have been calculated much more commonly for tts¢ éind last steps than for manure
handling and storage. However, nutrient lossesngumanure handling and storage
may be substantial, depending on the type of manage so that these steps may
represent either an open gate through which nugriescape’ the system or — if well
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managed — a safety net that can trap and retaiments within the crop-livestock
system. In the case of N, estimates of partialicgcéfficiency for each step ranged
from 46 to 121% (livestock), 6 to 99% (manure odilen), 37 to 85% (manure
storage) and 3 to 76% (soil and crop conversiongr@ll N cycling efficiency (NCE)

iIs a product of the partial efficiencies at eachthed steps through which N passes.
Management strategies need to be designed to adeffesent nutrient cycling within
the entire system, rather than focusing just otigdafficiencies.

A farm-scale analytical framework is being develpehich represents a farm
livelihood system as a set of interacting compaostetie NUANCES (Nutrient Use in
Animal and Cropping Systems: Efficiencies and Sjakeamework (Giller et al.,
2006). The framework combines participatory on-faocwols with dynamic databases
and soil, crop, livestock and manure models. NUAISG& developed with the aim of
embedding analyses of potential technologies withéwider livelihood strategies of
farmers (see http://www.africanuances.nl). Fewistitlave compared the potential of
many different options for soil fertility improvemeor the ways that they can best be
combined at farm scale. The components that aré taseepresent a farm livelihood
within NUANCES are analysed using simple modelghefsub-systems in the African
context. The overall aim is to increase the undedihg of the tactical and strategic
decisions farmers make in allocating resourcesthadunderlying trade-offs, where
immediate needs of the family may often override plossibilities of investing in the
longer-term sustainability of the farm. The appto&to use simple component sub-
systems to avoid being overwhelmed by detail, bubh¢lude all relevant components
to allow analysis of realistic scenarios (Fig. 1Rjelds are represented by the FIELD
model that contains linked crop and soil modelgt¢fell et al.,, 2007). Livestock
feeding, milk, meat and manure production are msreed by LIVSIM (Rufino et al.,
2007a) and manure management by a new model, HEAR&hich we describe in
this paper (Fig. 1B). The conceptualisation of HENR is based on the approach
adopted by Rufino et al. (2006) to analyse on-famass and nutrient flows and
capture the effect of management on resource ngsf(ciencies.

The objectives of this paper are: (i) to introdtive concepts and principles of nutrient
cycling through livestock across different typesoobp-livestock systems and how
these concepts are simplified in HEAPSIM, the marmaanagement model of NU-
ANCES; and (ii) to illustrate our approach by asatg N cycling efficiency through

manure collection/handling and storage within shwdtler crop-livestock systems of
the Kenyan highlands. The calculations with the etage information on: (i) manure
excreted and manure management collected fromstadg-smallholder farms in the
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Kenyan Highlands; (ii) results of experimental wanrk manure mass, C and N losses
during storage, complemented with data availalenfthe literature to parameterise
the model; and (iii) a fuzzy logic system to motied effect of management on manure
losses during storage.

(FARMSIM)
(A) FArm-scale Resource Management SIMulator
,,,,,,,,,,,,,,,,,, I WEATHER
CROP FIELD SOIL B
! ~ Actual variability
Potential yield (LDY) Soil C dynamics | N Scenarios
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Weed reducton and dynamics i MARKET
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HEAPSIM
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h Manure collection le—
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Ecn = collection and handling

Esc = storage and composting

Ep = application

Epp = direct dejection during grazing

Figure 1: (A) A schematic representation of NUANGCEARMSIM, the farm-scale model-
ling shell linking soil, crop, livestock and manuredels and accounting for availability
farm-scale resources (such as cash and labourthamddynamics throughotihe year. (B) /
diagram of HEAPSIM, the model for nutrient cycliefficiencies through manure manage-
ment. In this diagram, the term manure refers timnahexcreta, and compost to the fi
product after a period of storage. Four coeffigearte definedhat determine the efficiency
mass and nutrient retention at different stagesdst excretion and application to croplal
thus linking the models LIVSIM (LIVestock SIMulajoand FIELD (soil and crops).
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2. Materials and methods
2.1 Model description
2.1.1 Mass losses during collection and storage

The model simulates the effect on mass losses walte¥native management strate-
gies. Mass losses from manure are simulated usisgnple dynamic approach in
which two state variables are followed in time: m@nin the stall Mg, in kg DM)
and manure in the heaMyes, in kg DM). Nutrients flows are followed using the
nutrient concentration at each state.

The monthly rate of change in manure in the stadialculated as:

dMm .
d—stta” =M gtail_prod ~ LOSSeg —Collection, (Eg. 1)

whereMgai_prod (Kg DM montﬁl) is the amount of excreta that is voided by ligekt
Losses.r (kg DM montﬁl) represents the amount of manure that is lost, and
Collection (kg DM month?) is the amount of excreta that is being transtetrethe
heap Mg proaiS Calculated as:

M stall_prod =M excretecf<cpartitioning 1 (Eq. 2)

where manure excretioM(excreteq iN kg DM month?) is an input to the model that can
be either field data or data calculated by dynasmuulation using the model LIVSIM
(Rufino et al., 2007a — Appendix 1). Managemenindsf whether the urinary-N is lost
or partially retained in the manure. When no dtelibedding is used and the manure
remains long in the stall, we assume that all uysiN is lost. The coefficient of
partitioning Cpariioning) 1S @ user-defined parameter which depends orchiagacter-
istics of the cattle feeding management, determioyedhe number of hours of free
grazing, in relation to cropping seasons and feedlability. The rate of mass loss of
manure from collection to storageossesa) is calculated as:

Lossegtan =M stan *RLFstay (Eq. 3)

stall

whereRLFy (month’l) is the relative loss rate of manure dry mattdot@moving
to the heap, determined by manure managenif,,, needs to be derived from
experimentation.
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The monthly rate of change in mass for manure gtore heap (or a pit) is calculated
with the following equation:

M
——"°% = Collection- Losseg,,,~ Removal, (Eq. 4)

in which Collection(kg DM month?) is the amount of manure that is being transferred
to the heapl.osses,eap (kg DM month?) is the amount of mass that is lost from the
heap (or pit), andRemovalkg DM month?) is the amount of manure that is removed
from the heap to be applied in the fields afteragje. The rate of mass loss from

manure in the heap.@sseg.,p is calculated as:

I-Osseﬁeap= M heapx RI-Fheap ’ (Eq- 5)

where RLRyeap (month‘l) is the relative loss rate of dry matter from manin the
heap, determined also by manure management.

2.1.2 Deriving parameters from field experimentd areasurements

The key parameters affecting nutrient cycling édficies in HEAPSIM are: the coef-

ficient of partitioning, and the rates of loss oAmare during collection and storage.
We reviewed a number of studies conducted in Suta#®a Africa from which these

parameters were determined.

The coefficient of partitioning

The coefficient of partitioning represents the fi@t of total manure excreted that can
be effectively collected for further use. The typk livestock production system
determines the amount of manure that can be ratysli¢hin the farm. In the
extensively managed farming systems of the Sahedas observed that the excretion
rate during grazing is higher than that duringinggtorralling (Fernandez-Rivera et
al., 1995; Schlecht et al., 2006) but when anini@ge access to feed (e.g., night
grazing), feed intake and excretion events increqs®st linearly with grazing time.
Thus, the fraction of total manure produced that loa collected is related negatively
to grazing time (Ayantunde et al., 2001) and carekgressed aBC=1-0.042xGT
where PC is the partitioning coefficient an&T is the grazing time in hours. In
intensive farming systems of regions where humapulation pressure is high,
grasslands are reduced in size or non-existent. [Mestock feeding strategies
determine the amount of collectable manure, sind@as may stay partly in the stall,
tethered on the homestead compound, grazing orsides] etc. An example of this
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type of system and the derivation of PC’s from datiéected in the field are presented
in Section 2.3.1.

Mass and nutrient losses in the stall (Ri.h

Not all the nutrients from the collectable manure gcycled on-farm, even in zero-
grazing stall-feeding systems. The largest C andd¥es from manure occur within
7-10 days after excretion (Martins and Dewes, 198Xwira, 1995; Thomsen, 2000)
and therefore the frequency of manure removal fiieenstall has a large influence on
the amounts that may be further recycled. In intendairy systems manure may be
removed daily from the stall, while in other, l@stensively managed systems, such as
semigrazing or free grazing, manure is collectenfthe corral once or twice a year
just before application to the croplands. In th¢elacase, the overall losses from the
collection/handling phase and the storage/comppgtivase can both be significant. In
the first phase, decomposition begins when faeges, feed refusals and bedding are
mixed by trampling. By the time that manure is ecléd for composting (the second
decomposition phase), significant mass and N loss®g already have taken place.
The use of bedding for stalled livestock helpseduce N losses, because urine is ab-
sorbed and N is immobilised in the straw. Thus, géffeciency of N retention in the
manure depends on the frequency of collection,henuse of bedding, and on the
characteristics of the livestock housing (concfieter, roofing).

We derived the relative loss factor for mass amtuNng the manure collection period
from the experimental work of Lekasi et al. (20@RP06) (Fig. 2A and B). Because
these studies only reported losses after 60 dagisnanintermediate measurements
were reported, we interpolated mass loss duringdmeposting period using an expo-
nential decay function assuming only one decomipospihase.

Mass and nutrient losses during storage (RiH

Across Sub-Saharan Africa (and also between difteis@ms within a single village)
there are farmers who actively manage manure fonposting through frequent
collection, turning, covering the heaps or keepimgm under a roof, whereas others
simply store manure in between cropping seasottigrdieaping it pure or mixed with
crop residues or throwing it into a pit togethethahousehold wastes, and also farmers
who only collect manure from the corral for diregplication to croplands just before
planting. In some systems, particularly in semdaegions, manure is neither col-
lected nor composted. Cattle graze the standing oesidues and void faeces and
urine directly onto the croplands during the drasse. Such a diversity of systems
implies a wide variation in nutrient cycling effericies.
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Figure 2: Nitrogen and mass remaining after decaitipoa of manure during manure han-
dling (collection and storage) in systems where ca¢cés (F), faeces + urine (U), or fac

+ urine + feed refusals (FR) are collected (aftekdsi et al., 2002; 2006). (A) Nitroc
remaining for further recycling, fitted functiongg = €%°%%, P=0.95 P < 0.05), yr+u) =

e 00 2=0.99 P < 0.01), yr+us+rr) = € 29%%%%, P=0.99 P < 0.05). (B) Mass remaininglry
matter) for further recycling, fitted functionsipy= €°°%® P=0.98 @ < 0.05), Y+ =

g 008 2=0.84 P < 0.05), Yr+u+rr)= € 2%, P=0.99 P < 0.05).

The conditions under which storage takes placectffe rate of manure decomposi-
tion and the rate of nutrient losses through leaglaind volatilisation. Aerobic storage
results in faster C decomposition rates than ame&estorage (Thomsen, 2000). Turn-
ing the material during composting (either in apghea pit) accelerates the maturation
process, but also increases C losses (Martins awlef) 1992). The size of the
heap/pit also has an effect on the decompositioogss because of the surface/volume
relationship and the distribution of heat withire tbomposting material. To quantify
the effect of various factors affecting C dynaméesl nutrient losses during manure
storage and derive values BLF .o, we conducted a 7-month manure storage ex-
periment (see Section 2.2).
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2.1.3 Deriving coefficients from ‘expert knowledgeh application of fuzzy logic

Fuzzy logic was chosen to describe the effect afiura management on mass losses
throughout the storage/composting process bec@ugas(easy to understand and to
communicate, (ii) it is flexible and tolerant topnecise data, (iii) it encompasses non-
linearity and complexity — fuzzy systems can beatd to match any set of input-
output data, and (iv) the model can be built wikpert knowledge. The theory of
fuzzy sets relates to classes of objects witkharp boundaries in which membership
is a matter of degree. Real variables are trarsiate “linguistic” variables through
the process of “fuzzification” (Von Altrock, 1995)The values of linguistic variables
are expressed in words, rather than in numberssiltesvalues of the linguistic
variables are called terms or labels. For everyuistic variable, each label is defined
by its membership function. For example, in manunanagement the variable
‘roofing’ may be given labels such as: no roof, weo roof or iron-sheet roof. These
are three different fuzzy sets that are ranked prealefined scale, e.g., 0-10. For a
particular case, the degree by which an objectngsldo any of these fuzzy sets is
denoted by a membership valyg.(The membership function defines how each point
in the input space is mapped to the membershipeviadiween 0 and 1. Thus, for the
roofing variable there may be many intermediateasiobns such as, for example,
partly unroofed l{unroofe0.25) and partly covered with a wooden rqaf.(~0.33).

The next step or “fuzzy inference” is to determthe set of if-then rules that define
the system behaviour and the values of the ouipguistic variables. The fuzzy infer-
ence interprets the values of the input and, baseithe set of rules, assigns values to
the output. Thef part of the rule combines conditions for all treigbles by using a
set of fuzzy logic operators (and, or, not). Eadl defines an action to be taken in the
then part. With these rules fuzzy logic allows the usedistinguish between factors
that are important and those that are less imporior example, the presence of a
roof has a strong influence on how the managemietiteomanure heap is evaluated.
So two rules reflecting this strong influence are:

‘if roofing is _unroofedand coverage is uncovereahd floor is sand then
management is very pdor

and
‘if roofing is roofedand coverage is uncoveremhd floor is not sandthen
management is gobd

For the calculation of the membership values ofdbgout variables, the simplest ap-
proach has been taken (Von Altrock, 1995). If rides defined alternatively, either
rule A is true or’ rule B is true, in this case the maximum membersailue (W) is
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selected. When the logical operatand’ is used, the minimum membership value is
selected.

The “defuzzification” step translates back the lisgic values into real values. The
relationship between linguistic values and realugalis given by the membership
functions for the output variable. The shape of tiiembership function is defined
with prior knowledge of the system under study. Misfuzzification methods use a
two-step approach; in the first step a typical eailsl computed for each label in the
linguistic variable, in the second step the bestmmmise is determined by balancing
out the results, i.e., by finding the centroid aiv@-dimensional function or a weighed
average. To compute typical values of each lalbel,fhost common approach is to
find the maximum of the respective membership fienctThe fuzzy system devel-
oped for the case studies analysed here is dedanitigection 2.3.2.

2.2 Manure storage experiment

We conducted an experiment to examine losses ofs,nfasand nitrogen under
different manure storage conditions over 7 monthth@ experimental station of the
National Agricultural Research Organisation at Kadea Central Uganda. The experi-
mental design was a?2 2 factorial with coverage and roofing as treatregntanure
heaps were either uncovered or tightly covered waitpolythene film and the heaps
were either unroofed (standing in the open airytanding under a metal roof. These
management practices reflect farmers’ traditiomad @otential methods for manure
storage in the East African Highlands. Roofedopen air treatments were used to
capture the effects of rain throughput and solatihg. A polythene film cover was
used to prevent drying, reduce losses due to anamwolatilisation and induce
anaerobic conditions. Treatments were replicateteethtimes and completely
randomised.

The fresh manure was obtained from a large daim fand was relatively homogene-
ous. All heaps had similar initial size (339+11 fkgsh weight) and were periodically
weighed and sampled. The manure in the heap wasdngach time sampling took
place. While mixing we removed 100-200 g from ebabketful to get a bulk sample.
This sample was mixed thoroughly, and four 100 l-samples were collected and
refrigerated at AC prior to analysis of organic matter, total N, aoma and nitrate
using standard methods (Anderson and Ingram, 189Be Soil Science laboratory of
the Makerere University in Kampala, Uganda. Fomesting dry matter content, two
of the samples were dried in the oven &iGM constant weight.
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2.3 Application to case study farms in the East Afcan highlands
2.3.1 Field data collection

Case study farms were selected from the highly lad@d region of Vihiga district,
western Kenya. The rainfall pattern in the ardai-snodal, allowing two cropping sea-
sons a year (i.e., the long and the short rainsg. fluman population density is high,
and farm sizes are consequently small (averagéd).5Farming is characterised by
mixed crop-livestock systems, mainly annual crojgh wairy cattle. Cattle are indica-
tive of wealth and social status, and thus the rarmabd type of cattle owned and their
management varies widely not only across locatibosalso between farms of differ-
ent resource endowment. Farm households were sgélparposively to represent the
variability in resource endowment and cattle anchun@ management. Farmers were
categorised according to their level of resourcdogmrment, which has been observed
to have a strong impact on manure management (@asteNavarrete, 2007), into
classes of high, medium and low: one case stuadhy &arresponding to each class was
selected for the model application. More detailstlod case studies and how the
farmers were classified into wealth classes arerghy Castellanos-Navarrete (2007).

Semi-structured interviews, resource flow maps, dirdct sampling and analyses
were used to collect data on (1) cattle managenmeciyding type of animal enclo-
sure, roofing, floor type, drainage, use of beddoajtle feeding system, and diet; (2)
manure management, including manure handling amége prior to utilization and
the addition of urine and feed refusals to the mammeap/pit. For each farm, a sample
of excreted, collected and composted manure wakiad and ground to pass through
a 2 mm sieve. The manures were analysed for toihlnaineral N and C contents
following standard methods (Anderson and Ingram93)9 Based on daily
observations and results of the chemical analysed,on management information
provided by the farmers, we estimated cattle dietd the flows of manure to the
compost/storage heaps. The coefficients of pamtiigp were derived from the time
spent by the cattle in the stall or grazing eithier or off-farm. Faeces and sometimes
urine were collected only on-farm, mainly from thero-grazing units, and from the
stall where cattle overnight.

2.3.2 Model parameterisation and scenario analysis

A simple fuzzy system was built to simulate theseffof management on manure stor-
age Esc in Fig. 1B)for the conditions of the East African HighlandsEEAPSIM is
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written in Matlab v. 7.0.4 (The Math Works, 2009hree key linguistic variables
were identified that account for the current mamagyet and also include possibilities
for improved management: type of roofing (no rawboden roof and iron-sheet); type
of coverage (no cover, branches, polythene film§i gype of floor (sandy, solid, con-
crete) (Fig. 3A to C). The output of the fuzzy gyst which is the result of a set of six
rules (Box 1), is a management factor relatingreihagement variables to values of
mass losses from manure (Box 2) (Fig. 3D). The ntade of the management factor
(related to losses) used to translate back thauiitig variables were derived from
Lekasi et al. (2002; 2006) (cf. Fig. 2), and frohe tresults of the manure storage
experiment and data collected at the case studysfar western Kenya.

Box 1: Rules regarding manure management in Eagtalf Highlands.

if roofing is_unroofedind coverage isincoveredandfloor is sandthenmanagement igery poor

if roofing is_unroofecnd coverage is branchesdfloor is notsand thenmanagement is poor

if coverage is uncoverethdfloor is not sand thenmanagement is poor

if roofing is _unroofedand coverage is_polythene-filrand floor is not sand then management is
good

if roofing isnot unroofedand coverage is branchasdfloor is notsand thenmanagement is good
if roofing isnot unroofedand coverage is polythene-fil@nd floor is notsand thenmanagement is
excellent

Box 2: Defuzzification of linguistic variables fomanure management in the East African
Highlands.

if management is very pgghenmass losses are very large

if management igoor, thenmass losses are large

if management igood thenmass losses are small

if management is excellethenmass losses are minimal

The rules that drive this fuzzy system imply thaith an uncovered heap, manage-
ment will be either poor or very poor accordingthe type of flooring (Box 1). Im-
proving the other factors and keeping the heap werea will not reduce significantly
the mass and nutrient losses. To translate theesadli the linguistic variables into a
real value, first each rule is evaluated and ttseilltas determined by implication by
using the minimum method, which truncates the dufpmzy set. The value of the
management factor is obtained by aggregation ofbtiiputs fuzzy sets of each rule
(Fig. 4). In this example, we used the maximum meétfor aggregation and the mid-
dle of the maximum method (the average of maximwiues of the output set) to
translate the value of the management factor ime@hvalue (see Von Altrock, 1995).
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Figure 3: Fuzzy system for manure management. In the fuziin process tl
management variables are converted into linguisitables: tye of roofing (A); type c
cover (B); and type of floor (C). Membership fulcts are used to define to which de
an object belongs to the three different fuzzy .sktesre we used the simplest triang
membership function. For example, a rank valué dbr the linguistic variable “type
roofing” implies a membership value of p = 1 foe ttwood” fuzzy set, meaning that -
object fully belongs to that particular fuzzy sétthe rank value of the linguistic variable
3, then the object has a mendiep of 0.25 for unroofed and a membership of &
wooden roof, which can be interpreted as a hedpighaartly unroofed and partly cove
with a wooden roof. (D) Oputs are translated into a management factor ir
defuzzification process. Thienguistic variable “management factor” has fouzdy sets
very poor, poor, good, and excellent management.
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The management factor is then used to calculatadh@IRLF,c4pas:

RLFeap= Managemen‘Factorx(RLFheapmaX— RLFheapmm), (Eq. 6)

whereRLF,eap madndicates minimum mass losses that occur when geanant is near
its optimum (heap is roofed, covered with plastiod is lying on a solid floor), and
RLFheap minCaptures the losses for the poorest manure maraggomroofed, uncov-
ered, sandy floor) for the system under study.
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Figure 4. Dagram representing the fuzzy system for manunag®with three input variabl
(type of roofing, type of cover and type of floag)n six rules (cf. Box 1) and one output,
management factor. In the defuzzification procegsiad b the case study in Western Ker
for which two scenarios of manure management wefi@ed: (A) Scenario 1 with the curr
management, unroofed (roof=0), uncovered (coveansl) solid floor (floor=3), managem
is poor; (B) Scenario 2 with improved nagement, unroofed (roof=0), polythene she:
cover (cover=10) and solid floor (floor=3), manageris good. Te linguistic variables a
translated back into real values. First each milevialuated; the minimum membership v
of the three linguistic variables defines how thepat fuzzy set is truncated. For seeio 1
only rules 1 and 3 determine the value of the autpzzy set. For scenario 2, rule 4 ha:
effect on the shape of the output fuzzy set. THeevaf the management factor is aioed b
aggregation of the outputs fuzzy sets of each hyeusing the maximum method
aggregation and the middle of maximum method (trexage of maximum value of the out-
put set) to translate the value of the managenaetdif into a real value.
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With the described setting of the model, we perfmtmuns for 2 years to evaluate the
effect of manure management on the amount of Nctable on-farm under two sce-

narios, current management and improved managemere mass losses are pre-
vented by covering the heaps with a polythene file used monthly estimates of
manure excreted and feed refusals addition (esoni@t be 15% of the feed on offer)
to the heap, together with the coefficient of peming to simulate manure decompo-
sition.

3. Results
3.1 Mass and nutrient losses from stored manure

Covering the manure heaps with a polythene film &ationger effect on mass and N
losses than the presence of a roof (Fig. 5). Thewered heaps underwent aerobic de-
composition and lost about 55% of the initial drasse and 50% of the initial N,
whereas those that were covered and roofed lostt 88896 of their mass and about
20% of their N during the 7 months of storage. Taisathe end of the 7—-month
storage period, uncovered heaps had lost compamamleunts of mass and N
irrespective of whether a roof was present. Inlaader losses of N than C explain the
reduction in N concentration for most of the trears (Table 1).

(A) Dry mass (B) Nitrogen

Fraction of initial mass remaining

02 | L —--O--uncovered - @ -covered
—a— roofed-covered —A— roofed-uncovered
0.0 | | | | |
0 40 80 120 160 200 0 40 80 120 160 200

Manure storage time (d)

Figure 5. Mass and nitrogen remaining in manure heapsdtior 7 months under rc
(roofed, solid lines) and in open air (unroofedstuzdlines), covered with a polythene fi
(covered, black symbols) or not (uncovered, whitelsols), at Kawanda (centrélganda
(A) Fraction of mass remaining in the heap, (B)ckoam of N remaining in the heaBars
show standard deviations.
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Table 1: Characteristics of the manures underréiffemanagement during storage in an experimemtumiad at Kawanda, Central Uganda.

Days of DM Total N NH,4 NO; OrgC C:N DM Total N NH, NO; OrgC C:N
storage (%) (%) (mg kg")  (mg kg (%) (%) (%) (mg kg")  (mgkg') (%)
Unroofed-uncovered manure Unroofed-covered manure
0 25.0 £0.5*2.63 +£0.192259 + 1494742 + 418  n.d. n.d. 25.2+0.32.76 £0.51 2523 +378 4565+ 727 n.d. n.d.
27 20.8+0.9 180+0.1@429+269 503+9 56.3+0.2 31418 26.5+0.257£0.12 4065+464 618+78 56.4+04 22.1k1
63 35.1+05 1.97+0.27 93+18 528 +24 53.4+1.3 27.7+3.7 26.6+12010+0.10 16673 766 +35 57.6+02 275+1.2
149 27.4+0.2 3.03+0.26 9=%1 1020+23544.3+£0.6 14.7%0.7 29.6 +0.83.20 £ 0.23 96+ 6 1775+£52 44606 14.1+1.0
178 31.3+1.7 2.67+0.23119+8 759+90 30.2+28 11.5+1.6 30.4+£12177 +0.26 183 +50 958+36 259+09 95+0.8
Roofed-uncovered manure Roofed-covered manure
0 24.1+£0.8 2.43+0.22526 +1623743+872 n.d. n.d. 25.0+0.12.33+0.17 2343+342 4141 +936 n.d. n.d.
27 29.8+0.6 2.37+0.02177+539 598+63 56.5+04 23.9+0.7 26.0+0.230+0.10 3050+504 592+72 56.8+0.2 248k1
63 384+1.4 193+0.0767+11 644+111 544+03 282+1.2 27.2+01896 £+0.20 116 +28 735+88 57.4+0.8 29.8+28
149 435+09 228+04664+30 1859+83 33.2%+6.7 14.1%0.1 28.0 £ 02483 £ 0.23 97 £ 20 1806 +63 45.0+16 16.2+1.9
178 524+1.2 252+0.14239+53 982+14 29.6+4.1 11.6+0.9 26.9+0572+0.15 18956 929+31 289+46 105%1.1

*s.e.m.n = 3; n.d.: not determin

saloualdIya BulpAd Juanu ajeos-wae) buisAjeuy
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Because losses of C occurred gradually and cortitreughout the storage period, a
re-concentration of N was observed. At the enchefdxperiment, all treatments had
similar C:N ratios. The results of the experimdmbwsed that there is room for reduc-
ing mass and nutrient losses through simple andclmst management interventions.
The experimental results were used to calibratdubey logic system to predict mass
losses during storage. The roofed-covered treatmastused as the best strategy, and
therefore as the upper boundary for mass losses.uhhoofed-uncovered treatment
had the largest mass and N losses and represéetéxivter boundary.

3.2 Manure management in smallholder crop-livestockystems of western Kenya

In most farms visited during the field survey, fans indicated that cattle were kept
for milk production and/or for financial securityhile manure was considered a by-
product. The poorer farmers owned 1-2 head of lbozéds of cattle (Table 2). Farm-
ers in the wealthier category owned 3-6 heads a&pd kostly dairy cows that were

offered more and better quality feedstuff (a largesportion of Napier grass in the

diet as compared to maize stover), grazed lesspeayatliced more manure. Farmers
indicated feed scarcity as the main constraintetepkcattle. Fodder is often collected
off-farm or bought when cash is available. WealtHi@mers and/or those more

specialised in dairy farming kept the animals imego-grazing unit, while the others

kept them tethered on the compound fields (on-famigngside roads or in public

places (off-farm), or free-ranging (Table 2). Tinas direct consequences for the
amount of manure that can be collected. Manurecintin varies between the wet and
dry season due to the varying feeding/grazing mamagt. Manure excreted during

night-stalling is usually collected each morningaMre excreted during the day is lost
when the cattle graze off-farm, and is partly atilel when the cattle are tethered on-
farm or kept within a zero-grazing unit.

Through repeated visits to the farms to weigh ttaune during collection, we esti-
mated that only around 40% of the faeces can Beatetl when the cattle are tethered
on-farm. Most of the urine is lost, and only thearcollected in the night-stalling is
sometimes further recycled. Most farmers accumdl#ie collected manure in a heap
or pit together with feed refusals, and storedeitween planting seasons. Manure is
applied to crops prior to planting, and soon aftelg farmers start building a new
heap (often in the same place) to be applied tpscin the next season. Therefore,
fresh manure is continuously removed from the stadl added to the heap throughout
the cropping seasons. Most farmers applied a naaif the fresh manure directly to
the fields. Estimates of the amounts of excretedurg the estimated coefficient of
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partitioning (collectable manure), and the promortcollected and stored are reported
for the selected case-study farms in Table 3. Wdita in manure management was
relatively smaller than the variability in feedirstrategies. Most farmers stored the
manure in an unroofed heap, uncovered or coverdéd bvanches, in a shaded area
with a sandy/solid floor. For all farmers, the sige period was either 6 or 12 months,
implying 1 or 2 applications to the fields eachryea

Table 2: Main characteristics of the different vieallasses of a smallholders mixed farm systemnatifiaya
division, Vihiga district, Western Kenya. The catfeeding system (free-ranging, tethered (on ofasfh) and
in a zero-grazing (ZG) unit) is expressed as ageage of the total time spent by the cattle inagtigular
system per year. Diet composition is expressed agreentage of the total dry matter of the dieor(fr
Castellanos-Navarrete, 2007).

Wealth Farm Crop- Cattle Cattle feeding system Diet composition
class ?rl]z‘,s I(:;rg)j number Free- Tethered Tethered In the Napier Maize Other

ranging off-farm on-farm  ZG unit grass stover feed$
(% year) (% year) (% year) (% year) (% diet) (% diet) (% diet)

Poor 0.1-0.80.1-0.7 1-2 0-35 0-21 36-90 0-29 10-35 27-69 16-38
Medium 0.4-1.1 0.3-1.0 1-5 0-16 0-29 0-84 0-100 14-36 44-74 12-24

Wealthy 0.7-1.2 0.6-1.1 3-6 0 0-4 0-43 43-100 51-66 10-21 13-39

! Cattle includes bulls, steers, cows, heifers aldes
2 Other feeds are banana leaves and stems, losslegramaize thinnings

3.3 Effect of management on mass and N losses

HEAPSIM was parameterised and run to represerdéi¢hel manure management ob-
served in the case-study farms (Tables 3 and 4)cAMerated the model using data on
composted manure from 10 farms and observed gomtmgnt with the model pre-
dictions ¢ > 0.9, root of the Mean Square Prediction Errd38 kg DM yY). Differ-
ences in the production of fresh excreta were matalused by differences in herd
composition (number, age, and size of the animatg) feeding management. The
amount of manure stored depended, firstly, on wdrethe cattle grazed off-farm or
on-farm, and, secondly, on the fate of the col@etenure, which could be heaped or
applied directly to the fields. The wealthier casedy farmer kept 2 small cows (170
and 190 kg) and a calf in a zero-grazing unit,extééd most of the faeces daily, and
added the material to an unroofed and uncoveregaosttheap. Adding organic resi-
dues to the heap was not a common practice orahis Mass losses of 53% during
the 12—month storage period were simulated by HERFSr this system (Fig. 6A).
The case study farmer from the poorest categoryohadelatively large cow (360 kg)
that spent most of the time tethered on-farm. Manuas collected daily from the
compound ground, but a large proportion was losbuAd 60% of what was collected
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was added fresh directly to the fields, and the t@she manure heap with little or-
ganic residues. The heap was predicted to lose &@8% mass in the 12 months stor-
age period (Fig. 6B). The farmer in the medium<laategory had one relatively
small cow (160 kg) that fed mostly on-farm, tetlteon the compound. Manure was
collected from the ground approximately every 3 sdagnd most of it (70%) was
added together with crop residues and feed reftigsas unroofed manure pit covered
with branches. The rest of the fresh manure wasaddectly to the fields. According
to the model results, if no organic residues welded to the pit the manure mass loss
would be ca. 60% (Fig. 6C). Addition of residuesibled the mass in the pit relative
to the amount of manure added (Fig. 6D), and withlker mass losses (42%).

Table 3: Management variables used to parametdresélEAPSIM model for each of the wealth
classes. Roof type, cover of the heap and floce pesent a number between parentheses that corre-
sponds to the management factor in the fuzzy legstem (cf. Figure 3A, B and C).

Model inputs and parameters Wealth class

Poor Medium Wealthy
Faecal N (% DM) 15 1.3 15
Faeces excreted (kg DMy 742 490 1502
Manure after storage (kg DMy 79 844 703
Compost N (% DM) 1.2 0.5 1.2
Fraction collectable manure 0.90 0.84 1.00
Fraction collected manure 0.58 0.76 0.80
Fraction stored manure 0.40 0.70 1.00
Coefficient of partitioning 0.21 0.45 0.80
Frequency of collection (d) 1 3 1
Duration of storage (mo) 12 12 12
Month of manure removal February February February
Roof type Unroofed (0) Unroofed-wood (2) Unroofé)l (
Cover of the heap Uncovered (5) Branches (0) Uneal )
Floor type Sand-Solid (3) Sand-Solid (3) Solid (5)

! Coefficient of partitioning = fraction collectabfeanurex fraction collected manure fraction stored manure

For the poor farmer most N contained in the exoneda lost before collection, mainly
because not all faeces are collected from the canthoand because no attempt was
made to recycle urinary-N (Table 4). The wealtligmer collected the faeces more
efficiently, but did not recycle most of the urir@alculated nitrogen cycling efficien-
cies (NCE) through collection (39-61%) and storg84-51%) differed between
farmer classes.
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Table 4: Simulated mass and N losses under cumantre collection and storage for three different
wealth class farmers.

Faecal ex-  Faecal Nlost Urinary-N' NCE Fresh manure N
Farmer creted N before collection collection  applied to fields

(kg N y™) (kgNy")  (kgNy?) (kg N y™)
Poor 11.1 53 3.8 0.39 3.5
Medium 6.9 2.5 1.9 0.50 1.3
Wealthy 22.5 4.5 7.2 0.61 0

Manure N Organic residue Manure N NCE NCE

added to heap N added to heapafter storage storagé overalf

(kg N y™) (kg Ny™) (kg N y™)
Poor 2.3 0 0.8 0.34 0.13
Medium 3.1 4.8 4.9 0.51 0.25
Wealthy 18.0 0 8.4 0.47 0.28

! Estimations made with LIVSIM, urinary N is aboutt8®f the faecal N for this type of diet
2 NCE collection = collected N / (Faecal N + Urinayy

® NCE storage = composted N / N added to the heap

* NCE overall = NCE collection NCE storage

Table 5: Simulated mass and N losses with imprawadure storage management: a polythene film
is used to cover the heaps and heaps are plaeesbiid floor.

E Manure composted Manure N after NCE storage NCE overalft
armer oy
(kg DM y ™ storagé
(kg N y?)
Poor 88 11 0.45 0.18
Medium 1268 6.3 0.65 0.33
Wealthy 970 11.6 0.65 0.39

! Here it was assumed that the N concentrationeottmposted manure did not increase compared kéth t
composted materials in Table 4.

2 NCE storage = composted N / N added to the heap

® NCE overall = NCE collection NCE storage

The overall NCE for both manure collection and aty@ ranged from 13% for the poor
farmer up to 28% for the wealthier farmer. Undex thurrent management system, the
manure storage management factor was similar ferthinee farmers (0.49 for the
poorer, 0.63 for the medium and 0.50 for the wéattfarmer) because manure quality
did not differ widely between farms. In the simwas with HEAPSIM we introduced
a polythene film to cover the heaps to assessfteet@n mass losses assuming that
the N concentration of the end product does nonghaThe management factor
increased to 0.8, 0.85 and 0.9, and the mass lessesreduced to 43, 25 and 35%, for
the poorer, medium and wealthier farm, respectivBIE through manure storage
increased from 34-50% up to 45-65%, and the ovBIGE from 13-28% to 18-39%
(Table 5).
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Figure 6: Cumulative mass of manure (kg DM) stdmdl2 months as simulated by HEAP-
SIM for the current scenario ‘composted actual’ &rdthe ‘composted improved’, in which
manure is stored underneath a polythene sheet.dbtied line indicates the cumulative
amount of excreted manure for (A) the wealthiemfa(B) the poor farm, (C) the medium
farm if no organic residues were added; and (D)ntleglium farm with residues added. The
bars in panel (D) indicate the amounts of orgaegidues added to the manure heap each
month.

4. Discussion
4.1 Dry matter and nitrogen cycling efficiencies irsmallholder farms

Manure management during collection and storageaHagye effect on the efficiency
of mass and nutrient retention within the farmiggtem (Table 4). The differences in
NCE between farmers of different wealth classesnaaly caused by differences in
resource availability. For the poorer farmers lakgsses occur at all stages of recy-
cling (before and during collection, and duringrage). The fact that cattle graze off-
farm or are tethered off-farm reflects the opposdtin feeding strategy, which is
probably a consequence of land (for forage prodagticash and labour constraints.
Substantial urinary-N losses were common to alinfarbut their impact on NCE of
the poor and medium class farms is larger duedadlatively smaller total amount of
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N available for recycling, and because the catdeawed on unbalanced diets that lead
to excretion of a greater proportion of the N imarthan those provided with better
quality feedstuffs. Farmers hardly make use ofuttiee, although in some cases urine
may contain up to 50% of the N excreted by thelealt contained in the urine may
be better captured within the system by collecshgry (manure + urine) in a sump
and then applying it directly to the crops, or loglimg C-rich, fibrous bedding materi-
als to the stall floor, so that the urinary-N issatbed and immobilised. Similarly,
direct application of plant materials to the sodyrresult in more efficient cycling of
N, with fewer losses than from materials fed te$tock and applied as manure.

The current management practice allows the poondato apply less than 1 kg N'y
of composted manure from the almost 15 kg Nexcreted by the cattle (cf. Table 4).
Improving manure storage does not help to incréaseverall NCE significantly be-
cause of the large losses before storage. Thei@udit fresh manure to the fields may
increase the NCE at farm scale. For the wealttaemér, improvement of manure
storage may result in noticeable increases in NQ@Eveould allow recycling of about
30% of the N excreted by the cattle (about 30 kY with a relatively small invest-
ment in storage and if urinary-N is utilised. Adglicrop residues to the heap increases
the volume of material that can be applied to tle&df compensates directly for N
losses from the faeces, and may also reduce ammolaiisation. On the other hand,
addition of crop residues may increase the labast of handling and application
because of the increased bulkiness of the compastdrial. Covering the manure
heap with a polythene film reduced losses of mass ld in the experiment at
Kawanda (Table 1, Fig. 2), suggesting that farmeay benefit from this low cost im-
provement of management.

This study showed a narrower range of NCE for tlkection (39-61%) and storage
(34-51%) than those reported earlier by Rufinole{(2006). Opportunities for the
poor farmer to increase the overall NCE requireaggeavailability of feed on-farm,
investment in cattle housing, and awareness otiledulness of recycling of urinary-
N. Improving the feeding of cattle and increasiadtle numbers would have a larger
effect on manure available to crops, but feed #iyaat the larger scale, and cash con-
straints at farm scale, will impede that the pobte=nefit from this strategy. The
absolute amounts of N recycled (between 1-6, 4-i¥ &-18 kg N y' for poor,
medium and wealthier farmers) are small compareld thie N demand of maize (>50
kg N ha?), but still significant. Application rates of 5@ ha'are rarely realised by
poor farmers who purchase only small quantitiegedfliser. The amounts of manure
N recycled represented between 5-55 kg N baasort depending on farm sizes in
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the case study farms of 0.1-1.1 ha. Manure provméer important macro- and
micronutrients to the crops and has a positivecefé® maintaining (and sometimes
increasing) soil organic matter, i.e., factors @& critical in ensuring the efficient use
of mineral N fertilizers (De Ridder and Van Keulet990; Giller, 2002). These are
strong justifications to support the search foeiméntions that will help farmers to
make a better use of animal manures. Although lbiselate amounts of N that farmers
may recycle with improved manure management hawgeld impact on crop produc-
tivity, manure is often the sole input availablddaomers.

4.2 The modelling approach

HEAPSIM is simple and relatively easy to paramste@and adapt. The fuzzy logic
system has been designed using the most imporatdr§ for manure management
systems in western Kenya and may need adaptatrosnfallholder livestock systems
in other regions. The factors chosen in our caseraated to driving variables of C
and N losses, such as temperature (volatilisathahdnitrification losses) and rainfall
(leaching and run-off). Other factors that can kanglated into linguistic variables
could be cumulative rainfall, or thermal time (degidays) as proposed by Griffin and
Honeycutt (2000), but the effects of these varslde the quantity and quality of
manure needs to be tested in experiments. The slidpe membership functions was
chosen arbitrarily. In the applications of fuzzyilo in industrial engineering, mem-
bership functions are mostly selected by trial andr. Here we chose the simplest
membership functions, and as our understanding arfure management improves,
such knowledge can easily be used to fine tunéuttmy system.

Mass losses between excretion and collection weteintluded in the fuzzy logic

model described here, and further developmentefibdel could consider other key
variables driving losses due to frequency of maruaiéection. Results from simple,

low-cost experiments in combination with the obpejudgment of experts (farmers,
extension officers and scientists) are highly vialedo design fuzzy logic systems to
guantify the effects of manure management. Furginepirical research is required to
understand the effects of current livestock managgmnystems on nutrient cycling,
for example to assess the effect of repeated (dadglition of fresh cattle manure and
plant materials to heaps during storage.

A potential weakness of HEAPSIM is the way manuwgeainposition is simulated. In
the current version of the model, one organic mdduniform’ quality is recognised
that decomposes at a constant rate. Attempts tolaienmineralisation of N from ma-
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nures including several pools and quality paramseteuch as C:N ratio, have been
largely unsuccessful (e.g., Probert et al., 200@nures are chemically and physically
different from plant materials as microbial decomipon takes place already in the
rumen (Chesson, 1997), so that proximal analyséibmef fractions in manures do not
correspond to the same fractions in plant materdsg and Janssen (2000) proposed
a mono-component model with a variable N minerabsarate over time referred to
as the speed of ageing of the substrate. The noddédng and Janssen (2000) gave a
goodness of fit higher than 0.9 for N mineralisatipom farmyard manure. In the
future development of HEAPSIM, we will test the fudeess of the mono-component
approach with variable mineralisation rates.

5. Conclusions

The application of our modelling approach to thalgsis of a smallholder farm in the
highlands of western Kenya confirms the importantenanure management for N
cycling efficiency at farm scale. A striking resaoftour analysis is the small quantities
of N that are potentially recyclable through manwrtin the farm system (between 1
and 18 kg N y* for our case studies). This supports the emergimgensus that min-
eral fertilizers are required to improve the praduty of smallholder farms (Smaling
et al., 2006). Constraints to, and opportunitigsifgoroving nutrient cycling through
manure should be considered within the wider cantéxhe livelihood strategies of
rural families. In the first place, because theagdty of farmers to invest labour and
financial resources to improve manure managemdmhiged, competing investments
are more attractive (or more urgent) than investmg good manure management
system. Making the most efficient use of animal oras depends critically on
improving manure handling and storage. A high fesgry of manure collection from
the housing facilities reduces mass and nutriesgds. Measures to improve manure
handling and storage are generally easier to demighimplement than measures to
improve crop recovery of N, and need to receivaigreattention if overall system N
cycling efficiency is to be improved. Competing derds for cash and labour may
prevent farmers from making better use of manuraproving the feeding of cattle
and increasing the number of cattle would havergelaeffect on the amounts of
manure available for crop production than improvingnure management, but feed
scarcity at the larger scale and cash constratrfsra scale will prevent the poorest
farmers from benefiting from improved manure mamaget. Nevertheless the
contribution of organic matter and nutrients ottiem N, and the improved response
of crops to mineral fertilisers in manure-amended, gustify further attention to
improving manure management in smallholder farms.
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Abstract

Evaluation of lifetime productivity is a sensibleadegy to target interventions to improve
productivity of smallholder dairy systems in thgliands of East African, because replacement
decisions are normally not based on productiveoreasFeeding strategies and mortality may
have long-term effects on productive (and therefarenomic) performance of dairy systems.
Because of the temporal scale needed to evaldatenie productivity (more than 10 years in
dairy systems of the highlands of East Africa), eskpentation with feedstuffs in single
lactations is not enough to assess productive imgonents. A dynamic modelling approach was
used to explore the effect of feeding strategieslary cattle lifetime productivity, and to help
identifying points where interventions may haveradpictive impact. We used LIVSIM-Cattle
(LIVestock SIMulator), an individual-based, dynanmodel in which production depends on
genetic potential of the breed and feeding. We aseelxample the highlands of Central Kenya,
and simulated individual animals throughout thdatime using scenarios with different diets
based on common feedstuffs used in these systelgigiNgrass, maize stovers and dairy
concentrates), with and without imposing randomtaity rates to different age classes. The
simulations showed that it is possible to targetdfieg to maximise lifetime productivity by
supplementing concentrates to meet the nutritigeirements of cattle not only during lactation
but also during early development to reduce adgesatcalving and extend productive lifetime.
Avoiding undernutrition during the dry period bypglementing the diet with 0.5 kg of dairy
concentrates helps to increase productivity andywrive lifetime, but in practice farmers may
not perceive immediate economical benefits becabse practice results in a long term
cumulative effect. Survival analyses indicated thah-supplemented diets prolong calving
intervals. The simulations with imposed random mdst showed a reduction in productive
life, number of calvings and therefore all othepdrctivity indicators by about 43-65%.
Selecting the best feeding strategies makes $ittese when mortality of cattle may be as high
as 15% per year. Reducing mortality by implementieglth care management programmes
must be included when designing interventions wease dairy outputs because improving
lifetime productivity has a larger impact on smaltters’ income than interventions targeted to
improving daily milk yields through feeding straiteg}

Keywords: Modelling, feeding strategies, cattle mortality,ngual analysis, individual-
based model



Lifetime productivity of dairy cows

1. Introduction

Strategies of feeding, health care and cullinggemeerally the main determinants for
lifetime productivity of dairy cows. In high-inpwaairy systems, the culling policy is
based mainly on unsatisfactory reproduction peréoree (i.e. failure to calve for 1-2
consecutive years) (Bagley, 1993). In these systeami production, number of
calvings, numbers of calves weaned, and calf sahawve traits related to lifetime
productivity. Influence of health care and feedarg of little importance as these are
under full control. In the context of smallholdeaidy production in Sub-Saharan
Africa, the evaluation of lifetime productivity @fidividual cows is more relevant than
the short term productivity because it allows assgs long-term investment
opportunities for farmers that have few animals fak difficulties to spread risk.
Lifetime productivity needs to be maximised becawdelow replacement rates
(Kebreab et al., 2005). Smallholders do not usuiatiglement replacement policies,
because cattle are considered valuable capitatisassthe household and an important
pathway out of poverty (Perry et al., 2002). In Sdharan Africa, most smallholder
farming systems are mixed crop-livestock systenmgres production of feeds is highly
variable in time in both quality and quantity (Pdvand Williams, 1993). Crossbred
dairy cattle have a productive life of about 5-&ngewith three to five lactations
(Mukasa-Mugerwa, 1989). Lifetime milk yields of @60 kg, five calves and a
lifetime of ten years have been observed in Ghamagfade cattle (Kabuga and
Agyemang, 1984) but normally lifetime yields areaifout 9,400 kg in four to five
lactations (Adeyene and Adebanjo, 1978). The mauntedying cause of low produc-
tivity is undernutrition resulting from feed scdyc{Kebreab et al., 2005). Nutritional
status and related growth rate and developmenneledt which age heifers reach
puberty (Bagley, 1993). Calving at an early aga @erequisite to obtain maximum
lifetime productivity (Osuiji et al., 2005). Limitekhowledge on the potential benefit
from different feeding strategies prevents farmieosn deciding how to feed cows
according to their physiological status. Feed iatak therefore not optimised and
production costs are not minimised. High calf midgstgranging from 10 to 45%) and
a lifetime production of 3-5 calves reduces theilaldity of females for replace-
ments considerably (De Jong, 1996). The major ehgh# to maximise lifetime
productivity is associated with the reproductionrition interactions, and high
mortality rates (Vargas et al., 2001).

Because many processes interact and the long pare that has to be investigated,
experimentation can only partly help to asses ffexeof management factors on the
indicators of lifetime productivity. Modelling tenlgues are useful to summarise
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current knowledge, indentify gaps in knowledge &mdapture the effect of multiple
processes during a long time span. Dynamic modedsuaeful tools to evaluate
complex interactions and include farmers’ decisiaking. A considerable amount of
effort has been allocated to study replacementsae (Van Arendonk, 1985;
Dijkhuizen et al., 1986; Sorensen, 1989), but theree been few studies on lifetime
productivity in the tropics (Kahi et al., 2000; @go et al., 2005). There is a lack of
simple tools to study this problem because existmaglels are too detailed and too
demanding of input data. The objectives of thisigtwere to quantify the effect of
feeding strategies and mortality on the lifetimedurctivity of individual dairy cows
using as an example the smallholder dairy systdntiseoCentral highlands of Kenya
to identify strategies to maximise the lifetime gwotivity. To achieve these objectives
we used a dynamic individual-based model to sinrsul@production and production of
cattle.

2. Materials and methods
2.1 The dairy systems in the Central Kenyan highlaahs

Smallholders produce around 80% of the total maketilk in Kenya, where supply
cannot yet meet the demand of the growing populafidhe Central Province has a
relatively good access to the Nairobi market, whishthe main market for farm
products. In the last decades there has beenta®hdrds intensification of the dairy
systems with stall fed zero-grazing and improvedelds. The large majority of
households is engaged in agriculture and most daiy activities as part of their
livelihoods (Bebe et al., 2003b). Prolonged calvingervals are often the result of
farmers extending the lactation period of their sdw sustain cash flows (Staal et al.,
2001). Previous studies indicated that supplemientatith concentrates is limited due
to cash availability and that farmers feed on ayemnly 1 kg concentrate aniriad*

to lactating animals (Bebe, 2003). The most comrfemdstuffs are Napier grass
(Pennisetum purpureum Schumach), dry maize stover and dairy concentraths.
main constraints to the production of dairy systedestified for Central Kenya are
the seasonal fluctuations of feed, poor feed qualid labour shortages (Staal et al.,
2001).

2.2 Model description and parameterisation

LIVSIM (Livestock Simulator), the model used in ghstudy, is a dynamic model
based on principles of production ecology (Van da \ét al., 2003). Following these
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principles, LIVSIM simulates the performance ofindual animals in time according
to their genetic potential and feeding. Potentieddpction is defined by mature
weight, growth rate and milk yield. Figure 1 shaaBow diagram of the model.

Breed parameters

Read parameters Calving rates
¥ Mortality rates

A

Compute chance of mortality

no )
Alive?

yes

Update age, BW, status

v

Calculate potential growth
Calving
Conception

v

Calculate | Feed quantity
feed intake | Feed quality

A 4

Calculate requirements for
Maintenance (Ma)
Growth (Gr)
Gestation (Ge)
Lactation (La)

no

Intake < Ma+Gr+Ge and/or La

yes
no
Intake > Ma
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A 4 v
Calculate weight loss Re-calculate . .

: growth Potential production

and production .

and production

no
BW < BW min?

Dead yes

Age < Age max?

yes

A 4
=f_,E nd )
Figure 1: Flow diagram illustrating the structufd_8/SIM-cattle. Feed intake is compared
with feed requirements for potential production. &iitihese are not met, a set of priorities
is used to partition energy and protein into laotgtgestation, growth and maintenance

needs. Once production is calculated and if maxinagen is not reached, and animals are
not dead, a next time step (Stat&)Hs simulated.
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The model has been designed to evaluate the impladhe farmer's resource
allocation on animal productivity. Because herdssuch systems are usually small
(2-3 animals), an individual-based model offersaadages above population models.
Individual-based models (IBMs) allow the expliaiclusion of relatively short-term
individual variation which is useful to exploreditycles in finer detail than the age-
structure or stage-structure Leslie matrix modBlsAngelis and Mooij, 2005). When
large herds are managed in feeding groups, divithegoopulation in classes may be
more convenient than using individual-based mo@igdsVargas et al., 2001).

In the model, the only discrete events that aggéted stochastically are conception,
sex of the calves and random mortality (involuntaligposal). Mortality due to
undernutrition, abortion, parturition, age and virigre described deterministically.
Intake is driven by feed quality and bodyweightcB®sn variables represent different
management strategies related to feeding and regtiod. Reproductive performance
is evaluated using a number of indicators: dayfrgb conception, days open (days
between calving and next conception), calving wdkand length of the productive
life (disposal date minus first calving date). Rrciivity is assessed with: number of
offspring, milk production, weight gain and mangmduction. The model is written
in MATLAB v.7.1 (The Math Works, 2005), the integjan time-step is one month.
The basic structure is based on the concepts ofmthael developed by Konandreas
and Anderson (1982). LIVSIM differs from that model(i) the nutritive requirements
calculations which are based on AFRC (1993), @gd intake which is based on the
model of Conrad (1966), (iii) excreta productionestimated, and (iv) the decision
variables. Potential growth is assumed to be atiomcof time, breed and sex.
Potential growth and minimum bodyweight curves wagaved by fitting a simplified
Brody model (Brody, 1945) to data on bodyweight @u#® of Holstein-Friesiax
Zebu cattle found in the literature. Compensatoongh is accounted for in the model
by using different potential growth rates accordbogmetabolisability of the feed
(Tolkamp and Ketelaars, 1994). Conception is sitedlastochastically by using
probabilities associated to bodyweight and age aoations. We used the approach of
Konandreas and Anderson (1982) and data from tiiterdo determine a feasible age-
bodyweight set when heifers achieve reproductivéeuntg. Calf birth weight is a
breed-dependent input to the model. Milk yields siraulated by a breed-dependent
potential milk yield which is a function of lactati length and in turn affected by age
and a condition index of the cow. Lactation lenggidl dry period are characteristics of
the system under study and inputs to the modela#t assumed that calves are weaned
at three months of age and that the milk allowaoncecalves starts with 4 L of milk
per day when they are born up to 0.5 L per day wtheg are weaned. Mortality due
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to starvation is simulated using the growth rowgiteking the minimum bodyweight
curve as threshold. Model inputs and model paramedee presented in Table 1.
Individual components of the model were tested regjagxperimental data from 24
cows obtained from Jenet et &004a) for cross bred lactating cows fed different
diets (Rufino et al., 2007a) — Appendix 1.

Table 1: LIVSIM model inputs and parameters.

Parameters Parameter value Units
Mature weight 500 kg

Calf birth weight 30 kg
Weaning age 4 mo
Calving rate with poor condition 0.35 -
Calving rate with optimum condition 0.90 -
Mortality rate for calves up to 3 months 0.15 -
Mortality rate for cows from 2 to 6 yedrs 0.07 -
Mortality rate for cows from 7 to 13 years 0.12 -
Pregnancy length 282 d
Postpartum length 2 mo
Milk fat (average) 35.4 g kg
Milk crude protein 32.0 g kg
Milk metabolisable energy 19.4 MJ (kg DM)
Dry period 2 mo
Maximum milk yield 4450 kg lactatioh
Average maximum milk yield 14.6 kg'd
Lactation length 10 mo

! Mortality rates between age classes were calaltht®ugh linear interpolation

2.3 Running the model

For the simulations, each model run consisted ofyd&8rs, considered to be the
maximum lifetime of a dairy cow in the central Higgds of Kenya (Bebe et al.,
2003b). We used a monthly time step because theeelegf detail suffices the
purposes of our study and it will allow easy conglito the farm-scale model
NUANCES-FARMSIM (Giller et al., 2006). Because theodel simulates discrete
events by using stochastic variables, replicati@ame needed to estimate the
distribution of the output variables. We perfornschulation experiments to evaluate
the minimum number of simulation runs, i.e. repgksathat capture the effect of the
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treatments. Model outputs were analysed with theskal Wallis non-parametric test.
Differences between simulations with different n@embof replicates were non-
significant > 0.05), so that we decided to use 1000 replida¢esiuse there was no
much gain in terms of the precision of the modeipats with higher numbers of
replicates. Details on the calibration and tesththe model can be found in Rufino et
al. (2007a) — Appendix 1. A number of variables andcefhcy ratios were selected to
evaluate lifetime productivity. Variables were: rogn of calves, milk production (kg
lifetime™), days in milk (% lifetimé"), days open (d parity), cumulative gross
income (KSh lifetime")*, income from milk (KSh lifetimé), and income from animal
sales (KSh lifetimé). Efficiency ratios were: cumulative milk per dapen (kg
dayoper), total income per day open (KSh dayopncumulative milk per day in
milk (kg d in milk?), total income per day in milk (KSh d in mif, days in milk in
the lifetime (d lifetimé®), milk in total lifetime (kg lifetimé"), and income per day of
lifetime (KSh d lifetimé™).

2.4 Scenario analyses

To evaluate the relative impact of feeding managegmed mortality on the lifetime
productivity of the cows we first analysed the effef different diets on lifetime
productivity (Scenario 1) and on reproductive perfance (Scenario 2), and secondly
the combined effect of diets and mortality on lifed productivity (Scenario 3).

2.4.1 Scenario 1. Supplementing diets

Supplementing the basal diet of lactating animatk woncentrates at a rate of 2 kg
per day during the entire lactation is the commenommended practice for the
smallholder dairy systems in Kenya (Staal et al01). Increasing the ration of
concentrates during early lactation was recommenidedncrease milk yield of
individual lactations (Kaitho et al., 2001). To ttebe effect of supplements on
indicators of lifetime productivity, different ratns of concentrates were used in model
simulations to target different physiological stagall females were offered a basal
diet of Napier grassd libitum. For all treatments ‘Napier+2kg’, ‘Napier+4kg’ and
‘Napier+8kg’ cows were supplemented with a totab00 kg in 305 days of lactation,
i.e. either 2 kg of concentrates' during the whole lactation period (0 to 305 days),
kg in early lactation (0-150 days), or 8 kg of cemizates d during only the first 75
days of the lactation. The quality of the feedshewn in Table 2. Involuntary culling
(random mortality) was set to zero to evaluatesthie effect of different diets.

¥ Kenyan Shillings, 1 US$=67 KSh
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Table 2: Quality parameters of different feedstuffenmonly used in the highlands of Kenya that
were used in the model simulations. DM = dry matieMD = dry matter digestibility; ME =
metabolisable energy; CP = crude protein; a = ptapoof water soluble N in the total N in a feed;
b = proportion of potentially degradable N othearttwater soluble N in the total N of the feed; ¢ =
fractional rumen degradation rate per hour of tifi@ttion of the feed N with time (AFRC, 1993).

Feeds DM DMD ME CP a b C
(9kg?) (gkg) (MIkg  (gkg (kg N (kg N (kg N
DM DM} kg N kgNY  kgNHY
Napier grass 175 0.546 7.7 90 0.2 0.6 0.15
Dairy meal? 900 0.783 13.0 165 0.3 0.6 0.15
Maize stover 850 0.540 6.8 54 0.3 0.5 0.07

References: Muia (2000)” Abate and Abate (19913 Methu et al. (2001)
2.4.2 Scenario 2: Diet composition and reproductive performance

Increasing the number of lactations through imprgwiutrition has been suggested as
one of the key interventions to improve producyiwitf smallholder dairies (Osuiji et
al., 2005). Feeding strategies that promote eastylgrowth induce sexual maturity
and result in a reduction of age at first calvimgl af the calving intervals (Bagley,
1993). Here we compared the effect of contrastiiegsdon age at first calving and
calving intervals. To simplify the analysis we stéel a number of diets that
represents common practices in the Kenyan highlanus first diet was Napier grass
supplemented with maize stover finely chopped fdanuary to March and from July
to September (Napier+MS), when maize stover islavi@. The second diet was the
same but with a fixed amount of 2 kg dairy concaies per day being supplemented
during the whole lactation (Napier+MS+2kg). Therdhdiet was designed to meet the
nutritive requirements by varying the amounts gidamented concentrates according
to the physiological stage of the animal (Napier+bj&imal). All these diets were
compared with the sole Napier grass diet (Napier).

2.4.3 Scenario3: Lifetime productivity with random mortality

Diets from the previous scenario were selectedséduate the effect of actual mortal-
ity on indicators of lifetime productivity. Bebe at. (2003b) reported for Central
Kenya mortality rates for different age classesseéliae mortality due to diseases is
regarded as the main cause of animal disposal.d\taes for the different age classes
are reported in Table 1. By using random mortahtes we withdraw individuals from

the simulated population that represent the dawy tr which we evaluate lifetime

productivity. For the analysis, it is assumed tnatry cow has the same probability
per time step to be removed from the simulated |adioun.
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2.5 Statistical analyses

The effect of the treatments on indicators of iifet productivity was evaluated with
the non-parametric Kruskal-Wallis test and the etéhces between treatments were
tested using the Wilcoxon-Mann-Whitney test. Weorgmediansf), means, ranges
and probabilities. SPSS 15.0 for Windows (SPSS, I@hicago, IL) was used to
perform the statistical analysis. The statistiezhnique called survival analysis was
developed in medical sciences (Kleinbaum and Kl@d05), where the event of
interest was death. However, this technique candael for analysing the timing of
other events. We used survival analysis to evalieeffect of treatments (diets and
mortality) on age at first calving, calving intelsaand productive life. Survival
analysis was performed with R 2.6.0 (The R Fouwdator Statistical Computing).
Observations were censored when cows did not expei the event during the
simulation. Kaplan-Meier (KM) survival functions veeused for estimating survival
times (Kleinbaum and Klein, 2005). From the surlicarves, we estimated the
median survival time at the point of the KM-curvdattwa cumulative survival
probability of 0.5. Log-rank tests were used to pame age at first calving and
productive life under different treatments (mottafiates).

Cox regression models were used for estimatingettiects of covariates on the
calving rate and therewith on the calving intervdlse Wald statisticz] was used to
test significance. The extended Cox model incoresraime-independent and time-
dependent explanatory variables (Haccou and Hem@&f@B5). We used recurrent
event survival analysis to assess the effect elvegit covariates on the calving event
rate allowing for multiple events (calvings) pebmgct. A subject with more than one
calving interval remains in the risk set until lidst interval, after which the subject is
removed from the risk set. The different observetiof each individual are treated as
independent contributions from different subje@ise hazard function is expressed as
a function of time (Eq. 1).

p +p

jZlBiXi +,f223jxj(t)
hy (t) '

h(t, X (t) =

Eq. 1

whereX(t)= (Xa,..., Xp1, X p1+1 (1), ..., Xp1p2(t)) is @ vector of explanatory variable,
(i=1,...py) is the regression coefficient for the time-indegent explanatory variable
X, & (= patl,..., pisp2) is the regression coefficient for the time-depentd
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explanatory variableX;. The explanatory variables were the diets takerfixasl
factors, and the different components of the digaictv were time dependent, and
bodyweight was considered as confounder of thecefié the explanatory variable.
When diets were considered as factors, the referdiat was the one that caused the
longest calving interval. Maize stovers and coneges were coded as factor variables
and bodyweight was a continuous variable. The effdcthe different diets is
measured with the hazard ratiblR) that describes how a baseline event rate is
changed due to a change in the covariateEq. 2). The vector of covariate¢
represents the group with largest hazard (i.e.tsbbrcalving intervals) in order to
facilitate the interpretation of theR. A hazard ratio of 1 means no effect, a value of
10 means that one treatment has 10 times the haké#rd other treatment, in this case
an increased risk of shortening calving intervals.

HR=-22J—gi=1 Eq. 2
> (Eq. 2)

3. Results
3.1 Diets and indicators of lifetime productivity Scenario 1)

Supplementing the Napier grass diet with diffemmbunts of concentrates throughout
the lactation resulted in significant changes iniradicators of lifetime productivity
(Table 3).Age at first calving was 3.6 y and equal for a#tdi The ‘Napier+4kg’ diet
resulted in the highest cumulative calvings< 7) and milk productionn= 22600 kg
lifetime™), the most days in milknf = 41% lifetime?), and the shortest average days
open (m = 274 d parity'), as compared with the sole Napier diet. The nundfe
calves obtained differed significantly between tme@ents: although the medians were
the same the shape of the distribution of the @imrs was not normal and differed
for each treatmenSimulations showed that both intake of metabolsavergy (ME)
and crude protein (CP) were not matching the reguent for potential production
during the entire lifetime (Fig. 2). In all feedinggimes, CP was in surplus during the
dry periods. The ‘Napier+4kg’ diet resulted in heglproduction of milk because it
met the energy nutritional requirements over tine@arclosely than the other 3 diets.
Although the diet supplemented with 8 kg of concates (Napier+8kg) allowed
meeting nutritional requirements at peak lactatibrwas still energy- and protein-
deficient during the rest of the lactation.
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Table 3: Effect of different diets on indicators ldétime productivity. Diets consisted of Napier
grass fedad libitum supplemented with different amounts of concengraigring different stages of
the lactation: 2 kg during 300 days (Napier+2kgkg4during the first 150 days (Napier+4kg) and 8
kg during the first 75 days of the lactation (Napkkg). Medians and ranges between parentheses
are shown for each of the indicators. Means anedateld for number of calves, next to the medians.

Napier Napier+2 kg Napier+4 kg Napier+8 kg
Calves (# lifetimé")* 6 (5.7) 6° (5.9) 7% (6.6) 6° (6.4)

(2-9) (2-9) (3-9) (3-10)
Cumulative milk (kg lifetimé") 13700 20006 226006 19700

(2300-18400) (6900-27000) (10700-31200) (9700-29200)

Milk yield (kg lactation®) 2500 3300 3500 3200
(800-2700)  (2400-3600) (2700-3800) (2600-3500)
Days in milk (% lifetimé?) 35" 3 472 38
(12-57) (13-55) (19-57) (19-63)
Days open (d parify) 365 340 274 284
(61-1354) (132-983) (110-983) (97-983)

! Different letters indicate significant differenc@®<0.01) Mann-Whitney U test
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Figure 2:(A) Metabolisable energy (ME) requirements for pi@ production (dashed line
and intake ofME (solid lines), (B) Metabolisable protein (MP)qerements for potenti
production (dashed lines) and intakeM® (solid lines). Diets consisted of Napier grase
ad libitum without supplements (Napier) or supplemented wdifferent amounts ¢
concentrates: 2 kg during 305 days of lactationp{da2kg),4 kg during the first 150 da
of lactation (Napier+4kg), and 8 kg during thetfirs days of the lactation (Napier+8 kg).
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Figure 3: Development of aow’s bodyweight fed different diets: (A) Sole Nepgras
(Napier), (B) Napier grass supplemented with 2 édigcentrate per day during the 3f#ys o
lactation, (C) Napier grass supplemented with Z£&gcentrate uring the first 150 days
lactation, and (D) Napier grass supplemented wikly 8oncentrat during the first 75 days
lactation. The upper dashed line shows the potemtavth airve and the lower dashed |
the minimum bodyweight for the breed.
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Figure 4: Dalily intake of forage dry matter (DM®r cows fed different diets: (A) Sc
Napier grass (Napier), (B) Napier grass supplentent¢h 2 kg concentrate per dawring
the whole lactation, (C) Napier grass diet supplaied with 4 kg concentrate during the f
150 days of the lactation, and (D) Napier gras$ sligplemented with 8 kg concent
during the first 75 days of the lactation. Dashadd show th potential dry matter intake ¢
solid lines actual intake.
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The ‘Napier’ and the ‘Napier+2 kg’ diets resultedlarge losses in bodyweight after
calving because of the large amount of energy aotkin needed for milk production.
These losses were less evident for the ‘Napier+4kg ‘Napier+8kg’ diets (see for
example Fig. 3). Cows could potentially eat a maximof about 12 (kg DM) d of
Napier grass of the quality used in the simulatiffesble 2). During early lactation,
the over-supply of ME for the latter two diets degsed grass intake (see for example
Fig. 4). Because total dry matter intake was ingedaas the supplements of better
quality were all consumed, it resulted in signifitalifferences P<0.01) in forage
consumption between diets. Cows fed the ‘Napier+4kgt consumed the largest
amount of forage and concentrate (39.4 and 4fétirtie ' of grass and concentrates,
respectively) and cows fed the ‘Napier diet consdnihe least (37.4 and <0.1 t
lifetime™ of forage and concentrates, respectively).

3.2 Reproductive performance and lifetime productiity (Scenario 2)

We designed an ‘optimal’ diet that followed the ¢®wenergy requirements more
closely. This diet consisted of Napier grass wittab amounts of concentrates (0.5 kg
per day) during early phases of the calf and heléarelopment, 5 kg during the first
150 days of lactation and 1 kg during the resth# lactation. The Kaplan-Meier
survival curves and long-rank tests showed thatdie¢s had a significant effect
(P<0.01) on age at first calving (Fig. 5A).
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Figure 5: Kaplan-Meier survival curves for: (A) Age first calving of cows fe® differen
diets: sole Napier grass, Napier grass supplemented mvdlze stover (Napier MS), a
Napier grass supplemented with 0.5 kg concentiageslay except during early lactatior
kg) and late lactation (1 kg) (Napier MS optimalipd (B) Calvng intervals for cows fed
diets, the same as in (A) plus Napier grass supptéed with maize stover and kg of
concentrates during the whole lactation (Napier+&I&y.
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Age at first calving was 3.08+0.01 y for the ‘Opé#indiet, 3.58+0.01 y for the
‘Napier’ diet, and 4.0£0.01 y for the ‘Napier+MSietl The ‘Napier+MS+2kg’ diet
was not included in the Kaplan-Meier curve for dge at first calving because the
effect on age at first calving was similar to tiNapier+MS’ diet since supplementa-
tion started only after first calving. The suppletssl diets, ‘Napier+MS+2kg’ and
‘Optimal’, had a significant <0.01) effect on reducing the calving intervals
compared with the ‘Napier+MS’ diet. Calving intelsjawhich excluded age at first
calving were 1.17+0.01 y, 1.58+0.01 y for the ‘Opal’ and the ‘Napier+MS+2kg’
diets, respectively, and 1.67+0.01 y for the ‘Napaad ‘Napier+MS’ diets (Fig. 5B).

Diet had a direct effect on productive life spanthw9.92+0.01 y, 9.42+0.01 y and
8.92+0.01 y for ‘Optimal’, ‘Napier’ and ‘Napier+MSliets, respectively. The seasonal
addition of maize stover to the basal Napier gdiss reduced productive life of the
cows and had an effect in all indicators of lifegiproductivity (Table 4). In general,
this effect is more pronounced for non-supplemerdeds due to energy deficits
during the lactation periods. Milk production waeaftly affected, with an average
reduction of 600-1400 kg of milk per lactation whasmparing the sole Napier and
supplemented diets. Days open were smallest for'@mimal’ diet (m = 240 d
parity %), followed by the ‘Napier+MS+2kg'ni = 335 d parity"), ‘Napier+MS’ (m =
345 d parity’), and finally ‘Napier (= 365 d parity’) diets. Adding concentrates to
the diet consisting of Napier grass and Napier gyalsis maize stover improved
(P<0.01) cumulative milk yield considerably, by ab@&0®6 for the ‘Napier+MS+2kg’
diet and more than 100% for the ‘Optimal’ diet.

Table 4: Effect of diet on indicators of lifetimeagductivity. The diet cornisted of Napier gras
(Napier), Napier grass supplemented with maizeest@S)6 months per year (Napier+MS), Nag
grass, maize stover plus 2 kg concentrates dun@gvhole lactation (Napier+MS+&j), and Napie
grass, maize stover supplemented with 0.5 kg cdrates except during early lactation K§) anc
late lactation (1 kg), named the Optimal ddedians and ranges between parentheses are shc
each of the indicators. Means are indicated forlvemof calves, next to the medians.

Napier Napier+MS Napier+MS+2 kg Optimal
Calves (# lifetime")! 6° (5.7) 6 (5.2) 6° (5.6) 72(7.3)
(2-9) (1-9) (2-9) (3-10)
Cumulative milk (kg lifetimé) 13700 10700 17000 254006
(2300-18400) (900-15000) (6500-23000) (11400-35400)
Milk yield (kg lactation?) 2500 2100 3100 3500
(800-2700)  (500-2600)  (2100-3500) (3000-3800)
Days in milk (% lifetimé") 35 3 35° 45
(12-57) (13-55) (13-54) (19-63)
Days open (d parify) 365’ 345 3358 240°

(61-1354) (61-1278) (163-1460) (88-882)
! Different letters indicate significant differencg®<0.01) Mann-Whitney U test
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The ‘Napier+MS’ diet was used as baseline for a @axession analysis because it
resulted in the oldest age at first calving and s$heallest number of calves per
lifetime. In the first Cox model, diets were coresied fixed factors, i.e. the other 3
diets were compared with the reference diet. Tisailt® of the regression analysis
showed that all the diets had a significant eftBst0.01) on reducing calving intervals
after adjusting for bodyweight (Table 5). The hazeaatios indicated that the diets
shortened calving intervals with respect to thepatrMS’ diet when there was at
least an average difference of inter-calving bodghieof 46 kg for the ‘Napier’ diet,

17 kg for the ‘Napier+MS+2kg’ diet and 64 kg forettOptimal’ diet. These differ-

ences in bodyweight were observed for all treatsiaatshown for example in Fig. 6.

Table 5:Effects of the diets as fixed factors on calvingeivals estimated with an extended ¢
model.

Explanatory variables Coef. s.e. Hazard ratio @584f. interval Wald
statistics (z)
Diet 1 (Napier diet) -0.279  0.028 0.756 0.716 0.798-10.1***
Diet 2 (Napier+MS+2kg diet) -0.100 0.027 0.904 @85 0.953 —3.7%**
Diet 3 (Optimal diet) -0.384 0.030 0.681 0.642 Q.72 —12.91%**
Bodyweight 0.006  0.000 1.006 1.006 1.007 38.12%**

T Napier+MS

T Napier+MS Optimal

Bodyweight (kg) Bodyweight (kg)

012 3456 7 8910111213 01 2 3 45 6 7 8 910111213
Lifetime (y) Lifetime (y)

Figure 6: Development of the cow’s bodyweight wiied: (A) Sole Napier grass (Napie
(B) Napier grass supplemented seasonally with mstizeer, (C) Napier grass supplemet
maize stover and 2 kg concentrate per dagng the whole lactation, and (D) Napier gi
supplemented with 5 kg concentrate during the fis days of the lactation and 1 kg
day the remaining of the lactation. The upper dddime shows the potential growth cu
and the lower dashed line the minimum bodyweightte breed.

86



Lifetime productivity of dairy cows

Because the effect of the diets is time dependeatlooked at the separate effect of
the seasonal supplementation with maize stovettadupplementation with different
amounts of concentrate during early lactation —relike largest losses of bodyweight
usually occur. The hazard functions for each ofdlets are shown in Table 6. All
coefficients shown were significar<0.01). The addition of maize stovers (MS) to
the diets tends to increase calving intervals Hyihg the hazard rate. This effect is
outweighed by supplementing concentrates as shgwthebcoefficient$, in Table 6,
which differ between the ‘Napier+MS+2kg’ and ‘Opaih diets. At the same
bodyweight difference caused by the diets, the IBlaid1S+2kg’ diet would result in
the shortest calving interval but from Fig. 7 we dbat there are large bodyweight
differences between the latter diet and the ‘Optirdeet. We calculated the same
hazard ratios (HR=5.1) for Optimals Napier+tMS and Napier+MS+2kgss
Napier+MS when the difference in bodyweight caubgdthe ‘Optimal’ diet with
respect to the ‘Napier+MS+2kg’ diet is 110 kg.

Table 6: Estimated coefficientg)(and hazard ratios {efor the effect of the covariates maize stc
(MS), concentrates offered a 2 kg per day duringyelactation (early) for ‘Napier+MS+2Kk¢
diet'and 5 kg per day (easlyfor ‘Optimal diet’. All coefficientsP<0.01.

Diets Hazard function
h(t,X)= he(t) expB:MS+B,ConcentrateshBW]
Napier grass diet h(t,X)= hq(t) exp[0.005 BW]

Napier+MS diet h(t,X)= ho(t) exp[-0.597 MS +0.005 BW]
Napier+MS+2kg diet h(t,X)= hq(t) exp[-0.597 MS +2.232 ealy0.005 BW]
Optimal diet h(t,X)= ho(t) exp[-0.597 MS +1.727 eagly0.005 BW]

3.3 Lifetime productivity and random mortality (Scenario 3)

Mortality of animals at all stages reduced prodigctife significantly independently
of the type of diet (Fig. 7B). With the mortalitsed in the simulations (reported by
Bebe et al. (2003b) for the highlands of Kenya)y iretween 28 and 31% of the cows
survived 13 years. Average lifetime ranged betwéé&nand 8.1y for different diets,
and between 68 to 72% of the cows that survivetljedaat least once (Table 7).
Productivity indicators (number of calves, milk addys in milk) calculated for the
cows that calved, were reduced about 43-65% depgrah the diet (Table 7). This
was the result of having fewer calves because ptodu life was significantly
shortened.
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Figure 7: KaplarMeier survival curves for: (A) Productive life spahcows fed 3 differel
diets, sole Idpier grass (Napier), Napier grass supplementdu mwéize stover (Napier M¢
and Napier grass supplemented with 0.5 kg condestger day except during early lacta
(5 kg) and late lactation (1 kg) (Napier MS optijnalind mortality rate set to niind (B
Productive life of cows fed 4 diets, the same afAnplus Napier grass supplemented
maize stover and 2 kg of concentrates during theleviactation (Napier MS+2kg) and w
the actual measured mortality rate of the dairyesypsunder study.

In the simulations, the effect of removing animiétsm the population of simulated
cows is observed on the indicators of lifetime mat/ity due to the shortened
productive life. There were no significant diffecexs in average days open per calving
interval between no mortality or random mortalMilk production could be increased
on average by 1,400 kg per lactation by supplemgrthe diet with 5kg concentrates
during early lactation and 1 kg during late lactatiBut for poor farmers who do not
have a large investment capacity, reducing moytdiglps to secure the asset and
increasing productivity. The ‘Napier+MS’ diet withe baseline mortality results in
3,700vs 10,700 kg of milk per lifetime that may be obtalngé mortality was nil
(Table 7). Supplementing the cows with 2 kg of @onrate under the mortality
baseline increased the lifetime productivity to08 Xg of milk, half of what could be
achieved (17,000 kg of milk) if there was no motyal Mortality reduced the
productive life (days in milk) and therefore retsinto investment. This can also be
seen in the amount of milk produced per day, thi& prioduced per day of lifetime,
and the days in milk per day of lifetime (Table 8).

We calculated that milk represented about 90% efttital gross income from an
individual cow. In these simulations diet had agéareffect on economic indicators
than increased mortality. The cost of a day openegsed as the quality of the diet
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Table 7: Effect of diet and mortality on indicatars lifetime productivity. The dietgonsisted ¢
Napier grass (Napier), Napier grass supplementdtl wiaize stover (MS) 6 months per y
(Napier+MS), Napier grass, maize stover plus 2 kmcentrates duringhé whole lactatio
(Napier+MS+2kg), and Nagx grass, maize stover supplemented with 0.5 kuceatrates exce
during early lactation (5 kg) and late lactatiork), named the Optimal diet.

Diet Mortal- Sur- Survival Calved Produc-  Calves Cumulative Days in milk
ity rate vived time tive life milk
(%) (y) (%) (y) (# lifetimé") (kg lifetime™) (d lifetime™)
Napier nii 100 13.0 100 9.4 6 (5:7) 13700 1673
(2-9) (2300-18400) (548-2707)
actual 31 7.8 70 4.4 3(3.0) 7500 913
(0-9) (0-18400) (0-2677)
Napier+ MS nil 94 13.0 100 8.9 6 (5.2) 10700 1521
(2-9) (900-15000) (274-2616)
actual 28 7.3 70 4.0 2(2.8) 3700 608
(0-8) (0-15300) (0-2433)
Napier+MS nil 100 13.0 100 9.0 6 (5.6) 17000 1643
+2kg (3-10) (6500-23000) (603-2585)
actual 31 8.1 68 4.0 3(2.9 8200 821
(0-8) (0-27700)  (0-2403)
Optimal nii 100 13.0 100 9.9 7(7.3) 25400 2129
diet (3-11)  (11400-35400)(882-2981)
actual 30 7.9 72 5.0 4 (3.9) 14400 1156

(0-10) (0—35500) (0-3011)
! Medians and ranges between parentheses are shosamsMire indicated for number of calves, next éo th
medians

Table 8: Effect of diet and mortality on lifetiméfieiency ratios. The diet consisted of Napier
(Napier), Napier grass supplemented with maizeestMS) 6 months per ye@lapier+MS), Napie
grass, maize stovetys 2 kg concentrates during the whole lactatioapir+MS+2kg), and Napi
grass, maize stover supplemented with 0.5 kg cdrates per day except during early lactatio
kg) and late lactation (1 kg), named the Optimat.di

Diet Mortalty Milk per day Milk per days Milk per lifetime  Days in milk
rate in milk open per lifetime
(kg d? (kg d opei) (kg d lifetime?®)  (d d lifetime?)
Napier nil 8.5 6.7 2.9 0.35
actual 8.3 6.3 2.4 0.28
Napier+MS nil 7.2 5.3 2.3 0.32
actual 5.3 4.4 1.3 0.25
Napier+ MS+2kg nil 10.6 8.9 3.6 0.35
actual 9.9 7.9 2.7 0.26
Optimal diet nil 12.0 14.6 54 0.45
actual 11.9 13.2 4.5 0.37

89



Chapter 4

improved. Income per day in production was alsatlyeaffected by the diet and

decreased when mortality increased because offféste® on reducing number of

lactations. Income per day of lifetime was botleeféd by diet and mortality because
of the effect of diet on milk production and thdeet of mortality on shortening

productive life. The baseline mortality of 15% fgoung calves, of 7% for cows in

production (2-6 y), and 12% for older cows, accedrfor about 40—-65% of income
reduction (Table 9).

Table 9: Effect of factors (diet and mortality) exdfing indicators of lifetime productivitgnc
economic indicators. The analysis did not include value of the disposed cows, and there
represent the worst case scenaflthe diet consisted of Napier grass (Napier), Nageas:
supplemented with maize stover (MS) 6 months par yNapierMS), Napier grass, maize sto
plus 2 kg concentrates during the whole lactatiapfer+MS+2kg), and Napier grass, maize st
supplemented with 0.5 kg concentrates per day ¢xhamng early lactation (5 kg) and late lacta
(1 kg), named the Optimal diet.

Diet Mortal- Cumulative Income Income fron Incomeper Income per Incomeper
ity rate incomé frommilk calves dayopen dayin milk lifetime
(KSh (KSh (KSh (KShd  (KShd? (KShd
lifetime™) lifetime™) lifetime™)  open?) lifetime™)
Napier nil 298,100 274,100 24,000 142 178 68
actual 161,220 149,220 12,000 161 177 37
Napier+MS nil 238,760 214,760 24,000 121 157 55
actual 81,080 73,080 8,000 116 133 19
Napier+ MS+2kg nil 363,120 339,120 24,000 187 221 83
actual 175,280 163,280 12,000 206 213 40
Optimal diet nil 536,780 508,780 28,000 299 252 123
actual 304,240 288,240 16,000 371 263 69

11US$= 67 KSh, Milk price: KSh 20, female calves:i&00, male calves: KSh 2000.

4. Discussion
4.1 Designing diets to maximise lifetime productivy

The allocation of different amounts of concentrate®ughout the lactation showed
the advantages in terms of lifetime productivitytioé diet that more closely followed
the peak energy requirements of the cows. Supplengegrass hay with 8 kg of
concentrates per day during the first 75 days cftéon produced significantly more
milk than supplementing with 4 kg during 150 dayd&g during the whole lactation
(Kaitho et al., 2001), this supplementation coutviathdrawn after early lactation
without lowering milk production. Our simulationslentified a different best fit
strategy than that of Kaitho et. d2001), and this is due to the different temporal
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scales used for the analyses (individual lactatisridetime), and probably also due to
the large inherent variability between cows in fagdexperiments (Strickland and
Broster, 1981). In our study, the diet of Napieasy supplemented with 8 kg of
concentrates allowed nutritional requirements aakperoduction to be met and
therefore it could result in larger milk productiper lactation. In the long term the
energy deficit in the rest of the lactation resdilie less cumulative milk production,
bodyweight loss, and poor body condition which hadnegative impact on
reproduction. Farmers’ objectives of keeping cattléhe Central Highlands of Kenya
are producing milk for the market — a regular seuof cash — and for family
consumption, with minimal associated risk to thgestments in inputs for cattle
(Bebe, 2003). Cattle are also considered an alsaetcan be converted into cash in
case of need (cash buffer), a capital reserve (Mblal., 2007). This implies that
disposal decisions are rarely based on productigeans and that farmers keep cattle
as long as they provide cash income, play an inserand finance role, or provide
manure for enhancing productivity of soils. This gasises the need to look for
opportunities for small step improvements in I productivity rather than short-
term large productive increments per lactation. dlet that would allow to achieve
potential production, must contain more energy ttien‘Napier+4kg’ diet to reduce
protein surpluses during the dry periods. This dda¢ achieved by increasing the
proportion of maize stover, or using Napier grasslightly lower protein contents.
Introducing small changes increases the likelihobddoption because this is more in
line with the potential for investing in technolegiby smallholders.

Our results agree with empirical studies that iatidhat improving feed quality leads
to higher milk yield, increases productive life t®ducing age at first calving and days
open of cross bred cows fed tropical forages (Vamgaal., 2001). However, the use of
concentrates in smallholders’ dairy systems isricdetl due to limited cash flows.
Targeting supplementation to early lactation hawaor effect on the performance
during the entire lactation. Our study shows thgtpéementing 8 kg of concentrates
only during early lactation may improve the milleld of the first two lactations but,
in the long run, the cow’s body condition detertesadue to severe weight losses and
as a result reproductive performance is hamperethllSamounts of concentrates
supplemented during early stages of the calf deweént followed by 5 kg during
early lactation allowed three-fold increases inknduring the lifetime of the cow,
because of the stabilising effect on body condition

Smallholders usually purchase less fodder when oesjglues are available (Romney
et al., 2004). Adding maize stover to the Napiersgrdiet delays age at first calving

91



Chapter 4

and prolongs calving intervals as shown by theigahanalysis, with relatively large
economic consequences. Keeping animals in good bodgition is needed to ensure
reproduction. Poor diets were responsible for lgatying intervals, and shortened
productive life. Supplementation with concentrgiagly compensates for the negative
effect of adding maize stover and the level of cengation clearly depended on the
magnitude of the bodyweight gain during the calvinggrval. The ‘risk minimising
feeding strategy’ using only Napier grass and e¢egpdues actually increased calving
intervals. A major challenge for research is hownatch the production potential of
the cows with available resources in a realistiomes. Grass intake is depressed (cf.
Fig. 5) when concentrates are supplemented alththegtotal intake is increased. This
means that per lactation the feed costs are sligingher for the supplemented diets.
Of course, incomes derived from feeding pure gdists are reduced because of the
longer non-productive periods when cows consumg olapier grass. The cost of
concentrates accounts for about 15-20% of the grassme, while supplementing
Napier grass with concentrates results in a twd-fotrease in gross income. Most
dairy farmers in Central Kenya allocate around %024 their land to grow Napier
grass, amounting to about 0.15 ha TLGn average (Bebe, 2003). With an average
yield of 16 t ha y* (Muia, 2000), this may supply only between 12-18Pthe Napier
consumption requirements per year for one cow, leo feed deficit has to be
purchased from the market. Because milk accoumtafout 90% of the total gross
income from dairy, selling calves to contribute oy feedstuffs appears to be a
sensible strategy to increase lifetime productivity

4.2 Lifetime productivity and mortality

Endemic and production diseases are more impariantensive systems and can be
addressed through farm-scale interventions. Feechngentrates was found to be an
indicator of higher income in dairy farms of therigan highlands (Van Schaik et al.,
1996), although farmers often associated increassttentrate use and improved
animal health care with income instability. The iilon of improved technologies
requires greater market stability so that the aatedt risks are reduced (Romney et
al., 2003). Focusing on improving diets may havengpact on lifetime productivity if
survival and productive life are not excessivelgueed by poor health care. Perry et
al. (2002) proposed a framework to identify livestoresearch opportunities to
contribute to poverty alleviation by securing assetducing the constraints to intensi-
fication or improving market opportunities. Thesdhors recognised the difficulties
of assessing the benefits of specific interventimas products of the research on the
expected benefit to the poor. Our study and theweadeveloped are a contribution to
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assist in assessing the likely effects of comporestinologies on the productivity of
the dairy system. We estimated the production geptd baseline mortality and what
could be gained through improving feeding strategioor farmers feeding poor diets
(e.g. Napier grass mixed seasonally with maizeesjolave much more to gain in
terms of higher and more secure income from impi@\animal health than from a
large investment in feeds. Constraints to thisohieourse the delivery and adoption of
health services, issues more related to institatidevelopment.

Our results suggest that it is feasible and ecocaligi viable to increase lifetime
productivity of dairy cows in smallholder systemsg the focus should not only be on
promoting improved diets but also on reducing nidytaespecially when costs justify
doing so. Supplementing Napier grass with enougbusuts of concentrates that match
nutritive requirements helps to reduce risk inlegproduction. Technologies are not
widely adopted, however, because market instalafitycts farmers’ perception of the
risk of milk production. Calf (and heifer) mortalitcombined with long calving
intervals associated with poor breeding decisiong teplacement of heifers available
in smallholders mixed systems (McDermott et al. 9Dur study shows the impacts
on milk production and reduced income due to inmtauy culling before the expected
survival time. Ngategize (1989) reported similaghhimortality for calves (15% for
females) in Northern Tanzania. In his study, thedbiés of increasing animal survival
by 5% (higher milk production, higher offtake andher capital value) exceeded the
costs of implementing a disease control progranibmrhoea, followed by pneumo-
nia were the most common causes of sickness anthlhom an extensive on-farm
study carried out in Kiambu, central Kenya (Gitduak, 1994) where mortality of
calves was as high as 22%. Tick control has redsigguificantly the incidence of East
Coast fever in the intensive dairy systems of tlemyan highlands. The use of bed-
ding and a low frequency of cleaning of the casthed have shown to be related to
higher mortality (Gitau et al.,, 1994). Van Schaikad (1996) observed that milk
production and calving intervals were the main ¢athrs describing the performance
of dairy farms in Central Kenya, and that the costshealth services on farm
performance were not significant.

4.3 The strengths and weaknesses of modelling corepllivestock systems

The model captures the effect of better qualitytsden productivity indicators in a
realistic way. We compared the model output ontifrie indicators with result of
surveys done for animals of a herd of the samedbrEer instance, Goshu (2005)
studied productive and reproductive performanceaofarge herd n = 600) of
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crossbred Boran-Friesian Holstein cows in the laigts of Ethiopia and observed that
on average 4 calves were born in an average Herdfli8 (3—-17) years during which
12,000 kg (981-44,500) of milk were produced. THepFogeny of the cross had a
longer lifetime (8.5 y), more calves (6) and moriékr{lL4,000 kg). Tadesse and Dessie
(2003) observed calving intervals of 436-498 days Holstein-Friesian cows and
their crosses in the highlands of Ethiopia. Thisresponded to milk yields per
lactation of between 2,000 and 3,000 kg.

We did not include the effect of chronic diseasesraducing milk production or
affecting reproduction, which is a limitation ofrostudy. We used the average calving
and mortality rates reported for the region andesysunder study. This includes the
effect of diseases on reproduction but not thec&ffen production. Bebe et.al
(2003b) observed in the highlands of Central Ketingd diseases and cash needs were
the main causes for involuntary culling. Poor perfance only caused between
5-10% of the disposal. Most cows that were dispegee either pregnant or lactating
which contrasts markedly with the strategy of dé@mymers in Northern Europe where
pregnancy reduced the likelihood that a farmer didpose of a cow (Gréhn et al.,
2003). This highlights the importance of the settin which farmers operate, and
challenges system analysts to design models (oisidecsupport systems) that
properly represent the ‘least risky’ decision mgkaf smallholder farmers.

Grohn et al. (2003) modelled the effect of diseameproduction and described the
incidence of diseases probabilistically accordiagstage of lactation and observed
occurrence. Diseases leave less room for voluntaiyng (room for manoeuvre,
although they reduce the asset value of the aniraat) of course they reduce returns
to investments. Validation of our modelling appioas difficult because models
cannot easily account for adaptive management,hwisiozery important in resource
limited systems. For example, the feeding stratewiere simplified to capture large
differences over the long-term, but farmers woulfjust feeding of animals in
lactation in an opportunistic fashion, depending aash availability and labour
constraints. Thus the overall quality of the digamges in time because it follows
management decisions related to the reproductatesof the animal. The quality of
the diet also varies between seasons and betwess, yehich of course impacts on
animal production. However, the approach we folldweas useful to explore the
magnitude of the effect of changes in feeding mamamnt that may result in benefits
in the long term. Adding variability to the forageoduction and to the supply and
demand for inputs (concentrates), factors (laboaws) and products (milk, forage)
would allow to analyse risk of the dairy systemshef highlands of Kenya.
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5. Conclusions

Lifetime productivity of dairy systems can be imped by increasing feed intake
through targeting productive animals and addingdgguaality supplements to the poor
basal diets. These are feasible strategies thal hmefit the broader livelihood
objectives of smallholder farmers. The modellingpraach used here was suitable to
explore the effect of feeding in the smallholdemrglaystem and to encompass the
temporal scale. Survival analysis proved to beeduligool to disentangle the relative
effect of the diets components in prolonging agérsit calving and calving intervals.
Supplementing diets with concentrates targetingsjghygical stages of high nutritive
requirements allows large increments in indicatofs lifetime productivity. If
optimised diets are used with actual mortality doepoor health care, farmers are
prevented from earning higher and more stable imsommproving lifetime
productivity will require both investments in deptiality and health care programmes.
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Chapter 5

Abstract

Diverse and integrated agro-ecosystems are usaddiyred to as sustainable systems. Diversity
of farming activities may increase the stabilitytoé production of a farm and reduce risks for
resource-poor households, while integration ofvés using the outputs of one activity as
input in another activity may reduce dependencyerternal resources. In practice, diversity
and integration are poorly defined and there isn@bhod to assess diversity and integration in
agro-ecosystems, which hampers the exploratiorheif tpotential benefits. We introduce a
method based on Network Analysis to characteriskamsess the diversity and integration in
farm household systems. We used the Finn CyclidgxnFCI) to characterise the degree of
integration of farming activities, which are thengmartments of the system. Diversity can be
characterised by using measures of communicatieoryh— the Average Mutual Information
(AMI) and its upper boundary the statistical unamty (HR). The indicators are discussed in an
application to mixed crop-livestock systems of tlighlands of Northern Ethiopia where we
used nitrogen (N) flows to illustrate the utility tihe method. We conclude that the indicators
are useful to support discussions on diversified anstainable agro-ecosystems and allow
assessment of the effects of different farm managénto improve system design. The
definition of the agro-ecosystem and its compartsw¢farming activities) and scales strongly
affect the outcomes of the evaluations. The patenfi NA for drawing recommendations on
sustainable management depends on proper systéimtiates and the objectives of study.

Keywords: Ecological network analysis; farming systems arigjyafrica; nitrogen flows;
systems design
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1. Introduction

Farm household systems are a specific type of agosystems in which the rural
household is a central compartment of the system. Hypothesised that diverse and
integrated farm household systems are sustainapeexosystems (Dalsgaard and
Oficial, 1997) because diversity and integratioryraaable the realisation of comple-
mentarities between different activities and ineeearesource use efficiencies.
Diversity in farming activities may increase, foaenple, income stability and reduce
income risks of resource-poor households (Elli@®WNiehof, 2004). Integrated farm
household systems use the outputs of one actigityut in another activity, which
may reduce adverse effects to the environment awtedse the dependency on
external resources through recycling (Edwards .etl803; Vereijken, 2002). Cycling
of energy and nutrients is considered one of thetnmportant features that confers
stability to ecosystem functioning (Allesina andabibwicz, 2004). In practice,
diversity and integration are still poorly definadd although there have been several
studies that focused on integrated agro-ecosys{mesn, 2002; Pant et al., 2005),
there is no practical method to characterise, giyaaind assess integration of diverse
agro-ecosystems. This hinders the discussion onp#r®rmance of diverse and
integrated agro-ecosystems and the design of meseurce efficient, and eco-
nomically viable systems. We defimgtegrationin agro-ecosystems as the degree to
which the compartments (or activities in such sysieare interconnected by flows of
material. In agro-ecosystems that diwerse the number of choices for flows of mate-
rial is larger than in relatively simple, often spised or non-diverse agro-
ecosystems. We introduce and apply network ana(ilg to quantify the degree of
integration and diversity of farm household systersieg a set of indicators. NA is an
input-output analysis originally developed in econcs (Leontief, 1951) that was
introduced into ecology by Hannon (1973) to quantdlationships within ecosystems
(Fath and Patten, 1999). Leontief developed inpipuat analysis to estimate the
amount of raw materials to produce a certain gtyaofi goods. This analysis can be
applied in fields of science in which systems cancbnceptualized as networks of
interacting compartments exchanging materialsammfhousehold systems it can be
used to analyse input-output relationships amoffgrdnt compartments or household
activities. The flow analysis of Finn (1980), bajysrto the early developments of NA
where it was used to study throughflow of nutrieots energy, and cycling in
ecosystems. The Shannon index, derived from conuatian theory (Shannon,
1948), was introduced in ecology by MacArthur (1p&5 evaluate flow patterns in
ecosystems. Later, Rutledge et al. (1976) introdw®ther measure of communica-
tion theory, i.e. the average mutual informatiorMiA to study the organisation of

99



Chapter 5

nutrients and energy flows in ecosystems. AMI hasnbproposed by Ulanowicz
(1980; 1997; 2001) to measure system organisatidrhaw the structure of the flows
in a ecosystem is refined to increase autocatal®@duim, 1969). Since the earlier
developments of NA, the method has been appliedutly ecosystem properties (e.g.
Baird and Ulanowicz, 1993; Christian et al., 19B&ymans et al., 2002) but seldom
to agro-ecosystems (e.g. Fores and Christian, 19937; Groot et al., 2003). The
objective of this study was to assess the potsnéiatl limitations of NA to evaluate
integration of diverse agro-ecosystems, specificafidicators of flow analysis
(throughflow, throughput and cycling) and indicgtdrom communication theory
(AMI and the statistical uncertainty — that measdneersity of the network connec-
tions) are addressed. The method is illustratedniged farm household systems from
the Ethiopian highlands. First, we introduce thdhuod, the system conceptualisation
and the indicators using theoretical exampleslustilate their meaning. Secondly, we
present a case study from the highlands of Nortlighiopia where the method is
applied, and the consequences of different manageomions for the degree of
integration and diversity are explored. Finallypartial sensitivity of the method is
performed. We end the article with conclusions ¢ t@appropriateness of the
indicators to characterise diversity and integrabb agro-ecosystems.

2. Materials and methods
2.1 Network analysis of nutrient flows

NA is formalised by using matrices based on theenwtflows of the studied network
and a number of indicators. The material flows abtarise the internal organisation of
the system. In this study, we use flows of nitrog@hto quantify the organisation of
the system because this resource is often thelmoshg production factor in tropical
low-input agriculture and it can be managed by faoaseholds. The selection of the
system boundary depends partly on the purposeeo$ttidy. In our case it is defined
by the resource base of the farm household, whichsists of a number of
compartments (activities) that may interact. We ose year as the temporal unit of
analysis, because this is a common time horizoadoicultural production.

2.1.1 Conceptualising the system

After having defined the boundary of the netwote nhext steps in NA are to define
then compartments, and to quantify their interactiddglows). For farm households,
compartments are defined as farming activities tuattribute directly (e.g. provide
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food) or indirectly (e.g. through cash income) tee tconsumption of the farm
household and have an impact on the N resourc_asgeveld et al., 2008). Farming
activities can be characterised in terms of N is@rtd N outputs of which the latter
can be used in other farming activities or canxy@eged from the system.

2.1.2 Indicators from Network Analysis to assessgration

In this section the indicators used to assess aieyity and cycling in ecosystems
(Finn, 1980) are explained using a theoretical ggtamThe simplest network is a
system with two compartments {ldnd H), for which storage @x x,) and flows are
quantified (M1, Zo1, 12, T21, Yoo, Z0) (Fig. 1). This system is defined by the following
elements: IHs the compartments, is the change in the storage of compartmeny/d

is theoutflow from compartment Ho the external environment, s the inflow from
the external environment to compartment, ldnd f is an internal flow from
compartment Hto compartment HThe flows are expressed in a common unit, i.e. kg
Ny, in which case storage and compartmental sizexpeessed in kg or tonnes of
N. Nitrogen flows move from one compartment (j=0..ta)another (i=1...n, n+1,
n+2), where n+1 accounts for usable exports (ggingmilk) and n+2 accounts for
dissipations (e.g. animal excreta in pastures, Imuragcreta in latrines). Here
compartment j=0 is used to keep track of the ingpafle use the convention of usable
(n+1) and unusable export or dissipations (n+2jnfidirata and Ulanowicz (1984).
Storage in a compartment is an estimation of theusathof N contained in the total
human and animal mass (expressed as kg N per congd) while for cropping
activities or field compartments storage is annegtion of the amount of N contained
in the top soil layer (0.30 m), also expressedgrNkper compartment.

Yor Yoo

A
I
[y
v
I
N
v

Figure 1: System representing a network with twongartments H and H, and thei
respective storages and %, the internal flows it and f,3, and exchanges fromgzand 2o
and to the external environment, i.gs ®¥nd \,. The rectangular box defines the sys
boundaries. Source: Finn (1980).
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Based on this conceptualisation of the networknRi980) developed a number of
indicators that characterise N flows in the system:

Imports (IN) is the amount of N that is importedrfr the external environment into
the system (Eq. 1).

IN=37, (Eq. 1)

Total inflow (TIN) into the system is the sum offldws from external inputs (z) into
all n compartments plus the amount of N contributethe system total flows by the

storage of all compartmerits), i.e. negative changes in the storage (Eq. 2).
n

n
TIN=Y z,-> (%) (Eq. 2)

i=1 i=1
These definitions take the input perspective (Fir8#80), and are used to assess
whether a network accumulates or loses material.

Throughflow (T) is the total flow from other compartments to camment i (f) plus
the inflow from the exterior (z) and the N flows ntobuted by the storage of
compartment H(the negative changes in storage(kg. 3). This definition takes the
input perspective.

n
T= jZ::lfij +7,—(% ) (Eq. 3)

Total System Throughflow (TST) is the sum of a& throughflows () in the system
(EqQ. 4). It represents the N pool within the systlat contributes to the production or
activity. The ratio IN/TST is an indicator of degemcy of the system on external
inputs.

n
TST=X"T. (Eq. 4)

i=1
Path length (PL) is the average number of compantsnihat a unit of inflow passes
through (Eq. 5). It is a measure of the cycling ity within the system. Part of the
nutrients entering the system may flow through onenore compartments and leave
the system, while another part may be recycledatepidy before leaving the system.

TST
pL=_°>"
TIN (Ea. )

Throughput (T..) is the sum of all flows in the ®s (Eq. 6).
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n
T.=3T, (Eq. 6)
i,j=1
Each flow f can be expressed as a fractigfiof the total flow (T) leaving the
compartment H then throughflow can be expressed as:

n
'ﬁ=§ﬂuﬂ+z¢%&L (Eq. 7)

Expressed in matrix form:

T:Q**T+z—(>'<i )_ (Eq. 8)

where Q** is a matrix with thcq}}* elements, T is a column vector of throughflowss z i
a column vector of inflows and jx is a vector of negative state derivatives. Solving
for T gives:

T=[1-0" [ z-(x)] (Eq. 9)

Where | is the identity matrix, the matrix [| — G¥* is called N**, whose i,j element
indicate the flow in iHdue to an unit of flow starting in;HCycling efficiency (RE
(Eq. 10) is the fraction of throughflow ;jTthat returns to the compartmeny End it
can be found by examining the diagonal of matrix.NFhe element n*} represents
the flows generated by a unit of flow that started;.
R =i 1 (Eq. 10)

1
The Finn’s cycling index (FCI) is the proportion 5T that is recycled (Eqg. 12)
within the system. FCI is calculated by dividingg trelative cycling efficiency of all
compartments (TSJ (Eqg. 10) by the total TST (Eq. 11). It yields wa$ between 0
and 1, indicating either no recycling or completeycling.

n
TST.=YRET, (Eq. 11)
i=1
TST.
FCl=—2% Eq. 12
TST (Fa- 12)

See Finn (1980) for more details on the calculatibthe flow analysis indicators. We
use the indicators FCI, PL and the relationshipvben IN/TST to assess integration in
agro-ecosystems, because a more integrated systams snore internal recycling and
less dependency from the external environment. thaddilly, the ratio of TST/T can
be used to characterise the role of the storagleeicompartments to the system total
flow.
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2.1.3 lllustration of NA indicators of integration

Here we present examples of systems, with 4 comeauts, to illustrate the calcula-
tions of the indicators and to facilitate theirargretation (Fig. 2A and 2B). Systems A
and B receive both inputs from the external enviment (IN). For system A the total

inflow (TIN) is 5, and for system B it is 4. Compag IN and TIN allows to assess
whether a system accumulates or loses materialubec@lN combines the external
input (IN) with the changes in compartment storageded to support the total net-
work flow. In these systems TIN and IN are the sdmeeause the compartment
storages do not contribute to the network flowsthBsystems do not accumulate or
lose material; they are in a steady-state as stoxa® and total inflows (TIN) and

imports (IN) are equal.
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Figure 2: Examples of four systems with four compants usedb illustrate the calculatiol
of the indicators and their interpretation. A flasvrepresented by an arrow andtarage i
indicated between brackets. Systems A and B asteimdy-state with no change in sige
(xi=0) and total inflows (TIN) and imports (IN) areuad. Systems C and D are not in ste
state showing a negative change in storageOjx imports (INFO and differ from tote
inflows (TIN), which are supported by the changstiorage. See text for further explanation.
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The ratio IN/TST shows that system A depends maranports to support the system
activity (TST) than system B. The total system tigioflow (TST) is the sum of all
material flowing through the system compartmentsjerthe throughput (T..) sums all
inputs and outputs flowing from and to all systeampartments. System B differs
from system A in that imports are smaller and réogds larger. As a result, the ratio
TST/T is larger for B than for system A, which medhat the storage compensates for
the difference between inputs and outputs.

Table 1: Flow matrix for the network shown in FfA. H; to H,; are the compartments of the netw
with their internal transfer flows expressed in Mgper year. Compartmental throughflow;)(Ts
calculated according to Eqg. Botal inflows (TIN), Total Throughflow (TST), Tat Throughput (T..
and Path Length (PL) are calculated according to2¢, 6 and 5respectively. The elements of

Q** matrix are calculated as the fractiontb® intercompartmental flow to total compartmeffital.
The N** matrix is the inverse matrix [I-Q**}, whose elements represent throughflow valuesror a
unit of flow that enter the column compartment.

H. H, Hs H, Inflows (Z) Ti
H, 0 0 1 0 1 2
H, 1 0 0 0 1 2
Hs 1 0 0 0 2 3
H, 0 1 0 0 1 2
Outflows (y) O 1 1 2
i 2 2 3 2
TIN 5 (Eq. 2)
TST 9 (Eq. 4)
PL 1.8 (Eq. 5)
T.. 14 (Eq. 6)
Q** matrix (Eq. 8)
H; H» Ha H,
H, 0 0 0.33 0
H, 0.5 0 0 0
Hs 0.5 0 0 0
H, 0 0.5 0 0
N** matrix
H; H» Ha H,
H, 1.2 0 0.4 0
H, 0.6 1 0.2 0
Hs 0.6 0 1.2 0
H, 0.3 0.5 0.1 1
H; H> Has H,
RE 0.17 0 0.17 0 (Eq. 10)
TST, 0.83 (Eq. 11)
FCI 0.093 (Eq. 12)
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As an example the detailed calculations of FCI (Etp 12) for system A (Fig. 2) are

presented in Table 1. Systems C and D are noteadgtstate and the change in
storage is negative for all the compartments. Eseinputs (IN) are 0 and the total

inflows (TIN), which are supported by the changestorage, are in both cases 4.
These systems export material to the external enmient. System D recycles more
material than system C, which increases the re&®/T because part of the activity in

the network is supported by cycling and not onlythy change in storage. An increase
in PL is associated with an increase of cycling(RC and 2D).

2.1.4 Indicators to assess diversity

Diversity in farm household systems may be assestsadhtforwardly from the num-
ber of farming activities, equivalent to speciehness in ecosystems. This is however
rather limited because it does not consider thetfet different compartments or ac-
tivities use different types and amounts of resesi@.g. land, inputs) to produce plant
or animal products that contribute differently he thousehold consumption.

The Shannon index (Shannon and Weaver, 1949) isntb& common index used to
assess (bio)diversity (Clergue et al., 2005) (B: 1

S=-%p;log,(p;) (Eq. 13)

where pis the fraction of flow Tto throughput (T..). The Shannon index (Eqg. 13)
sums over all" linkages in the system, it quantifies the divgrsif the network
connections. When a flow; 15 a large proportion of T.., then log)(js close to 0, and
the contribution of that compartmental flow to #ystem diversity is small. That will
be the case of a system with few compartments, evtiier compartmental flow of one
compartment dominates T... That system will havéowa diversity in its flows
network. This concept was elaborated to study Hmvpattern of flows is refined or
organised in a network (Rutledge et al., 1976; bVanz, 1980). The diversity in
network connections is not necessarily used tduilsextent. Mageau et al. (1998)
defined the Average Mutual Information (AMI) as: “a.measure of the information
we have regarding the exchange of material withi& system. If material from any
compartment had the equal chance of flowing intg ather compartment, then we
have no information regarding the flow in the netkvolf all material from one
compartment was transferred to only one of the mi@krecipients, we would have
complete information regarding the flow structur&&MI quantifies the organisation
of the flows in the network (Eq. 14). In the logripaf Eq. 14, the conditional
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probability that a flow entering i comes from jgsiantified. That probability is the
fraction of the flow T to all flows that enter ;T divided by the product of the fraction
of T; to total flows T.and T to total flow T... Each of these conditional prblbities
are weighted by the joint probability of that flo@l;/T..), and these weighted
‘constraints’ are summed over all combinations and j in the network. For example,
in a system where the total flow is divided equaliypong all compartments, and all
compartments are connected, AMI will be 0 or vanah. If few flows, which are a
large proportion of T.., connect few compartmettis, value of AMI will approach its
upper boundary.

AMI = kn§+2 §n N
og Eq. 14
55T, 2TT (Eq. 14)

Statistical uncertainty (&) is the upper boundary for AMI, it is Shannon-adsigy (Eq.

13) of flows given a certain value of T.. (Eq. 19Jhen the contribution of the flow
out of a compartment (Y to total system throughput T.. is small and d#fg across
compartments, diversity increases iHcreases when T is partitioned among a greater
number of flows.

n T, T T
R=— 2 |092 (Eqg. 15)

j=0T..
AMI/H R is the proportion of diversity that is reducedthg actual pattern of flows.
This may be used to evaluate the organisation dfolNs to total diversity of the
network connections. The units of AMI ang dre bits and the scalar k equals 1 for
AMI. For more detail on AMI and its derivation wefer to Ulanowicz (2001) and
Latham and Scully (2002).

2.1.5 lllustration of diversity indicators

In Figure 3, two groups of three systems are pteseto show the meaning of AMI
and H. Throughput T.is kept constant to show differences in organisatb the
flows reflected in changes in AMI, and in diversstyown in changes inddIn the first
group (Fig. 3A to C), the diversity of flows chasgdightly because the contribution
of each of the compartmental flow jjTto T.. changes little from system A to system
C. However, AMI increases considerably from A tor€flecting a selection of flow
paths from almost all connections possible in systeto very few in system C. This
happens when for example the most efficient paieliscted for nutrient flows.
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(A) . a (B)...a (®)
| 2] 2,
> > 2> 2 P 6 P
2 2 6 6
R —> 2‘ B 2 ‘6
2] 2]
v v T
T.=24 T.=24 T.=24
AMI = 0.0 AMI=0.8 AMI = 2.0
He=2.3 He=2.2 He = 2.0
AMI/H, = 0.14 AMI/H, = 0.36 AMI/Hg = 1.0
(D) T (E) T F
2 2 1,
2 2 1
2|2 2 1
2, 8 1, .10
2 8 1 10
T.=24 T.=24 T.=24
AMI=0.9 AMI = 1.0 AMI=0.8
Hg=2.2 Hy =17 He =0.9
AMI/H, = 0.41 AMI/H, = 0.60 AMI/H = 0.89

Figure 3: Examples of six systems with four comparits to show how th&mplification of
flow patterns increases the information contematworks. Flows are representedaryows
and the size of the flows is indicated next to dh@w, except for system A, where all flo
equal 1. From system A to C, flows become lessoandnd therefore organisation increa
From system D to F diversity decreases, and bectnesédows network is simplerAMI
approaches kl See text for further explanation.

In the second group of systems (Fig. 3D to F} ghown how the diversity of flows in
the system changes due to differential contributibeach compartment to total flows.
System D is less diverse than system A (each cdmpat contributes similar
amounts to total flows), but the network of flovesmore constrained, many flows of
system A are eliminated in system D, and theretbeevalue of AMI increases. In
system E, the contribution of the compartment®otal flows is not uniform, diversity
decreases and AMI is relatively high because oflitnéed number of connections
between the compartments. In system F, diversityedeses further, and because the
total flows are dominated by one compartment, #tie of AMI/HR is high.

In practice, AMI and H can be used to assess nutrient allocations betesernties

and resulting efficiencies. It is expected thatsipecialised systems, gHwill be
relatively low and AMI will be close to | These adapted systems use the most
efficient paths. In less specialised system, tlvasere the nutrient allocation follows a
(risk) spreading strategy, in for example margeraatic environments where diversity
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is higher, AMI will be smaller. These systems arerenadaptable, and may keep
several (more inefficient) network connections\aets a risk management strategy.

2.3 Application to mixed farm household systems iEthiopia

In this section, we aim at gaining understandindhow the diversity in flow patterns
relates to integration by using the indicators psgal in the previous section.

2.3.1 The study area

The method was applied to farm household systentiseo¥illage Teghane (13° 45'N,
39° 41’E), Atsbi Wonberta district in Northern Etpia. Average farm size is about
0.5 hectare and most households grow cereals aninkes (faba beans, common
beans) for subsistence. Steep slopes, stony foist;risk during part of the year and
seasonal rainfall constrain agricultural producti@erage annual rainfall is 540 mm,
of which most is concentrated in a period of onlydays (from June to September).
Livestock (dairy and beef cattle, donkeys, and ghgeaze on communal pastures and
are fed crop residues and other grasses cut andcctr the farm.

2.3.2 Data collection

During the 2002 growing season, a farm househatdeyuwas conducted in Teghane
as part of the research programme ‘Policies fotgbumsble Land Management in the
Ethiopian Highlands’ sponsored by the Dutch Ministf Foreign Affairs (DGIS).
During a rapid diagnostic appraisal, farmers infaage (=50) identified three house-
hold wealth classes based on land, livestock dmoula(Mulder, 2003; Assefa, 2005).
The poor households had no or few livestock atié land, the medium wealth house-
holds had one ox, one donkey and few sheep, andllysa labour surplus, the
wealthier households had several oxen, some cdtiti&keys and sheep and they were
most of the time food self-sufficient. We used &hfarm households, each represent-
ing a typical wealth class (Table 2).

Detailed information on household composition amthsumption, farm and fields
characteristics, input use to different activitilews between activities, crop yields,
animal production, sales and input and output prigeere collected using the
participatory NUTrient MONitoring (NUTMON) approadbe Jager et al., 1998; Van
den Bosch et al., 1998). The combination of thasethousehold surveys, field obser-
vations and measurements and simple models prawvedieasis for the NA application.
Intake and excretion of the livestock was estimatsitg a model that uses as inputs
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animal type, size, grazing time and feed availgb{NVlaming et al., 2001).

Table 2: Main characteristics of three types ofrfanousehold systems in Teghane, Ethiopia, i.e.,poor
medium wealth and wealthy.

Farm household characteristics Poor Medium Wealthier
Arable land (ha) 0.30 0.70 2.40
Own land (ha) 0.30 0.70 1.60
Household members 5 9 10
Animals

Cattle (TLUs} 1 4.7 6.3
Sheep (TLUs) 0.2 0.9 3.0
Donkeys (TLUS) - 0.9 0.7
Mules (TLUS) - 0.6 -
Poultry (TLUs) 0.01 0.02 0.04
Crops

Barley (ha) 0.49 0.55
Barley irrigated (ha) 0.23 0.10 0.38
Barley rented-in (ha) 0.57
Wheat (ha) 0.15
Wheat rented-in (ha) 0.68
Faba beans (ha) 0.08 0.10
Prickly pears (ha) 0.07

1 TLUs are tropical livestock units, one tropicakistock unit equals an animal of 250 kg body mass.

2.3.3 Data and main assumptions

To quantify N flows we used conversion coefficientgained from analysis of plant

and soil samples taken during the survey and fasdllows that were more difficult

to quantify we used conversion coefficients frora literature. These coefficients and
their minimum and maximum values as found in tkeyditure are listed in Table 3. A
more detailed description of the farming systent deta used can be found in Rufino
et al. (2008b) and Langeveld et al. (2008).

2.3.4 Exploring the effect of management options

First, we present the NA indicators for the threenf household types (baseline)
followed by an exploration of the consequencesaofmanagement changes for the
indicator values. Second, a so-called improved mament scenario is defined
affecting NA indicators. The management changekidecincreased yields of barley
from its current value of 2 t Raup to 3 t hd, and faba-beans from their actual values
of 1 t ha' up to 2 t ha, these yield levels were recorded in similar aggosystems in
the Highlands of Ethiopia (Agegnehu et al., 2006)s assumed that the associated
increase in the availability of barley and fabarbeasidues for feeding animals is
subtracted from the feed imported from common pastuMore manure N is retained
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on-farm because of improved management within lid@asianges as reported by
Rufino et al. (2006). We assumed that in the impdomanagement scenario, 70% of
the manure available for recycling on-farm is cowsd contributing to higher
application rates to crops, and resulting in tighar crop yields.

2.3.5 Sensitivity analysis

The objective of the (partial) sensitivity analysias to evaluate the effect of changes
in the underlying data to quantify N flows and ttenceptualisation of the system on
the NA indicators. We used the wealthier farm hbos for the sensitivity analysis.
First, all parameters associated to plant and dnprnaducts and fertilisers were
changed to the maximum and minimum values foundha literature (Table 3).
Second, parameters related to manure managemeatchanged to maximum and
minimum values found in the literature. Third, waargpared three network configura-
tions of the same farm household system to evalhatempact of (dis)aggregation of
compartments on NA indicators, i.e. (i) the baselaonfiguration with 12 compart-
ments (Fig. 4), (ii) a configuration with 4 compagnts where all animal compart-
ments were aggregated into one livestock compaitargsh all cropping activities into
one crop compartment, and (iii) a configurationhwid compartments where two crop
compartments were split into two compartments fiedds were divided into 2 plots.

3. Results
3.1 The farm households as a network of N flows

The poor, medium and wealthier farm households weaeh conceptualised as
networks of N flows (Fig. 4). The poor farm househbad 0.3 ha of land, cattle,
sheep and few chickens. Livestock fed mainly on momal lands and with on-farm
crop residues. No feeds were purchased to supportah production. Manure from

the corral was used only as household fuel. Mosk mias sold and only a small
proportion was used for household consumption. Tevops were grown, i.e.

(irrigated) barley Hordeum vulgarel..) and prickly pear Qpuntiaspp.). Part of the

barley harvest was exchanged for labour and tradtip means of share-cropping.
Mineral fertilisers were applied exclusively to theigated barley. Food was
purchased because on-farm production could not theehousehold requirements. A
significant amount of cash came from off-farm enypt@nt of the family head. There
were no other important sources of income. The nbadg of the N flows can be seen
in the N flow matrix in Table 4A.
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Table 3: Conversion coefficients and managemerdrpaters to estimate N flows in the networks ofttiree
types of farm household systems in Teghane, Nortltghiopia. Dry Matter(DM), Fresh Weight (FW

Nitrogen (N).

Plant products

Barley grain DM

Barley grain N

Barley grain energy

Barley crop residues DM
Barley crop residues N
Wheat grain DM

Wheat grain N

Wheat grain energy

Wheat crop residues DM
Wheat crop residues N
Faba beans grain DM

Faba beans grain N

Faba beans pods energy
Faba beans crop residues DM
Faba beans crop residues N
Grass DM

Grass N

Organic and inorganic fertilisers

Ruminant manure DM
Ruminant manure N
Poultry manure DM
Poultry manure N
Ash N

Urea N

DAP N

Animal products

Sheep meat N

Sheep meat energy

Chicken meat N

Chicken meat energy

Cattle meat N

Cattle meat energy

Cattle milk N

Cattle milk energy

Donkey meat N

Mule meat N

Eggs DM

Eggs N

Eggs energy

Fraction N retention animal tissue
Fraction N retention human tissue
Humans daily energy needs

Management related parameters

Coefficient values

Fraction excreta N retention (ruminants)

Fraction excreta N retention (poultry)
Fraction excreta N retention (humans)

Fraction time spent on-farm by animals -

Fraction household wastage

Units Actual Minimum Maximum Reference
g kdew™ 880 840 920 1
% DM 1.55 1.40 1.71

MJ kgM ™ 14.80 13.32 16.28
g kg Fiv 920 870 970
% DM 0.70 0.63 0.77
g kgFwW 870 830 910
% DM 2.23 2.01 2.45
MJ kg DM 14.00 12.60 15.40
g kg Fv 920 870 970
% DM 0.40 0.36 0.44
g kg Fv 860 820 900
% DM 4.00 3.60 4.40
MJ kg EW  3.70 3.33 4.07
g kg FW 860 820 900
% DM 1.40 1.26 1.54
g kg FW 170 140 200
% DM 2.40 2.04 2.76
g kg FW 350 200 500 2
% DM 2.00 1.00 3.00
g kg FW 350 300 500
% DM 3.10 2.64 3.57

% DM 2.00 1.70 2.30 1
% FW 46.0 45.5 46.5
% FW 18.0 17.8 18.2

% FW 2.65 2.52 2.78 3
MJ kg FW  11.80 10.62 12.98
% FW 2.90 2.76 3.05
MJkg Fiv ~ 9.00 8.10 9.90
% FW 3.40 3.23 3.57
MJ kg Fiv 9.00 8.10 9.90

% FW 0.50 0.48 0.53
MJ kg FW 2.90 2.61 3.19
% FW 3.00 2.85 3.15
% FW 3.00 2.85 3.15
g kg FW 250 240 260
% DM 1.85 1.76 1.94

MJ kg FW 6.80 6.46 7.14
- 0.20 0.10 0.30 1
- 0.20 0.10 0.30
M3 d 9.10 8.19 10.01 4
0.50 0.05 0.95 5
- 0.50 0.20 0.80
- 0.50 0.05 950
0.50 0.20 0.80
- 0.20 0.05 0.50 1

T NUTMON database, Vlaming et al. (2001]pe Ridder and Van Keulen (1996)JSDA Nutrient Data Laboratory,

(USDA Nutrient Data Laboratory, 2007Bender (1997)°Rufino et al. (2006).
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Table 4: Nitrogen flow matrix for the poor farm tsalold in Teghane, Ethiopia consisting of 7
compartments. N flows move from one compartmenluon j) to another (row i=1...n, n+1, n+2)
and are expressed in kg of N per compartment paar. y&flows (column j=0) and outflows (row n+1)
are the total amounts of N imported to and expdir@ah a compartment. Storage is expressed in kg N
per compartment (See Section 2.1.2 for more detail)

(A) Baseline scenario with current yields and manmanagement.

j (from) --> 0 1 2 3 4 5 6 7

i (to) Compartment Inflows House- Prickly Barley Cattle Sheep Chicken Heap

hold pears irrigated

1 Household 15.7 0 15 6.1 0.3 0 0.1 0

2 Prickly pears 0 0 0 0 0 0 0 0

3 Barley irrigated 7.7 6.6 0 0 0 0 0 0

4 Cattle 43.4 0 1.0 11 0 0 0 0

5 Sheep 41.3 0 0 0 0 0 0 0

6 Chicken 0.4 0 0 0 0 0 0 0

7 Heap 4.2 6.0 0 0 9.1 8.3 0.2 0
Usable export 0 0 0 55 1.2 0 0 0
Unusable export 0 6.6 0 0 27.3 24.8 0.1 18.8
Storage 7.5 672 2025 12 1.8 0.3 10

(B) Scenario with increased barley yields and maérecycling through improved manure managemedt an
cattle feeding. Flows in italics changed in relatio the baseline.

1 Household 7.8 0 3.0 12.6 0.3 0 0.1 0

2 Prickly pears 0 0 0 0 0 0 0 0

3 Barley irrigated 7.7 6.6 0 0 0 0 0 10.0

4 Cattle 34.9 0 2.0 8.5 0 0 0 0

5 Sheep 41.3 0 0 0 0 0 0 0

6 Chicken 0.4 0 0 0 0 0 0 0

7 Heap 4.2 5.9 0 0 11.6 8.3 0.2 0
Usable export 0 0 0 1.2 0 0 0
Unusable export 6.6 0 0 21.5 24.8 0.1 19.8
Storage 7.5 672 2025 12 1.8 0.3 10

The medium wealth farm household had 0.7 ha witlfed and irrigated barley, faba
beans VYicia fabal.), cattle, a mule, a donkey, sheep, and chick&nsnals were fed
on communal land, crop residues produced on-fanah,paurchased feed. Manure was
collected from the corral, composted in heaps a®d @s fertiliser for crops. Milk was
partly sold and partly consumed by the householthbses, while all eggs were sold.
Mineral fertilisers were exclusively applied to thregated barley crop. Some food
was purchased, but most household consumption weisbgn on-farm production.
Cash was generated through the sale of honey, shggep hides, and leasing out the
mule. The N flow matrix is shown in Table 5A.

The wealthier farm household had 2.4 ha with commdreat {riticum spp),
buckwheat Fagopyrum esculentumbarley and faba beans, cattle, sheep, donkel/s an
chickens. The animals fed on communal land cropues produced on-farm, and
purchased supplements. Manure from the corral veattypapplied to fertilise crops
and partly used as fuel. Neither manure nor feeilb were applied to the rented land.
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Milk was used for home consumption. Half of theignaroduction of the rented land
was used to pay this rent. Mineral fertilisers wapplied only to the irrigated plots.
Household food requirements were met by on-farndgection, while the food surplus
was marketed. The N flow matrix is shown in Tabte 6

Table 5: Nitrogen flow matrix for the medium weatttim household in Teghane, Ethiopia consisting
of 10 compartments. N flows move from one compantnieolumn j) to another (row i=1...n, n+1,
n+2) and are expressed in kg of N per compartmenygar. Inflows (column j=0) and outflows (row
n+1) are the total amounts of N imported to ancbebgal from a compartment. Storage is expressed in
kg N per compartment (See Section 2.1.2 for motaildg

(A) Baseline scenario with current yields and manmanagement.

j from)--> 0 1 2 3 4 5 6 7 8 9 10

i (to) Compartmentin- House- Barley Faba Barley Mule Don- Cattle Sheep ChickHeap

flows hold irrig. beans keys en

1 Household 282 O 2.1 1.7 160 O 0 0.5 0.5 0 0

2 Barley irrig. 2.5 0 0 0 0 0 0 0 0 0 0

3 Faba beans 0.3 0 0 0 0 0 0 0 0 0 21.0

4 Barley 0.9 4.8 0 0 0 0 0 0 0 0 42.0

5 Mule 490 O 0 0.2 0.4 0 0 0 0 0 0

6 Donkeys 410 O 0 0.2 0.4 0 0 0 0 0 0

7 Cattle 165.0 0 0.6 0 3.9 0 0 0 0 0 0

8 Sheep 1004 O 0 0 0 0 0 0 0 0 0

9 Chicken 3.1 0 0 0 0 0 0 0 0 0 0

10 Heap 0 9.7 0 0 0 9.9 8.3 339 201 13 0
Usable export0 0 0 0 0 0 0 0.5 0.5 0.2 0
Unusable exp0 27.0 0 0 0 29.7 25.0 1018 60.2 0.3 25.0
Storage 12.1 904 349 2475 12 5.1 474 9 0.3 20.2

(B) Scenario with increased barley and faba beasislsy and internal recycling through improved manur
management and cattle feeding. Flows in italicsyghd in relation to the baseline.

1 Household 15.0 O 4.4 7.3 202 O 0 0.5 0.5 0 0

2 Barley irrig. 2.5 0 0 0 0 0 0 0 0 0 10.0

3 Faba beans 0.3 0 0 0 0 0 0 0 0 0 21.0

4 Barley 0.9 4.8 0 0 0 0 0 0 0 0 42.0

5 Mule 473 0 0 0.7 16 O 0 0 0 0 0

6 Donkeys 393 0 0 0.7 16 O 0 0 0 0 0

7 Cattle 151.0 O 3.0 0 155 0 0 0 0 0 0

8 Sheep 1004 0 0 0 0 0 0 0 0 0 0

9 Chicken 3.1 0 0 0 0 0 0 0 0 0 0

10 Heap 0 9.7 0 0 0 16.7 157 58.1 353 1.3 0
Usable export0 0 0 0 0 0 0 0.5 0.5 0.2 0
Unusable exp.0 27.0 0 0 0 225 212 620 41.0 0.3 41.0
Storage 12.1 904 349 2475 12 51 474 9 0.3 20.2

The N flow within each of the three farm househakldominated by the N supply to
the household and the livestock (Table 4A, 5A aAll Ghe largest N inflow was the
result of the livestock grazing in the common peetuThe collected livestock excreta
was recycled and used as fertiliser for crops amdl for cooking. A part of the crop
residues was used to feed livestock but their dmurtton to the total N flow in the
system was relatively small.
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Table 6: Nitrogen flow matrix for the wealthier farhousehold in Teghane, Ethiopia consisting of d@martments. N flows move from one compartmentufmol j) to
another (row i=1.n, n+1, n+2) and are expressed in kg N per compattiper year. Inflows (column j=0) and outflowswro+1) are the total amounts of N imported to and

exported from a compartment. Storage is expresskd N per compartment (See Section 2.1.2 for rdetails).

(A) Baseline scenario with current yields and manuanagement.

j (from) --> 0 1 2 3 4 5 6 7 8 9 10 11 12

i (to) Compartment Inflows Householdarley Wheat Barley Faba Wheat Barley = Donkeys Cattle Sheep Chicken Heap

irrigated beans (rented) (rented)

1 Household 0 0 14.3 25 4.1 3.1 10.2 7.5 0 14 11 01 0

2 Barley 0.9 12.4 0 0 0 0 0 0 0 0 0 0 35.0

3 Wheat 0.2 0 0 0 0 0 0 0 0 0 0 0 14.0

4 Barley irrigated  21.1 0 0 0 0 0 0 0 0 0 0 0 0

5 Faba beans 0.6 0 0 0 0 0 0 0 0 0 0 14.0

6 Wheat (rented) 1.0 0 0 0 0 0 0 0 0 0 0 0 0

7 Barley (rented) 0.9 0 0 0 0 0 0 0 0 0 0 0 0

8 Donkeys 32.0 0 0 0 0.3 0.7 0 0 0 0 0 0 0

9 Cattle 187.0 0 9.7 0.4 2.4 0 2.0 2.7 0 0 0 0 0

10 Sheep 348.5 0 0 0 0 0 0 0 0 0 0 0 0

11 Chicken 0 0 0 4.3 0 0 0 0 0 0 0 0 0

12 Heap 18.9 16.9 0 0 0 0 0 0 6.6 40.2 69.5 25 0
Usable export 0 0 0 0 6.1 0 10.2 7.5 0 0 0 0.1 0
Unusable export 0 12.4 0 0 0 0 0 0 19.8 120.5 508. 1.1 109.0
Storage 15 2829 744 3058 591 3102 2798 6.6 63 8514. 0.6 20

(B) Scenario with increased barley yields and imakrecycling through improved manure managemettcatile feeding. Flows in italics changed in rielato the baseline.
Household 0 0 225 25 6.8 13.9 10.2 11.6 0 14 11 0.0 0

2 Barley 0.9 19.6 0 0 0 0 0 0 0 0 0 0 35.0

3 Wheat 0.2 0 0 0 0 0 0 0 0 0 0 0 14.0

4 Barley irrigated  21.1 0 0 0 0 0 0 0 0 0 0 0 0

5 Faba beans 0.6 0 0 0 0 0 0 0 0 0 0 0 14.0

6 Wheat (rented) 1.0 0 0 0 0 0 0 0 0 0 0 0 0

7 Barley (rented) 0.9 0 0 0 0 0 0 0 0 0 0 0 10.0

8 Donkeys 26.6 0 0 0 3.2 3.3 0 0 0 0 0 0 0

9 Cattle 174.7 0 12.9 0.4 6.4 0 2.0 7.7 0 0 0 0 0

10 Sheep 348.5 0 0 0 0 0 0 0 0 0 0 0 0

11 Chicken 0 0 0 4.3 0 0 0 0 0 0 0 0 0

12 Heap 18.9 221 0 0 0 0 0 0 10.0 56.2 97.3 25 0
Usable export 0 0 0 0 8.9 0 10.2 116 0 0 0 0.1 0
Unusable export 0 19.6 0 0 0 0 0 0 18.5 104.4 180.7 1.1 125.1
Storage 15 2829 744 3058 591 3102 2798 6.6 63 8514. 0.6 20
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Analysing integration and diversity in agro-ecogyss

3.2 NA indicators to assess integration and divelty
3.2.1 Baseline scenario under current management

All farm households depended largely on importedIN) to support the system
throughflow (TST) (Table 7). IN represented betwéérnto 70% of TST for the three
farm types. IN, TIN, TST, T.. and TS&re expressed onper capitabasis, to allow
comparison of N use of the different farm househgfies. The different components
of IN were fertilisers, feed and food N. Fertiligéruse was limited in all three farms.
The poor farm household used more fertiliser N geahectare basis, and imported
more feed N per TLU than the other types. The nmadand wealthier farm house-
holds applied manure N (109 and 30 kg'heespectively) while the poor farm house-
hold mainly used the manure as fuel. The N impoagsdeed represented the largest
proportion (78-92%) of IN, with a daily average 190-150 g N TLU. On-farm
production of food crops was insufficient to meetusehold needs of poor and
medium wealth farm households and the energy reougints of the household
members were met through importing about 3 kgajita* y* as grain. The amount
of N recycled (TST) was small for all three systems (between 1.0«8.5! capita %)

as compared with the total system throughflow (TSaRd therefore FCls and Path
lengths (PL) were also relatively small. Averagetumal information (AMI) and H
were useful to assess the organisation of flowthénnetwork and its diversity for the
three farm households:gr$howed that diversity in the network connectiddg16ws)
increased from the poor to the wealthier farm hbakis, but differences were small.
The relatively more diverse and wealthier farm letwdds (H=2.4) did not recycle
more N (FCI=2.2-2.6%) than the relatively less dbee (H=2.2) and poor farm
household (FCI=2.9%), since the three farm houskishalanaged their N resources
similarly. The degree of integration in the pooredium and wealthier farm
households was thus similar.

3.2.2 Improved scenario under improved management

In the alternative management scenario the integratf farming activities increases
(FCl=ranged from 4.2 to 7.7%, see Table 7) becthessamount of N recycled (T9T
more than doubled. The dependency on external Mtsngecreased (IN/TST) from
66-70% to 53-58%, while PL increased only slight.flows of the improved
management scenario are shown in Tables 4, 5 and'le8 diversity in the N flow
pattern also increased somewhag£t2.4-2.6vs 2.2-2.4 in the baseline) because the
size of internal flows increased. AMIfHwvas slightly reduced because the N flows
were more homogeneously distributed.
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Table 7: Network analysis of annual N flows forelrfarm household types in Jleane, Ethiopia, i.e. poor, medium wealth and \keslt External inputs ar
indicators of the flow analysis, Total System Thgbflow (TST), Throughput (T..) and cycled Total & Throughflow (TSJ), are expressed as kgpér capita
(household member) per year. Fertiliser N is exq@eper hectare, and feed N is expressed per atdpiestock unit (TLU). See Section 3.2 for deail

Farmtype n Fertiliser N Feed N Food N IN TIN TST T TST PL FCI AMI Hr AMI/H g

(kg N (kg N kg N capitaly™ - % Bits Bits -
haly)  TLU Ty (kg pita’y™) (%) (Bits)  (Bits)

(A) Baseline scenario with current management

Poor 7 23.3 70.2 3.2 21.8 23.0 31.0 47.4 0.9 14 2.9 111 2.22 0.50
Medium 10 3.7 50.4 3.1 43.3 43.9 64.0 93.1 14 15 2.2 1.27 241 0.53
Wealthier 12 10.2 56.6 0 61.1 66.7 93.0 138.4 2.5 14 2.6 1.33 2.38 0.55

(B) Scenario with increased barley yields and maérecycling through improved manure managemedtcattle feeding
Poor 7 233 62.8 1.6 19.2 20.9 36.0 49.2 2.7 1.7 7.7 1.12 2.42 0.46

Medium 10 3.7 47.9 1.7 40.0 40.0 70.0 94.0 3.5 1.8 5.0 131 2.59 0.51
Wealthier 12 10.2 54.9 0 59.3 64.2 103.0 146.4 4.4 1.6 4.2 1.39 2.60 0.53
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Analysing integration and diversity in agro-ecogyss

3.2.3 Sensitivity analysis: Changes in parametéues

The change of parameters associated to plant andhlaproducts and fertilisers to the
maximum and minimum values found in the literatoeised a relative change of
26-29% in IN, TIN, TST, 10-15% in TSRnd FCI and practically no change in the
other indicators (Fig. 5A). Changes in the conwersioefficients (Table 3) altered the
size of the N flows, and therefore all the indicateelated to system size, activity and
cycling. The change in TSTand FCI was different than for the other indicator
because there are few cycling flows in the netwogk,the change in TSWas rela-
tively smaller than the change in TST. PL did nodrmge as it depends on the number
of activities which was not altered. The changenanagement parameters (Table 3)
had a relatively greater effect on the integratrmicators (TSTc, FCI and PL) (Fig 5
B) than the change in conversion coefficients adinpland animal products and
fertilisers. PL changes because of the change$Nmamd TST. Management parame-
ters determine the amount of N retained in theesysiesulting in a much larger effect
on TST, FCl and PL (Fig. 5B).

1.0

(A) Omin O max
05 r
0.0 BEE%%
-05 -
-1.0
1.0

Omin O max

0.5 7(B)

L omm
i

-1.0

Fractional change in the indices values

-1.0

IN TIN TST TST.,FCI PL AMI Hg

Figure 5: Fractional changes in the indicatorsTNN, TST, TSTc, FCI, PL, AMI, and kifor
three situations: (A) Changes in conversion coigffits for N concentrations, dry matter
energy values of plant and animal products; (B)rglea in management related parters
(C) Changes in the indator values as a result of aggregating (n=10) sagljiregatin
compartments (n=14) as compared to the bas@imE?). The fractional changes refer to
observed values in Table 7.
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3.3.4 Sensitivity analysis: Conceptualisation @& glystem

The conceptualisation of the system has a largeedn the cycling indicators (TST
FCI and PL) and on the structure/organisation edlandicators (AMI, H) (Fig. 5C),
and relatively no or little effect on the systermesrelated indicators (IN, TIN and
TST). By removing compartments, the amount of Nlexycdncreases because we
aggregate the flows of several compartments in&. dime total flow in the system
does not change due to the aggregation, and thertife largest effects are observed
in TST. and FCI. The aggregation also had an effect ondthersity of N flows
because the indicator sums the contribution of eachpartmental flow to obtain the
system diversity.

4. Discussion

In order to study N flows within agro-ecosysteme trelevant sub-systems or
compartments need to be identified (Hirata and dllaoz, 1986). The question which
elements should be aggregated into a compartmahthaw to conceptualise the
structure of the system is difficult to answer. Aggation with no loss of information
Is not possible, but one could aim at minimisingsl@f observed outputs. The risk of
aggregation is that the elements of the systemrbedadack boxes. We acknowledge
that the NA is sensitive to the system definitioascommon problem of systems
analytical tools to study ecological systems (Fedthl., 2007), and even more so in the
agro-ecosystems studies where biophysical and eommmmic aspects interact
(Stomph et al., 1994). Clearly defining system loarres and the aim of the study are
imperative, and this may allow comparison acrossesys and most likely also across
sites.

Results of the NA are also sensitive to changgmmameters values (conversion coef-
ficients), but this can be addressed by improvirggaccuracy of parameters and flows
size estimations. In any analysis technique, tlveracy of the results is as good as the
data available (Fath et al., 2007). Estimationl@i$ (e.g. feed intake from grasslands,
crop residues removal from fields) and system @®ee represent a major challenge,
one in which we can build experience, and shouldpnevent us from using NA to
characterise the integration of agro-ecosystems. Sike and the structure of the N
flows in the network are sensitive to managemand, therefore the indicators of inte-
gration reflect changes in management and can & wwsassess those changes and
compare with other farm system productivity indozat
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Analysing integration and diversity in agro-ecogyss

The indicators of organisation are useful to corapdiversity across farm household
systems. AMI and K provide information on the configuration of thetwerk of
flows resulting from the management by the farm dedwld. This measure of
diversity of N flows can be used to compare systaitisin a region but also across
environments. AMI will approach its upper boundavigen N flows approach their
most efficient configuration for a given systemesid..). Using NA the impact of
technologies aimed at intensifying crop or livektgroduction on the whole farm
household can be evaluatexi postjn terms of integration and dependency of external
inputs. This allows to assess properties that #nerwise not evident from direct
observation or measurements from individual conmpants of the system, and offers
opportunities to test configurations of flow patieresulting in more efficient use of
resources, which may be confronted with econondecators.

NA seems useful to evaluate integration and ditxersf different farm household
systems. The indicators showed that the farm haldehvere different in size (TST),
but equally small in recycling and dependency amgdaN imports from common
pastures to support livestock production. In gedndXacycling indicators of agro-
ecosystems are much lower than those calculatedaftoiral ecosystems (Finn, 1980)
since the principal aim of agro-ecosystem is talpoe food and other goods that are
exported. Differences in organisation of the floaval diversity were not large among
the three farm types; although we observed a themd poor to wealthier suggesting
that the poor in this environment have more difties for spread risk. On-farm
production of fodder crops could substitute or semp@nt the feeding from common
pastures, and add to the opportunities to increasgcling. However, household
objectives and limitations imposed by other farrsorgces (e.g. labour constraints)
determine whether this strategy could improve irgegn.

In the case study, collected excreta contributethéomanure heap, but urine from
livestock was mostly lost reducing the amount ayobed N (TST). Fertilisers used
for cropping apart from mineral fertilisers, inceal household waste and (a part of)
human excreta. Both N sources contribute to thgcied N (TST) and the cycling
index of the systems (FCI). The number of animaigdly determined the amount of
imported N, because most of the feed requiremeats wet with grass from commu-
nal grazing land. Wealthy and medium householdsoneg relatively large amounts
of N for feeding livestock, but at least half oetiN excreta is left in the common
pastures. The amount of recycled N could increasesiderably if the animals were
fed with fodder produced on-farm, but this may cetepfor land, labour and other
resources.

121



Chapter 5

Low external agriculture where farmers have noimitéd access to external inputs
should aim at integrated farm household systemglwhse nutrients efficiently and
reduce the dependency on external inputs. Espganmatharginal environments, where
the provision of external inputs is uncertain, dagcause of market instability, recy-
cling nutrients for crop and livestock productiarai viable farm household strategy. In
such agro-ecosystems cycling may help increasiagtadility and reliability (L6pez-
Ridaura et al., 2002).

4.3 Future research

NA can be used to compare farm household systerassaenvironments. In this study
the farm household system was the unit of analystsNA may be applied at other
aggregation levels (e.g. village or watershed)uirgrg a different conceptualisation
of the system. In the quantification of N flows ktt the farm household systems we
did not include losses of N through leaching, amdegpus losses. Provided data is
available these flows can be included in the NAhalgh estimation of their impor-
tance is highly problematic (Faerge and Magid, 200#hking integration indicators
with farm economic indicators may assist the idemaiion of synergies and trade-offs
and the design of more resource use efficient abdst farming systems. Evaluating
the relative importance of different flows into awithin the systems by including the
concept of ‘ascendency’ (Ulanowicz, 1997), an iathc to systems adaptability will
be the focus of further research.

5. Conclusions

NA provides a method to analyse the degree to wihicbhsehold activities are
integrated. Diversity of farm household activitieloes not necessarily lead to
integration of these activities through increasedhange of resources (i.e. N). N
cycling indicators of agro-ecosystems are much tatvan those calculated for natural
ecosystems due to export of food and other goodm fthe agro-ecosystems.
Consequently, large amounts of N are withdrawn fridma system resulting in
relatively few opportunities for recycling and asisted low cycling indicators.
However, increased N cycling in agro-ecosystems radyce total N inflow and thus
the dependency on external inputs. Conceptualisingg measuring processes and
flows remain a major challenge in (agro)-ecosystatuglies, but this should not
prevent us from applying NA that assist us in gifigng integration and diversity of
agro-ecosystems. Network analysis could providenteans of testing hypotheses that
relate diversity and integration to sustainability.
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Characterisation of N flows and cycling in
smallholder crop-livestock systems of the highlands
of East and southern Africa through network
analysis
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Chapter 6

Abstract

Smallholder farming systems in Sub-Saharan Afrreaadten nutrient-limited systems. Because
farmers largely rely on the use of natural resayréehas been stated that the inflows of
nutrients to the systems should be increased topensate for exports and losses, while
increased integration through internal recyclingymacrease the efficiency of nutrient
utilisation. To explore to what extent the propestof nutrient cycling networks relate to the
capacity of the systems to sustain rural familes,investigated the characteristics of N flows
and cycling in contrasting African crop-livestocistems by using concepts form ecological
network analysis (NA). The case studies includechfaouseholds from different social strata at
three sites: Tigray in northern Ethiopia, Kakamegaestern Kenya and Murewa in Zimbabwe.
These farm households were conceptualised as retwiarwhich the compartments were the
household and the different farming activities, &mel N flows were the connections between
the compartments. Indicators were used to assas®nkesize, activity and cycling, and the
organisation and diversity of the N flows which wecompared to measures of system
performance: biomass productivity and food selfisigncy. Systems in Tigray used about
three times more Mer capita than the systems in Kakamega, and 1.5 times rhareMurewa.
The amounts of N cycled were small and comparatbtdl gites (less than 3.5 kg pér capita
per year). Dependency on external inputs to sustairent production was larger for poor than
for wealthier households, who had larger soil N'ajesper capita. Poor households did not
achieve food self-sufficiency at any of the thréess The measures of system performance
were positively related to the size of the netwairk flows and to the organisation and cycling,
but the efficiencies of utilisation were differemtross the sites in relation to the size of soil
storages and the importance of livestock to thddwd of the system. The use of network
analysis of N flows to account for resource allmratind configuration of the farm household
system appears promising to assess systems agysemms properties by looking at
dependency on the external environment for biogaysnputs and the internal organisation of
the system. Because increases in size of the retwidd flows and organisation of the flows
lead to increases in productivity and food selfisigfncy and also reduce dependency,
combination of both strategies may benefit not omtgductivity but also adaptability and
reliability of smallholders crop-livestock systems.

Keywords: Diversity, resource use efficiency, integrationpiang system analysis
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1. Introduction

Beyond the diversity of livelihood strategies thady be observed among rural house-
holds in Sub-Saharan Africa, their subsistenceeselargely on the use of natural
resources. Crop-livestock interactions, in parécuplay a major role in defining the
degree of integration through flows of biomass rieats and labour between farm
activities (Mclintire et al., 1992). Nutrients entbe farming system mostly via live-
stock or agricultural inputs, and transfers talecelamong the different compartments
of the system, such as the different cropping anekiock units and the household.
Many of such transfers are the deliberate resufiunhan agency. The diversity of sys-
tem compartments (or ‘activities’), their integaatj and the magnitude of the nutrient
flows are largely the result of farmers’ managenstisions. We hypothesised that
these, together with the context in which they afee(i.e., agro-ecology, demography,
markets), have a strong influence on the farm proyaty.

Smallholder farming systems in Sub-Saharan Afrreacdten nutrient-limited systems.
Continuous cropping without restitution of carbardanutrients to the soil has led to
severe degradation of soil fertility in vast are@dsAfrica (Sanchez, 2002), and inte-
grated nutrient management (INM) has been advoadenhe of the most promising
strategies to restore soil fertility and improvirgsource use efficiency (Vanlauwe et
al., 2002). Although it is broadly recognised tkia@ inflows of nutrients to the sys-
tems should be increased to compensate for expadslosses (see Smaling et al.,
1999) the efficiency of nutrient use depends largel the recycling capacity of the
system (Van Noordwijk, 1999). This is particulathe case for N, which is used in
large amounts by crops, animals and humans anigh$ytprone to dissipations from
the agro-ecosystem (Giller et al., 1997). Meastioepromote INM in smallholder
farming systems must be designed considering theracteristics in relation to the
size and organisation of their nutrient flows, seglentry points to improve nutrient
use efficiencies.

We investigated the characteristics of N flows ancling in contrasting African crop-

livestock systems using concepts form ecologicalvak analysis (Fath and Patten,
1999; Ulanowicz, 2001), and related them to sygtenformance. N flows and cycling

were characterised relying on the assumption tleatents from ecosystem theory can
be applied to the study of agro-ecosystems (Rudiral., 2008a - Chapter 5). Network
analysis (NA) is an input-output analysis origigalleveloped in economics by Leon-
tief (1951; 1966) to estimate the amount of rawanals to produce a certain quantity
of goods and it was introduced into ecology by Han(iLl973). NA can be applied to
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many disciplines in which the systems can be cadnediped as networks of interact-
ing compartments exchanging inputs and outputsh(feetd Patten, 1999). Such
exchanges represent resource flows, which may rtefephysical inputs such as
energy, biomass and nutrients, and a series ofatatis are calculated to assess their
size, integration, diversity and organisation. @ain guiding question was to what
extent such properties of nutrient cycling networkkate to the capacity of small-
holder crop-livestock systems to sustain rural f@si The objective was to study the
network size, integration, organisation and diwgraif N flows within contrasting
crop-livestock systems and their relation to syspeoductivity and to the household
food self-sufficiency.

2. Materials and methods
2.1 Network analysis

A farm household is conceptualised as a networkhith the nodes are compartments
defined to represent resource allocation by thesélold, and include the different
crop fields (cropping activities), the livestockitgn(livestock activities), the organic
resource management activities (composting acjjivand the household (including
the family members). A system is then defined bycampartments (| the change in
their storage (¥ the inflows (z) and outflows (¥) between the compartments and
the external environment, and the internal flowsvieen compartments (e.gj,repre-
sents an internal flow from;Ho H). Figure 1 illustrates the simplest network, a-sys
tem with two compartments,;tdnd H, for which the storages &nd %, and the flows
Vo1, Zo1, T12, T21, Yoo @nd 29 may be identified. In this analysis we expresdedd in kg
Ny, and storage and compartmental size in kg N.

Figure 1: System representing a network with twongartments H and H, and thei
respective storages ®&nd %, the internal flows it and f,;, and exchanges fromgzand 2o
and to the external environment, i.e; ®nd \,. The rectangular box defines the sys
boundaries. Source: Finn (1980).
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For N flows from one compartment (j=0..n) to anotiie=1l...n, n+1, n+2), n+1l
accounts for usable exports (e.g. grain, milk) afn#@ accounts for unusable exports or
dissipations (e.g. animal excreta left in the comalugrasslands) (Hirata and
Ulanowicz, 1984). A compartment j=0 was definedkeep track of the imports.
Storage in livestock compartments is an estimaiicthe amount of N contained in the
animal mass (kg N), while for crop field compartrigestorage is an estimation of the
amount of N contained in the 0.3 m top soil layarkg N). We selected a number of
NA indicators to characterise the size, integratidiversity and organisation of the
networks of N flows (Table 1), as discussed in ill@teaChapter 5.

Table 1: Indicators used in the network analysill éfows in agro-ecosystems and their calculation.

Indicator Calculation Reference
(Section 2.1.1)
n
Imports IN :-zlz‘° (Eq. 1)
1=
n n,
Total Inflow TIN :Elzio ‘El(xi )- (Eg. 2) Finn (1980)
Compartmental Throughflow =jZ:1: fi +2, = (%). (Eq. 3)
Total System Throughflow TST = IZ;T' (Eq. 4)
T.= ZT. ; ;
Total System Throughput i (Eq. 5) Patten and Higashi (1984)
Fol =1k
Finn's Cycling Index T TST (Eg. 6) Finn (1980)
Dependency D=IN/TST (Eq. 7)
(Section 2.1.2)
_ ns2n Ty T;T. Ulanowicz (2001), Latham
Average Mutual Information ~ AM! -ki§1j§of'°92 7, (Eq.8) and Scully (2002)
Statistical uncertainty Hr=-> T—|092T— (Eq. 9)
(Diversity) !
(Section 2.1.3)
Biomass production B= ﬁ Yield (Eqg. 13)
i= HI
Apparent conversion ce=B (Eqg. 14)
efficiency IN
Ly (Eqg. 15)
Food self-sufficiency ratio ;1 i
FSSR=—1=1
ER__household

Notation: z are N inflows to each system compartmenf) (iftom the external environment; x
represents the change in storage of a compartmeaht fiarepresents internal flows betwe
compartments (e.g., from;Ho H), HI is the crop specific harvest index, EY is thdible yielc
converted into energy units, and ER_householdegttergy requirement of the household.
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2.1.1 Indicators of network size, activity and integration

Indicators to assess network size, activity anégration in agro-ecosystems were
derived from the flow analysis in ecosystems bynKit©80) (Table 1). Imports (IN) is
the amount of N that is imported from the extermaironment into the system (Eq.
1). Total inflow (TIN) into the system is the surhM flows from external inputs (z)
into all compartments (H,) plus the amount of N contributed to the systemalto
flows by the storage of all compartmerfts_, i.e. the negative changes in the storage
(Eq. 2). The compartmental throughflow)(i& the sum of all flows coming into com-
partment H from other compartments;ffand from the exterior (z), minus the N
outflows from compartment ;Hthe negative changes in storage(k¥q. 3). The total
system throughflow (TST) is the sum of all compatal throughflows (j) in the
system (EqQ. 4), and it represents the mobile N pothe system associated with the
system’s actual production (activity). The totasteym throughput (T..) is the sum of
all inflows and outflows of N to and from all therapartments of the system (Eqg. 5),
representing the total size of N flows. The Fincysling index (FCI) is the proportion
of TST that is recycled within the system (Eqg. &d was proposed to be used to
assess the degree of integration in agro-ecosy@d®erno et al. 2008a - Chapter 5).
To calculate FCI, it is first necessary to estimiie relative cycling efficiency for
each compartment, which is the ratio between ialanilows:outflows to and from all
system compartments. The total cycled system thimgh(TST,) is sum of all the
weighted relative cycling efficiencies in the systeThe FCI takes values between 0
and 1 (or 0-100%), with these extremes indicatiitigee no recycling or complete
recycling. The dependence of the system on extenpaits (D) is calculated as the
ratio IN / TST (Eq. 7).

2.1.2 Indicators of organisation and diversity

Two measures are used to assess the organisatibrdiaersity of the network
connections (Table 1). These measures that come doonmunication theory are the
average mutual information (AMI) and the statidtioacertainly (H) (Latham and
Scully, 2002). AMI guantifies the organisation @ketflows in the network (Eq. 8),
measuring the flow of information associated with €xchange of material within the
system. The log term of Eq. 8 calculates the cadht probability that a flow enter-
ing H came from K That probability is the fraction of the flow fo all flows that
enter H, divided by the product of the fractions of and of T to the total system
throughput T... Each of these conditional probaiegi are weighted by the joint
probability of that flow (T/T..), and these weighted ‘constraints’ are summegt all
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combinations of i and j in the network. In a systefmere the total flow is divided
equally among all the compartments, and all the partments are connected, AMI
will be 0 or very close to 0. If a few flows, whielne a large proportion of T.., connect
a few compartments, the value of AMI will approaith upper bound. In natural
ecosystems for which it has been estimated AMIciiby takes on a narrow range of
values, from 0 to ca. 6 (Patten, 1995p. isl the upper bound for AMI, and represents
the diversity of flows given a certain amount ofatghput (T..) (Eq. 9). When the
contribution of the flow out of a compartment (repented by Tin Eq. 9) to total
throughput (T..) is small and different across camipents, diversity increases, i.e.
the pattern of flows in the network deviates froming equally sized flows. &
increases when T.. is partitioned among a greatstber of flows. Both AMI and K
are measured in bits, which relates to the conoépbinary decisions; one bit
represents one binary decision. For more detadh and its derivation we refer to
Latham and Scully (2002).

2.1.3 Indicators of productivity and efficiency

Total biomass production (kg DM per farm) was cklted as the sum of aboveground
biomass (= yield of harvestable parts / harvesexhaneasured at each field cropped
by the household (i.e., this includes food, fodded cash crops but not communal
grasslands) (Eq. 13). The ratio between total bgsmmoduction and IN (Eq. 14) was
calculated as a rough measure of the capacityeofylstem to convert N inputs into

biomass (CE=conversion efficiency). Food self-idincy was calculated as the ratio
(FSSR) between energy in the food produced on &ardhenergy requirements by the
household (Eqg. 15). We converted the harvestedugtadestined to self-consumption

into energy equivalents using standard values @fgyncontent in food products

(USDA Nutrient Data Laboratory, 2007), and estirdateusehold energy needs using
an average of 9 MJ per dpgr capita (Bender, 1997).

2.2 Case studies

The analysis included smallholder crop-livestocktegns from three case study sites
in highland areas of Sub-Saharan Africa: Teghatlaga (13° 45'N, 39° 41'E) in
Tigray, northern Ethiopia; Chiwara village (17°51'31° 49’E) in Murewa, north
eastern Zimbabwe; and Mutsulio village (0° 12'N; 3®’E) in Kakamega, western
Kenya (Table 2). In the three sites smallholdersgibnce crop-livestock systems
predominate (0.5-3.0 ha in size), with cereals tapls food. The sites differ in
population density, agro-ecological potential (fallhand soils) and the relative
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importance of cattle, with Kakamega at one extresweiving the highest annual
rainfall, having the highest population densitygdd@he smallest number of livestock
per household, and Tigray at the other extreme twhéhlowest annual rainfall, the
largest herds and a population density comparablihat of Murewa. Whereas the
relatively rich soils and good climate of Kakamedlaw growing cash crops such as
tea and coffee, steep slopes, stony soils, frektamnd rainfall limited to a short period
of the year constrain agricultural production irgily. A major difference between
sites resides also in the type of livestock feediystem, which is based on grazing of
communal pastures in Tigray and Murevgathe cut-and-carry system (zero grazing)
in Kakamega. In all cases livestock are fed crgidrees and their manure is used to
fertilise crops.

Table 2: Main biophysical and socioeconomic chadstics of the crop-livestock systems analysed.
Tigray (N Ethiopia) Murewa (NE Zimbabwe)Kakamega (W Kenya)

Altitude (masl) 2700-2900 900-1400 1400-2000

Temperature (°C) 18-21 18-23 18-22

Rainfall (mm) 540 (270-810) 830 (750-1000) 199 (#72100)

Rainy season(s) Unimodal (3 months)unimodal (5 months) Bimodal (10 months)

Topography Very undulating Gently undulating Moderately to very
(escarpments) undulating

Soils (FAO) Leptosols, Luvisols Lixisols and Luvisols  Nitosols, Ferrasols and
and Cambisols Acrisols

Range in soil clay + silt 35-90 8-15 60-80

fraction (%)*

Area of land holdings* 0.3-24 0.5-4.2 0.5-2.2

(ha)

Population density* 128 104 650

(Inhabitants krir)
Distribution of househol Poor 60%; Medium Poor 56%; Medium 28%Poor 55%; Medium 35%

wealth classes* 29%; Wealthier 11% Wealthier 16% Wealthier 10%
Livestock heads per 2-10 1-5 1-2
household*

Main crops Barley, wheat, field Maize, groundnut, sweeMaize, sorghum, beans,
peas, faba beans, potatoes, sunflower andcowpea, tea, coffee,
buckwheat, teff and vegetables sugarcane, sweet
prickly pears potatoes, cassava, fruit

trees and vegetables
Livestock system and Free ranging and Free ranging and herdedtalled or tethered on
composition herded in communal in communal grasslandsiarm (cut and carry);
grasslands; Zebu catZebu cattle (Mashona, Zebu cattle (mainly
(mainly Boran), shee Africander), goats, sheeBoran), and crossbred
donkeys, mules and and chicken Holstein, goats, sheep,
chicken chicken
*At the specific locations considered

Household surveys were conducted at the three tsitesllect information on family
composition, land use and resource endowment (2 20 Tigray, 2002/3 at Murewa,

130



Network analysis of N flows within smallhoder systems

and 2002 at Kakamega). Households at the threg wiee categorised according to
their resource endowment into poor, medium and tieal households using site

specific criteria and thresholds, such as areaddrrvestock owned, food security,

labour availability, market orientation or accessotf-farm income. At each site, a

sub-sample of case study farms was selected tesepr each of the three wealth
categories indentified. These farms were charagénn detail, through delineation of
resource flow maps (input use, resource allocagwaduction and marketing), soil

sampling and laboratory analysis, crop yield amddiock production estimations and
labour calendars. The detailed information obtaiabowed us to quantify N stocks

(in soils and animals) and flows to, from and witlthe systems to conduct the
network analysis. We focused on the flows thataa@aged by the household. Further
information on the household surveys, typologiesl amethodologies for detailed

characterisation can be found for Tigray in Asssfal. (2007) and in Mulder (2003);

for Murewa in Zingore et al. (2007) and Tittondlla¢ (2005b) for Kakamega.

2.3 Data processing

We constructed the N flow networks for 9 selectadrfs, representative of each
wealth class at each site, and calculated the atmlie described in Table 1. The
resource flows obtained from the field assessmerte converted into the common
currency ‘kg N’ by using conversion coefficientorn literature (e.g. N content in
different crops and crop parts, in manure, in foett.) as explained in detail in
Chapter 5. Four types of flows were defined: indmnansfers, inflows and outflows
from and to the external environment (imports amgoets), and dissipations (e.g.
amounts of material that cannot be re-used). In MAatural ecosystems (forest,
marine estuaries, etc.) indicators are usuallyesged as amounts of matter (e.g., g or
kg) per unit of time (e.g., year) and per unit ifa(e.qg., ). Here, we normalised the
measures of flow size organisation onper capita basis (kg Nper capita y*)
considering the number of family members per hoolskiWe chose not to normalise
per area to avoid comparing measures that wouldodde of proportion across
household wealth classes and environments. Fanost inflows of N by a head of
livestock would yield widely different normaliseddexes for a farm of 0.3 h& one
of 1 ha.

The intake of N from grazing was considered asnflow to the farm household sys-
tem, and the excreted N dejected on off-farm wassicered an outflow. Intake and
excretion of the livestock was estimated for Tiguesing a simple livestock model
from the NUTMON toolbox (Vlaming et al., 2001) thases as inputs animal type,
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animal size, grazing time and feed availabilitythe pasture, and feed supplemented
on farm. Because complementary and more detaifednmation on livestock feeding,
and livestock management was available for the sagbes at Murewa (Dury, 2007)
and Kakamega (Castellanos-Navarrete, 2007), estinsaof livestock intake and
excreta were made using the dynamic model LIVSIMfi{®d et al. 2007a - Appendix
1). For the cropping activities flows were derivienin yields and biomass production
estimated from harvest indices. We included a cotmmnt representing the manage-
ment unit used to recycle animal manures and thaposting of other organic
residues. From the detailed characterisation ahfaouseholds we derived the type
and amount of all farm produce that was consumetthé&yamily or sold, and the type
and amount of food items purchased on the mark®it.NSstorage was calculated for
the top 0.3 m layer using measurements of tothNsand bulk density.

The analysis focused on N flows that are more fjosieked to management
decisions, under direct control by farmers, suchhasinflow of N via fertilisers or
food and the outflows to the market in harvestamtipcts. Due to lack of information,
and to avoid introducing error by using genericg&dnsfer functions (e.g. Van den
Bosch et al., 1998), we did not estimate the valuedirect flows such as N leaching,
volatilisation, runoff, wet deposition, Mixation or redistribution of sediments in the
landscape. The omission of these flows may modiéydalculated contribution from
and to the soil N storage, or the net N loss tceth@ronment. Estimates for these indi-
rect N inflows and outflows using pedo-transferduons for Kakamega yielded a net
partial balance (= indirect inputs — indirect oug)wf c. —10 kg N hay on average
(Tittonell et al., 2006).

2.4 Assumptions

We assumed that each individual field that farnmemage was a different farming
activity (each a different network compartment),isithmay have clearly delimited
boundaries (e.g. hedges) or relatively uniform padlperties in the arable layer. These
fields included sole crops, intercrops or combmagi of annual and perennial crops.
The livestock compartments consisted of individoalgroups of animals that were
managed as a unit. The definition of the systenmeustudy (i.e., number and type of
compartments to be considered and their interagfibas a decisive impact on the
configuration of the network and the value of soofig¢he indicators calculated (cf.
Table 1). For instance, defining each field plotaasystem compartment, or defining
each crop type as a system compartment, yieldsrdiit results (cf. Chapter 5). We
chose for the former approach, which representmagament units’ more closely.
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Further, when the amount of food indicated by fasm&s produced plus purchased
was not sufficient to cover the average energy siged capita, we assumed the
difference to be fulfilled by extra amounts of 8taple cereal at each site. This energy
deficit may have been covered with purchased foeckived donations, food aid or
other sort of assistance by family, the communitypther organisations. Finally, this
study represents a shapshot of the systems in &nwresults should be interpreted
taking into account that these systems are dynamic.

3. Results
3.1 Characteristics of the systems and their N flosv
The smallholder crop-livestock systems analysefdifl in the area of land cropped

per household and in their land:labour ratio, Withrewa (Zimbabwe) exhibiting lar-
ger areas of land available per family member (@ &)l

Table 3: Characteristics of the cripestock systems analysed and the major N inflawd soil I
storage.

Site/ Family Cropped Land/ LivestockFertiliser Feed N Food N Soil N
wealth class Size area labour owned N imported imported storage
(#) (ha) (hacapity (TLUs) (kgha') (kg TLUY (kg capitd) (kg ha)
Tigray
Poor 5 0.3 0.06 1.2 23.3 70.2 3.2 7830
Medium 9 0.7 0.08 7.1 3.7 50.4 3.1 5330
Wealthier 10 2.4 0.24 10.( 10.2 56.6 0 5470
Murewa
Poor 4 0.9 0.23 0.3 20.9 0 2.1 1750
Medium 6 2.1 0.37 4.8 33.7 154 0.3 2090
Wealthier 6 2.5 0.42 5.4 33.4 18.1 0.3 2050
Kakamega
Poor 6 1.0 0.17 0 4.9 0 1.9 4880
Medium 5 2.4 0.48 2.0 4.3 3.6 0.4 5770
Wealthier 9 2.9 0.32 3.5 6.1 3.9 14 6180

Soil N storage calculated for the top 0.3 m sgiéla

Livestock densities (i.e., the ratio of number e&tls to cropped area), were the largest
in Tigray (Ethiopia) and the smallest in Kakame#&r(ya). The size and the main
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type of N imports differed contrastingly betweenaltle classes and across sites. In
Tigray, the main source of N imports was feed Nj #ns was largest in total for the
wealthier farm household with more livestock, biué amount imported per animal
(Tropical Livestock Unit, TLU) was larger for tharm household with less land and
therefore smaller on-farm production of fodder fcresidues). In Murewa, feed N and
fertiliser N both contributed equally to the tofdl imports for the wealthier farm
households and only fertiliser N for the poorer $eholds. The fertiliser N use was the
highest in Murewa as compared to the other twa site Kakamega, the size of the
imports was much smaller than in the other 2 siésl the relative contribution of
fertiliser N (expressed on@r capita basis) was as important as food N for the three
types of farm households. Soil N storages diffemgtkly across sites, with the largest
stocks in the systems at Kakamega, followed byayigimd Murewa.

The configuration of the networks of N flows foet® case study farms is illustrated
in Figs 2, 3 and 4, where the actual structurdnefrietworks was simplified for clarity.
Food crops were grouped separately from foddersgrapd all animal compartments
were grouped together to show the main internal$lan the farm household. In the
calculations, however, we kept individual flowsrfrand to each of the compartments.
The number of flows was 24, 39 and 47, for poordioma and wealthier farm
households at Tigray, 21, 43 and 43 for poor, nradind wealthier farm households
at Murewa, and 40, 54 and 65 for poor, medium aedltiier farm households at
Kakamega. In all cases, the main sinks for N irgkflows were the household and the
livestock: food products from cropping and livest@ctivities were mainly consumed
by the household and the residues of crops afteektiwere fed to the livestock. Not
all compartments could in practice be linked thtodgflows because not all farming
activities produce outputs that can be recycled. démne farming activities, outputs
were sold and therefore exported out of the systeithh only a small proportion
consumed by the household (e.g. tea, vegetablaghdfs usually selected their best
fields to produce the crops that contributed thestnbo their total farm production and
concentrated most inputs in these few good fieldse number of compartments
increased from poorer to wealthier households, thedsystems in Kakamega had a
larger number of compartments than the other sites,to the more diverse farming
activities observed on these farms.

3.2 Size, integration, diversity and organisationfoN flows

The N imports (IN), total N inflows (TIN), total stem throughflow (TST) and total
system throughput (T..) (cf. Table 1) calculatedtf®e 9 case study farms indicate that
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Figure 2: Schematic representation
of the network of N flows for three
different farm household types
(wealthier, medium and poor) in
Teghane, Tigray in the Northern
highlands of Ethiopia. The boxes
represent compartments conceptu-
alised as farming activities or man-
agement units. The N flows are
represented by the arrows between
compartments and with the exterior
and were simplified for clarity of
the diagram.
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Figure 4: Diagrammatic represen-
tation of the network of N flows for
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in Shinyanlu, Kakamega, western
Kenya. The boxes represent com-
partments conceptualised as farm-
ing activities or management units
(see Section 2.2 for more detail).
The N flows are represented by the
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the systems in Tigray used about three times mopeMNcapita than the systems in
Kakamega, and one and half times more than Muréwa 6). N imports and total
inflow were on average larger in Tigray, leadingoato larger differences between
TST and T.. values. The largest difference betwEsm and T.. would be observed
when the system is in a steady-state (when N impagtial N exports); small differ-
ences mean that the storage of the various comeatsnplays an important role in
balancing out the system activity. A change inagerimplies, for example, the loss or
accumulation of nutrients in a certain compartmanKakamega there was almost no
difference between TST and T.. implying that mostdine from the storages. This
can also be seen from the difference between INTdNd(i.e., IN + nutrients taken
from the storage).

Table 4: Indicators of dependence on external Nomsp N cycling and size of N storage expressed
per capita.

Site/ D IN/TIN TSTycled FCI Soil N storage
Wealth class (IN/TST) (kg capitp (%) (kg capitd)
Tigray
Poor 0.72 0.97 0.9 2.9 470
Medium 0.68 0.99 14 2.2 414
Wealthier 0.66 0.94 2.5 2.6 1312
Murewa
Poor 0.65 0.90 0.1 0.9 393
Medium 0.54 0.83 1.6 3.5 765
Wealthier 0.45 0.77 3.4 55 1197
Kakamega
Poor 0.45 0.78 0.1 2.2 814
Medium 0.12 0.24 3.0 9.3 3115
Wealthier 0.34 0.67 1.9 11.0 1991

At the three sites the relative importance of INT®T, or dependency (D), tended to
be greater for the poorer than for the wealthiemfaouseholds (Table 4). Most of the
total N inflows in the systems consisted of N intppas revealed by the IN to TIN ra-
tios, with greater values in Tigray and Murewa tlaiKakamega. The amounts of N
cycled were small and comparable at all sites (leas 3.5 kg N capita y ™). The

differences between farm types within sites wenmgda than those across sites:
wealthier farm households recycled between 2-3akg, the poorest less than 1 kg N
capita® y*. The degree of integration, measured with the 'Bioygcling index (FCI)

was relatively larger for the medium and wealthfismm households at Kakamega
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(9-11%), due partly to the smaller values of TST@®mpared to Tigray and Murewa.
Wealthier farm households had larger soil storaufell per capita than the poorer
ones, and this together with more livestock exgldhe larger total system size and
activity. The TST represented 7-15% of the totdl INostorageper capita in Tigray,
2—6% in Murewa and barely 0.7-1% in Kakamega.

The values of the average mutual information (AbH)culated for the nine case study
farms indicated that the poor farm households les®organised networks of N flows
compared to the wealthier farms at the three $kegs 6). The values calculated for
the statistical uncertainty @) the upper bound of AMI and a measure of therdite

of flows, indicate a greater diversity in netwodnaections for the wealthier than for

< 150

3 Tigray — | | Murewa Kakamega B Poor

Q 120 - . | _

> Medium

-*g 90 - 7 || i O Wealthier

©

S o0 | 1

3 ‘

2 mu 77

Q 0 - ‘ % : % ‘ | e %- é. Zl
IN TIN TST T. IN TIN TST T.

NA indicator

Figure 5: Network indicators (Imports (IN), Totalflow (TIN), Throughflow (TST), an
Throughput (T)), calculated for different typesfafm households at three sites: Tigray in
Northern Hghlands of Ethiopia, Murewa in NE Zimbawe, and Kalega in western Keny
See text in Section 2.1.1 and Table 1 for details.
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Figure 6: Indicators of organisation, average muini@rmation (AMI) and, diversity (KH)
for three different household types (wealthier, medand poorerjt three different site
Tigray in Northern Ethiopia, Murewa in NE Zimbabwaed Kakamega in western Kenya.
Section 2.1.2 and Table 1 for details.
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the poorer farms. The systems in Kakamega had ategreliversity of N flows
compared with the other sites, indicating more cé®ifor N flows — i.e., the actual N
flows were associated with a more organised patten in the other two sites (Fig.
4). For all case study farms at the three sitesdtie AMI/Hg ranged between around
0.44 and 0.56.

3.3 Systems productivity and efficiency

Biomass productiomer capita was comparable across sites, with the poorestehous
holds producing less than the wealthier (Table Td)e productivity (expressed in
biomass) of the systems per unit of N imported,tlog apparent N conversion
efficiency, was the largest in Kakamega (2 to 8@8 larger than at the other sites).
This is also evidenced by the steeper relationshgigieen N imports and biomass
production for the Kakamega systems in Fig.7A, withpes of 15, 83 and 242 kg DM
kg N* imported for Tigray, Murewa and Kakamega, respetti The systems at
Murewa produced, on average, more edible enpegycapita than at the other two
sites (Table 5). The poorest households did naeaelfood self-sufficiency in any of
the three sites. The medium class at Tigray andnb@thier at Kakamega did not
produce enough food on their farms to fulfil thenfly energy requirement, but
accessed cash through selling farm products thaiss@d to cover the food deficit.

Comparing indicators of NA with system performanee, observe that the larger the
value of the Finn’s cycling index (FCI) the greatBe production of biomasser
capita. The relationship differs across sites, with leissnass produced per unit FCI at
Kakamega (Fig. 7B). This, together with the greatgparent conversion efficiency of
imported N (Fig. 7A), indicates that more intermegicling (including mobilisation
from the soil storage) sustains biomass produdtiotihe systems at Kakamega. The
systems at Tigray and Murewa cycled less N andiredjlarger N imports per unit of
biomass produced. Next, we compared the relatipashetween the size of the net-
work of N flows (T..) and their organisation (AMdith the food self sufficiency ratio
(FSSR) across the three sites. The wealthier holdelat Tigray met their energy
demand (FSSR > 1) with larger N flows than at ttreepsites (Fig. 7C). The relation-
ships between network organisation and FSSR (FJ.were comparable with the
ones observed between FCI and biomass productitin,tine systems at Kakamega
exhibiting a more sophisticated organisation ofdws.

The intensity of utilisation of N resources and flwav patterns differed across sys-
tems (Fig. 8A). The systems at Tigray, and pardidyl those at Murewa, utilised
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larger N throughputs (T..), and sustained produactio smaller soil N stocks than at
Kakamega. The systems in Kakagema largely reliedanN storage, and less bio-
mass was produced per unit of soil N storage @8). The differences in T.. across
sites were related to differences in the size eflitrestock N storage (size of the herd),
and this relation between both was approximately dcross sites (Fig. 8C). Larger
herds at Tigray resulted in larger N inflows thag ased (partly) to sustain production,
with consequently less biomass produced per unitvebtock N storage, and pre-
sumably larger dissipations of the imported N.

Table 5: Indicators of system productivity and hehad food self-sufficiency.

Site/ Biomass N conversion Food produced Food self- FSSR
wealth class production efficiency consumed
(tcapita' y") (kg dm kg NY) (GJ capitd y") (GJ capitd y") -
Tigray
Poor 0.5 23 14 1.4 0.4
Medium 0.5 12 2.0 2.0 0.6
Wealthier 1.1 18 5.6 3.4 1.7
Murewa
Poor 0.3 44 15 14 0.5
Medium 1.6 66 8.4 3.9 2.2
Wealthier 2.5 86 11.2 2.9 3.4
Kakamega
Poor 0.2 74 1.0 0.9 0.3
Medium 1.4 368 4.4 3.4 1.2
Wealthier 1.3 217 3.1 2.4 0.8

! Food Self-Sufficiency Ratio = Energy in food proddcper capita / Energy needs per capita (in
average 3 GJ¥)

4. Discussion

At all the sites, the poor farm households usedmamsaller amounts of Ner capita,
had lower cycling indices (indicating that theserfa were less integrated), had a less
organised network of N flows, and were more depenhde N import to sustain the
system activity (TST). Less organisation means ti@nutrients are not applied to the
compartments that contribute to cycling and prodiigtof the system. Opportunities
for recycling are mainly created by livestock, hexma without livestock farmers are
often not able to collect the equivalent amounNah materials to mulch their crops
or produce compost, because of labour constraivithout livestock and manure
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Figure 7: Biomass production plotted against (Aimyborts and (B)Finn’s cycling index fc
farm households of different typat three different sites: Tigray (Ethiopia), Mure
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member) plotted against (C) Total system through@ut) and (D) Average Mutue
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management, there are few internal flows in theesys Despite these opportunities,
recycling was poor for all farms; all the systemeyccled less than 25 kg of N per year
per farm, and the poor households less than 5 kydr year per farm.

Livestock did not contribute much directly with aral products to consumption of the
household members, and therefore the large systa(ia terms of N flows, T..) is
not reflected in a large increases in food selfisighcy nor in biomass production in
Tigray (cf. Fig 7C). Increases in the size of Nwi#(T..) and N imports led to in-
creases in production and food self-sufficiencglinthree sites, although with differ-
ent conversion efficiencies (cf. Table 5). Ine#iccies may be caused by feeding
management, crop residues being removed from #basfi with little or no return in
the form of manure N, because manures or cropuesidre often applied to other
fields (closer to the homestead) than those whattdedeed. The systems with small
T.., and little organisation in network of flowso@W AMI) were less productive and
less food self-sufficient than the systems witlgdéai.. and AMI (cf. Fig. 7C and D).
But, at large values of T.. and AMI, food self-scfncy and productivity were
different at each of the sites. Increasing T.. &adlatively smaller effect on food self
sufficiency in Tigray than in the other two sites.

The main advantages of having livestock are the&igian of draught power for crop-
ping and that they are crucial in moments of crugien its contribution to food secu-
rity is the most valued and often realised by sgliof animals (Dercon, 2002; Moll,
2005). This means that a farm household useswvelatiarge amounts of N from the
surrounding environment that does not directly gbate to produce food, because the
animals fulfil different functions. The high T.. ifigray was mainly caused by the
large size of the N inflows, while the contributiohthe organisation of the flows is
not as important in this site as in Kakamega. [iegps that in Tigray there is more
scope to increase the intensity of cycling givemabtual diversity of the system.
Higher diversity in flows may be positive if the fws are organised to increase
recycling and there is integration between theesystompartments. The impacts of
recycling on food self sufficiency thus dependshow the flows are managed, the N
conversion efficiency and risks associated in dmgér term (i.e., whether the inflows
that contribute to the positive feedbacks can Istasued or not). The importance of
these factors differs per environment; there walttade-offs between actual produc-
tivity and reliability in the long term.

It appears that increasing the size of networkhef Ml flows will increase food self-
sufficiency. Increases in organisation of the flpvesid increased recycling may
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contribute partially to increase in size of thewmk of flows, but the capacity of the
system for recycling is limited by the size of thBows and of the outflows (marketed
products), and from the storage. Cycling reducgseddency on external inputs, and
may also increase the efficiency of resource us¢hatfarm scale. The reduced
dependency on external inputs, associated witmemrease in recycling, supported by
larger soil storages in Kakamega, may be indicativihe adaptability of the systems
to different stresses (e.g. market failures). Tleasares of size (T..) and the measure
of activity (TST) in contrast, give an estimatiohtbhe amount of N that is used to
achieve the current production level, and are usefoompare different farm types in
terms of performance and efficiencies.

Ecology regards mature ecosystems as charactdryserganised patterns of material

and energy flows, intense recycling, relativelildidependence from the exterior envi-
ronment and low productivity (Odum, 1969). Theisilience is sustained on a struc-

ture that supports a diversity of flow paths tHaives buffering of external shocks and

the increased efficiency of few of their flow paittimat are not affected by external

stressors. Agro-ecosystems have in contrast to faéf goals (and aspirations) of the

farmers, for which they need to be productive,atdk, (i.e. production should be

stable or increase in the longer term) (Conway,7),98nd adaptable to match oppor-
tunistic decision making. Finding the balance betvéhese properties is challenging
as smallholder crop-livestock systems that arerdevenay be more adaptable and can
spread risk, but this may lead to apparent resauseanefficiencies.

More organised pattern of flows, and more recyckhguld lead to less reliance on
external input. This is schematically represente#tig. 9A, where system A is a less
productive systems but more reliable. The systemdymstivity is limited by a combi-
nation of resources availability and the systemfigonation. System B, with larger
external inputs is more productive, more dependentmay result less reliable be-
cause of large fluctuation caused by external &metimes internal) stressors such as
market collapse, lack of inputs or death of catigstem A may represent the poor
household, and system B the wealthier farm housshat each of the sites. The driv-
ers of systems A and B differ at each of the siés] in these crop-livestock mixed
systems are related to the degree of intensificatio Tigray, relatively large inflows
from grasslands through livestock, small inflowsfedilisers, and relatively poor in-
ternal cycling characterise and sustain the prooliaf system B. These inflows and
internal cycling are less important for system Adqper households) (Fig. 10A). In
Kakamega, the inflows into the systems are relbtigenall, and the production is
sustained on internal cycling (included the contiitin from the storages) (Fig. 10C).
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Murewa represents an intermediate situation wheftews from grasslands, and ex-
ternal agricultural inputs contribute to food protion with a relatively small contri-
bution of internal cycling but more important tharirigray (Fig. 10B).

Agro-ecosystems have to be productive and fulfdirtigoals, but in risky environ-
ments elements that give adaptability and religbdre needed. Cycling and internal
organisation, may contribute to those system ptasersometimes at expenses of
resource use efficiency as it is the case whemowdl|to the systems are mediated
through livestock due to inevitable losses throagtling. A balance between produc-
tivity, adaptability and reliability is needed. @msity and cycling may contribute to all
these properties, but this contribution will depemdthe context in which the farmers
operate. The lower dependency, high diversity aruding at Kakamega is associated
to relatively better conditions for agriculturabgluction in terms of soil and climate.

The organisation of the system can change to m#etaht goals: simpler structures
may support productive systems, but those may lre mdnerable to (environmental)
stress. In agro-ecosystem larger exports may fatalithe acquisition of inputs that
may increase productivity, if farmers reinvestannhing. But when this is not the case,
large export may feedback negatively in food seffisiency and food security. In
farming systems, producing export is critical toigeation of cash for other needs than
food, also to purchase key inputs to productionit sannot be reduced or eliminated
to conserve nutrients. To find a balance betweestesy properties is the challenge,

(A) (B)

System B

System productivity
System productivity

M

Time (years) Time (years)
Figure 9: (A) Theoretical representation of the letion of the productivity of a crop-
livestock system. System A represents a less ptiv@ulosut more reliable system than sys-
tem B which shows large fluctuationaused by external (and sometimes internal) sire
(B) Theoretical representation of the evolutiontlué productivity of a cropivestock farn
household system which evolves due to reconfigumator system shift) from system A
low productivity into system C finding a balancevieeen productivity and reliability.

System A
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Figure 10: (A) Schematic representation of cliepstock systems at a relatively low leve
intensification, where most feeds come from grasidathere are weak feedbacks betw
the cropping and the livestock system, and relptivew agricultural inputs. The me
feedbacks among the system compartments are shéwreva solid line representdaage
flow and a dashed line a small flow. (B) Cripgestock system at a higher degree
intensification, where grassland and cropland doute to the feeding of livestock and
imports of agricultural inputs are relatively maraportant than in A. (C) Cropvestock
system at a high degree of intd#ieation, where most feed is produced in croplaadg
where there are strong interactions between crgpgial livestock activities.
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Network analysis of N flows within smallhoder systems

which most probably will be met by a technical apar{or system shift), in which
reconfigurations allow to achieve higher produdtsivivithout increasing enormously
dependency. This is illustrated in Fig. 9B, whdre hew configuration of system C,
approaches the productivity of system A, but isemetiable.

The contribution of diversity and organisation bé tnetwork of flows to the system
performance should become evident from observdtam the same system in a time
series. We plan to compare snapshots of more sgdtemm similar regions, and have
encountered an unique data sets of farms that bege monitored for a number of
years (Ousmane et al., 2008). We believe that Nd&twaalysis can be useful to com-
pare more contrasting systems, such as an Africam lovestock systemrs Swidden
systems in Asia, Brazilian soybean monocultwestensive European farms. These
will be the subject of future research. NA can dsoused using different currencies,
e.g. phosphorus, carbon or energy. Comparing eefwim such analysis with the N
flow analysis will give more insights in the exteéoiwards NA can reflect diversity
and integration in farming systems. Modelling tdges can be useful test the effects
of increasing cycling or changing system configiorat on the system productivity at
different scales.

5. Concluding remarks

In the crop-livestock systems of the highlands @fsttand southern Africa we
analysed, organisation and diversity of the flowkeded more among farm types than
across sites. The differences in system performamweee explained by both
differences in size of the inflows and organisatonl cycling. The systems operate in
contrasting conditions in terms of agro-ecologigaltential (rainfall and soils),
population density and market accessibility antharelative importance of livestock
in the system. This leads to differences in thesypf N inflows (e.g. fertilisers, feed),
system diversity and cycling. Comparing indicatofsNA indicators with system
performance showed that both increases in sizeyats®f N that circulate within the
network) and organisation of the flows lead to @ages in productivity and food self-
sufficiency. As these strategies also reduce degeryd combination of both strategies
may benefit not only productivity but also adapligpiand reliability of smallholders
crop-livestock systems.
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Collective management of feed resources at village
scale and the productivity of different farm typesin
a smallholder community of North East Zimbabwé
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Chapter 7

Abstract

Addition of organic materials is needed to susth&crop productivity of inherently poor soils
in the mixed crop-livestock systems of the commumaehs of NE Zimbabwe. In these systems,
livestock feed resources are collectively manageith the herds of the village grazing on
natural grasslands during the rainy season andrgm residues during the dry season. This
creates different types of interactions betweemtkenbers of the community, cattle owners vs.
non-cattle owners, including competition for thgamic resources. In this study we explore the
magnitude of such interactions in terms of nutriemws and the long term effects of the current
practices on soil productivity, hypothesising tktia collective management of feed resources
brings negative consequences for non-cattle ownges.used information on crop and cattle
management collected in a village of the communeh @f Murewa in NE Zimbabwe, and a
dynamic farm-scale simulation model (NUANCES-FARMSIof which the individual models
have been calibrated and tested with existing mé&tion for the same area, and adapted to
include the main interactions at village scale. Bmaulations of 10 years showed that the
grasslands contributed the majority of the anneatifintake of the herd of the village (c. 75%),
and that the crop residues produced by the noleaattners sustained a substantial (c. 30%)
amount of the intake of cattle during the dry seadtis removal of C (0.3-0.4 t Cy from

the fields of the non-cattle owners resulted inraglterm reduction of the already poor yields of
their farms. Impeding the access of cattle to tiog cesidues of non-cattle owners increased the
quality of their soils modestly and improved yieldshe mid- to long term, but not enough to
meet the energy needs of the family. Due to poaragament of the manure, from the 80-120
kg N left in kraal per year by the cattle ownersnvefalthier farm type (resource group 1, RG1)
and the 40-60 kg N per year for resource group@2)Ronly 15-32 and 8-18 kg of N per year
were available to be applied to the crops as matotaéN for RG1 and RG2 respectively, with
an efficiency between N excreted and N availablddoapplied to the fields of 20-30%.
According to the model simulations, the whole hefdhe village with average size of 187
animals transferred 100 t faecal dry mattef fyom grasslands to cropland. With minimum
losses, that amount will not suffice for 10% of &6 ha of cropland, if it were to be applied at
the recommended rates. Due to the harvest of grainthe removal of most crop residues by
grazing cattle, the soil C stocks of all farm tygesl a negative change at the end of the
simulations. The smallest decrease (-0.5 t €ihal0 years) was observed in the best fields of
the cattle owners who compensate for the removal dfirough the addition of manure. To
sustain the herd size, cattle of the farmers frd&LRin average 10 heads) consumed between
20-25 t of grass biomass'yWithout taking into account the negative effecbwgergrazing on
the pastures, each farmer of RG1 would need to hawess to 12-27 ha of grassland to apply
about 3-4 t of manure Yin their farms with an average size of 3 ha. Addinputs to the
whole (community) system in the form of mineraltiteser concurrently with changes to the
current management of the crop residues and mabyresdistributing manure from the more
fertile fields of the farm to the poorer soils, apps to be a promising strategy to boost the
productivity of the community as a whole. The likebd of this scenario being implemented
depends on the availability of fertilisers and #ikingness of farmers to invest in rehabilitating
soils to obtain benefits in the long term, as oppo® concentrating all organic inputs in small
areas and creating islands of fertility where oyigbds are secured.

Keywords: Sub-Saharan Africa, maize-based system, cattlep-lorestock integration,
modelling, Miombo woodland
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1. Introduction

The dominant type of farming system in the commuamabs of north-east Zimbabwe
is crop-livestock mixed (Kunjeku et al., 1998). Tinain interactions between the crop
and livestock are through the use of draught pdaweploughing the land, the animal
manure which is applied to the crops, and the @iseop residues as feed for livestock
(Steinfeld, 1988). Manure is needed to sustain guopduction because soils are
inherently poor sands and mineral fertilisers (NKPalone are insufficient to achieve
the crop yields required to meet the family fooduieements (Rodel and Hopley,
1973; Grant, 1976). Cattle are the dominant livastkept by farmers. Smallholder
farms are heterogeneous in terms of land areaadaibnd numbers of cattle, with
only 40% of the households owning cattle (Zingdrale 2007b). Rainfall variability
represents one of the largest risks to farming EhA\mbabwe, where the frequency of
occurrence of droughts has increased in last tweedys (Matarira et al., 2004), and
may increase further due to the effects of clinchtenge. Droughts have a clear short
term effect on food and grass production, exposwerybody within a community to
risk.

Within the communal area of Murewa, each villages la@cess to well-delimited
communal grasslands where cattle are herded dtlrengrowing season to avoid crop
damage. This is the period in which the feed qualftthe grasses is relatively good.
During the dry season, shortly after the cropshameested, cattle graze freely within
the village cropland. Cattle graze preferentiallgize and groundnut residues avail-
able in the croplands. Many cattle owners remoed trop residues to feed the cattle
later in the dry season, when feed shortages are ordgical (Powell and Williams,
1993; Mtambanengwe and Mapfumo, 2005). The harnvgsiti residues from cropland
IS a common practice in communal areas of ZimbakiMeambanengwe and
Mapfumo, 2005), that may have negative consequdncesop production because of
the continuous removal of carbon (C) from the Belespecially for farmers who have
no access to animal manure. However, no quangtatiformation is available on the
complex interactions between cattle grazing botgrasslands and croplands, and the
nutrient and organic matter flows associated witgse interactions.

The collective management of the herds of thegalJaand the tolerance of the farmers
without cattle to the grazing of their crop resisleentributes to the concentration of C
and nutrients in the fields of the cattle ownerdild/the intensity of such interactions
regulates the degree of inequity between farmansfall variability has a large effect

on the intensity of these interactions. The godlghss study were to assess the
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magnitude of such interactions at the communitgll@nd to explore their impact on
the long-term productivity of different farm typeise. cattle farmerss non-cattle
farmers. Focus was placed on the interactions rtextliay collective management of
feed resources, under current and alternative nesnegt practices. To achieve this,
we combined information available for the areatafly, collected through interviews,
observations, experiments, and literature. We tisedNUANCES-FARMSIM model-
ling framework (Giller et al., 2006) (see www.afruances.nl), which consists of
relatively simple crop, cattle, organic resourcesnagement and grassland models,
that have been adapted and tested for the conslittdnsmallholder farming in
Murewa, NE Zimbabwe. A number of scenarios wereasegl to explore the benefits
of management strategies for different farm typeslen current and alternative
practices.

The specific research questions were:

(i) What is the magnitude of the flows of C andrraurits mediated by cattle at both the
farm and community scale? How variable are theswdlin time? How do they
change according to different management prac{gzmnarios)? (ii) How large are the
flows of C and nutrients from grasslands to crog&amand the redistribution of C
within the cropland from fields of non-cattle owsdp fields of cattle owners? (iii)
What is the effect of rainfall variability on theggeractions? When do the critical
risky moments occur in terms of competition foramg resources?.

2. Materials and methods

This analysis was built on detailed informationttlascribes the resources, the farms,
the soils, and the cattle of a smallholder villageMurewa, NE Zimbabwe. For the
explorations, a descriptive and dynamic modellipgraach was chosen. The analysis
tool, a model that simulates the dynamics of thedpction of the cropland and the
grassland, was adapted and calibrated for this warkhis section, we introduce the
area of study, the analysis tool with the main giincptions and assumptions, and
elaborate a number of management scenarios thasadefor exploring the impacts of
management choices on resource flows.

2.1 The study area

The site selected for this study is in the Murewwléholder area located 80 km E of
Harare in Zimbabwe and lies between 17 and 18°S3ndnd 32°E. The area is
situated in Natural region Il (Vincent and Thom&860), an agro-ecological zone of
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relatively high potential for agriculture. The magnop in Murewa is maize, with
groundnuts, sweet potatoes, sunflower and vegatalde present. Cattle are the main
livestock usually grazing in common grasslands riuthe day and tethered in the
kraal close to the homesteads during the nightp @esidues are fed to cattle during
the dry season and manure is used to fertiliseemamps and vegetable gardens.

2.1.1 Climate, soils and natural vegetation

The Murewa area has a sub-tropical climate an@adeives 750-1000 mm rainfall
annually, distributed in a unimodal pattern (NovemiApril), with an annual
coefficient of variation of 30% (Kunjeku et al., 98). The soils in the area are
predominantly granitic sandy soils (Lixisols) withw inherent fertility (Nyamapfene,
1991). A smaller proportion of the area has mortiléedolerite-derived clay soils
(Luvisols) that are considered the best agricultsmls in Zimbabwe. The natural
vegetation at Murewa is Miombo woodland dominated Byachystegiaspp and
Julbernardiaspp. trees. The grass cover in the woodland isirtied by species of
the genusHyparrhenig and therefore receives the name of Hyparrher@-tygpe
(Rattray, 1957).Andropogon, Digitaria and Heteropogonspp. are also common
species especially where the tree density is high#here grazing intensity is
relatively high, and in the wetter ‘vlei’ are§porobolus pyramidalislominates the
grass strata.

2.1.2 The farmers and the typology

A common approach when modelling agro-pastoral camtes is to stratify farm
households using simplified typologies (Thorntoraket 2003; Thornton et al., 2007).
We constructed for this study a simplified ‘virtuaillage that resembles the Majonjo
village located in Murewa. We used the farm typglagveloped by Zingore et al.
(2007b) which distinguishes four farmer resourceugs (RG) based on cattle
ownership, farm size, production orientation, hgriabour, and food self-sufficiency
(Table 1). For these farm types, information oidfigizes, soil quality, input use, and
crop yields was available. Feeding strategies, ihgrghatterns, crop residues, and
manure management were studied during the dry seH#s2006 and the rainy season
of 2007 (Dury, 2007). This second characterisatiooused on cattle and cattle
management in the village, in which cattle ownemp farmers and other key
informants (e.g. the kraal head, herders) wereni@ed. Additionally, the
communal grasslands were characterised in ternisoafiass production and species
composition both during the rainy and dry seasamryD2007).
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Table 1: Characteristics of the different farm typéassified according to the farm typology resdlt
group discussions with farmers from a village frima communal area of Murewa. Source: Zingore
et al. (2007Db).

Farm type

Wealthier Medium-wealthieMedium-poor  Poor
Resource group RG1 RG2 RG3 RG4
Proportion in the village (%) 6 35 26 33
Livestock owned c. 10 cattle < 10 cattle No cattle  No cattle
Resource exchanges Hire labour aBd not sell or hire Sometimes sell Sell labour and

shares draughtlabour, shares  labour or /or exchange

power draught power  exchange it for labour for

draught power draught power

Land holding (ha) >3 2-3 <2 <1
Food self-sufficiency Self-sufficient Self-sufficient Purchase grainNeed to

Able to sell Able to sell grain and sell purchase food

grain and and vegetables vegetables or receive food

vegetables aid

2.2 The modelling framework
2.2.1 Farm-scale model

NUANCES-FARMSIM is a farm-scale decision making rebdwhere household
objectives, constraints and resource allocatiortepa are simulated, linking the
simulation results from different sub-models. Ceop soil modules are combined at
field scale in the model FIELD (Field-scale res@uhateractions, use Efficiencies and
Long-term soil fertility Development — Tittonell at. (2007)). Different combinations
of crop types and soil properties can be simulé&tedifferent field types (e.g. infields
and outfields). LIVSIM (LIVestock SIMulator—Rufinet al. (2007a) — Appendix 1) is
a model that simulates animal production basedeed fjuality and availability. The
dynamics of nutrients through manure collectiooyage and use are simulated by
HEAPSIM (Rufino et al., 2007b) in which a fuzzy-logapproach is used to estimate
mass and nutrient transfer efficiencies through umarcollection and storage. The
variability in weather and the inflow of cash ondlifrom off-farm sources constitute
inputs to FARMSIM that are accounted for and/or ihed for scenario simulation.
Experimental data and, when possible, calibratestgss-based models are used to
generate functional relationships that are builto inhe various sub-models of
FARMSIM. The sub-models incorporate processes aterdctions in a descriptive
fashion, and operate with different time steps: thignfor cattle, and the manure
management, and seasonal for annual crops. A etdiéscription of the various
components of the farm-scale model, and a sengitanalysis can be found in Van
Wijk et al. (2008).
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FIELD, the crop model

FIELD simulates long-term changes in solil fertilig¢, N, P and K), interactions
between nutrients that determine crop productiord arop responses to mineral
fertilizer and/or manure applications. Resourcatéoh total dry matter and grain
production are calculated in FIELD on the basisedsonal resource (light, water and
nutrients) availabilities through application obprspecific resource use efficiencies
for capture and conversion, derived from literat@egperiments and/or process-based
modelling work. The simulation of soil processesl d@ime calibration and testing for
the study site are described by Tittonell et 200@2.

LIVSIM, the livestock model

LIVSIM simulates the performance of individual amil$ in time according to their
genetic potential and feeding. Potential productisndefined by mature weight,
growth rate and milk yield. The basic structurdb@sed on the model developed by
Konandreas and Anderson (1982). LIVSIM differs frolnat model in that: (i) the
nutritive requirements calculations are based oRBK1993), (ii) feed intake is based
on the model of Conrad (1966), (iii) excreta pradug, and (iv) the decision rules.
The calibration and testing of the model can bedbm Rufino et al. (2007a). For this
study, LIVSIM was complemented with a grazing roatthat includes diet selection
and restrictions to feed intake. The approach gedufunctional relationships between
intake and herbage mass, grazing behaviour obsmmgatwhere we sought a good
balance between flexibilitys simplicity to be able to deal with diverse dietdhe
influence of the spatial distribution of feed o tliet selection was treated in LIVSIM
at different levels based on the concept develdpedenft et al. (1987) in their
hierarchical foraging model by taking into accouwrding strategies. The main
advantage of this approach is its simplicity andt tbonsiders management (Senft,
1989), assuming that herders choose the land toritgrazing. This is captured by
using the relative time spent at each grazing which is input to LIVSIM. Selection
is accounted for by using a preference index basectude protein and abundance of
the main grass species. Potential intake was a&djugith a relative intake coefficient
to describe actual dry matter intake (Johnson amddpPs, 1985; Richardson et al.,
1991) to take into account the constraints impdseterbage availability (Herrero et
al., 1998). Feed allocation among animals of theesaerd is based on the relative
energy requirement for each individual animal. Degns during the day were
proportional to the time spent at each grazing. Widre details on the grazing routine
can be found in the Appendix 1 in Section 3.1.
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HEAPSIM, the organic resources management model

We adapted HEAPSIM as described in Rufino et aD0®) to represent the
description of the manure management for the Maaojeiiage. The manure excreted
during kraaling is left to accumulate until Augusixed with the maize stover added
by farmers and not consumed by cattle. In Augusturais heaped in the open air
with no protection against rain and harvested fapliaation during planting time in
November. In the village 35 farmers (cattle ownevsje interviewed on their manure
management practices. Most farmers (85%) remowedndmure from the kraal once a
year. Only 20% of the farmers did not compost ttenume collected from the kraal
and applied directly to the fields. Most farmergdst apply the manure (between
1.8-7.2 tonnes A&y ™) to the maize fields between October and Novembge
compost consisted of manure mixed with feed retubabped and left to decompose
for 3 months on average during the dry season llydoetween August and October.
About 30% of the farmers removed variable amouht:m@nure from the kraal to be
applied in the vegetable garden during April-JulyroNovember.

2.2.2 Village scale model

Different instances of FARMSIM were used to simeltdte different farm types of the
village (Fig. 1). A new model, GrassSIM (Grass SlMar) was developed to simulate
grass growth as a function of rainfall use efficigngrazing pressure, and soil quality.
This model described the availability of green atehd grass from the different
grassland units. The herd, simulated by LIVSIM,zg on the grassland during the
day, and was kept overnight within a kraal on thenf where manure accumulated.
The dynamics of manure decomposition before thdecidn and during the
composting period was followed by HEAPSIM for edatm type. Different instances
of FIELD were used to simulate aboveground bion@ass$ grain production, and soil
C in the different field types of each farm typeurldg the dry season cattle was
allowed to graze the crop residues of the farmgsypat granted access to them, and
the manure produced during that period was lethengrazed field, and incorporated
(after C and nutrient losses) into the soil moddlEIELD.

2.2.4 Grassland model — Grass-SIM

This model describes dynamically the productiog@fss and dead biomass for land-
scape units of different soil quality and grazinggsure, as a function of rainfall use
efficiency (RUE). This approach has been used sutttess in semi-arid rangelands in
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the past (Le Houérou, 1984; Le Houérou et al., 1988s and O’Connor, 1999). Our
model is based on the concepts used in model dexeloy Gambiza et al. (2000) for
simulating the production of Miombo woodlands irugern Africa. Rainfall use effi-
ciencies ranged from 1.7 to 3 kg DM per mm rain goils with low (0.8%) to high
(2.1%) SOC, and stocking densities from 0 to 1 &iwek Unit ha'. The rainfall use
efficiencies were calculated from data availabletfe grass strata of similar Miombo
woodlands (Barnes, 1956; Baars, 1996; Frost, 1886) agree with observations of
lllius and O’Connor (1999). Data collected by D{2p07) was used to calibrate grass
at peak biomass, senescence and decay for theediffgrazing units. An example of
simulated grass for the different landscape urgfsndd in the village together with
more detail on the data collection can be foundppendix 2 and 3.

Figure 1: (A) Schematic representation of the wirttillage and of the integrated model L
for this study. The village consists of land allocatedrtipland surrounded by land alloce
to grazing. Different farm types or resource growmse defined on the basis of their re-
sources: land, livestock heads, labour availabil®) The model FARMSIM ha beel
adapted to take into account the interactions betwdifferent farm types due to livestt
feeding management. FIELD simulates crop productiot the dynamics of C and nutrie
in the soils, LIVSIM simulates animal productiondareproduction othe herd, HEAPSII
describes decomposition of manures and organiairess in the kraal and in the comj
heap, GrassSIM describes the availability of grard dead grass in the different gra:
units. The different models are linked dynamicallyd maagement is described by us
rules derived from interviews and observation i déinea of study.
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2.3 Simplified farm types, model inputs, parameterand assumptions
2.3.1 The village and the farmers

The simplified village consisted of 66 househofdsm which 4 farmers (6%) belong
to RG1, 23 (35%) to RG2, 17 (26%) to RG3 and 224B® RG4 (Table 2). The land
consists of 116 ha of cropland and 426 ha of conaihgrassland and woodland (Fig.
2), of which a large unit of about 160 ha is hardbed for herding because it is
difficult to access. In this village, availabilif forage during the growing season is
not limiting cattle production, calculated stockirage were 0.3 and 0.5 LU (Livestock
Units) per hectare, for the rainy and dry seasspeaetively. From the original village
of Manjonjo, we excluded the households and thellemaropland close to the
Nyagambe river, located at the eastern side ohilhé-ig. 2), because the two sectors
of the original village do not share feeding resesrduring rainy season, or during the
dry season. The total area under cropping remainstant, and the proportion of farm
types in the village does not change, i.e. none#édirmers do not evolve into cattle
farmers within the simulation time, although theogite may happen if the cattle die
due to diseases or starvation. In reality, farmsebiolds are not static, and poorer
households may gain resources ait# versabut as the main goal of this study was
to examine community trade-offs and what is feasilthin the boundaries of the
resources available to the village, such an assampst justifiable.

2.3.2 The herd dynamics and herding patterns

The cattle farmers share the responsibility of imigrdhe cattle from the whole village
during the growing season. During the dry seastiheda not herded and allowed to
roam around the village cropland consuming the aregidues available. At the
beginning of the simulations the herd consisted1&5 heads, 58% from the local
Mashona breed and 42% Africander, 26% of the cattlenged to the RG1 farmers
and the rest to RG2 farmers. The initial compositid the herd was similar to that
observed in the village, with 30% cows (calvedeaist once), 17% heifers, 14% steers
(males younger than three years), 25% adult malekifling oxen and few bulls), and
15% calves (younger than one year old) (Dury, 20@%yas assumed that the herding
pattern, the routes and grazing units visited dutire growing season, described by
the herders of the village does not change duheglO y simulation time. Mortality
rates were set to those observed in the same wriégebch et al. (2001). Offtake rates
of live animals were assumed to be 3% (Hargreaves et al., 2004), animals were
removed from all classes, and recruitment intohtte was assumed to be nil. These
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estimates of herd population dynamics are in agesemvith those of Steinfeld (1988)
and Chinembiri (1999).

2.4 Scenarios

In Figure 3, we show a series of 62 years of rdinfeasured at Murewa, in which 25
years were below the average of 800 mm, and 7 years below 600 mm. From this
series we selected three consecutive series okaf¥ yor the simulations, to include
the large rainfall variability of the region. Therges 1954-1964 was on average wetter
and less variable (mean 900 mm, CV =25%) than énes 1944-1955 (mean 860
mm, CV=30%) that was used for the initial explavas presented in Sections 3.1 and
3.2, while the series from 1965 to 1974 was reddyivdrier (mean 780 mm, CV
=35%).

Dust road

Rivers

Interviewed households
High Miombo Woodland
Open grassland

Low Miombo Woodland
Cropland

ooomEas

1...10 Grazing units

Nyagwe River

Figure 2: Map of the village used as basis for #tigly. The village territory is delimited
two rivers and two other village boundaries. Thikage territory is divided by a hill th
extends from N to S, with is covered with high Miombo woodland vegetat{grazing unit
8, 9 and 10). The cropland is located between tlwokls of grazing land that correspon
the left to the low Miombo woodland landscape uaiid to the right to the open grassl
and high Miombo woodland. The houses show the ilmeaif the different households.
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Figure 3: (A) Annual average rainfall for a 60 ygariod from 1942 to 2002, average

mm with CV=27%, (B) Monthly rainfall for three ddfent series of 1@ears. The first s

from 1945-1954 represents an ‘average series’sdéitend set from 1958964 represent

‘wetter series’ and the last from 19674 a ‘drier series’. Each of the rainfall seisést ir

November and ends in October, the annual rainfedivg in (A) is the annuaverage fror
January to December which differs slightly from thanfall presented in (B).

2.4.1 Baseline

This scenario represents current farmers’ practiaeslescribed earlier, taking place
on simplified farm types (cf. Section 2.3). Farméem different resource groups
remove different amounts of crop residues fromrtfields, and all allow cattle to
graze the remaining crop residue. The RG1 and th2 RRrmers remove 20% of the
crop residues from their homefields and use itedding for the cattle, and the RG3
and RG4 10%. Fertilisers are applied at highesratethe home fields and lower rates
on the outfields. RG1 farmers used more fertilidan for the others (Table 2).
Farmers from RG1 and RG2 applied manure to theidi®lds and to their vegetable
gardens. We assumed that the manure managemerihevaame for all farms from
both RG1 and RG2. Manure is allowed to accumulatthe kraal, sometimes mixed
with crop residues used as bedding, and becomesdnaith sand due to trampling by
the animals. The manure from the kraal is removext @ year in the dry season and is
heaped and composted for a period of 3 monthsapplied to the crops.
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Table 2: Average farm characteristics and input arsg of the different farm types in the virtual
village for the baseline scenario (information fr@mgore et al. 2007a, b) and input rates used for
the targeted fertilisation scenario. For details Section 2.4.

Farm type
RG1 RG2 RG3 RG4
Household size (#) 7 5 6 4
Farm size (ha) 3.5 2.2 1.9 0.9
Home field area (ha) 0.8 0.6 0.4 0.4
Mid field area (ha) 0.8 0.4 0.6 0
Outfield area (ha) 1.7 1.0 0.7 0.4
Vegetable garden (ha) 0.2 0.2 0.2 0.1
Cattle heads (#) 10 5 0 0
Input use in baseline scenario
Fertiliser N (kg N farrit) 100 45 35 13
homefields (kg N ha) 45 45 50 24
outfields (kg N h&) 30 13 5 15
Fertiliser P (kg P farn) 17 10 4 2
homefields (kg P hd) 10 10 5 6
outfields (kg P hd) 4 2 1 0
Manure applied (t farim) 3-4 1.5-2 0 0
Input use in targeted fertilisation scenario
Fertiliser N (kg N farrit) 174 102 102 48
homefields (kg N hd) 30 30 60 60
outfields (kg N ha) 60 60 60 60
Fertiliser P (kg P fari) 87 51 51 24
homefields (kg P ha) 15 15 30 30
outfields (kg P hd) 30 30 30 30
Manure applied (t farim) 3.5-5 1.8-2 0 0

2.4.2 The effect of different crop residue managgme

In this scenario, non-cattle owners incorporater tbep residues into the soils. We
explore the effects of this practice on crop yidlsboth non-cattle owners (RG3 and
RG4) and cattle owners (RG1 and RG2) and animadlymtivity (herd dynamics,
bodyweight changes). Winter ploughing is a tillpgactice by which crop residues are
ploughed into the soil after harvest around May nwvitee soils are still moist. Cattle
would have less feed available during the dry seaswl this may have an impact on
cattle productivity and manure production.

2.4.3 Supplementation with fodder legumes

We explored the effect of supplementing calves &wdating cows with fodder
legumes during the dry season, on the herd dynaamosial productivity, and manure
production. Chakeredza et al. (2007) proposed fgeafl fodder legumes trees to be

161



Chapter 7

used to supplement the poor quality roughage (msplues and grass hay) during the
dry season in smallholder areas of Southern Afizowela et al. (1997), identified
that Acacia agustissimandLeucaenaspp. have potential to be used as hay during the
dry season. These legumes trees can be planteddgeshon contour-bunds so that
they do not occupy crop land, and they can be kséedeat regular intervals (6-12
weeks) during the rainy season, and conserved gs Has fodder technology
produces roughly 0.8 t DM fra which could supplement 3 animals at 3 k§dlring
the critical period (August-October). Calves wenpEemented with 1 kg dry matter
per day of legume hay and lactating cows with 2dkgduring the dry season from
August to October as proposed by Dzowela et aB{L9eed quality of the legumes
and the quantities supplemented were taken fromeldal. (2003) and Abdulrazak et
al. (1997) and are presented in the Appendix 3.

2.4.4 Targeted fertilisation

In this scenario, we explored the effect of inciegdertiliser use in all farm types in
line with ideas Abuja declaration of the Africanaks of state under NEPAD (see
www.africafertilizersummit.org). Because of the iied availability of manure for
each farm, in the targeted fertilisation scenaredistributed the available manure at a
low rate only in the mid and outfields of the farofghe cattle farmers RG1 and RG2.
This followed the suggestions of Mtambanengwe arapfMmo (2005) that organic
nutrient resources can be use most efficiently éucing the amounts applied in
homefields, so that they can be spread equitablyughout the farm to facilitate
rehabilitation of degraded outfields. Model-asslsexplorations by Tittonell et al.
(2008b) support the idea that the more fertile Hoetds can be managed with
maintenance fertilisation and conserving crop r&ssd while mid and outfields need
more fertiliser to stimulate biomass productione Tértiliser application rates of 60 kg
N ha' and 30 kg P ha used in the simulations were the most efficietesalerived
from the experimental work of Zingore et al. (20Dirathe study area (Table 2). In the
relatively poorer homefields of the RG3 and RG4 tnop residues were kept and
fertilisers were added to all field types. Cropidass from mid and outfields of all
farm types were assumed to have been grazed.

2.5 Model simulations

To deal with the stochastic elements included iv3IM, i.e. conception and
mortality, 100 replicate runs were used for eactihef scenarios. We compared the
outcomes of 100s 200 replicates, and these were not significaiRy0(05) different.
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The length of the simulations was set to 10 yearsrder to capture effects of the
scenarios on soil processes.

3. Results and discussion

3.1 The magnitude and dynamics of the nutrient flow at village and farm scale

The simulations of the baseline scenario showdda seasonal pattern in feed intake
and excreta production by the herd of the villagbe grasslands contributed the
majority of the annual feed intake of the herdhd# village, amounting to 75% for the

baseline scenario. Grazing of crop residues félexlitical feed shortage during the dry
season, mainly because of the low quality of tlesgavailable at that time (Fig. 4A).

Village herd (A)

40

20

DM intake
(t month® herd-1)

DM intake

(t month-® farm'1) (t month-1 farm-1)

—o— Grass
3 Resource group 2 (C)

DM intake

N intake
(kg month-1 farm™1)

Time (months)

Figure 4: (A) Simulated development of monthly féeidke of dry matter for the whole h
of the village, (B) Dry matter for the herd of attafarmer from Resource Group 1 (RC
(C) Dry matter intake and (D) N intalter the herd of a cattle farmer from Resource Gr2
(RG2) in the 10 year baseline simulation usingélverage’ rainfall series.
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The sharp switch from feeding grass to feeding e¢egidues observed is due to the
(rule based) harvesting of the crops in the sinriat as the farmers cease to herd the
cattle once crops are harvested and the headmadeltsmed cattle can be released.
Once cattle are allowed to graze the crop resithesremain exclusively in the crop
fields until the residues are largely used up a&scilop residues are of better quality
than the grass. The cattle of farmers of resouroepml (RG1), consumed twice as
much grass and crop residues per farm as the oaféemers of RG2 (Fig. 4B and C).
At the village scale, the cattle of the RG1 farmevbo each had about 10 cattle,
consumed only about 26% of all the feed consumethéyherd throughout the rainy
and dry season. Although each of the of RG2 farnersed less head of cattle (about
5 on average), due to the greater number of RGadia they collectively owned the
largest part of the herd of the village. The N ketaf the herd followed the seasonality
in crude protein contained in the feeds, with akpearing the rainy season around
January when the forage intake and its qualityighdst, while the peak of the dry
season, is observed around June when crop redidgeme available after the harvest
of the crops (Fig. 4D). The depressed intake duewoquality of the grass is known
for Hyparrhenia-veld type of vegetation, and suppatation with richer protein
sources has been advised since the early 60’'si{Sh861; Smith, 1962; Clatworthy
et al., 1986), but the adoption of fodder legumethe use of other supplements has
been largely unsuccessful in the communal aredsdbabwe (Dzowela et al., 1997).

The dynamics of production of manure followed tlatgrn of the feed intake (Fig.
5A), and the deposition of manure in cropland, gJeasd and accumulation in the kraal
were determined by feeding strategies and manuragemnent. A small proportion of
the excreted faecal dry matter was left in the lenogh by the cattle through direct
dejections during the grazing of the crop residBexause cattle spent more than half
of the time in the kraal (12-14 hours per day adiowy to our observations in the
village), the amount of manure that was availallerécycling on the farms of the
cattle owners was larger than the amount excrateidglgrazing in the grassland and
cropland. The amount of recyclable manure depemdshe number of cattle, and
therefore each RG1 farmer may recycle about twacenach manure on their farm as
each of the RG2 farmers (Fig. 5B). The amount ofdxtained in the excreta left
during kraaling also followed the seasonal pattriN intake (Fig. 5C), but due to
poor management of the manure, from the 80-120 keftNn kraal y* by the cattle
of RG1 farmers and the 40-60 kg N jor RG2, only 15-32 and 8-18 kg N'ywere
available to be applied to the crops as manuré tbfar RG1 and RG2 respectively,
with an efficiency between N excreted and N avédab be applied to the fields of
20-30%. Manure accumulated in the kraal was onaaee?.3 and 3.8 t dry matter'y
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before losses, and after composting 2.8 and 1§ métter y* and for RG1 and RG2
farmers, respectively. The efficiency of N retentduring collection and composting
was on average 35-38%. Overall losses of C and hhgllcomposting were on
average 20-25% because the manure used for compbstil already been exposed to
large losses during the accumulation period inktlaal (Fig. 5D). At the village scale,
about 24% of the cropland was actively manureddognérs just before the cropping
season. Large differences in farm-scale crop prtomluavere observed between the
cattle owners of RG1 and RG2 and the non-cattleeosv(RG3 and RG4) (Fig. 6A).
These were due to differences in size of the crdpgaed, soil quality and input use
(Tables 2 and 3).

Grassland

25 —e—— Total excreted —o—Kraal ---—=x-- Cropland

Faecal DM

Faecal DM
(kg month1 farm1) (t month-t farm't) (t month-! herd1)

Excreta N

(kg month-1 farm-1)

Cumulative kraal DM

Time (months)

Figure 5: (A) Simulated evolution of the monthlyceation of faecal dry matter for the wh
herd of the vilage, (B) Faecal dry matter for the herd of a edtifmer from Resource Grc

1 (RG1) and for herd of a cattle farmer from ReseuBroup 2 (RG2), (C) Excreted N
herd of cattle farmer from RG1 and RG2 in the 1@ryeaseline scenario, (D) Accumulated
faecal dry matter and crop residues in the kra®®1 and RG2.
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Figure 6: (A) Simulated grain yields for each of tlesource groups, cattle farmers (RG1
RG2) and for the non-cattle farmers (RG3 and R@)) Simulated development dfie soil (
stock in the farms of each of the resource gro{fpsSimulated amounts of manure applie
the fields of each of the resource groups. Theseuats include the application of comg
by the farmers plus the direct dejection of cattiecropand while grazing. The results are
to the baseline scenario..

Grain yields of the RG1 and RG2 followed the pattef rainfall variability, with an
average maize yield of 3.9, 1.2 and 0.6 t graift lrm homefields, midfields and
outfields of the RG1, and 4, 0.3 t grairi him the homefields and mid and outfields of
the RG2. For the non-cattle owners (RG3 and RG&)ngyields were much lower
(0.5-1 t grain hd in homefields and 0.1-0.3 in the outfields t'hand showed little
variation from one year to the other. The greatedpction of the homefields of RG1
and RG2 were due the annual additions of about®Lttmanure ha y* and fertiliser
applications of about 40-50 kg N haand 7-10 kg P h& These observed rates of
application of fertiliser (Zingore et al., 2007bjeamuch lower than the blanket
recommendations of 120 kg N Thaand 30 kg P ha (Chuma et al., 2000). Grant
(1976) recommended the application of 10 t manaré to maintain the productivity
of the sandy soils of the communal areas of Zimkalixperiments conducted over
10 years by Rodel and Hopley (1973) indicated €haattle (tropical livestock units)
are needed to provide the 10 t of manure needebguare of cropland. According to
the model simulations, the whole herd of the vidlagth average size of 187 animals
transferred 100 t faecal dry matter per year frorasglands to cropland. With
minimum losses, that amount will not suffice fokd®f the 116 ha of cropland, if it
were to be applied at the recommended rates. Dubetdharvest of grain and the
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removal of most crop residues by grazing cattle,sthil C stocks of all farm types had
a negative change at the end of the simulatiorgs @B). The smallest decreases (-0.5
t C ha'in 10 years) were observed in the homefields ol R6d RG2 that were able
to partially compensate for the removal of C thiotige addition of manure (Fig. 6C).
The rest of the fields, that is the homefields mfpcfarmers RG3 and RG4 and the
outfields of all farm types, showed changes of -tb53 t C ha in the 10 years
simulation period. The direct dejection of cattleil grazing cropland was small (less
than 0.2 t manure R and did not compensate for the removal of C @rtisidues.

Table 3: Main soil characteristics for the diffaréield types of the different farm types of thetual
village. SOC=Soil Organic Carbon, TSN=Total Soil NGEC=Cation Exchange Capaci
Ext.P=Extractable |

Farm Fieldtype Area Clay Sand Bulk SOC TSN CEC Ext.P pH

type +Silt density
(ha) (%) (%) (kgdm’) (gkg") (gkg’) (cmok (mgkg®) (1:2.5
kg?) water)
RG1 Homefield 0.8 12 88 1.42 5.6 0.60 4.5 8 5.2
Midfield 0.8 14 86 1.45 4.8 0.43 3.0 6 4.8
Outfield 1.7 15 85 1.51 4.1 0.41 15 4 4.7
Garden 0.2 59 41 1.28 14 1.2 27 23 5.8
RGZ Homefield 0.6 9 91 1.43 6 0.62 3 9 5.4
Midfield 0.4 11 89 1.55 3 0.53 4 5 4.5
Outfield 1.2 8 92 1.52 2.2 0.22 2 4 4.2
Garden 0.2 65 35 1.31 16 1.8 33 17 5.9
RG: Homefield 0.4 13 87 1.48 4 0.45 3 4 5.0
Midfield 0.6 15 85 1.47 3.7 0.34 2 5 3.8
Outfield 0.7 15 85 1.43 3.3 0.31 2 3 4.1
Garden 0.2 64 36 1.35 13 0.9 24 32 55
RG4  Homefield 0.4 12 88 1.56 3.8 0.36 5 4.7
Outfield 0.4 14 86 1.49 3 0.29 3 3.9
Garden 0.1 53 47 1.26 15 1.7 32 31 6.2

3.2 The effect of different management strategiesg¢enarios)
3.2.1 Effects on the productivity of cattle

We compared the baseline with the three alternatiamagement scenarios. When
crop farmers (RG3 and RG4) impeded the accesdtle tagraze their crop residues,
the herd growth was restricted, and the weightel®shiring the late dry season were
more pronounced, resulting in lower calving ratéhe cumulative effect was a
reduction in 20% in herd size as compared with llaseline. The crop residues
produced by the crop farmers represented 30% atotlaécrop residue of the village,
and were mostly removed from the fields by the fasmto use as mulch in the
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vegetable gardens or the residues were consumekeirfield by the herd in the
baseline scenario. The intake of crop residuesredsced by about 25% when crop
farmers did not grant access to cattle to theldsie

The supplementation of the diet of calves and caitB legumes, and the targeted
fertilisation scenarios had a positive effect ia trerd growth with an increase of 10%
and 20% compared with the baseline (Table 4). Ferfrem RG1 had on average
3-4 cows, while RG2 had on average 1-2 cows. Femthole herd on average 30%
and 60% of the cows were in milk during the dry aaghy season, respectively, for
the baseline scenario. The supplementation had desheffect the amount of milk
produced on each farm. Supplementing the cows wiitlall amounts of legumes
during the dry season increased the milk yields dssr, but the overall effect was
small because of the small number of cows in mikirdg the dry season. It is
estimated that the local breeds of calves consubmaitahalf of what their dam
produces per day (Pedersen and Madsen, 1998),atdhth expected benefit of the
supplementation in terms of milk for the househwllld be small. Still, improving
the condition of the cows and calves, allowed defakerd growth, which would
justify the production of about 0.7-0.81yf legume hay for supplementation.

The targeted fertilisation scenario had a positefeect on herd productivity by
increasing the availability of crop residues durihg dry season. Although cattle were
not allowed to graze the homefields of any of themiers in the village in this
scenario, the larger production of biomass of th@ amd outfields as compared with
the baseline scenario, allowed the herd to growmumber and in bodyweight. The
midfields and outfields occupy the 63% of the camgl, and produced on average 32%
of the 135 t ¥ of crop residues of the village in the baselime 85% of the 283 ty

in the targeted fertilisation scenario. This expdathe increase in crop residue intake
during the dry season in the latter scenario.

3.2.2 Effects on crop productivity

The reduced intake of cattle when they could notss the crop residues of the crop
farmers (RG3 and RG4) had a relatively small negagffect on the amount of
manure that accumulated in the kraal and could B#aecycled in the cropland. Crop
production and yields of the cattle farmers of R&t RG2 were not much affected
when the crop residues on RG3 and RG4 farms wdravadlable for grazing (Table
4). Mtambanengwe and Mapfumo (2005) observed inllage at Murewa that the
amounts of standing crop maize residues in thddiat the end of the dry season were
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not different between farmers of different weallliss and were less than 0.5 Thas
compared with the 1.0-1.5 t Hastanding at the beginning of the dry season. This
reduction in biomass was attributed to free-rangtatfle. The remaining residues
were about a third of that needed to increase S@dfisantly in tropical soils (Palm
et al., 2001b). The annual addition of 0.7-1.7 1 keaop residues to the poor soils of
the non-cattle farmers, resulted in an increasgap yields, and in the soil C stocks in
the long term (Fig. 7B), but still this increase 46-50% in the farm production of
grain, would not suffice to cover the householddseeéA family of 6 people needs
about 1.5-1.7 t of maize grain‘yto meet their energy requirements. The crop fasmer
of RG3 and RG4 produced in the ‘no access to caté@ario’ 1.0 and 0.4 t maize'y
respectively.

In the targeted fertilisation scenario, the conbungl incorporation of crop residues to
the homefields (between 3.7-4.0 t dm'hg "), the application of small doses of
manure (0.7-0.8 t dm ha'y to mid and outfields, and increased fertilisatiates of

N and P (30 and 15 to homefields and 60 and 30 kNP hd y™* to mid and out-
fields) increased the grain production of the faoch®G1 and RG2 threefold, and the
soil C stocks by about 7-11 t per hat the end of the simulation (Fig. 7C). Under this
scenario, 41% of the cropland was manured, reagigircumulative application of
manure of 11-16 t hain a 10 y period. This is of course a simplifioatiof how the
management scenario may be implemented in prdoticause farmers may opt to ap-
ply larger amounts of manure in a scheme desigmeehabilitate soils. The increased
soil C stocks of the homefields of crop farmersrfrBG3 and RG4 due to the incorpo-
ration of crop residues (3 t dm ha)yand application of 60 and 30 kg N and P*ha"

to all their fields, increased the grain productadrthe farm by 6-7 times. In practice,
the benefit of the targeted fertilisation scenamay be limited by the availability of
oxen to practice winter ploughing and incorpordtte tesidues into the soil, and the
willingness of cattle owners to share their oxenrduthe early dry season when this
is possible. The farmers that may incorporate tio@ cesidues to the soils are those
that need the residues to feed their cattle dutregdry season. The benefits of the
targeted fertilisation in combination with managenef the organic resources look
promising for improving crop production at farm awvilage level. However, we are
aware of the limitations of our modelling approactsimulating long term response to
continuous addition of organic residues on poodgails that may overestimate the
crop responses (Tittonell et al., 2007). Theseltesieed to be inspected against long
term experimental data, a task that is being uaklent by local research in the area of
study (Zingore et al.,, 2007a), and the effectivened this targeted fertility
management remains to be tested together with farme
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Table 4: Livestock and crop productivity, manurerexed, collected and applied, and crop residuzsfiorated for each of the farm types (resourcegsp Averages and standard

deviations of the last 5 years of the 10 y simaladifor the baseline scenario using the averagétibséeries.

Herd size  Live Grass
weight intake

(# farm®) (kg farm®) (t farmy™)

Total
manure
applied

(t farm* y*)

Maize
stover
produced
(t farm®* y™

C stock Grain

produced

(t farm?) (t farm* y?)

Baseline

RG1 11.9+0.3 3316+225 21.1+2.7
RG2 6.1+0.2 1660 +139 10.7 +1.6
RG3 0 0 0

RG4 0 0 0

Crop farmers conserve their crop residues

RG1 10.6 £0.3 2859159 19.2+2.0
RG2 54+0.1 1414 +87 9.6£1.1
RG3 0 0 0

RG4 0 0 0

Legumes supplemented

RG1 128+0.4 37134313 23.0%35
RG2 6.5+0.2 1859 +165 11.5+1.8
RG3 0 0 0

RG4 0 0 0

Targeted fertilisation

RG1 13.6£0.4 3939+325 23.3+3.6
RG2 7.0+04 1990 +183 11.9+2.0
RG3 0 0 0

RG4 0 0 0

15282 7.0+0.5
830 +119 3.5+0.3

13341 6.0+0.4

179633 7.7 £0.7
902 +153 3.8 +0.4

18538+2 8.1 +0.7
958 +124 4.0 +0.6

2.9 (3%9)
1.6 (2.0)
0(0.2)
0(0.1)

2.6 (3.7)
1.4 (1.9)
0(0)
0(0)

3.3 (4.2)
1.7 (2.1)
0(0.2)
0(0.1)

3.4 (4.5)
1.8 (2.0)
0(0.4)
0(0.2)

6.7 (2.0¥

3.3 (1.5)
1.3(0.7)
0.5 (0.6)

6.7 (2.0)
3.3 (15)
1.8 (1.1)
0.8 (1.0)

6.7 (2.0)
3.3 (1.5)
1.3(0.7)
0.5 (0.6)

13.0 (3.9)

5.4 (2.5)
4.4 (2.6)
2.1(2.6)

38.1 (11.5)

3.4 (1.0) 49.0 (14.9)
2E2.7)

5.1 (1.5)
128 2.9 (1.4)
14.6)8.6 0.6 (0.4)
6.5(8.2) 0.2 (0.3)

3@05) 5.1(1.5)
18.7)9.4 2.8 (1.3)
18691 1.0 (0.6)
8.3410 0.4 (0.5)

3@15) 5.1 (L.5)
189 2.9 (1.4)
14.6)(8.6 0.6 (0.4)
6.5 (8.2) 0.2 (0.3)

12.6 (3.6)
4.4(2.2)
0D8) 3.9 (2.3)
a59) 1.8(2.2)

» Total manure applied direct dejection plus additid compost
2 Between parentheses expressed in a per ha basis
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Table 5: Livestock rad crop productivity, manure excreted, collected applied, and crop residues incorporated for edctine farm types (resource groups). Averages damadar(
deviations of the last 5 years of the 10 y simatadifor the baseline scenario using the wettefathiseries.

Herd size  Live Grass Crop Milk Manure Crop Total Maize Crop C stock Grain
weight intake residues  produced enters the residues manure stover residues to produced
intake kraal to kraal applied produced  soils

(# farm®) (kg farm?) (tfarm'y?h)  (tfarmly?) (kg farm'y?)  (tfarm'y?) (tfarm’y?)  (tfarm'y?)  (tfarm'y?)  (tfarm'y?)  (tfarm?) (t farm* y?)
Baseline
RG1 13.6+0.4 3715413 24517 75#1.6 204811 7.9%0.3 0.9+0.2 3.3(43) 6.6(2.07 <05 38.4(11.6) 5.2 (1.6)
RG2 6.9+0.3 1844 +198 12.2+0.8 3.710.8 1106 +60 3.9 +0.2 0.6 0.1 1.8 (2.2) 3.4(1.7) <05 19GB) 3.0 (1.5)
RG3 0 0 0 0 0 0 0 0(0.2) 1.2 (0.7) <0.3 14.6)8.6 0.5 (0.3)
RG4 0 0 0 0 0 0 0 0(0.2) 0.5 (0.6) <0.3 6.5 (8.2) 0.2 (0.2)
Crop farmers conserve their crop residues
RG1 12.2+0.3 32854339 22.7+1.1 5714 1808 +5 7.0+0.2 0.9+0.1 3.0 (4.0) 6.6 (2.0) <0.3 3@16) 5.1(1.6)
RG2 6.1+0.1 1595 +169 11.1+0.6 2.8%0.7 951 +43 3.310.1 0.7 0.1 1.6 (2.0) 3.4 (1.7) <0.3 19.6)9 3.0(1.5)
RG3 0 0 0 0 0 0 0 0 (0) 1.7 (1.0) 1.6(1.0) 18BQL 0.9(0.5)
RG4 0 0 0 0 0 0 0 0 (0) 0.8 (1.0) 0.7 (0.9) 8.4%10 0.4 (0.5)
Legumes supplemented
RG1 146 +0.7 4193+494 26.6+2.0 7.5+1.7 2166 +9 8.7 +0.4 0.9+0.4 3.6 (4.7) 6.7 (2.0) <05 3817) 5.2(1.6)
RG2 7.3+0.4 2095+239 13.3+1.0 3.8+0.8 1164 +63 4.3 +0.2 0.7 0.2 1.9 (2.4) 3.4 (1.7) <05 195B) 3.0 (1.5)
RG3 0 0 0 0 0 0 0 0(0.2) 1.2 (0.7) <0.3 14.6)8.6 0.5 (0.3)
RG4 0 0 0 0 0 0 0 0(0.2) 0.5 (0.6) <0.3 6.5 (8.2) 0.2 (0.2)
Targeted fertilisation
RG1 145+0.7 4157 +412 258420 9.6+1.4 22171+1 8.7 £0.3 0.8 0.1 3.5(4.9) 12.8(3.9) 3.2(1.0) 49.8(15.1) 12.4(3.7)
RG2 75+04 2118+202 13.3+1.0 4.9+0.7 1194 +82 4.4 +0.2 0.5+0.1 1.8 (2.1) 54(2.7) 2613 .1283.00 4.7(24)
RG3 0 0 0 0 0 0 0 0(0.4) 41(24) 1.4(0.8) 008) 3.7 (2.2)
RG4 0 0 0 0 0 0 0 0(0.2) 20(2.4) 1.0(1.0 95.9) 1.7 (2.1)

I Between parenthesis total manure applied dirgetten plus addition of compost
2 Between parentheses expressed in a per ha basis

92In0Sal Paa} Jo Juswabeuew aANd3|0D



Chapter 7

ORGl1 o0oRG2 ARG3 ARG4

o

00

5 | Baseline 0 06
4 86’ X
§o°
o
(A)
:i-\ o O
;(__5 54 No acce%s to 0o
= 4 | crop residues °%‘%93’
(2]
=
Q
>
= (B)
]
O

5 1 Targeted %o 0 ©
fertilisation o oo
4 %@ O%A céPA ik o

e

0 | o :
5 10 15 20 25
Soil C stock (t ha?)

Figure 7: Simulated grain yields plotted againstdated soil C stock at el plot type fo
the cattle farmers of Resource Groups 1 and 2 (R@I1RG2), and for the non-cattermer:
(RG3 and RG4), for the three different scenari8$:Raseline, (B)The cattle of the RG1 a
RG2 has no access to the residues of RG3 and R@4 ) Targeted fertilisation scenat
where all crop residues of the homefields are ipo@ted into the soil, manure is applie
the mid and outfields and fertiliser use in alltbé plots is increased (see Section 2.
details on the scenarios).

3.3 The effect of rainfall variability on the expeted benefits of management

The coefficient of variation of rainfall and theopability of seasonal drought are
relatively high for Murewa therefore in this sectiwe compared the outcome of the
explorations by using three different rainfall sstifor all the management scenarios.

3.3.1 The effect on the herd dynamics and cattieypstivity

The herd dynamics differed for each of the threéedint rainfall sets used in the

simulations due to feed availability (Fig. 8). Tékect of restricted access to the crop
residues of the crop farmers was observed undehr@é rainfall series, though this

was more critical for the herd size when the stathe rains was delayed (e.g month
60 in Figs. 8A and D and month 48 in Figs. 8C and D
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——Baseline —o— No access crop residues —— Legumes supplemented x— Targeted fertilisation
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average series T wetter series drier series

Herd size (#)

BW (‘000 kg herd1)
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Figure 8: Simulated development of the herd sizbaggregated bodyweight of the whole herd of tHage under three different
management scenarios (baseline, no access totodttie crop residues of crop farmers, and thestatyscenario), and with different
rainfall series (A) and (D) using an average rdirsieries, (B) and (E) using a wetter series, &)dand (F) using a drier series.
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In the model, feed availability in the grasslarsigliiven by rainfall, in the dry season
cattle feed crop residues and grass of the vlei iftlore humid landscape position of
the grassland), but intake is restricted due topib@ quality of the grass. When the
availability of crop residues is reduced, cattlselaveight more rapidly, and may die
due to starvation, according to the model, whenbbginning of the rainy season is
delayed. This must be taken with caution becauseartbdel keeps track of the feed
resources available within the area described hydes as their area of exploitation
under normal circumstances. Although the level eddf resources utilisation, both
from grassland and crop residues of our study agtide other previous studies in

Zimbabwe (e.g. Steinfeld, 1988), we did not incladernative adaptive strategies of
farmers that minimise death of cattle such as npthe herd to a different area where
forage availability may be higher, or destock whiesm season becomes critically dry.
When two drought years occur together this redualtmajor loss of cattle, as was
observed in Zimbabwe during the catastrophic dropghiod between 1991 and 1992
(Scoones et al., 1996) and occurs also when welaietlcattle numbers using the
rainfall received in Murewa over this period.

Supplementing calves and lactating cows with legiim&d a positive effect in the
population size because these were added to dieh \whis is very poor in protein,

reducing the bodyweight losses and preserving yoand females in the herd.

Smallholders make use of compensatory growth bgwallg the animals to gain

weight during the rainy season and to lose weighind the dry season because
supplementation tends to be uneconomic (Kebrea.,eP005). Supplementation of
protein during the rainy season can increase tieeofegrowth and compensation up to
2-3 kg per day for cattle (drskov and Hovell, 198Bhis appears as an option to
secure the herd numbers, but needs to be analysedms of benefit and constrains
(cost, competition with other labour needs) witlithmer livelihood options at farm

scale.

3.3.2 The effect on the intensity of the interaxgio

Rainfall variability has a large effect on feed iaaility, which generates feedbacks
into the crop-livestock system by having an eff@ttthe herd dynamics, the intake of
grass and crop residues from the cropland, anéuri@unt of C and nutrients that is
transferred from grassland to the farms. In theulatons when there was little

rainfall during the growing season, the recoverypodflyweight of the herd was poor,
and animals entered the dry season in a poor ¢ondihat, added to the low

availability of crop residues, risked the survighlthe animals. When the production
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of grass is adequate, but feed availability dudngseason is low, the effect of a delay
in the start of the rains can decrease the surakahttle in the short term and have
negative consequences on the reproduction capatitgmales in the medium and
longer term. This effect was observed in herd saeklive weight of the herds in the
simulation in the scenario of no access for cadtine crop residues of crop farmers in
the drier rainfall series (Table 6). On the othandh the positive effect of the rainfall
from the wetter series was observed in terms oflecgiroductivity (numbers,
bodyweight, milk and manure), but not in large ademin soil C in the soils, because
the extra biomass produced due to higher rainfall ananure availability was
consumed by the larger herd. In the baseline smeneattle consumed more crop
residues than that produced at the farms wherelibleyng, this deficit being larger for
the RG1 farmers and in the wetter rainfall seriegsb(es 4, 5 and 6). In the targeted
fertilisation scenario, although the RG1 and RGEmtxs produced enough crop
residues to feed their cattle, because they incatpanost of the crop residues into the
soils of their homefields, cattle fed more on thepcresidues of the non-cattle farmers
(RG3 and RG4) leaving smaller amounts to be inaated into the soils of their mid
and outfields.

In the wetter rainfall series, and for all scengyrithe transfer of C as manure from the
grassland to cropland was 10 % larger (betweertd@45 t manurey for the whole
village vs 80-102 t manure y for the drier series). The transfer from the fetd crop
farmers to the kraals of cattle farmers is alsgdain the baseline of the wetter series,
but this effect is not perceived as a loss in $bibecause of the larger biomass
production in the years of more rainfall and theyéas additions of manure that partly
compensate for the removals (Fig. 9A).

The positive effects of incorporating residues apglying manures were only slightly
larger in the wetter rainfall series (Fig. 9B and kecause the differences in biomass
added to soils was relatively small. Rainfall vhiliiéy has a relatively small effect on
soil processes which have relatively slow rates,tbe effect on crop yields and on
people food security can be large. Under the basalcenario, in which the village as
a whole applied 2.3 and 0.4 tyof N and P mineral fertilisers, the grain prodonti
fluctuated around 100 t of grain (Fig. 10A), whishin principle, sufficient to feed a
village with 330 people (with an average need df B§ maize per capita per year). In
a dry year, production of grain fell by half (Fig0C), leaving most people food
insecure. Crop farmers of RG3 and RG4, who reptede0% of the village
population, produced under the baseline scenaonatatb—20% of the total grain (Fig.
10 D, E and F), in all three rainfall series. Whbese crop farmers did not grant
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access to cattle to graze their crop residuespybeall grain production of the village
slightly increased, and the share of the produatibthe crop farmers rose to about
25%, which was not enough to make them food sdffesent (cf. Tables 4, 5 and 6).
Under the targeted fertilisation scenario wherather optimistically - the production
of grain more than doubled, the share of the caomérs increased to about the half of
the total, and would have reached food securityrfost of the years. This intervention
would imply increasing the use of mineral fertitise5 times for N from 2.3 to 5.8 t
y 1, and the use of P sevenfold, from 0.4 to 2.9't 4t the village level, this would
mean putting into practice the aspiration of the@sin green revolution of using about
50 kg of fertiliser per ha of cropland and manuratgut 40% of the land.

average series wetter series drier series

(A)

Baseline

—O—RG1 -0

(B)
No access to
crop residues

Simulated Soil C change (t farm-)

©

Targeted
fertilisation

Time (months)

Figure 9: Simulated changes in soil organic C (wébpect to the year 0) after 10 year
cultivation under different management strategid¥:Baseline, (B) No access to cattle to
crop residues of the non-dattfarmers (RG3 and RG4), and (C) Targeted featilis
scenario where all crop residues of the homefialdsincorporated into the soils, manur
applied to the mid and outfields and the fertilisse in all the plots is increased (see Se
2.4 for details on the scenarios).
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Table 6: Livestock and crop productivity, manurerexed, collected and applied, and crop residusjiorated for each of the farm types (resourcapgp Averages and standard

deviations of the last 5 years of the 10 y simatadifor the baseline scenario using the drier atliséries.

Herd size  Live Grass Crop Milk Manure Crop Total Maize Crop C stock Grain
weight intake residues  produced enters the residues manure stover residues to produced
intake kraal to kraal applied produced  soils

(# farm®) (kg farm®) (tfarm'y?)  (tfarm’y?) (kg farm'y?) (tfarm'y?) (tfarm'y?)  (tfarm'y?)  (tfarmty?)  (tfarmly?)  (tfarm?) (t farm* y?)
Baseline
RG1 109+0.2 31474291 20.7+1.7 7.0#1.5 15181+1 6.6 £0.5 0.8 +0.2 2.7(3%) 6.3(1.97 <05 38.0 (11.5) 4.8(1.5)
RG2 57+0.1 1562 +146 10.3+0.8 3.5%0.8 808 55 3.210.2 0.6 +0.1 1.5(1.9) 3.2(1.6) <05 18.B)8 2.7 (1.4)
RG3 0 0 0 0 0 0 0 0(0.2) 1.2 (0.7) <0.3 14.5)8.6 0.5 (0.3)
RG4 0 0 0 0 0 0 0 0(0.2) 0.5(0.6) <0.3 6.5(8.2) 0.2 (0.2)
Crop farmers conserve their crop residues
RG1 9.6+0.2 2631 +198 18.1+1.2 51+1.2 1289 +67 5.5 +0.4 0.8 +0.2 2.7 (3.4) 6.2 (1.9) <03 3164 4.7(14)
RG2 49+0.1 1332 +106 9.2 +0.6 2.6 £0.2 705439 44D.2 0.6 +0.1 1.3 (1.8) 3.1(1.6) <0.3 18.818. 2.7 (1.3)
RG3 0 0 0 0 0 0 0 0 (0) 1.7 (1.0) 1.5(0.9) 18381 0.9 (0.5)
RG4 0 0 0 0 0 0 0 0 (0) 0.7 (0.9) 0.7 (0.8) 8.23)10 0.4 (0.5)
Legumes supplemented
RG1 11.9+0.1 3509364 224423 7.1+15 162623 7.3+0.5 0.8+0.2 3.1(4.0) 6.3 (1.9) <05 3a15) 49(1.5)
RG2 6.0+£0.2 17314180 11.1+1.1 3.5+0.8 823 +68 3.6 £0.2 0.6 +0.2 1.6 (2.1) 3.2(1.6) <0.5 18.%5)8 2.8 (1.4)
RG3 0 0 0 0 0 0 0 0(0.2) 1.2 (0.7) <0.3 14.5)8.5 0.5 (0.3)
RG4 0 0 0 0 0 0 0 0(0.2) 0.5(0.6) <0.3 6.5(8.1) 0.2 (0.2)
Targeted fertilisation
RG1 122+0.3 3604 +351 222420 9.2+1.2 1723%¢1 7.4 +0.5 0.7 +0.2 3.0 (4.3) 12.1 (3.7) 3.1(1.0) 48.7(14.8) 11.6(3.5)
RG2 6.4+0.2 1810+182 11.2+1.0 4.7+0.6 923 +94 3.7 +0.2 0.4+0.1 1.5(1.9) 50(25) 25(@1.1) 281.4) 4.4(2.2)
RG3 0 0 0 0 0 0 0 0(0.4) 41((2.4) 1.4(0.8) 1@B6) 3.6(2.2)
RG4 0 0 0 0 0 0 0 0(0.2) 19(2.4) 09(.1) 9QnY) 1.7 (2.1)

T Total manure applied direct dejection plus additd compost
2 Between parentheses expressed in a per ha basis
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Current No access to crop Targeted
~— management = residues from non- X~ fertilisation
livestock owners
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Figure 10: Simulated grain production for the whiwlgual’ village under three managem
scenarios (baseline, no access to cattle cropuesidf the non-cattle faerms (RG3 an
RG4), and targeted fertilisation), and using threeedéht rainfall series: (A) average sel
(B) a wetter series and (C) a drier series, andstime of the non-cattlearmers grai
production to total production of the whole villafye (D) average rainfall series, (E) a we
rainfall series and (F) a drier rainfall series.

3.4 Cattle productivity vs crop productivity

More than 85% of communal farm households use drdnadét power, but only 5-8%
of the farmers have sufficient draft animals faction and this leads either to poor
crop yields because of the delays in planting Shuiil®84), or to reduction in the
planted areas. A span of two oxen requires abaeethnd a half days to plough a
hectare of land on a wet soil Francis (1993). Noeas to animal traction resulted in
delays in planting and failure to perform winteoyghing. Where animal power is not
used, weeding can take up to 175 h/ha: this is stlimalf of the total time required for
all the field operations together. According to &p€l968), maize yields are reduced
by 1-3% per day when planting is delayed until dvember. The village studied
had between 40-50 oxen in the simulations acraamsasios, which in principle would
be enough to plough the 116 ha of cropland withimanth, if access to oxen is
guaranteed and exchanges between crop and cattlerfaare facilitated.

To sustain the herd size of the baseline sceneaiile of the farmers from RG1 (in
average 10 heads) consumed between 20-25 t of jarssss ¥*. The Hyparrhenia-
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veld type of grassland produces about 1.5 to 4mbss ha y* (Frost, 1996), of
which about half may actually be consumed by cattle either to poor quality or
constraints imposed by herbage availability (Dederdand Breman, 1993; Herrero et
al., 1998). Without taking into account negativieef of overgrazing on the pastures,
each farmer of RG1 would need to have access t@712a of grassland to apply
about 3-4 t of manure™y (under relatively poor management) in their fartdader
the baseline scenario, it should be possible towta@ the herd size to guarantee the
availability of oxen for ploughing.

3.5 Options for intensification through crop-livesbck integration

Although there is consensus on the need of orgasiources to sustain crop produc-
tion in communal farming areas of Zimbabwe (Campbelal., 1998; Giller et al.,
1998; Waddington et al., 1998; Mapfumo and Gill2d01), and most researchers
agree on the long term effectiveness of manureagmns (Grant, 1967; Mugwira et
al.,, 2002; Nyamangara et al.,, 2003b), recommeng&tido not match manure
availability on the farms of most smallholders. Gtudy indicates that farmers with
10 cattle may recycle about 4 t manuré with the current manure management.
These amounts may be increased by adding cropuessidbut the quality of the
manure compost will be reduced, and the cost opart back to the field increased.
On the other hand, adding crop residues to the ostmpeduces feed availability to
cattle, which in turns affects manure productionrv8ys conducted in communal
areas of Zimbabwe (Mugwira and Murwira, 1997) irdéxl that farmers apply much
larger amounts (between 10-20 t manure Targ') than that calculated in our
simulations, but manures applied by farmers arallysmixed with large amounts of
sand that comes from the bottom of the kraal whanure is dig out, which reduces
the quality of the manure compost (Mugwira and Muaw 1997). Research in
Zimbabwe has shown some opportunities to increagaure availability through
storing manure in pits instead of in heaps (Nzuma Murwira, 2000), which may
require extra labour. This may reduce the gap batwhe manure that accumulates
during kraaling, which was in our study between T+8anure farm y* for farmers
with 10 cattle, and manure applied to crops (3agahure farit y*), but due to the
unimodal rainfall pattern, losses of C and nutseddiring may not be as low as the
30% for C and 20% for N observed for optimal manmanagement in the highlands
of East Africa where manures are stored for a gesic6 months (Rufino et al., 2007b
- Chapter 3).
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Thornton et al (2003) identified a number of crog$tock management strategies that
show promise in increasing income and productivitysmallholders in maize-based
mixed cropping systems of Southern Africa. Thesategies included improved
feeding systems incorporating dry maize stoverrawed management of green maize
stover for feed use, intercropping with grain, dpatpose or forage legumes. We need
to be aware that increasing the use of crop residoe cattle feeding may bring
negative consequences for the non-cattle owneessithis is compensated somehow
by social agreements. In the study of Thorne e{28102), the benefits of improved
manure management strategies for more effectiveientitretention and transfer
amongst system components were not as obviousoas fhom the other strategies.
We did not explore in our study the potential bésedf improved manure quality as
we were interested in the interaction between fesrdae to feeding strategies. This is
an interesting research question that needs taxplered at farm scale, taking into
account competitive uses for the crop residuesfanthbour in other farm activities.
Sumberg (2002a) discussed that constraint to theftbe of crop-livestock integration
need to consider the larger integrated system, thatl farmers have shown little
interest on increasing the productivity per heatheir cattle, because of the different
roles attached to cattle. It is necessary to umaedswho the potential user of
technologies are, and which are their objectiviisnaot related to increase biological
productivity. Sumberg (2002a) stressed the neelddk at longer term, trends and
evolutionary steps in systems development, and quektions can be addressed with
the combined models presented here. Producers withkn the boundaries of their
existing system, and although thinking of new systeconfigurations is valid,
adoption by the producer is in no sense guarantedatlikely that a combination of
the scenarios we explored where crop farmers khep trop residues and cattle
farmers producing legumes to allow cattle to corsyormor quality grass, may reduce
the competition for resources in the community.tA#se need to be explored together
with farmers to see how they fit into their broatieelihoods strategies.

5. Concluding remarks

At community scale, the type of interaction betwéamers determines who benefits
from the integration of crop and livestock. Theetaihce of the non-cattle farmers and
the removal of C by cattle leads to lower cropdsein the poor fields of their farms,
and has relatively smaller effect on the fieldsha cattle owners that receive animal
manures and fertilisers. Rainfall variability ing#fires the interactions, when the start
of the rains is delayed, the low availability obprresidues during the dry season may
lead to loss of animals from the herd. In yeargawd rainfall the removal is relatively
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not important. Farmers make use of common resoawasxding to their own resource
endowment (cattle heads) and social agreements.rdrheval of nutrients from the
fields of the non-cattle owners due to grazing leatvas relatively small in our
explorations due to the low biomass productionhaf poorer fields of those farmers.
Crop-livestock integration at village scale resuttsconcentration of nutrients in the
farms with larger herds and increases dependenityeqioorer smallholders on external
inputs, and other types of exchanges within thiagal such as labour for food, cash or
manures. In our targeted fertilisation scenario lweught and spread in the village
cropland three times more fertiliser than that useitie time of the survey in 2004. This
was enough to compensate for the negative effethefinteractions due to feeding
management of cattle, and to boost the grain ptaduof the village. It may be an
unrealistic scenario for a smallholder communityZimbabwe, certainly under the
current economic and political circumstances. Ty® of system change needs to be
supported by institutional changes, in line wita ttleas of the Abuja declaration of the
African heads of state and the African Green Reiaiu
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1. The benefits of crop-livestock integration

Using the analytical tools developed within thisaarch, different functions of live-
stock within mixed crop-livestock systems in Suthv&@an Africa were quantified and
evaluated with regard to whether they could beyeptints for interventions (see
specific objective 2 in Chapter 1). The use of nmarand the benefits obtained differ
between farming systems from one environment tahemmodepending on the agro-
ecology, market opportunities, but also culture &maditions. Gains in nutrients may
be obtained through improving manure managemerdugjin collection and storage
(Chapter 2). The amount of manure available dependke cattle holdings and feed
availability, which are linked to management demisi of the farmers on allocation of
resources (land, labour or cash) to either prodcaiect or purchase feeds, and to the
availability of feed at a higher relevant scalg(eillage, nearest market).

Farmers may improve feeding if there is an expebttefit from following that strat-
egy (Baltenweck et al., 2004). In dairy systemss thenefit may be measured in
calving and milk outputs. Explorations indicatedattito maximise benefits from
investing in dairy intensive systems, with herdshwow replacement rates (Bebe et
al.,, 2003), feeding needed to be targeted to filtrinonal requirements at key
physiological stages (Chapter 4). Under the curi@mb sizes (less than 1 ha), and the
proportion of land allocated to fodder crops (ab2d®o), relatively large amounts of
feed need to be imported (30—-40% according to Rgnetal., 2004) in the intensive
systems of Central Kenya. Establishment of daisteays needs to guarantee not only
product price and infrastructure, but also a staagut supply (feeds, replacements,
veterinary services, etc) and this has strong rafibns at the regional scale. With the
current mortality rates in the dairy system of CainKenya, we estimated a reduction
in lifetime productivity of dairy cows of 43-65% asmpared to the scenario with nil
mortality (Chapter 4). Without institutional suppoin providing extension and
veterinary services, investment in animal capiath a start-up capital for dairy of
US$ 400-1000 in the Central highlands of Kenya (Mgiaand Omore, 2004), may
not be justified and certainly beyond the reacmoét poor farmers.

Beyond the contribution to incomes, dairy systeragednto be sustainable. In our
explorations (Chapter 4) using different feedingateigies targeted to increase milk
output and reduce calving intervals, we observednarease of about 30% in the
amount of manure and of 40% in the amount of mahieetween the poorest diet
and the best diet, which was supplemented with eainates to match the energy
requirements of lactation (Table 1). Although farsméave different management
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strategies to increase the quality of the manuferbeapplying to their fields (Lekasi
et al., 2003), large losses of C and nutrientsnducollection and composting reduce
considerably the amount available for recyclingwnithe farm (Chapter 3).

We observed differences in N cycling efficiency ®)J(see specific objective 3 in
Chapter 1) between farms of different wealth clas$®r poorer farmers, large N
losses occur at all stages of manure cycling. Willhrent management, the poor
farmer recovered <1 kg Ny in composted manure from 15 kg N'yexcreted.
Improved manure storage had little effect on insireg overall NCE for the poor
farmer due to large losses before storage. Wealthieners can expect benefits from
improving manure storage and may recycle about0é6 8f N excreted (ca. 30 kg N
y ) with small investment in infrastructure. Resulsm experimental work showed
that covering manure heaps with a polythene filduoed mass and N losses
considerably. For the poor farmers to increase avéMCE, investment in cattle
housing and recycling of urinary—N is required (Qtea 3).

Table 1: Simulated feed intake, milk production andnure excreted by a dairy cow fdifferent
diets based on Napier grass, supplemented seasondll maize stover (ms) and dairy concentrate
supplemented during lactation. Results show averpgeyear of lifetime and standard deviations.

Forage DM Concentrates  Milk Faecal DM Faecal N  Urine N
intake DM intake  production

Diet (kg TLU' (kg TLU? (kg lactation® (kg TLU™ (kg TLU™ (kg TLU™
y) y) TLUY y) y) y)

Napier grass 2704 + 458 0 2509 + 361 1230+2092.6+2.0 11.0+1.4

Napier grass 2054 + 406 0 2043 +235 937+1689.3+1.7 85+1.2

+maize stover (ms)

Napier grass+tms 2303 +426 237 £128 3094 +409 1090+2021.8+2.2 9915
+2 kg concentrates

Napier grass +ms +52788 + 453 607 £168 3537 +471 1392 +2056.7£+2.9 13.3+1.8
kg concentrates

Another experiment conducted in western Kenya @metl et al., 2008a) to compare
current and alternative manure storages, showedtibiage in pits conserved more C
and less nutrients than heaping the manure undeofa Giving the relatively small

amounts of manure available per farm, differerdatstsies may fit different purposes.
Conserving carbon (C) would be sensible if fertilss are available to be applied in
combination with manure composted in a pit. To dab®ur, manure composted in a
roofed heap for a relatively short period (no mibv@n 3 months, cf. Fig. 5 in Chapter
3), would give the best quality and the best respoftom the crops. When the
amounts of manure available are very small, avgidasses during composting may
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be the best strategy, which can be put into pradiic manuring different fields with
small amounts partitioned throughout the season.th&t larger scale, there is
concentration of nutrients and C through animabfewaported into the dairy farms
from all surrounding farms that participate on teed market, and from communal
grazing. This may be partly compensated by thetexte of a market for manure.
Moll et al. (2007) estimated that manures represdaut 6% of the income in an
average dairy farm from Nakuru, in the Rift Vallpsovince in Kenya. However, this
will most likely not suffice to compensate for lessof organic matter from the fields
of specialised feed producers.

There is not one simple recipe to successful armgsiock integration as this depends
largely on the farmer’s own objectives, which agastive to fluctuations in the socio-
economic environment. Enterprises that are suadesgfay may drop in productivity
in a relatively short time because of lack of ex&tiinputs and loss of (animal) capital.
Intensifying crop-livestock system requires skillisdmers, and technical assistance
(Waithaka et al., 2007), that may limit consideyatble success of promising technical
interventions. If livestock is to fulfil severalrations, the design of interventions must
consider farmers’ demands to increase the liketlhmicadoption and impact. Investing
in highly productive animals makes it more diffictd decide to sell the animals when
there is a need for cash.

2. Constraints at different scales. the use of modelling to explore
options

Technologies that are designed to meet farmersadesneed to fit realistically with
farmers’ resources and constraints (IAC, 2004). Tékabilitation of soils only
through the use of animal manure is unlikely togeapif feed availability limits what
livestock can harvest and process. There is a lweéltesearch dealing with problems
of poor soll fertility at plot scale in southernré&fa, and particularly for the communal
areas of Zimbabwe. Several technical solutions Haeen proposed since the early
1920’s (see Wolmer and Scoones, 2000), most of thmund the idea that mixed
crop-livestock integration will increase the protiuty of the land. Experimental
work in the 1960 and 1970’s indicated that largeitimhs (10-40 t dry matter R of
animal manure were needed to support crop produ¢da. Grant, 1967; Rodel and
Hopley, 1973), and based on those recommendatioa moent research has assessed
combinations of manure and other organic amendmeitlsfertilisers (Giller et al.,
1998; Mugwira et al., 2002; Mtambanengwe et alQ6)0Although the results of plot
scale trials, especially those with applicationseglumes or other organic resources in
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combination with fertilisers show promise for ingseng crop yields, animal manure in
combination with fertilisers usually gives the bestults. This is most probably due to
the addition of other nutrients (e.g. Ca, Zn) thhand P with the manures (Zingore et
al., 2008) thereby preventing acidification of sorl the long term (Grant, 1967).

Heterogeneity within farms due mainly to differ@htmanagement of organic re-
sources has been observed in the communal farmeas @f Zimbabwe (Chibudu et
al., 2001; Mtambanengwe and Mapfumo, 2005; Zingaral., 2007b). Farmers man-
age the soils of their farm creating ‘islands atif¢y’ or ‘hotspots’ from which good
yields are obtained. This phenomenon is also coriynaloserved in mixed farming
systems in West Africa (De Ridder et al., 2004; Bam 2005; Breman et al., 2008). A
prerequisite for this strategy to be effectivehis availability of organic resources to be
fed to livestock or to practice mulching. Ideasland planning from the colonial time
persist until now in Zimbabwe. Barnes (1978) disedlsthe need of stimulating inten-
sive profit-oriented farming in communal areas l§ariTrust lands), for which the major
constraint was the collective management and @assnade at the community level.
He suggested, as an alternative to comply withtribal customs, the allocation of a
piece of arable land to each family, and a delidhgeazing land divided into paddocks
to the whole community, and the unification of therd of the village. This type of
(collective) management was observed in our stiudyrsNE Zimbabwe (Chapter 7).

We explored the consequences of competition for afserganic resources on the
productivity of different farm types within a ville@ area in Zimbabwe (Chapter 7). The
analysis was focused on village scale recognisiagthis is the relevant scale where the
constraints to sustaining cropland productivityhnvénimal manure are defined. The
village was a virtual village in which a number lady features of the real village are
represented: the ratio between grassland and acydlee size of the actual collectively-
managed herd, different farm types with differeeldf types, their resources (livestock,
labour force and access to input), and differemggburce allocation within the farm
types. Different management options were explo@dttie different farm types. A
temporal scale of ten years was used to evaluatandigally ‘what if’ trajectories,
although rather statically in the sense that tihengadid not evolve into different types,
and adaptive management did not take place. Tlak/€is was meant to explore the
magnitude of the interactions, and how collectivearge may modify collective
outcomes. The explorations suggested that thertuise of the biophysical resources
leads to more inequity in the village, by an unegencentration of soil fertility among
different farm types in the community. In practittegre is more diversity as interactions
within a community not only involve biophysical cesces but other social relations
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(Fairhead and Leach, 2005), such as exchangesbotirrla manure, grain, within
extended families and between households, thaeast Ipartly compensate for the
nutrient losses and lower yields of some pooreméas within the community. For
instance, Dekker (2004) identified the lack of oterplough as one the main six risks
that affect the livelihoods of small scale farmergommunal areas of Zimbabwe, and
the main risk-coping strategy was the support ndtwathin the community.

The model explorations were useful to test hypabeand to generate new questions.
It takes a long time to observe the benefits ofrommg soil organic matter, especially
with the relatively small amounts of biomass andnuma available in the farming
systems under study, and where there are compgetiBes of the organic resources.
Effects of different management of the organic veses on yields from poor soils
may not be perceived in one or two seasons, whay adiscourage farmers from test-
ing alternative technologies. Combining these vidtiilisers, may pave the way to
gain interest from potential users. The role oéditock in accelerating this process is
important, but will not be enough to substitute floe need for external inputs to start
the restoration of soil fertility when more land needed for food production. The
applicability of the management options identifiegjuires farm scale evaluations,
which may be model-assisted. We plan in the nearduto combine participatory
approaches that will allow targeting our researahm iotegrated soil fertility
management to the needs of the farmers, withirbthedaries imposed by collective
management. Options need to be analysed withidittegsity of existing management
strategies, and to test the applicability of théiams identified within this modelling
research, the combination of experimentation anddas views is needed.

3. Modelling approaches and their rolein farming system analysis

At the start of the NUANCES (Nutrient Use in ANimahd Cropping systems—
Efficiency and Scales) project in 2001 (Giller £t 2006), the expectations were to be
able to summarise existing knowledge and explorgong within diverse farming
systems, targeting the farm scale, where managedemnsions are taken, by using
modelling techniques. The ambitions were to usestex) databases, characterise
farming systems from selected study sites, to ugstieg models and to develop
simple models when there was an important gap,aajdtified need for investing in
model development according to farming system-$jpga@search questions.

This research was central to the development oatiadytical framework (see specific
objective 1 in Chapter 1). The modelling tools wesed to explore hypotheses on
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systems functioning, while accepting that some gapgsowledge may lead to (over)
simplifications of key system processes (Schleolttdiernaux, 2004). Yet, the use of
these techniques has led us to make choices dmathe of the relative importance of
detail and complexity to the research questions @mdstop when the current
knowledge was insufficient to Describe, Explore px and Design. The models
included in NUANCES-FARMSIM (see Tittonell et a005a; Rufino et al., 2007a;
Rufino et al., 2007b; Tittonell et al., 2007; Vanijk\et al., 2008), are all based on
accepted principles, from which key aspects weralifieal to fit the exploration
needs. The first stage of the development of tleenéwork has focused on the
exploration of feasible biophysical options forensification in crop-livestock farming
system at different scales: crop (e.g. Tittonelhlet2008b) and livestock sub-systems
(Chapter 4), organic resources and manure manageulessystem (Chapter 3), farm
scale (Tittonell et al., 2008c) and village scaEhdpter 7). After three years of
iterative cycles of model development, calibratitesting and re-design, we under-
stand that is extremely difficult to generate tdabist may be used to draw conclusions
on interventions that will be appropriate under atinditions, because always
understanding on the farming system functioningneeded. The model-assisted
explorations were built on large amounts of pregigasearch at each of the sites
where the studies were carried out, complemented mew experiments and field
observation especially addressed to characterisageanent. It is possible to use the
tools for model exploration and test hypothesesther locations than western and
central Kenya and communal farming in Zimbabwe,tbhatadaptation, calibration and
testing of the models will not be a trivial task.

However, systems analysis and the modelling framkewave been very useful to
stimulate fruitful discussions among researchexs laave helped to identify critical
gaps in the current knowledge of biophysical preessthat are relevant to address
properly future research needs. For example, thetyainimal interactions in grazing
modelling (lllius and Hodgson, 1996), which is kdse foraging theory (Stephens
and Krebs, 1986), is an area that requires moesarels especially to understand the
exploitation of heterogeneous natural vegetatiotheyherds (Scoones, 1995; Turner
et al., 2005), and adaptation in case of climatesst Another area that needs more
research, is the identification of options for rahitation of inherently poor and/or
degraded soils, and the long term responses te ihterventions. We plan to address
some of these issues in our future research agénaaexpectation at the beginning of
this research was to use the tools together wighctiaracterisation of the sites in-
cluded in the AfricaNUANCES project, to addresscipe questions at each of the
sites. Unfortunately the data collection and pregggis not yet complete in all eight
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sites (see www.africanuances.nl), which meansttieprocess of Describe, Explain,
Explore and Design is far from finished. Furtherejothe usefulness of models in
highly complex farming systems is debatable. Fasnae adaptable and individual
systems change over time. The current limitatiomoflels to capture these dynamics
properly means that they can help in assessing geamant options, but will not give
complete answers.

In brief, modelling was useful for summarising éxig information, to identify and
(when possible) fill gaps in knowledge, and alsaédfine at which scale the alterna-
tive for current problems need to be explored. €rae other modelling approaches,
such as multi-agent modelling that show some prentis analysing complex and
diverse systems. Thornton et al (2007) suggestadthis technique may be useful to
incorporate in a more dynamic fashion the evolutbithe farm households. Schlecht
and Hiernaux (2004) propose its use to model dycaiyi management decisions.
Multi-agent modelling, developed in the world ofifacial intelligence, may be useful
to address questions related to human relationsresalrce use at different scales
(human-environment interactions). A ‘multi-agent dab of land use change’ is a
combination of a cellular landscape model with admsed representations of deci-
sion making that integrates interdependencies aadbfacks between agents and the
environment (Parker et al.,, 2003). The cellular elodepresents biophysical and
ecological aspects of the system (the environmemthich agents act) and the agent-
based model represents the human decision makimgf #fee environment. Rouchier
et al. (2001) developed a multi-agent model to @expthe relationship between nomad
herdsmen and farmers in N Cameroon. The simulasbiesved an emerging pattern
(regular dynamics) on resource use, which is basethe social agreements and a
learning process for the agents. Building a mude+a model requires a great deal of
understanding on how the system under study wankd,it does not prevent a large
number of assumptions and simplifications on hoenégy make decisions. Although it
offers opportunities for incorporating dynamics tlmee decision making, and keep
diversity and heterogeneity within communities,caumes should be compared with
what simpler dynamic modelling techniques and e af rule-based methods have to
offer. Both approaches have a potential use thed ne be further explored, and it is
the role of modelling in accompanying process odnge (companion modelling)
(Bousquet et al., 2007). Experiences in northerail&hd, indicated that the process of
building the multi-agent model, the explorationdgrlaying games with the farmers,
changed the whole perception of what the problemevor the researchers and also
for all the stakeholders who acquired a richer vadveach others realities (Bousquet,
F. 2006, Pers. commun.). It was the process oflimgiilmodels that was the most use-
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ful instead of the models themselves. In generallets may be an useful instrument
to stimulate discuss, particularly when the stakddrs views are consulted at early
stages in the model development process and whenettognition of a need for
changes is shared (Sterk et al., 2006).

4. Risk, vulnerability and adaptability in crop-livestock systems

Risk is an important component of smallholders frshlivelihoods (Dercon, 2005).
Common sources of risks are for example drougletstspand diseases, market shocks
and political instability. Households are more esgxb to risk (i.e. are more vulner-
able), when they are poorly endowed and are pcuported or excluded from social
networks. The frequency of occurrence of droughts increased in last twenty years
in Zimbabwe (Matarira et al., 2004) and this magr@&ase further due to the effects of
climate change. Droughts have a clear short tefettebn food production, exposing
everybody within a community to risk. The long teconsequences are due to
destocking used as a risk coping strategy, whiasdmt completely insure families,
or due to massive death of cattle. In times of ghdtthe value of animal products
drops down and the capacity of livestock to smaathsumption becomes limited
(Fafchamps et al., 1998). Instead farmers often chapse to reduce consumption and
preserve livestock, an strategy that appears te lerge consequences for children
(Hoddinott, 2006). Example of the long term conssopes of drought is the poor
recovery of the cattle population in Zimbabwe aftex droughts of 1991-92 (Chibudu
et al., 2001). During model explorations, we obedrthat the size herd of our virtual
village (Chapter 7), would be reduced by about 68ffer the two consecutive
droughts and that there was no recovery withinsihaulation period under the base-
line mortality rates. Restocking is extremely ditfit for smallholders, because of their
limited capacity to accumulate cash to reinvestcattle and because the surplus
production of crops is also erratic in these enuments (see Chapter 7). The
introduction of small ruminants helps accumulatagget and provides opportunities
for restocking, besides small ruminants represenatiscash for farmers. In the future
a module for simulating the production of small mamts will be included into
FARMSIM. Diseases also prevent the quick recovémhe herd populations, so inter-
ventions that will be addressed to improve healthvestock may have an important
impact on whole communities and reduce their viahiity to risk. The complexity of
these relationships and their dynamics can be exghwith FARMSIM and the impact
of alternative management can be analysed throaghasios. Climate change can
increase the effect of thermal stress on livestoductivity, conception rates and
health of livestock, potentially more in exotBds tauru¥ or cross bred cattle kept for
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small-scale dairy production in the tropics (Kirigag, 2006). These relationships may
be incorporated into LIVSIM for future exploratiarf the effects of climate change in
combination with other interventions strategiesr@sntioned in Chapter 4.

In principle, in zero-grazing systems feed supplitept more constant than in grazing
systems. However seasonal feed availability anditgustill follows the rainfall
patterns thereby resulting in contrasting body Weghanges during the rainy and the
dry season. Milk and manure production usuallyole this seasonality. Although
technologies have been developed to overcome fegcitd (in quantity and quality)
during dry periods, farmers do not adopt theseneldyies. In this way they do not
achieve the expected productivities of the breeddife given environment (Chapter
4). The poor adoption of the technologies (e.gd&donservation), may have differ-
ent reasons, but the most common is that techredogo not fit farmers needs and
possibilities. This appears to be the reason atdidnsuccess in the adoption of fodder
legumes (Sumberg, 2002b; Sumberg, 2004).

Within smallholder communities, not even the wadalthsmallholder farmers are
resource use efficient although there is a pressoremore production and cash
generation. From poor to wealthier farmers thersoisie risk spreading strategy that
leads to low resource efficiencies. So, whetheousse use efficiency is a good
indicator is debatable. This point of discussioad®to be included in our assessments
of system performance at farm and higher scale usecdarmers do not always
maximise utilities, nor pursue economies of scdel( et al., 2007). Urgent needs
governed by tactical decision making may overraemiers strategic plans. Labour
intensive technologies to improve productivity ammhserve nutrients through (animal
and green) manure management, can be unattracinagdering the time horizon of
farmers’ decision making. Adaptability is key tauee vulnerability to risk.

Ecology regards mature ecosystems as charactdryserganised patterns of material

and energy flows, intense recycling, and relativétie dependence from the exterior

environment (Odum, 1969). Their resilience is sas@ on a structure that supports a
diversity of flow paths that allows buffering ofternal shocks. Agro-ecosystems have
in contrast to fulfil the goals (and aspiration§}he farmers, for which they need to be
productive, reliable, (production should be stairléencrease), and adaptable to match
(opportunistic) decision making. Smallholder cropes$tock systems are diverse, often
adaptable and risk-spreading by nature. And thig lead to apparent resource use
inefficiencies. The use of network analysis usintyient or other currency to account

for resource allocation and configuration of thenfahousehold system appears
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promising to assess these system properties: poiycreliability and adaptability,
by looking at dependency on the external environm@nbiophysical inputs and the
internal organisation of the system (Chapters 5@ndResults indicate that increases
in size of the network of N flows and organisatminthe flows lead to increases in
productivity and food self-sufficiency and also wed dependency. Combination of
both strategies may benefit not only productivity blso adaptability and reliability of
smallholders crop-livestock systems.

We made a first step in testing these hypothesespkan to include more similar and
contrasting systems that were observed once in {eng De Jager et al., 2004;
Gachimbi et al., 2005), but also farm systems iaate been observed for a number of
years (Ousmane et al., 2008). Analyses such aorieamalysis (NA) that can be used
for system (re)design can by introducing quali@atand quantitative changes into a
farming system increase their productivity, asdsithe inflow of the external force is
sustained, but may lead to new configuration witkxpected consequences when the
system is left to be driven by itself. Schiere let(8999) discussed the need of more
conservationist farming system research approachgisape agricultural development
according to resource availability. We should bkiras ourselves these questions, to
consider which trajectories of change we may wantexplore, looking at past
transformations may provide some insight (De Rideteal., 2004; Van Keulen and
Schiere, 2004).

5. A way forward: new opportunitiesfor intensification?

Integration of crop-livestock may increase the pidtvity of individual farms
provided that: competition for (natural) resourdegs not become critically high and
degradation induces abandonment of farming. Thee kmenefits in terms of
productivity and resource use efficiency of clogetegration between crops and
livestock. Some of these benefits can be obtaingd velatively small technical
changes. Others need to be combined with radiséitutional changes and/or system
shifts. Targeting feeding according to the phygatal needs of the dairy cows can
increase productivity of dairy systems without Ermvestments. Increasing milk
production of traditional breeds through suppleragon of relatively small amounts
of fodder legumes may not generate a considerableuat of income to the
household, but may improve considerably the pratgike of the children (Randolph
et al., 2007). Introducing exotic breeds to plasksre feed availability and access to
veterinary service and inputs are not guaranteeay tead to discouraging the
adoption of other more suited technologies. Redactf mortality rates will require
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institutional interventions, which are justifiabtensidering the expected benefits for
smallholders.

Changes in manure management, which require smadsiments such as covering
manure heaps, will have long term effects on cnaulpction, especially where farm-

ers cannot afford purchasing mineral fertilisersitriént cycling and conservation of
nutrients from animal manures, through reducingrtmber of steps from excretion
to application to the land is an option to expldneorporating manures into the soil at
shorter intervals is an option when labour demafnden other activities are not

critical. Intensification is not only limited by ¢hsize (and management) of the
common resources but by the social agreements betfleey) members of the

community. Social networks play an important reléhe dynamics and opportunities
for improvement of the farming system, and optioreds to be discussed within the
communities that we may want to target. Modellirgs la role in this process of
exploring feasible futures, but we will be closembake a contribution to intensifica-
tion and to poverty reduction when we are ablendenstandarmers’ models
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Appendix 1: NUANCES — LIVSIM: the Livestock Simulator’

1. Overview and conceptual approach

The Livestock Simulator (LIVSIM) is the animal proetion module of the NUANCES
modelling framework (Fig. A1). LIVSIM is a simpleydamic model based on principles of
production ecology (Van de Ven et al., 2003). Thsra hierarchy of production factors that
determine whether potential, limited or reduceddgeare attained (Fig. A2). Defining factors
are the animal genetic characteristics and clinRd¢ential production is achieved if feed and
water requirements are satisfied. Water and fewkenare the limiting factors. Disease, pol-
lutants and other factors related to well-beinghef animals are the reducing factors. LIVSIM
simulates individuals that have to be aggregaterepoesent different animal sub-systems:
dairy, animal traction, mixed herds for beef pradrcor fattening sub-systems. Management
decisions related to feeding and breeding are purated into LIVSIM but marketing and
culling decisions are derived from household stji@® goals and production orientation and
are included in the core model FARMSIM. Individ@aimals are followed in time, and per-
formance depends on genetic potential and feedures®. Genetic potential is described in
the model by maximum mature weight, potential gtovete and maximum milk yield. Fig.
A3 shows the structure of the model.

FARMSIM: FArm-scale Resource Management SIMulator

CROPSIM FIELD SOILSIM
Potential yield (LDY) Soil C dynamics
Water limited (WLY)  F=-"="="""mmmtomoos ¥ Water balance
N limited (NLY) N balance
Plimited (PLY) & P balance (o + i)
Weed reduced (WRY) ! Soil erosion

: e

P
i . HEAPSIM

LIVSIM | Manure collection
Feed supply Manure storage
Feed demand Compost quality
Milk production
Meat productlon EARMSIM
Manure production =
. (resources, decisions)
L

Figure Al. A schematic representation of NUANCESRMSIM, the farmscale modellin
shell linking soil, crop, livestock and manure misdgnd accounting for availability of farm-
scale resources (such as cash and labour) andlgmaimics throughout the year.

T Adapted from:

Rufino, M.C., M. Herrero, M.T. Van Wijk, J. Dury,.NDe Ridder and K.E. Giller. 2007. NUANCES - LIVSIM
The Livestock Simulator. AfricaNUANCES Working Davent 6. Plant Production Systems Group,
Wageningen University Wageningen, The NetherlaAgailable at http://www.africanuances.nl
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Animal genetics:

- = Specie, breed, sex
Fotential < defining .

termnperature, day

length

— 3 Water
Limited limiting  Feed quantity
i : Feed quality

< : ‘ Diseases

reducin, pollutants
stress

Production situation

Feduced

Production level

Figure A2: Animal production situations and production levas determined by producti
defining, limiting and reducing factors. Source:nde Ven et al. (2003).

The nutritive requirements are calculated for indlial animals, on the basis of requirements
for growth, reproduction (requirements for gestatiand production of milk. The current ver-
sion of LIVSIM is developed to simulate cattle puostion. Conception, sex of the calves and
mortality (involuntary disposal) are triggered stastically while changes in age, weight and
mortality due to under-nutrition are described detristically. Intake is driven by feed qual-
ity and animal characteristics. Decision variabiggresent different management strategies
related to feeding (quantity and quality), breediudicies. Reproductive performance can be
evaluated through a number of indicators: agerst ¢onception, days open, calving interval
and length of the productive life (culling date mmnfirst calving date). Productivity can be
assessed with number of calves, milk productiongltegain and manure production. The
model is written in MATLAB v.7.0.4 (The Math Work2005), the integration time-step is 30
days. The basic structure of the model is basetherconcepts of the model developed by
Konandreas and Anderson (1982). LIVSIM differs frémat model in the nutritive require-
ment calculations — which are based on metaboksehkergy (ME) and protein systems of
AFRC (1993), feed intake — based on the model ofr@md et al. (1966), excreta production,
and the decision making variables. Individual comgrds of the model were tested against
experimental data obtained from literature andpaesented in the model evaluation section.

2. Model purposes and structure

LIVSIM is designed to simulate the impact of ditfat management strategies on the long-
term productivity of cattle. The main objectivetes quantify dynamically the production of
milk, manure and offspring of individual animals sinall herds common in smallholder
farming systems in Sub-Saharan Africa. The purmdseich an analysis is to identify options
for optimising the use of farm resources insteathefmaximisation of one single production
trait. The cattle model may be linked to FARMSIM fbe allocation of nutrients, labour and
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LIVSIM — LIVestock SIMulator

cash resources and allow farm-scale exploratiogiféérent livelihood strategies. Individual
animals are described with four state variable®, dpdyweight, the reproductive status
comprising a pregnancy index and a calving indag. (k4). The pregnancy index is used to
follow in time the pregnancy and its nutritive r@gments and to trigger calving. The calving
index is used to follow the lactation and its rtite requirements in time and for triggering
the next conception.

Animal characteristics Growth curves Potential Milk
(species, sex, status, size) (species, breeds) production (kg d?)
l l Feed
Potential growth quantity

Reproduction (& production) )

Feed
available
Nutritive requirements

N
(MJ month! kg MP month1)

1 Feed
quality

Feed intake |

Balance check - Potential or Reduction?

Production
(calves, milk)

Actual growth Excreta

Figure A3: Simplified scheme of LIVSIMattle, where the boxes represent the diffe
modules of the model where nutritive requiremerftgliierent for different physiologice
processes are compared to the actual intake ofgreerd protein availableMP stands fc
metabolisable protein.

----+> HEAPSIM «-

l System factor

Lt Feed quahty

nutrmve
; reqwrements i feed
Time / - |ntake

Feed quantity

%’ Age || ! """""
T i H milk
: . §'7 Animal X production /%"=
“‘ _;k biomass ,' Potential yield
N T Growth : Weight loss
Potential growth N Production

T|me v

Reproductive |
Chance of %’ pstatus — %’
Conceptlon ) /,’

Calvnng rate
Figure A4: States and rates variables diagram ¥EIM-cattle. System factor is a parame
that indicates the proportion of wastage of feedhgyanimals.
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2.1 Growth and compensatory growth

Potential growth is a function of age, breed and. deotential growth and minimum
bodyweight curves are built for a cattle breednigtdata on mature weight and growth rates
found in the literature to a simplified Brody modBrody, 1945). The potential growth curve
for female cross-bred HolsteinFriesiaZebu is shown in Fig. A5.

700
600 |
—~~
(@)]
X
< 500 /TTTTITITIITTIssmossscsniooooos
= 2
(@)] ] h
g 400 /6.?
; 300 e
o YIQe oy
o gt T
@ 200 o e
®
“/,”
100 g

0 20 40 60 80 100 120 140

Age (month)

Figure A5: Potential growth curve for cross-bredldi#ein-Friesian femalex Zebu cows
growingin the tropics. After Lanyasunya et al. (2000), Amang and Nkhonjera (1986) ¢
Konandreas et al. (1983).

Maximum and minimum bodyweights are calculated tgrpolation from the upper and
lower boundaries shown in Fig. A5. Next, the diéiece (Difference Max W) between actual
weight (W) to maximum weight (W max) is calculated accordiog

Difference Max W =Waxt+1 =W (Eq. 1)

Compensatory growth is accounted for in the mogaliding different potential growth rates
(Table Al) according to quality of the feed (Tolkarand Ketelaars, 1994). For each diet
quality, it is determined which is the maximum gtbwate according to the metabolisability
of the feed (gm).

Table Al: Daily weight gain rate according to metaability of the feed (gm). After Tolkamp and
Ketelaars (1994).

Average Daily Weight Gain (kg 9

gm (MJ MJY females males
0.2 0.3 -

0.3 0.5 0.5
0.4 0.5 1.0
0.5 1.0 15
0.6 1.5 2.0
0.7 2.0 2.5
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The actual growth per month is calculated as:
Actual Growth 41 = min (AWG DifferenceMax W) Eq. 2

Where Actual Growth is the minimum of Difference M&/ and the maximum growth
allowed by the metabolisability of the feed (AW&peessed in kg per month.

2.2 Reproduction

Reproduction is simulated stochastically by usingopbilities associated to bodyweight and
age combinations. We used the approach of Konasdme Anderson (1982) and data from
the literature to determine a feasible age-bodyitesgt when heifers achieve reproductive
maturity (Fig. A6). The minimum (1.5 y), average22y) and maximum (4 y) ages for
conception were derived from the minimum age &t foalving from 12 studies with grade
and cross bred Holstein-Friesian Zebu cattle in Sub-Saharan Africa. Probabilities f
conception are derived from the annual calving (eeut to the model), this probability is a
function of age (Table 2). The nutrition-reprodoatifeedback is described through the effect
of bodyweight changes in the annual conception. Mte used the experimental work of
Richardson et al. (1975) to describe this relatgmgFig. A7). Because cows reach their
maximum fertility around the middle of their repradive life a multiplier to take into
account the effect of age on the annual calving isatised (Table A2).

Table A2: Multiplicative effect of age on the anhaanception rate of cows After Konandreas and
Anderson (1982).

Age (y) Multiplier for the effect of age on calving rate
1.5 0.75

35 1

8 1

12+ 0.625

The monthly probability of conception is calculatedEq. 3. Calving rates and conception
rates are assumed to be equal.

Prob Conception=1- (1- AnnualCalvingRag)*: Eq. 3

This probability of conception is further affectéy postpartum length and management
(presence of bull or artificial insemination). Rzemtum length is assumed to be 2 months,
where RF postpartum equals 0, otherwise equals HerMbull or artificial insemination is
present RFbull equals 1, otherwise 0. The adjustefiability of conception accounting for
all factors is finally calculated as:
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Monthly Prob Conception= Prob Conceptiork RF postpartumx RFbull Eq. 4

The adjusted monthly probability of conception (B9.is compared with a random number
drawn to determine whether a heifer or a cow cargcduring the time step. The reproductive
status of females is followed by using 2 indicgzegnancy index” that keeps track of the
evolution of the pregnancy and a “calf index”, whimdicates when the calf is born. Both

indices are reset when a new calf is born. A disiom between heifers and cows is made.
Heifers have to fulfil age and bodyweight requiremseto conceive. Gestation lasts 282 days,
which is within the reported range of 270-292 déysikasa-Mugerwa, 1989). New calves

are assumed to be born with a user-defined imtrilght and gender is assigned using a
random number.

700 -
600
500 ABSNsensansensansassassansens
400

300 {  / Ne®

200 ,,’
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100 !

0 20 40 60 80 100 120

Age (month)
Figure A6: Feasible set of bodyweight-age combamatifor conception of grade and cross-
bred Holsteinx Zebu in SSA. After: Trail and Marples, 1968; Knadsand Sohael, 197
Kabuga and Agyemang, 1984; Agyemang and Nkhonj&¥@g; Staal et al., 2001; Waitha
et al., 2002; Bebe, 2003; Masama et al., 2003;tJetnal., 2004a; Ngongoni et al., 20
Ongadi et al., 2007.
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Figure A7: The effect of bodyweight changes on ¢héving rate of female cows. Sou
Richardson et al. (1975).

230



LIVSIM — LIVestock SIMulator

2.3 Milk production

Milk yields are simulated by using a breed-spegutential milk yield function of lactation
length (Fig. A8), modified by age and conditiontieé cow (Table A4). Lactation length and
dry period are characteristics of the system apdetbre inputs to the model. The dry period
is assumed to be 2 months. Milk production (Egs&alculated by using interpolation using
the potential lactation curve and correcting by age body condition effects (Tables A3 and
A4).

30 -

o Kaitho etal 2001
0~ 25| o Jenetetal 2004
[@)) o Vargas etal 2000
E’ 20 S — < _ X Lanyasunya et al 2001
~ 00 gxz\ ~ ¢ Kabuga and Agyemang 1984
(o] -
2 15 [80%00 ° © Xéxgxg -
Q 00, 5] o ng O o8~ _
> o oo ¢ XKXQXQ 00 0 &
=< 10 g O °008008 * &(Ex&x“\\\
= (= o |:|08 000688882 09880330030 X)«xxxxx\ -
s | 9 0ggg o000 0o 0906898%8 XX
0
0 2 4 6 8 10 12

Lactation length (month)

Figure A8: Lactation curves for cross bred Holsteiiesianx Zebu cows in SSA. The dott
line is the simplified potential lactation curveedsin LIVSIM. Sources of the data ¢
indicated in the figure legena

Table A3: Effect of age on milk production. Dataisze: Konandreas and Anderson (1982).

Age (y) Fraction of maximum yield
2 0.8

3 0.8

5 1

8 1

12+ 0.6

The condition index is calculated as:

ConditionIndex=

_W .
V\é min,t Eq 5

maxt _Wmin,t

Table A4:. Effect of body condition on relative millroduction. Data source: Konandreas and
Anderson (1982).

Condition index Condition factor
0 0
0.3 1
1 1
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The attainable milk yield is calculated as:
Milk Yield = Potential Milk Yieldx Age Effectx Condition Factor Eq. 6

The energy and protein requirements for milk praoidnchave to be met by the intake of
energy and protein. When feed intake does not heeheeds for potential production, the
actual milk yield is calculated by iteration accting for all the processes demanding energy
and protein and using a set of rules explaineckrtién 2.6. Weaning age and milk allowance
for calves is a characteristic of the system ardetfiore user-defined. For the intensive dairy
systems of Central Kenya milk allowance was set toof milk d* when the calves are born
up to 0.5 L @* when they are weaned at 3 months of age. Mortaligs due to causes other
than under-nutrition (e.g. injuries, accidentsedses, etc.) are input to the model. Mortality
due to starvation is simulated by using the groawitl reproduction routines.

2.4 Nutritive requirements

Nutritive requirements are calculated following teeergy and protein system of AFRC
(1993). Metabolisable energy (ME) and metabolisaptetein (MP) requirements are
calculated separately for maintenance, growth,maegy and lactation. This structure allows
application of the concepts of production ecologsr( de Ven et al., 2003).

2.5 Feed intake

Accurate predictions of intake for modelling caterformance are necessary because intake
links the management of fodder resources to thmalsi Evaluation of intake models has
been the subject of a number of studies (e.g. Wdl@86; Ketelaars and Tolkamp, 1992b;
Pittroff and Kothmann, 2001c; Pittroff and Kothma@001b; Pittroff and Kothmann, 2001a;
Coleman and Moore, 2003; Fuentes-Plia et al., 2B@3gy et al., 2004). There is agreement
on the need to build standard databases of feeldygaad animal performance that can be
used to design equations to predict feed intaké tbasider variability in feed supply.
However, accurate estimation of individual dry reaihtake (DMI) in ruminants, especially
in lactating cows, is difficult to achieve becausiethe many external (i.e., changes in
weather, or in fibre content of the feed) and m&r(i.e., DMI regulatory stimuli) factors
affecting voluntary intake between and within dag@using day to day variation (Molina et
al., 2004). Pittroff and Kothmann (2001a) questibriee usefulness of highly aggregated
regression models because of the inelasticity efr thesponse. Most intake models are
empirical and designed to predict intake of caittlea certain environment where they are
useful for analysing management decisions. A drawlod simple intake prediction models is
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that they cannot be used to predict intake in daovds different from those used for the fitting
of the data. The applicability of the model neenldé analysed for the system under study
and this needs to be documented. In this sectiosheg the results of testing a number of
intake models (Table A5).

2.5.1 Intake prediction models

A summary intake function was derived with the rbetec Ruminant model (Herrero, 1997).
The model was run under the following conditionsdBweights between 0 to 500 kg, feed
dry matter digestibilities between 45% to 65%, erymlotein (CP) between 50 to 150 g (kg
DM)™!, neutral detergent fibre (NDF) between 500 and §@Rg DM)Y™. A factorial experi-
ment was designed using these data, and with ghdtselinear and non-linear regressions
were performed. The best fit equation is presemtebhble A5. The second model presented
was developed by Ketelaars and Tolkamp (1991) feep and used in modelling cattle
production in the tropics by Udo and Brouwer (19884 Zemmelink et al. (2003). The third
model proposed by Conrad et al. (1964; 1966) amaghted for use in the tropics by Kahn and
Spedding (1984). The fourth model is the simpl@gtr@éach used to formulate diets and it is
widely accepted, it uses a fraction of the bodyWwetg calculate the amount of feed to offer.
Fractions generally used range from 2-3% BW bue&rmental work showed that the range
can be as wide as 1.7-3.6% BW depending on thatyjal the feed or 0.4-2.2%BW
depending on the availability of the feed undergrg conditions (Lopes et al., 2004).

2.5.2 Testing of the intake models

We selected from the literature a number of studased out in the tropics of Sub-Saharan
Africa where quality of the diet, bodyweight (BWhd DMI for cross-bred cattle was
reported (Table A6). We used the coefficient okdeination (f) as a indicator of precision,
slope and intercepts of the linear regression &seindicators of accuracy. To judge the
overall model performance we used the mean squadicgion error (MSPE) (Table A7).
The performance of the Ruminant, Conrad and fraaioBW models is depicted in Fig. A9
for Azawak steers (Ayantunde et al., 2001), FigOAdr Holsteinx Ayshire steers, (Delve et
al., 2001) and Fig. Al11 for lactating cross breddtin-Friesiarx Zebu cows (see sources in
Table A6). The evaluation of the intake models (€af7) shows that there is no generic
model of intake prediction and although the simiphasdel (a fraction of BW) appears to be
the best, the fraction that fit the best changeslififerent physiological status. Probably there
are also large differences between breeds. Thaeiseason why we chose Conrad’s model
for lactating cows until we find a model that fitise data better with sound theoretical
background. New models available can be testecamm flevel by using the integrated
analytical tool FARMSIM. The objective was to ewatle the degree of detail needed to
capture the variability in input-outputs.
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Table A5: Selected models for intake prediction. IPMiry matter intake of forages (kgfabw?), BW: bodyweight (kg), DMR dry matter digestibility of the forages (g kg DM CR:
crude protein content of the forage (g kg BMNDF : neutral detergent fibre content of the foragekg DM™), DMI, :dry matter intake of concentrates in kg per déF.: neutral

detergent fibre content of the concentrate (g kg H)Mnd CRis crude protein content of the concentrate (@Mj2).

Ruminant type Equation Location Reference
Dairy cows DMI=0.016<BW+0.81xDMD;+0.00%CP;~0.00NDF;—0.225<DMI .—~0.00xNDF~0.004<CP. Tropics Herrero (1997)
Sheep IOM=(-42.78+2.30380MD;—-0.0175% OMDx 2-1.887xN%+0.2242* OMD xN) x1.33 Tropics Ketelaars and Tolkamp (1991)
Dairy cows if DMD <0.67 DM}=0.010%BW/(1-DMDy) Temperate conditions  Conrad (1966), Kahn and Spgddio84)
otherwise DM{=ME for maintenance, growth and production/ME cathfeed
Generic DMI=fractiorxBW

Table A6: Studies selected for testing differenteimf intake prediction.

Cattle type Breed BW Diet Location Reference

Steers Azawak 367176 Grassland annual grasses Niger Ayantunde et al (2001)
Steers Holstein-Ayshire 246126 Barley stover + hags or poultry waste Kenya Delve et al (2001)
Heifers Holstein 18049 Napier grass + legumes Kenya Kariuki et al (1999)
Dairy cows Holstein 37743 Napier grass + legunresoocentrates Kenya Nyambati et al (2003)
Dairy cows Holstein 439+39 Napier grass + concéesrar poultry waste Kenya Muia et al. (2000)
Dairy cows Ayshire x Sahiwal 384+41 Napier gragegumes Kenya Muinga et al. (1995)
Dairy cows Holstein x Boran 297+36 Rhodes grasencentrates Ethiopia Jenet et al. (2004b)
Dairy cows Holstein and Ayrshire 433+11 Maize stio¥ concentrates Kenya Methu et al. (2001)
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Figure A9: Observed DMI for Azawak steers plotteghiast predicted DMI using tl
Ruminant model of Herrero (1997), the Conrad md@anrad, 1961; 1966), the model
Ketelaar and Tolkamp (1991) and the fraction of B\ddel.
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Figure A10: Observed DMI Holstei Ayshire steers plotted against predicted DMI ushe
Ruminant model of Herrero (1997), the Conrad md@snrad, 1961;1966)the model ¢
Ketelaar and Tolkamp (1991) and the fraction of B\ddel.
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Figure All: Observed DMI Holstein-Friesian Zebu lactating cows plotted against
predicted DMI using the Ruminant model of Herret®47), the Conrad model (Conrad,
1961;1966) , the model of Ketelaar and Tolkamp (32td the fraction of BW model.

Table A7: Results of the testing of the modelstdike prediction.

Data set Ruminant model Ketelaars model Conrad modeFraction of BW
Azawak steers y=x+190 y=085x+198 y=209156 y=0.89x+154
r2 0.62 0.48 0.67 0.65
MSPE 4.39 2.94 2.05 1.69

Holstein-Ayshire ~ y=1.01x +0.60 y=2.13x-3.21 y=0.98x-1.49 =1.37x—1.49

steers
2

r 0.54 0.67 0.67 0.67
MSPE 0.65 0.43 2.71 0.20
Dairy cows y=2.02x-194 y=245x—-4.30 y=1.31x-2.54=1.10x-0.89
(together)

r? 0.63 0.72 0.62 0.59
MSPE 11.4 11.2 2.1 5.8

MSPE: mean square prediction errér coefficient of determination

2.6 Animal production under limiting conditions

When the available feed supply equals nutrient irements, the potential production is
achieved provided that there are no other limitngl reducing factors. Water requirements
and reducing factors (diseases, pollutants) argysd} included in LIVSIM. When the nutri-
ents provided by feed intake cannot meet the mitriequirements for potential production,
the calculated intake is used to meet the requingsnef different processes according to
certain rules. This is illustrated for animals iffefent physiological and reproductive status
as case 1 for growing males and females, case@dgnant females, case 3 lactating females
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and case 4 for pregnant and lactating females (Rigy A13, Al4 and A15). First, it is
determined whether ME or MP are limiting potenpabduction, then the physiological and
reproductive status of the animal are checked. Windéential production cannot be achieved,
the next check is whether the nutritive requireradot maintenance can be met. This decides
which routine is executed by the model: eithefeligrowth or weight loss. Through several
iterations growth and production are calculatedntatch the feed intake. Mortality is
simulated both as a probabilistic process qualifiegd the age of an animal and
deterministically defined by nutritional status.efé is a threshold to weight loss beyond
which the animal dies, for non-lactating animais th the minimum bodyweight for a certain
age calculated from the growth curve, and for kgsanimals, the allowance for bodyweight
loss is set to 0.8 kg weight loss per day (Herr&88,7).

2.7 Calculation of excreta production

LIVSIM simulates faecal dry matter production, faedl and urinary N. Faecal dry matter
(FaecalDM) is calculated as:

FaecalDM = DMI x (1- DMD) Eq. 7

where DMD is dry matter digestibility, input to thmmodel. Faecal N and urinary-N are
calculated by using the metabolisable protein (B\&tem of AFRC (1993).

Nutritive requirements Feed Feod
(ME and MP) « > ¢
Ma, Gr, La, Ge check Intake (ME and CP)

determine limiting of ME and MP

A 4 A 4

If enough-> Potential growth Not enough
If too much-> Reduce intake

Growing, or non-lactating Lactating or
and non-pregnant pregnant
above maintenance? l
yes no case 2,3 and 4
A4 A 4

Little growth Lose weight (up to lower limit)
(between average and lower limit)

situation persists?

A\ 4
Chronic condition

death due to starvation
Figure A12: Growth and production routine for gragianimals. CP: crude protein, ME:

metabolisable energy, MP: metabolisable protein, kh@intenance requirements, Gr:
growth requirements, La: lactation requirements, @e: gestation requirements.
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Nutritive requirements Feed Feed
(ME and MP) < > <
Ma, Gr, La, Ge check Intake (ME and CP)
determine limiting of ME and MP
If enough—> Potential growth Not enough
If too much-> Reduce intake
Growing, or non-lactating Lactating or
and non-pregnant pregnant
¢ |
case 1 Pregnant | Lacttting |
ME or MP > Ge + Ma | ME or MP < Ge+Ma l
v v case 3
Little growth Weight loss to meet

pregnancy demands

lower BW limit exceeded
A 4

| Abortion |

situation persists

A 4

| Death |

Figure A13: Growth and production routine for praghcows. CP: crude protein, ME:
metabolisable energy, MP: metabolisable protein, kh@intenance requirements, Gr:
growth requirements, La: lactation requirementsl, @e: gestation requirements.

Nutritive requirements Feed Feed
(ME and MP)
Ma, Gr, La, Ge check Intake (ME and CP)

determine limiting of ME and MP

If enough-> Potential growth v

If too much-> Reduce intake @;@

v v

Growing, or non-lactating Lactating or
and non-pregnant pregnant

I
' y
case 1 Only Pregnant | Lactating |
ME or MP > La + Ma | ME or MP < La+Ma

A

case 2

| Little growth (if possible) | Weight loss to meet
lactation demands
lower BW limit exceeded

A4
| Stop lactation |

situation persists

| Deatn |
Figure Al4: Growth and production routine for ldictg animals. CP: crude protein, ME:

metabolisable energy, MP: metabolisable protein, kh@intenance requirements, Gr:
growth requirements, La: lactation requirements @edgestation requirements.
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Nutritive requirements Feed Feed
(ME and MP) < > <
Ma. Gr. La. Ge check Intake (ME and CP)
determine limiting of ME and MP
: !
If enough-> Potential growth
If too much-> Reduce intake Not enough
v v
Growing, or non-lactating Lactating or
and non-pregnant pregnant
I
l | \ Lactating*and pregnant |
case 1
ME or MP > La + Ge + Ma | ME or MP < La +Ge +Ma
\ Only Pregnant \ \ Only lactating \ l l
[ Little growth (if possible) | Weight loss to meet
gestation and lactation demands
lower BW limit exceeded
case 2 case 3

Stop lactation

situation persists

\ abortion \

situation persists

Figure A15: Growth and production routine for ldittg and pregnant animals. CP: crude
protein, ME: metabolisable energy, MP: metabolisalgrotein, Ma: maintenance
requirements, Gr: growth requirements, La: lactatiequirements, and Ge: gestation
requirements.

Partitioning between organic N and ammonium is atsportant for recycling but it is not
currently simulated. Detailed models may be usegetwerate response curves (e.g. N intake
vs faecal-N and urinary-N) that can be incorporat@d iLIVSIM. An approach that will be
tested for this purpose is that used in the moflkebreab et al. (2004).

3. Implementation of a feeding routine

We used a simple approach in LIVSIM to deal with domplexity of selection and allocation
of feeds in smallholder farming systems. In thdofeing sections we present the concepts
and main assumptions for the grazing and stallifeeebutines.

3.1 The grazing routine

3.1.1 General approach

A number of models have been developed to simgedeing in heterogeneous pastures.
Breed characteristics increase the variabilitylmdeyvations in feeding behaviour and make it
more difficult to develop a generic grazing modehe pasture-animal interface involves
complex interactions between amount and qualityavdilable herbage, animal’s require-
ments, their capabilities to select feedstuffs gralinfluence of management (Dove, 1996).
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All these interactions occur at different hieracethilevels (Herrero et al., 1998). The frame-
work of the grazing routine is presented in Fig6AThe grazing behaviour was divided into
two main components: diet selection and feed in{Bleder et al., 1992).

3.1.2 Herbage intake
Feed intake is described as:

DMI,, , = DMPI_ xR, Eq. 8.

where DML, 4is dry matter intake expressed in kg DM,dDMPIg is the potential dry matter
intake expressed in kg and R} the relative intake (dimensionless). The suffirefers to

the animalsg to the grasses species ario the grazing units. The potential intake (DMBI)
calculated with the model of Conrad (1964; 196&). (®.

DMPI, =00107x >0 Eq. 9
’ (L- DMD,)

where BW is bodyweight (kg), and DMD= is dry maitégestible (g (kg DM)").

Potential intake does not take into account comggramposed by herbage availability. It is
adjusted by using the concept of relative intaker(eto et al., 1998) (Fig. A17). The equation
developed by Johnson and Parson (1985) was addptged10). The original equation
describes relative intake as a function of leafanelex (LAI). We adapted the equation using
dry matter herbage mass, similarly to the apprased by Richardson et al. (1991).

_ (Ba, /K)"
0" 1+(Ba,, /K)"

Eqg. 10

Whereqg andK are dimensionless coefficients. describes the capability of an animal to
graze. This empirical relationship does not take atcount the influence of animal body size
to regulate intake (lllius, 1989). The coefficiéhtvas scaled to animal body weight using an
allometric relationship derived from lllius and @on (1989), as proposed by Herrero et al.
(1998; 2000). Coefficientb andqg were calculated by fitting the curve to data répdrby
Herrero et al. (1998).

K =bxBW % Eq. 11

whereb is dimension less coefficient. The chosen apprdakbs into account both herbage
biomass and the animal’s capability to harvestsgagFig. A17).
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- Digestibility

- Bodyweight EE— | Calculate potential intake |

!

| Calculate relative intake |

!

| Calculate actual intake |

- Herding pattern l
- Herbage density —— | Calculate # of feeding days

- Herbage density >
- Bodyweight

- Grazing unit area l
- Herbage density ————» Select grass
- Crude protein l
Intake (kg d-?) (’\
- Supplementaton ——
days
l ] ) Time (days)
=P Calculate feed animal to individuals
. : v
-Potential energy need '
per animal ' Compute diet on offer
! !
|

-------- Core of LIVSIM

Figure A16: Flow chart of the feeding routine apiemented in LIVSIM. Intake is a func-
tion of grass quality (dry matter digestibility, W, bodyweight(BW) and herbage densi
The number of feeding days is the number of dags tthe available forage can suppibr
animalat the rate of intake previously calculated. Gliasselected on the basis of its cr
protein (CP) content. The allocation of feed isdubasn the animals’ energy requirements.

Figure Al7: Relationship between bodyweigh&rbage biomass and relative intake
(adapted from Herrero et al., 2000).
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3.1.3 Herbage selection

There is general agreement that ruminants consutinet avith a higher quality than the aver-
age quality of the pasture (e.g. Elliott and Fokkei961). The nutrient content in the diet
selected is mainly influenced by the seasonal tianan the quality of the vegetation and se-
lection between different species and/or part @& plants (Schlecht et al., 1999). The
influence of the spatial-distribution on the dietestion was treated at different levels based
on the concept developed by Senft et al. (198Théir hierarchical foraging model. Animal
management was integrated into this concept bygakito account herding strategies. The
main advantage of this approach is its simplicitg &s compatibility with the temporal scale
of management (Senft, 1989). We considered diftdeaels of interaction between animals
and feed resources (Fig. A18). At the species amtgbart level, selection is accounted for by
using a preference index based on crude proteitesband abundance of plant and/or plant
parts. A species is preferred if its proportiorthe grass on offer is larger than the propor-
tional biomass within the grazed area (Senft, 19B®8)ative crude protein content (RCP) was
chosen as criterion of grass quality. Several astlh@ave showed the positive correlation
crude protein (CP) and diet composition (Breman BedWit, 1983; Baker et al., 1992;
Cilliers and Van der Merwe, 1993).

Landscape
- iy, - Herder strategy

Landscape unit  “S~ol__ o -

- Herder strategy
Grazing unit S

d

¢
. o/ - Animal capacity to select
Species or part of plant \'l‘ 4 £a)
I - Feed quality (CP)

e

Figure A18: Animal/plant interactions consideredhe grazing routine for grass selection.
See Section 3.1.3 for further explanation.

3
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The equations developed by Senft (1989) were usedahking feeds according to cattle
preference:

CP, xB
RCR, =—— % Eq. 12
Z(CPg xBa, )
g=1

whereRCPIis relative crude protein preference index (dinmess),CP is the crude protein
content of each dominant grass (g) expressed @MW ', and Ba is herbage density
expressed in kg DM h& In this approach we assume that herders choeskaid unit for
grazing. This is captured as the time spent at gaahing unit expressed in days per month
and is input to the model. Based on forage quakiyimal body weight and herbage
constraint, the quantity of forage that an aningal consume per day is calculated. From the
available forage, the numbers of feeding days waleulated as:

B Bmg x DMuse
> DM,
a=l

whereFD is feeding days (daysDMuseis harvestable forage (g) in a grassland, seODf6 5

for rainy season and 30% for the dry season (BreamahDe Wit, 1983; De Ridder and
Breman, 1993) anBmis total grass biomass (kg). Feeding days of éachinant grass were

summed following the ordering of the preferencekiagn The iteration stops when the sum
reaches the time spent by the animals within aimggaznit. Time spent in a grazing unit is
described by the herding pattern.

FD

g

Eq. 13

3.1.4 Feed allocation between animals of a herd

All previous calculations are aggregated to cateuthe intake of the entire herd. Allocation
coefficients were calculated for each individualnaa. Allocations were based on energy
requirements for each individual animal. Energy gmdtein requirements are calculated
using the energy and protein system of AFRC (1998 following equations were used to
allocate feeds in a herd:

Diet, , = Allocation _ factor, x Diet Eq. 14
: Energy_ pot,
Allocation_ factor, = . Eq. 15
> Energy_pot
a=1
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whereDiet, g is the amount of feed on-offer for an individuairaal, Diety is a matrix that
contains the amounts of grass species availabpgessed in kg DM, thAllocation_factoris

a coefficient (MJ MJ) to allocate the feed to the animals of a herd, Bnergy potis the
energy requirement to achieve potential productexpressed in MJ. It is assumed that
competition between animals due to social hierarchynegligible, which means that
individuals graze to meet their nutritive requirermse

3.2 Stall feeding routine

Calculations of feed on-offer during stalling folldhe same setup as presented in the grazing
routine. Here it was assumed that there are notreamis imposed by the herbage mass
availability. Selection takes place on the basisratie protein.

4. Model input and parameters

The initial composition of the herd is an inputth@ model. To start the simulation, a list of
animal and feed characteristics needs to be prdvidable A8). Parameters for cross bred

Friesianx Zebu were presented with the description of LIVSIi the next sections we
present parameters for the Mashona and Africaneeds.

Table A8: List of animal and feed characteristitat tare inputs/outputs to LIVSIM.

Variable Units
1 Sex -
2 Age y
3 Initial bodyweight kg
4 Reproductive status

Table A9: Feed quality parameters (from AFRC, 1998itrogen degradation parameters: a =
proportion of water soluble N in the total N inesefl; b = proportion of potentially degradable Neoth
than water soluble N in the total N of the feed; fractional rumen degradation rate per hour oftthe
fraction of the feed N with time (AFRC, 1993).

Variable Units
1 Dry matter content g kg
2 Metabolisable Energy (ME) MJ kg DM
3 Fermentable Energy (FE) MJ kg DM
4 Crude protein (CP) g kg DM
5 Acid Detergent Insoluble N (ADIN) g kg DM
6 (a) fraction
7 (b) fraction
8 (c) fraction
9 Dry matter digestibility (DMD) g kg DM

! Only needed for silages
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4.1 Mashona breed

4.1.1 Growth curve

The growth curve for Mashona cattle was estimatdgudata available from literature for

and on-farm measurements (Fig. A19).
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Figure A19: Potential growth curve for female (A)damale (B)Mashona cattle. Sourc
Tawonezvi et al., (1988); Tawonezvi, (1989); Tiffi{1989); Moyo, (1990); Payne, (1990)
Holness, (1992); Khombe et al., (1994); Matizhalet(1995); Hatendi, (1996Pedersen ai

Madsen, (1998); Mhlanga et al., (1999).

4.1.2 Reproduction

The parameters for reproduction were derived frivendture (Table A10).

Table A10: Parameters for defining the feasibleo$§éiodyweight-age combinations for conception of

Mashona.

Parameter Value Source
Minimum age first calving in the best condition (ntlas) 15 Tiffin (1989)
Average age at first calving in poorest conditiorofiths) 27.7 Holness (1992)
Maximum age first calving in the poorest condit{omonths) 36 Holness (1992)
Average annual calving rate within this age intetyaar) 0.74 Moyo (1990)
Age less thanptfor which the calving rate is known (y&r 15 Tiffin (1989)

Average calving rate at age(year")
Calving interval (days)

Gestation length (days)

Average birth weight (female) (kg)
Average birth weight (male) (kg)
Mature body weight (female) (kg)
Mature body weight (male) (kg)
Milk fat (g kg™

Milk protein (g kg%

0.57

Tiffin (1989)

447.8 (11.4) Moyo (1990)
285.9 (13.2) Holness (1992)
21 Payne (1990)
23 Payne (1990)
350 Roy (1980)
380 Roy (1980)
33 Mhlanga et al. (1999)
32 Mhlanga et al. (1999)

1Standard deviation
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4.1.3 Milk production
The milk production curve was calculated accordingonandreas and Anderson (1982)
using data from the literature.

—
—
& L Average lactation curve
O sl . o . .
o 67 S~ - ——- Simplified potential lactation e
S NN curve
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‘§ 4] T~al
8 3y RN
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X 27T N o -
E IEREENE
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0 T T T T 1

0 2 4 6 8 10

Lactation lenght (month)
Figure A20: Simplified lactation eue for Mashona. After Konandreas and AndersonZ)
Sources: Potential milk production curve Holne&99@), and average curve Holness (1992)
Hatendi, (1996); Pedersen and Madsen (1998); Masaiaa (2003).

4.2 Africander breed

4.2.1 Maximum and minimum growth curves

The data used for estimating growth curves wasctdt over a 40 years period at Matopos
Research Station (Beffa, 2005). The dataset cantabout 180,000 measurements.
Bodyweight of 4443 animals of their respective dgmsl330) were monitored during the 30

months after calving. From these data, potentiawgn curve and minimum bodyweight-age

combination were estimated.
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Figure A21: Potential growth curve for Africandeenfale cattle. Source: dabase frol
Matopos research station (Beffa, 2005).
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Figure A22: Potential growth curve for Africanderossbred cattledbased on observ
bodyweight measurements.

As few pure Africander were found in Murewa, thenimium and the maximum growth curve
for Africander crossbred were also defined basedloserved bodyweight in smallholder
farms in the communal area of Murewa in Zimbabwer{>2007).

4.2.2 Reproduction

The annual calving rate (%) was calculated andtgdofgainst age of the cow. Annual
calving rates (%) were used to calculate the sdmerttical relationship as proposed by
Konandreas and Anderson (1982).
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Figure A23: Reproduction parameters for Africanckeitle Source: Database from Maron(
research station (Beffa, 2005).
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Data from the literature was used for defining fimsible set of bodyweight-age combination
for conception. The simplified average and poténtralk production curve was also
estimated with data from the literature.

Table Al1l: Parameter for defining the feasibleafdiodyweight-age combinations for conception for
Africander cows. See Fig. A 23 and Konandreas andefson (1982) for further explanation of the

derivation of reproduction parameters.

Parameter Value Source

Minimum age first calving in the best condition (mblos) 24 Meaker et al. (1982)
Average age first calving in poorest condition (i) 36 Mukasa-Mugerwa, (1989)
Maximum age first calving in the poorest condit{omonths) 36 Holness (1982)
Age interval when cows achieve maximum fertilityafmh)  30-132 Beffa (2005)
Average annual calving rate for cow within this agterval  0.73 Beffa (2005)

Age < than 4 for which the calving rate is known (month) 36 Bef2005)
Average calving rate at age t 0.65 Beffa (2005)

Age >  for which the calving rate is known){month) 144 Beffa (2005)
Average calving rate at age (y ) 0.1 Beffa (2005)
Calving interval (days) 540 (13) Moyo (1990)
Gestation length (days) 298 (13.2) Holness (1982)
Average birth weight female (kg) 30.4 Beffa (2005)
Average birth weight male (kg) 35.5 Beffa (2005)
Mature body weight females (kg) 490 kg Roy (1980)
Mature body weight male (kg) 570 kg Roy (1980)

! Standard deviation

4.2.3 Milk production
Milk production curve for Africander cattle was tefd with data from the literature.

[ ) Data from literature
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Figure A24: Potential and average milk productionAfricander cattle. Source: Richard:
(1968).
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5. Running the model

For the simulations we use a monthly time step eedt suffices the purposes of our studies
and allow easy coupling with the farm scale mod&RMSIM. Because the model simulates
discrete event by using stochastic variables, cafd@d runs are needed to estimate the output
variables. We performed experiments to evaluatenti@mum number of replicates that
capture the effect of the treatments. The experisnarere performed using the common
feeding practice of the dairy smallholders (Nageass and two kg of concentrates offered
only to lactating animals) and using the paramatens for the Holstein-Friesiar Zebu
breed. Model outputs were analysed with the Kru$Kallis non-parametric test. Differences
between run-lengths were not-significant (Table A12

Table Al12: Experiments with run lengths and lifetiproductivity indicators. Basdliet consistin
of Napier grass supplemented with 2 kg of concésdrduring lactatiori.ifetime is considered to t
12 years for crossbred dairy cattle in smallholdestems of the highlands of Central Kenya.

Run length 100 500 1000 5000 10000 KW
Output variables test

Calves (# per lifetimd)
Mean £ s.e 5.8+£0.10 5.7 £0.05 5.7+£0.03 5740 5.7+£0.01
Median 6 6 6 6 6 1%
Range 4-8 3-8 2-8 1-9 1-9
Cumulative milk (kg lifetimé)
Mean £ s.e 9,759 £ 125 9,642 £63 9,612 + 45 9:686 9,675+ 14
Median 9,950 9,793 9,815 9,818 9,852 .4
Range 6,051-11,8541,267-12,392 3,734-12,395 1,817-12,304,870 -12,542
Days in milk (days lifetim@)
Mean + s.e 1,666 + 28 1,654 + 13 1,645+9 1,683+ 1,655+3
Median 1,703 1,703 1,673 1,703 1,703 .6
Range 943-2,312 639-2,403 578-2,373 304-2,525 W62
Days open (days lifetin@
Mean + s.e 1,579 + 29 1,627 + 13 1,607 + 10 1,681+ 1,604+3
Median 1,612 1,612 1,582 1,582 1,582 .3
Range 913-2,281 700-2,585 821-2,646 578-2,798 B2

6. Model evaluations

Model fine tuning or fitting is the estimation oélues of parameters or unmeasured variables
using available information from the real systened@&schi, 2006). We used a number of
independent datasets to calibrate the different ulesdof LIVSIM. The goals were to
measure model adequacy based on pre-establishiedacaf model performance acceptance
such as functionality, accuracy, and precisiontfomtended purpose.
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6.1 Test using data from Zebu steers

Data on feed intake and feed quality, and evolutibbodyweight and age of 86 steers that
were grazed on-station in Sadoré, Niger was ohtairem Ayantunde (1998); Ayantunde et
al., (2001). Feed intake was estimated from indialdlata on faecal output, and therefore the
intake function of the model was not used. In fimsliminary test, we evaluated the growth
routine of LIVSIM. We selected a number of indivaddor isolated test for which age and
initial bodyweight are known. The simulations ofdyweight are presented in Figs. 25A, B
and C. Then we calculated the statistics of thd (e+86), and used this as initial bodyweight
for the simulations. Results are presented in E®D. The model simulations show good
agreement with the observed data for individuatreths and for all the animals together.
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Figure A25: Model testing using a dataset for stegazing in a pasture in Niger. Figs A, B
and C show predictions for individual animals amglife D for all animals together (n=86).
Data sources: Ayantunde (1998) and Ayantunde ¢2@01).

6.2 Test using data from lactating Holstein-Friesia x Boran cows

Data on age, evolution of bodyweight, feed intakel #&ed quality from 24 cross bred
Friesian Holsteirx Boran cows was obtained from Jenet et al. (2008gse cows are fed
different diets based equivalent to 1, 1.2 andtiinés the energy requirements as suggested
by MAFF (1987). Diet consisted of Bermuda graSgriodon dactylor..) hay (65% of the
diet), supplemented with wheat bran (35% of thé¢)digne quality of the diet is presented in
Table A13. Cows were 3.7 £ 0.2 and 4.9 = 0.3 yead at the beginning of the first and
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second lactation and the bodyweight 360-420 kgrdatg to the feeding level and 350-410
kg at the start of the first and second lactations.

Table Al13: Quality parameters of the feedstuffsduse the test with dairy cows in the model
simulations DM=dry matter; DMD=dry matter digeslity; ME=metabolisable energy; CP =crude
protein; a = proportion of water soluble N in tlmtat N in a feed; b = proportion of potentially
degradable N other than water soluble N in thd tétaf the feed; ¢ = fractional rumen degradation
rate per hour of the b fraction of the feed N withe (AFRC, 1993).

Feeds DM DMD ME CP a b c
(gkg") (gkg?) MJ(kgDM)* g (kg DM)*

Bermuda grass 905 590 9.6 45 0.22 0.60 0.08

Wheat bran 890 700 11.0 160 0.30 0.57 0.11

Source: Jenet et al. (2004b).

We selected the low (maintenance) and high &lmaintenance) feeding rates for the test.
Intake of the cows for the low level (maintenane@}p in average 3.2 + 0.1 kg of hay per day
and 1.8 = 0.1 kg wheat bran per day for the whadtattion period. For the high feeding rate
(1.4 x maintenance), intake was 5.1 £ 0.3 of hay andt2082 kg wheat bran per day. The

results of the tests of bodyweight evolution arespnted for high (Fig. A26A and C) and low

(Fig. A26B and D) feeding rates and for the fifSig( A26A and B) and second lactations in
(Fig. A26C and D).
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Figure A26. Development of simulated and measurmadiyWweight for lactation Friesiar
zebu cows under two feeding levels: high (x4maintenance) (A and C), and low
(maintenance) (B and D), for first lactation (A @dpand second lactation (C and D).

251



Appendix 1

14 14 ~
a
Lo} 12 12 + e measured
(@] simulated
g 10
N
o 8
[¢D)
= 6 L
> oo
4 4
= 2 +  Low feeding

0 L

o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Lactation length (months)
Figure A27. Development of simulated and measurékl production for Friesianx zebu
cows under two feeding levels: high (1.4 x mainteed and low (1 x maintenance).

There were differences in the weight loss at thgirtseng of the lactation of cows from the
first parturition compared with cows of the secqaditurition. This had to be calibrated in the
model with the bodyweight loss allowance, and prgbably breed dependent (Friggens and
Newbold, 2007), and it needs to be tested for s#dlation in which LIVSIM is going to be
applied. The best fits were obtained with a maxinbgdyweight allowance of 0.7 kg per day
for the first parturition and 0.6 kg per day foretlsecond parturition. The bodyweight
allowance mirrored the lactation curve. The norsali root of the square mean errors
(NRMSE) were 15 and 17% for the high feeding ratd first and second lactations, and 7
and 10% for the low feeding rate and first and sddactation respectively. The differences
in milk yields were larger between feeding levdiart between lactations (Fig. A27). Using
the curve of potential milk production from the ginal parameterisation (Fig. A8), gave a
good fit to the experimental data of Jenet et 2004b). The N RMSE was 9% for the high
feeding rate and 7% for the low feeding rate.

6.3 Tests using data from Mashona and Africander dte

LIVSIM was evaluated with experimental data fronmbBabwe published by Elliott and

Fokkema (1961a; 1961b). Intake of organic mattet protein were used as inputs to the
model. The model outputs were compared to bodywesgblution and faeces production.
Details on the calculations are presented in TAlK. Simulations over two periods of seven
or eight months were carried out for dry and lastatMashona cows and dry Africander
COWS.

6.3.1 Data processing
Elliott and Fokkema (196l1a; 1961b) carried out ao twear experiment on
herbageconsumption by cattle in southern Zimbab®ased on previous experiment
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describing the relationship of faecal productionl amake, they estimated herbage intake of
Mashona and Africander under grazing condition. eehrcomponents of intake were
described: organic matter (QM digestibility of consumed organic matter (DOMCand
digestible crude protein (DGP(Fig. A28). Inputs for feed quality were obtainfdm the

literature (Table A15).

Table Al4: Means percentage digestibility of consdmrganic matter per animal breed and status.

Source Elliott and Fokkema (1961a; 1961b).

DCP. (kg d™)

DOMD, (kg d™)

Dry Lactating Means Dry Lactating Means
Africander 0.47 0.55 0.51 4.23 5.06 4.64
Mashona 0.34 0.48 0.41 3.08 4.29 3.69
means 0.40 0.52 3.66 4.67

OM., (kg d™) De (%)

Dry Lactating Means Dry Lactating Means
Africander 7.79 9.32 8.56 53.31 52.58 52.94
Mashona 5.62 7.63 6.62 53.71 54.78 54.25
means 6.70 8.48 53.51 53.68

Table A15: Equation used for the estimation of fgadlity parameters. OM organic matter intake,
DOMD.: digestible dry organic matter and DCHigestible crude protein intake; all are exprdsse

kg d*
Variables Calculations Sources Units
Dry matter consumption (DM) PM =OM. /09 Mupangwa et al kg d*
(2002)
Metabolisable Energy (ME)  ME = 0.0157x 2°OMPe AFRC (1993) 'l\D",fA)(f‘P
Fermentable Energy (FE) FE = ME '\D/',‘\’/I)(f?
Dry matter digestibility omD = POMD. | h9x1000 Mupangwa et al. g (kg
(DMD) DM (2002) DM) ™
DCP

- e g (kg
Crude protein (CP) CP=—Fy <PMD M)
Acid Detergent Insoluble N Estimated from AFRC g (kg
(ADIN) (1993) DMm) ™!
a 0.25 g (kg CP)*
b 0.55 (D”j(Rl?III)AFEED databaseg (kg CP)*
c 0.125 g (kg CP)*

The model simulated bodyweight changes reasonaélly(f#ig. A29). The NRMSE was 6%

for all tests (Table A16). For the breed Africandg¥SIM predicted bodyweight with a

residual error smaller than 5% over a period of imehths. The NRMSE of the prediction of
faecal dry matter (Table A17) was slightly higheaurt for bodyweight but still satisfactory.
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Figure A28: Seasonal change in intake of organitené&OM,) and digestible organic matter

(DOMDg) (A) and digestible crude protein (DgRB). Source: Elliott and Fokkema (1961a;
1961b). Differences between breeds and stage asemed in Table Al4. We assumed
constant differences over time in order to cal@giecific OM, DCP and DOMD for the two

breeds and two different physiological stages.

Table A16: Normalized root mean squared errorshferestimations of bodyweight (%).

Breed Dry Lactating Total
Mashona 7 10 8
Africander 4 4 4
Total 5 7 6

Table A17: Normalized root mean squared errorgHerestimation of faecal dry matter production
(%).

Breed Dry Lactating Total
Mashona 11 11 11
Africander 28 5 18
Total 20 9 18
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Sources: Elliott and Fokkema (1961a; 1961b).

Dry Mashonas (a) Lactating Mashonas (b)

=119 - NRMSE= 11%
200 - NRMSE= 11% (

150 . .

Two ® ot 7 *
-
+—
S
£ 50 -
=]
5’ O T T T 1 T T T 1
IS 12 02 03 05 0i 12 02 03 05 07
©
5
g_ Dry Africanders (c) Lactating Africanders (d)
s 200 - NRMSE= 28% ] NRMSE= 5%
D ° L] s * L]
e | |
8 150 . . . . ° ° o
©
L 100 ]

50 - 7

0 T T T 1 T T T 1
12 02 03 05 07 12 02 03 05 07

Time (month)

Figure A30: Faecal output simulated (full lines}twLIVSIM and measured (dots) Sources:
Elliott and Fokkema (1961a; 1961b).

255



Appendix 1

7. Recommendations for model improvement

The performance of the model is reasonable, althaugppears that LIVSIM overestimates
both bodyweight gain and bodyweight losses. We rieqaerform more evaluations on this
aspect of the model. Availability of data from theeeds that are used in Sub-Saharan is
crucial to improve the simulations of the model. Véeently received a large data set that
includes 10 years of observations of Holstein-kaiesross bred and Zebu cattle. These data
will also be used to test allocation rules for gyeand protein in case of scarcity as this
seems to be different betwe8os indicusand Bos taurus We plan to test thoroughly the
growth and production routines of LIVSIM. We areamhing also to improve the manure
production routine to include more nutrients (P &dAmong the alternatives are to use the
detailed model of Kebreab et al. (2002), or theaitled model of Dijkstra et al. (1996a;
1996b). A module on small ruminants, (goat and gheeanother extension of LIVSIM that
we are considering to implement.
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Appendix 2:
Characterisation of the feeding strategies and cd#& management
in a Zimbabwean smallholder farming community’

1. Introduction

Beyond the natural variability of soil types acrdle landscape, the heterogeneity between
farms is mainly driven by different management (Mb@nengwe and Mapfumo, 2006; Zin-
gore et al., 2007). Livestock harvest and concemtveganic materials that may be further re-
cycled for crop production. In the communal are®dB Zimbabwe, the grazing area pro-
vides most of the feed for cattle during the ras@ason, while crop residues support cattle
during the dry season (Steinfeld, 1988). In thelbmler communal farming in NE Zim-
babwe grazing land is considered a common propesiyurce for the villagers. Herding only
takes place during the cropping season. The dffilzite of start of the cropping season is de-
cided at the district level and constitutes a commederence for all villages within a district.
At the village level, the head of the village, sdled “kraal head”, is entitled to adapt dates
according to the local situation. The head hasrésponsibilities to prevent misuse of the
common land under his/her jurisdiction and to avmrérgrazing (Mutimukuru and Leeuwis,
2004). During the dry season, cattle freely graog cesidues left in the fields. The quantifi-
cation of the effect of the practices on nutridawvs within the farming systems is important
to identify adequate and promising strategies. dijective of this study was to describe dif-
ferent feeding and animal management practicesaatdy nutrient transfers from grasslands
to croplands and from the fields to the kraalsaitle owners. To achieve this, the study site
was characterised by means of field observatioqsgraments and measurements, interviews
of farmers, herders and key informants.

2. Material and methods

We selected a village in the communal area of Mategw NE Zimbabwe, in which we stud-
ied feed resources (natural grasslands and craguesy and cattle animal and feeding man-
agement. Manjonjo consists of about 90 householcstéd in two zones physically separated
by a hilly woodland strip. Soils are predominargBndy (Lixisols) with low fertility, with
some areas of dolerite clay soils located in thig hones (Zingore et al., 2007b) (Fig. A31).

" Extracted from:
Dury, J., Rufino M.C., M.T. Van Wijk, S. Zingore, NHerrero, N. de Ridder and K.E. Giller. Feedimatgtgies
and cattle mediated nutrient transfers in a maasetl Zimbabwean smallholder farming commuriityrep

257



Appendix 2

Dust road

Rivers

Interviewed households
Hilly Miombo woodland

Open grassland
Low Miombo woodland
Cropping fields
1...10 Grazing units
A..C Herds

0 1000
I 1

DE0DEHI-

1350 m §

Sandy solil Sandy soil '

Om Transect 3600 m

Figure A31: Village map with grazing unit locatiofiem 1 to 10 and herd A, B and C loca-
tion. The transect indicates the topography of Majg with the corresponding soils.

2.1 Management practices

Two surveys were conducted, the first during the slkason of 2006, and the second during
the rainy season of 2007. Data collection was edrout by conducting semi-structured inter-
views with farmers, non-structured interviews whkigy informants (e.g. the kraal head) and
group meetings. All farm households owning cattld/ianjonjo (n = 37) and a group of ran-
domly selected farm households who solely do crogppn = 30) were interviewed. A simpli-
fied typology based on the wealth class was useilasi to that of Zingore et al. (2007b)
Information collected was summarized in four reseugroups (RG).

2.2 Herd composition

Cattle census was carried out for the three hefrtiseovillage. The herds were defined as the
group of animals that were herded together dutiegainy season. Information was obtained
from farmers to describe the herds in terms ofdsebodyweight, and status of each individ-
ual. Cattle bodyweight measurements were takearfonals in the main herd in both dry and
rainy season. Estimations of bodyweight were obthiby using an allometric relationship

developed by Francis (2002) (Eq. 1) and direct mnessents. Heart girth (HG) was preferred
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to other measurement because it is highly corrlatieh bodyweight (BW) (Francis et al.,
2002).

BW =7311-196x HG + 002x HG? Eg. 1
2.3 Feeding strategies

During the rainy season, cattle feed mainly in ¢benmunal grasslands. To understand the
herding strategies, all 21 herders of the main kegte asked to indicate which areas of the
grazing land were used during the rainy seaso2@%/2006 and 2006/2007. Interviews took
place in the evening when the herders returnedhegovillage and were scattered during the
three months of field work. Computation of GPS p®itogether with an aerial photograph
allowed the drawing of the map of Manjonjo and tadculation of grazing unit areas. The
map was used as support for farmers to describdingepractices. Cattle tracks followed a
day’s grazing were drawn on a map of the grassiagdther with the herdsmen or were re-
corded with a GPS. The time spent by cattle in efhiffarent grazing unit identified by the
herders was also recorded. The maps were completheiith a short semi-structured inter-
view. The questionnaire focused on daily choicegraking units, perceptions on grass qual-
ity and advantages and disadvantages of each gmndsshit. Some herders were also accom-
panied during six days of duties to obtain bettsight on herd management. During the dry
season, cattle are not herded and graze freelylynan the crop residues in the cropland and
they receive stored supplements of maize residuései kraals. All the 37 cattle owners plus
30 crop farmers were interviewed about their cegpdue management.

2.4 Quantification of the feed available in the graslands

Three landscape units were defined, hilly Miomboodland, open grassland and the low
Miombo woodland, which differ in position in thenldscape, tree density and soil types.
Within these three landscape units other more ldet@nd homogeneous grazing units were
defined based on the uses of the grassland bynseate on the waterlogging pattern. Dry
standing biomass, litter and species compositiaih@rass strata were measured three times
during the rainy season and once during the drgaseat each of the grazing units. A de-
structive method was chosen to estimate standiagegjpound biomass. The sample locations
were randomly determined based on a predefineddtieal grid. A theoretical grid of ten
locations was defined to cover all the area folhegrazing unit. From these ten points, ran-
dom numbers (for direction and distance) were usedefine the sampling locations. The
sampling method allowed sampling representativasavéathin each of the grazing units. The
grasses were clipped in each quadrate mf.1All samples were spited into different species
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sub-samples. The species determination was castedt beginning of March with the sup-
port of the National Herbarium and Botanic GardérZimbabwe. For all other measure-
ments, the species composition was not carriedTog.samples were oven-dried {€) and
weighted.

3. Results
3.1 Grassland characterisation and herding practice

We identified 10 grazing units across three lanpscanits on the basis on soil type, tree
cover, water logging, land use and grazing intgrJiable A18). The biomass and the species
composition observed were also strongly affectedhigyland use with a particularly strong
effect of the grazing intensity (Table A19 and A20)ithin Manjonjo, about 30% of the cattle
belonged to 5 farmers of RG1, and 68% to 32 farrm€iRG2. The herding patterns are de-
scribed here at both temporal and spatial scalesorling to the herdsmen, the seasonal
herding pattern is determined by grass availabditg accessibility to the different landscape
units (Fig. A32). At the beginning of the croppiegason, cattle were mainly herded in the
open grassland characterised by the high qualitthefnew growth of the grasses and the
open space. Furthermore, the close proximity ofctiop fields to the open grassland allowed
farmers to release their draught animals to josmhbrd after ploughing. As the rainy season
progressed other units were included in the dagygimg routes. The open grassland became
too wet and too muddy, particularly in the vleigging unit 5 and some part of grazing unit
4), thus limiting the grazing area and its acceltsibThe low Miombo zone was the next
zone which was preferred due to its large areaimngroximity to the Nyagwe River. The
hilly Miombo zone with numerous rocks, a steep sikpall vegetation and lack of a water
point was referred by the herdsmen as the mogtulifffor herding. The general pattern of
movement between grazing units for the late ra@sae is presented in Fig. A32 and the time
spent per month at each unit derived from intergi@md observations is presented in Fig.

A33.
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Figure A33: Monthly herding pattern across landscapits derived from herder interviews.
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Table A18: Landscape units and characteristich®fjtazing units, for the communal grassland of the
Manjonjo village in NE Zimbabwe, Criteria for defny the grazing units were derived from
observations and discussions with the herdsmen. d¢egies such adyparrhenia dissoluta and
interviews about the herding pattern allowed defirthe grazing intensity.

Landscape Grazing
unit unit Soil type Tree cover Water logging Lamsk Grazing intensity
Low Miombo 1 Sandy Young trees  No Forest clearingigh
woodland 2 Vlei No trees Yes Grazing Low

3 Sandy Young trees  Partial Forest clearing High

4 Sandy No trees No Grazing Low
Open 5 Vliei No trees Yes Grazing Low
grassland 6 Sandy No trees No Fallow High

7 Sandy No trees No Fallow High
High Miombo 8 Red clay Mature trees No Forest dlepr Low
woodland 9 Red clay Mature trees No Grazing Vew lo

10 Red clay Mature trees No Forest clearing Low

Table A19: Characteristics of the grazing unitsh&f communal grassland of the Manjonjo village in
NE Zimbabwe. Area and standing biomass (kg)tend dead biomass (kg faand criteria reported
by the herdsmen to describe grazing unit advantagesonstraints [+ refer to advantages; - refers t
constraints]

Landscape Grazing Area March April May Grass Field Water- View Relief

units units  (ha) quality distance logged rocks
Stand. Lit. Stand. Lit. Stand Lit.

Low 1 142 700 7 250 13 150 12 . . - .
Miombo
Woodland 2 14 2400 288 2300 276 2100 441 + ++ - + 4+
3 11 330 3 2450 74 1900 19 +++ - ++ T+
Open 4 17 2500 25 2350 1412300 184 + --- - +++ +++
Grassland
5 39 3300 1323100 31 2900 435 ++ -- +++ +++
6 20 2000 O 1100 O 850 O ++ - +++ e e
7 8 1300 O 900 9 700 56 + - +++ +++ +++
High 8 22 1550 78 1300 1821200 288 +++ +++ +4++ - -
Miombo
Woodland 9 154 1050 179 800 248 600 264 - +++ +++
10 12 1350 95 1000 190900 243 - +++ +++ -

Table A20: Main species (% of the biomass) obsemvadarch per landscape units.

Species Low Miombo woodland  Open grassland  Highnitio woodland
Foorobolus pyramidalis 28 34 <5
Hyparrhenia dissoluta 7 15 44
Andropogon gayanus <5 <5 36
Arigtida congesta 6 <5 <5
Heteropogon contortus <5 <5 <5
Cynodon dactylon <5 <5 <5
Digitaria gazensis <5 <5 <5
Cyperus spp. 10 17 <1
Mutsvairo 16 <5 <1
"Local name
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Figure A32: The map (A) shows two typical routekcfi@ed by herders of the main herd try-
ing to reduce risk for cattle and the map (B) shoypscal route for those trying to maximize
feeding. The map C shows usual routes of the H&rdsfrom Manjonjo and of the herd from
Chiwara.

The herding strategies also depend the herdsmenisobjectives. Two herder’s objectives
were identified: (i) reducing risk for cattle legjuries by making herding easy, and (ii) opti-
mising cattle feeding. The herdsmen’s skills anel ginazing area’s characteristics acted as
constraints to the achievement of the objectivesrdbimen’s skills are related to their age,
experience in herding, and risk attitude. Chargsties of the grazing area mentioned by
herders included herbage biomass, topography,itigitcrop field proximity and presence or
absence of natural barriers. The two emerging hgrdirategies are illustrated in Fig. A32B
and C by what were (typical) tracks followed bydes. About 53% of the interviewed herd-
ers were younger than 16 years. For 71% of theeir, tinst objective was to bring back the
cattle safely to their owners without any problewitiers reported searching the best grasses
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for cattle as the main objective. In contrast, 66Pthe adult herdsmen — mostly cattle own-
ers, had leading the cattle to the best feedingeglas the main objective for herding.

The objectives strongly affected herding pattersbioth young and adult herders as illus-
trated Figs A32B and C. The herders trying to mis@risk and to bring back cattle safely
clearly preferred grazing units 1 and 6. Theseelangas with relatively flat topography and
the presence of natural barriers, the Nyagwe Rmegrazing unit 1 and the hilly forest for
grazing unit 6, made herding easier than in otlmarigg units. The drawback of these rela-
tively safe areas compromising is the low herbaigenbss in these units. The herders with
feed quality as main objective had more diverselihgrpatterns and followed more complex
tracks within the grazing units. When herders labfar grass, they herded the cattle through
areas with high standing biomass. While both graepgent the same amount of time within
the low Miombo woodland (about 70% of the in timle¢rders that tried to maximise cattle
feeding spent much more time in grazing unit 2 timathers. Keeping cattle within grazing
unit 2 required much more attention, since thig usicomposed of small areas embedded
within grazing unit 1. Accessibility of some argasy. grazing unit 4 and 8) was more diffi-
cult and often required going close to the cropgialgls and therefore increased the risks of
cattle damaging crops. The grazing unit 8 locatétimthe hilly Miombo woodland is scat-
tered with numerous rocks which increases the oiskattle leg injuries. Only good and
skilled herders went into this unit. The grazingt dnwas often used during the middle of the
day as herders were close to their homes and gauldere for lunch.

3.2 Crop residue production and uses

Different and often competing uses of crop residueexisted within the different resource
groups. Farmer’s objectives, perceptions on theevaf the crop residues and labour required
were identified to be the three main determinaatgtie decisions made by farmers with re-
gard to the use of crop residues. There were difmrences in management strategies be-
tween resource groups. Almost all cattle ownersiR6d RG2) reported that they collect the
crop residues, which was not the case for cropdesnfRG3 and RG4) where practices were
much more diverse. In total, 66% of the intervievi@uners reported some crop residue man-
agement practices after the harvest of the gramle@ion was the most common practice,
burning and incorporating into soil by ploughingres¢he two others. Only three farmers re-
ported that they burn the crop residues within ftelels. The main motivation for burning
residues was to prevent cattle from grazing inrthelds and also to keep the fields clean.
Farmers who did not have any specific managemeattipes for the crop residues
represented 44% of all farm households. Their dverap residue production of maize stover
represented 27% of the total production of all farsrtogether. Reported reasons for not using
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residues were different between cattle owners amdaattle farmers. The cattle owners were
not interested in collecting residues since theleaan freely access them while grazing.
Non-cattle farmers had two reasons for not manatiagrop residues: i) The time and effort
required for collecting residues were reportednasnhain reason for 50% of households; and
i) 40% of the farmers preferred to allow the eatlib graze their fields in order to obtain

benefits from the manure excreted by the grazitidec@nother 10% mentioned reasons such
as termites that consume the residues during thmpasting process and the rest did not give
any specific reasons for not collecting the crapdees.
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Appendix 3:
Quality parameters of the grass and legume species used in the
simulations of Chapter 7

Table A21: Main feed quality parameters for themmgiass species used in all the simulations and the
legumes used in the supplementation scenario.

Early rainy season Early dry season Late dry seaso
ME DMD CP ME DMD CP ME DMD CP
Grass species (MJkg (gkg (gkg (MIkg (gkg (gkg (MIkg (gkg (gkg

pMv?Y) bM?YH bpM?Y bMYH bDMYH DM DMY DM DM
Hyparrhenia dissoluta 10.2 650 135 8.0 510 45 6.3 400 40
Sporobolus pyramidalis 9.8 620 125 7.9 400 43 5.2 330 30
Heteropogon contortus 10.5 670 110 7.5 410 32 5.8 370 24

Digitaria gazensis 115 700 163 9.2 630 74 8.2 530 45
Andropogon gayanus 9.7 620 158 8.0 470 58 6.2 400 47
Cynodon dactylon 10.4 640 137 8.3 517 60 8.0 500 50
Arigtida congesta 10.0 650 109 7.8 420 52 5.8 370 43
Other feeds

Leucaena leucocephala - - - 9.7 720 252 - - -
Zea mays stem - - - 8.0 520 72 7.6 500 50
Zea mays leaves - - - 6.8 500 54 6.0 450 45

Sources: Topps and Oliver (1993), Boudet (1991)NBFEED — ILRI Feed database.

—o— Low Miombo woodland —e— Open grassland —o— High Miombo woodland

Biomass production
(t DM ha?)

0 12 24 36 48 60 72 84 96 108 120

Time (months)

Figure A34: Example of the simulated total grassmzss production in three different landsc
units: low Miombo woodland, open grassland, andhhigjombo woodland athe grassland of tt
virtual village, using the average rainfall series.
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Summary

Smallholder farming systems in Sub-Saharan Afrieacdten nutrient-limited systems
that depend largely on the use of land resouraethé&r subsistence. It is often stated
that crop-livestock integration is an effective m&dy which plant nutrients can be
rapidly recycled within and between farms. Howewvbere is great uncertainty on
which are the critical stages of nutrient transfeough crop-livestock systems. Each
transfer of nutrients within the farming systempdes a risk of inefficiency, and how
much is lost at each step depends on the typersy#i® management practices and
site conditions. Farmers in Africa recognise thepamant role of manure in
maintaining soil fertility. The poorest smallholdemay benefit from integrating
livestock with crops because of the reduction olnhgrability to risk (through the
insurance function of livestock), and because efdpportunities created for recycling
and maintaining soil productivity. Because livegtdalfil several functions in crop-
livestock systems, farmers manage their animalsrdot to the weight assigned to
each function. As a consequence there are tradetmtween increasing animal
productivity, income from livestock and sustainiagpp production through cycling
nutrients from animal manure. This thesis is a roution to development of a
analytical tool, the NUANCES framework, to suppitie analysis of trade-offs in crop-
livestock systems, with focus on opportunities ifttensification and maximising the
benefits from crop-livestock integration for smalller farmers. To address this
objective, examples from different mixed crop-liscek systems, a combination of
qualitative (participatory research, farm typola&ji@and quantitative system analytical
methods (experiments and modelling) were used.

Farming systems were conceptualised in four sutesysthrough which nitrogen (N)
transfer takes place: 1. Livestock: animals pariitilietary intake into growth and milk
production, faeces and urine; 2. Manure collecteomd handling: housing and
management determine what proportion of the anemaleta may be collected; 3.
Manure storage: manure can be composted with dilowitaddition of plant materials;
4. Soil and crop conversion: a proportion of thenNrganic materials applied to soil
becomes available, part of which is taken up bytslaof which a further proportion is
partitioned into grain N. Critical steps where @#ncy of nitrogen (N) cycling
through livestock in African smallholder crop-litesk farming systems can be
increased were identified (Chapter 2). Partialcedficies have been more commonly
reported in the literature for the first and lagps than for manure handling and
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storage. N cycling efficiencies are calculated éwery sub-system as the ratio of
nutrient output to nutrient input. Estimates obtho-called partial N cycling efficiency
(NCE) for each sub-system range from 46-121 % @toek), 6-99 % (Manure
handling), 30-87 % (Manure storage) and 3—-76 % ¢l crop conversion). Overall
N cycling efficiency is the product of the partiefficiencies at each of the steps
through which N passes. Direct application of plaraterials to soil results in more
efficient cycling of N, with fewer losses than fromaterials fed to livestock.
However, livestock provide many other benefits highalued by farmers, and animal
manures can contain large amounts of available Mtwincreases crop responses.
Making most efficient use of animal manures depeamdigally on improving manure
handling and storage, and on synchrony of minexiadis with crop uptake. Measures
to improve manure handling and storage are gegegallier to design and implement
than measures to improve crop recovery of N.

For smallholder farmers who use little fertilis&fficient nutrient management in
manure is key for crop production. A model (HEAP$IMas developed to analyse
NCE within smallholder farms in western Kenya (CleaB). The model was built
with on-farm data on manure excreted and manureageanent in combination with
experimental results and literature to analyseeloskiring manure storage. The model
calculations show that manure management duringatmn and storage has a large
effect on the efficiency of mass and nutrient retam Differences in NCE between
farms of different wealth classes arise due toed#iices in resource endowment. For
poorer farmers, larger N losses occur at all stafj@sanure cycling compared to the
wealthier farms. Urinary-N losses occur on all farout their impact on NCE for poor
and medium-class farmers is larger due to the smalnount of N recycled. With
current management the poor farmer recover <1 kg'Nn composted manure from
15 kg N y* excreted. Improved manure storage has little efiecincreasing overall
NCE for the poor farmer due to large losses dugndfiection. For the wealthier
farmer, improvement of manure storage increases Bi@Eallows recycling of 30%
of N excreted (ca. 30 kg Ny with small investment in infrastructure. Increasi
cattle numbers or improved feeding would have geaeffect on manure availability
but this is constrained by feed scarcity and inmesit capacity. The absolute amounts
of N recycled (1-6, 4-17 and 7-18 kg N yor poor, medium and wealthier farmers)
are small compared with maize N demand (>50 kg N)hhut significant to farmers
given the small farm sizes (0.1 — 1.1 ha). Besiesnimal manure provides other
nutrients for crops and maintains soil organic erattboth vital to guarantee efficient
use of fertiliser N — which justifies the search ifaterventions to assist farmers make
better use of manure. Covering manure heaps wthyghene film reduce mass and N
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losses considerably. To increase overall NCE, imest in cattle housing and
recycling of urinary-N is required.

Evaluation of the cows’ lifetime productivity is aensible strategy to target
interventions to improve productivity of smallhotd#airy systems in the highlands of
East Africa. Feeding strategies and mortality maweh a long-term effect on
productive (and therefore economic) performancedairy systems (Chapter 4).
Because of the temporal scale needed to evaldatenie productivity (more than 10
years in dairy systems of the Highlands of EasticA); experimentation with
feedstuffs in single lactations is not enough teeas productive improvements. A
dynamic modelling approach was used to exploreeffect of feeding strategies on
dairy cattle lifetime productivity, and to help i@entify entry points where interven-
tions will have a productive impact. In the indivad-based dynamic model LIVSIM-
(Livestock Simulator), animal production dependsgametic potential of the breed
and feeding. We simulated individual animals thitowgf their lifetime using scenarios
with different diets based on common feedstuffddusethese systems (Napier grass,
maize stovers and dairy concentrates), with antiowit imposing random mortality
rates to different age classes. The simulationsvsiat it is possible to target the
feeding to maximise lifetime productivity by supplenting with concentrates to meet
the nutritive requirements of cattle not only dgrilactation, but also during early
development to reduce age at first calving andrekfgroductive lifetime. Avoiding
undernutrition during the dry period by supplemegtthe diet with 0.5 kg of dairy
concentrates increases productivity and produdifieeme. Survival analyses indicate
that non-supplemented diets prolong calving intstvhe simulations with imposed
random mortality show a reduction in productivee lifnumber of calvings and
therefore all other productivity indicators by abd3-65%. Selecting the best feeding
strategies makes little sense when mortality alecatay be as high as 15% per year.
Therefore, reducing mortality by implementing hkeatare management programmes
must be included in interventions to increase dautputs. Improving lifetime
productivity is more effective than interventiorergeted to improving daily milk
yields through feeding strategies.

Diversity of farming activities may increase thakslity of the production of the farm
and reduce risks for resource-poor households, easeintegration of activities using
the outputs of one activity as input in anothenvagt may reduce dependency on
external resources (Chapter 5). In practice, dityeesd integration are poorly defined
and there is no method to assess diversity andratien in agro-ecosystems, which
hampers the exploration of their potential benefAs method based on Network
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Analysis (NA) is introduced to characterize andeassthe diversity and integration in
farm household systems. The Finn’s Cycling inde€IfHs used to characterise the
degree of integration of farming activities. Divigysis characterised by using
measures of communication theory — the Average Blutnformation (AMI) and its
upper boundary the statistical uncertainty)H he method is applied to mixed crop-
livestock systems of the Highlands of Northern & where we used nitrogen (N)
flows to illustrate the utility of the method. Thedicators are useful to support
discussions on diversified and sustainable agreystems and allow assessment of
the effects of different farm management to imprtheesystem design. The definition
of the agro-ecosystem and its compartments (farracttyities) and scales strongly
affect the outcomes of the evaluations. The paéenof NA for drawing
recommendations on sustainable management depenpioper systems definitions
and the objectives of study.

Because many farmers in Sub-Saharan African relyhemuse of natural resources, the
inflows of nutrients to the systems should be iasesl to compensate for exports and
losses, while increased integration through intecgeling may increase the efficiency
of nutrient utilisation. To explore to what exteiie properties of nutrient cycling
networks relate to the capacity of the systemastasn rural families, we investigated
the characteristics of N flows and cycling in castmg African crop-livestock
systems by using concepts form ecological netwarkiysis (NA) (Chapter 6). The
case studies included farm households from diftesenial strata at three sites: Tigray
in northern Ethiopia, Kakamega in western Kenya Bholewa in Zimbabwe. These
farm households were conceptualised as networkshioh the the household and the
different farming activities represent the compamts, and the N flows were the
connections between them. Indicators were usedgsesa network size, activity and
cycling, and the organisation and diversity of thdlows which were compared to
measures of system performance (biomass prodyctand food self-sufficiency).
Systems in Tigray used about three times more Ncpeita than the systems in
Kakamega, with Murewa in between. The amounts otydled were small and
comparable at all sites (less than 2.5 kgpdd capita per year). Dependency on
external inputs to sustain current production wagdr for poor than for wealthier
households, who had larger soil N storages petaapoor households did not achieve
food self-sufficiency at any of the three siteseTheasures of system performance
were positively related to the size of the netwofkN flows and to the organisation
and cycling, but the efficiencies of utilisation melifferent across the sites in relation
to the size of soil storages and the importancdivestock to the N flows of the
system. This use of NA appears promising to assystems agro-ecosystems
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properties by looking at dependency on the exteamalironment for biophysical
inputs and the internal organisation of the systBerause increases in size of the
network of N flows and organisation of the flowadeto increases in productivity and
food self-sufficiency, combination of both stragyimay benefit not only productivity
but also adaptability and reliability of smallhotderop-livestock systems.

Addition of organic materials is needed to susthm crop productivity of inherently
poor soils in the mixed crop-livestock systemshe tommunal areas of North East
Zimbabwe. In these systems, livestock feed ressuace collectively managed, with
the herds of the village grazing on natural grasidaduring the rainy season and on
crop residues during the dry season. This creatisrant types of interactions
between the members of the community, livestock emams non-livestock owners,
including competition for the organic resourcese Thagnitude of such interactions in
terms of nutrient flows and the long term effectstlze current practices on soll
productivity is explored (Chapter 7). It is hypatised that the collective management
of feed resources brings negative consequencendioiivestock owners. We used
information on crop and livestock management ctdiédn a village of the communal
area of Murewa in NE Zimbabwe, and a dynamic facales simulation model
(NUANCES-FARMSIM). The individual models of FARMSIMave been calibrated
and tested with existing information for the samesaaand adapted to include the main
interactions at village scale. The simulations 0fykars showed that the grasslands
contributed the majority of the annual feed intakeéhe herd of the village, (c. 75%),
and that the crop residues produced by the nostbe& owners sustained a
substantial (c. 30%) amount of the intake of lieektduring the critical dry season.
The removal of C (0.3-0.4 t CY from their fields resulted in a long term redooti
of the already poor yields of their farms. Impedthg access of livestock to the crop
residues of non-livestock owners increased theitguaf their soils modestly and
improved yields in the mid- to long term, but neoioagh to meet the needs of the
family. Although our hypothesis was not rejectdt hegative effects were relatively
small. Adding inputs to the whole (community) systm the form of mineral fertiliser
concurrently with changes to the current managenwnthe crop residues and
manures by redistributing manure from the moraléefields of the farm to the poorer
soils, appears to be a promising strategy to bibesproductivity of the community as
a whole. The likelihood of this scenario being iempented depends on the availability
of fertilisers and the willingness of farmers twest in rehabilitating soils to obtain
benefits in the long term, as opposed to concengrail organic inputs in small areas
and creating islands of fertility where crop yielte secured.
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There are benefits in terms of productivity andotgse use efficiency of closer

integration between crops and livestock. Some edalbenefits are to be obtained with
relatively small technical changes and others neede combined with radical

institutional changes and/or system shifts.
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Kleine boerenbedrijven in Afrika ten zuiden van 8ahara zijn vaak nutriént-
gelimiteerde systemen, die grotendeels afhankeljik van het gebruik van het
beschikbare land voor hun bestaan. Er is vaak gedagintegratie tussen gewas en
vee een effectieve manier is waarop plant nutriésteel hergebruikt kunnen worden,
zowel binnen een boerderij als tussen meerderalbom. Er is echter grote onzeker-
heid over de kritische momenten van nutriént owaldr in gemengde gewas-vee
systemen. Elke overdracht van nutriénten binnerbeerderij systeem vormt een risico
van inefficiéntie, en hoeveel verloren gaat bigiexistap hangt af van het type systeem,
het toegepaste beheer en de locale condities. Baewkfrika onderkennen de belang-
rijke rol die dierlijke mest speelt in het behouahvbodemvruchtbaarheid. De armste
kleine boeren kunnen mogelijk profiteren van deegnitie van vee met gewassen
vanwege de reductie van hun kwetsbaarheid voaoissidoor middel van de buffer-
functie van vee), en vanwege de mogelijkheden daegerd worden voor hergebruik
en het op peil houden van de bodemproductiviteiidé vee verschillende functies in
gemengde bedrijven vervult, beheren boeren hunopeeen manier die aansluit bij
welke zij van die functies de belangrijksten vindals gevolg hiervan zijn er trade-offs
tussen het laten toenemen van de dierlijke proelubgt inkomen dat gegeneerd wordt
door het vee en het behoud van gewasproductie matiel van het hergebruik van
nutriénten van dierlijke mest. Deze thesis vornmt bigdrage aan de ontwikkeling van
een analytisch gereedschap, het NUANCES systeerike vgebruikt wordt om de
analyse van trade-offs in gemengde gewas-vee sgsteondersteunen, met een focus
op de mogelijkheden voor intensificatie en de maisatie van de voordelen van
gewas-vee integratie voor kleine boeren. Om deatstitling te bereiken zijn voor-
beelden van verschillende gemengde gewas-vee Sstegen combinatie van
kwalitatieve (participatief onderzoek, bedrijfstypgieén) en kwantitatieve systeem-
analytische methoden (experimenten en simulatieieodeebruikt.

Boerderijsystemen zijn geconceptualiseerd in 4yatbmen waar nutriénten doorheen
stromen: 1. Het vee: dieren verdelen hun voerinnaveg groei, melkproductie, mest
en urine; 2. Dierlijke mestverzameling en beheat type opslag en het beheer
bepalen welk deel van de dierlijke uitwerpselennemworden gebruikt; 3. Mestop-
slag: mest kan gecomposteerd worden met of zoraBoéging van plantaardige
materialen; 4. Bodem en gewasconversie: een gedesmitde stikstof (N) in organisch
materiaal dat aan de bodem wordt toegevoegd kosthiidaar, waarvan weer een
gedeelte door de planten wordt opgenomen, waaneer wen gedeelte uiteindelijk

273



Samenvatting

terecht komt in het graan. Belangrijke stappen,rvagaefficiéntie van N hergebruik
door vee in Afrikaanse kleine gemengde boerenhesirijkan worden verbeterd,
werden geidentificeerd (Hoofdstuk 2). Partiélecdéfnties zijn vaker berekend voor de
eerste en de laatste stappen dan voor het beheelevaest en de opslag ervan. N ge-
bruiksefficiénties zijn berekend voor elk subsystess de ratio tussen nutriént output
en nutriént input. Schattingen van deze zogenagpadigle N gebruiksefficiénties
(Nutrient Conversion Efficiencies - NCE) variéreoov elk subsysteem tussen 46 tot
121% (vee), 6 tot 99% (mestbeheer), 30 tot 87 ¥s{opslag) en 3 tot 76% (bodem-
en gewasconversie). De gehele N gebruiksefficiéstibet product van de partiéle
deficiénties van elke stap waar N doorheen gaatchs toepassing van plantaardige
materialen op de bodem leidt tot een meer efficgitiruik van N, met lagere verlie-
zen dan wanneer het materiaal aan het vee wordiegavVee geeft echter andere
voordelen die hogelijk gewaardeerd worden door émeen dierlijke mest kan grote
hoeveelheden beschikbare N bevatten die de gewasieyerbeteren. Het meest ef-
ficiénte gebruik van dierlijke mest hangt kritisahvan het verbeteren van het beheer
en de opslag van de dierlijke mest, en van de sgnatie van mineralisatie met de
opname van gewassen. Maatregelen om het beheer @osthg van de dierlijke mest
te verbeteren zijn eenvoudiger te ontwerpen ertdgeassen dan maatregelen om de
opname efficiéntie van gewassen te verbeteren.

Voor kleine boeren, die weinig kunstmest gebruikerefficiént beheer van nutriénten
essentieel voor de gewasproductie. Een simulatiem{&tEAPSIM) werd ontwikkeld
om de NCE van kleine boerenbedrijven in West Keaaianalyseren (Hoofdstuk 3).
Het model werd gebouwd met behulp van bedrijfsgegsevop het gebied van
mestproductie en mestbeheer in combinatie met a®Rpetele resultaten en
literatuurgegevens en werd gebruikt om de verlidgdans mestopslag te analyseren.
De modelsimulaties lieten zien dat het type bekaarmest gedurende de verzameling
en opslag een groot effect had op efficiéntie vah bhehoud van koolstof (C) en
nutriénten in de mest. Verschillen in NCE tussearbterijen in verschillende klassen
van rijkdom ontstonden door verschillen in het bgan beschikbare middelen. Bij de
arme boeren traden, vergeleken met de rijkere hogmte N verliezen op bij alle
stappen van mestgebruik. N verliezen in urine vangl@ats op alle bedrijven, maar
hun effect op NCE was groter voor arme en gemiddgtd boeren omdat de totale
hoeveelheid N dat hergebruikt word op deze bedrijkkeiner is. Met het huidige
beheer gebruiken boeren minder dan 1 kg N pertgaopzichte van 15 kg N dat per
jaar in de uitwerpselen geproduceerd wordt. Verldetanestopslag heeft een klein
effect op het laten toenemen van de NCE voor de droeren omdat grote verliezen
optreden tijdens het verzamelen. Voor de rijkererbo leidt een verbetering van de
mestopslag tot een verhoogde NCE en maakt het mjloget 30% van N in dierlijke
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mest (ongeveer 30 kg N per jaar) te hergebruikeneaae kleine investering in type
opslag. Een toename in hoeveelheid vee of een tegig in het voer zou een groter
effect hebben op de beschikbaarheid van mest, midawordt beperkt door de
mogelijkheden voor investeringen en de schaarshendvoer. De absolute hoeveel-
heden van hergebruikte N (1-6, 4-17 and 7-18 kgMNagar voor arme, gemiddelde
and rijkere boeren, respectievelijk) zijn klein geleken met de vraag naar N door het
gewas mais (meer dan 50 kg per ha). Naast N geefijké mest ook andere
nutriénten voor gewassen en het levert een bijdiae het behoud van bodem
organisch materiaal — allebei essentieel om efftcgebruik van kunstmest N te
garanderen — waardoor het zoeken naar interveotredoeren te ondersteunen om
beter gebruik te maken van mest nuttig blijft. Hetdekken van een mesthoop met
plastic vermindert de massa en N verliezen aange@m de totale NCE te verhogen
Is investering in veestalling en het hergebruik ueine N noodzakelijk.

Evaluatie van de levensproductiviteit van vee Is legische strategie om toegespitste
interventies om de productiviteit van kleine melkloedrijven in de hooglanden van
Oost Afrika te verhogen te kunnen identificereneX&rategieén en mortaliteit kunnen
een lange termijn effect hebben op productiviteiwel dierlijk als economisch) van
melkveebedrijven (Hoofdstuk 4). Vanwege de tijdssthdie nodig is om de le-
vensproductiviteit te kunnen evalueren (meer danaa® in melkveesystemen in de
hooglanden van Oost Afrika), zijn experimenten neischillende typen voer in een
enkele lactatie niet genoeg om productiviteitsvertiegen te kunnen evalueren. Een
dynamische simulatie aanpak is gebruikt om hetceffan voerstrategieén op de le-
vensproductiviteit van melkvee te onderzoeken en pmmenten te kunnen
identificeren waar interventies een impact kunnebblen op de productiviteit. In het
individueel-gebaseerde simulatiemodel LIVSIM (LIMesk SIMulator) hangt
dierlijke productie af van het genetische poteht@® het ras en het voer. We simu-
leerden individuele dieren gedurende hun leven;bilagebruikmakend van scenario’s
met verschillende diéten welke gebaseerd waren epebruikelijke typen voer
beschikbaar in deze systemen (Napier gras, maisessien krachtvoer), samen met
het wel of niet toepassen van een random kans apalit@it voor de verschillende
ouderdomsklassen. De simulaties lieten zien damogfelijk is het voer dusdanig aan
te passen dat de levensproductiviteit gemaximatiskan worden door het gebruik
van krachtvoer om aan de vraag naar energie eft&mian het vee te voldoen, niet
alleen gedurende lactatie maar ook gedurende damgerontwikkeling om de leeftijd
bij het krijgen van het eerste kalf te verlageroenhet productieve leven te verlengen.
Het voorkomen van ondervoeding gedurende de dregede door het bijvoeren van
0.5 kg krachtvoer vergrootte de productiviteit ezt productieve leven. Overlevings-
analyses lieten zien dat diéten zonder bijvoedieg Kalfinterval verlengden. De

275



Samenvatting

simulaties met een random kans op mortaliteit tieéen verkorting zien van het
productieve leven en een verlaging van het aarableken, en daarmee ook in alle
andere indicatoren van productiviteit, met ongevetot 65%. Het selecteren van de
beste voerstrategie is niet effectief wanneer ddatii@it van vee zo hoog is als 15%
per jaar. Het reduceren van mortaliteit door hgtlementeren van gezondheidspro-
gramma’s moet daarom meegenomen worden in inteegeatn de melkproductie te
verhogen. Het verhogen van de levensproductivigeieffectiever dan interventies
gericht op het verbeteren van melkproductie met ulpehvan verbeterde
voerstrategieén.

De diversiteit van activiteiten op een boerderip ke stabiliteit van productie op het
bedrijf positief beinvloeden en kan de risico’s v@me huishoudens verminderen,
terwijl de integratie van activiteiten waarin detmut van de ene activiteit gebruikt
wordt als input voor een andere activiteit de akadijkheid van externe bronnen kan
reduceren (Hoofdstuk 5). In de praktijk zijn diviezg en integratie slecht gedefinieerd
en er bestaat geen methode om de diversiteit egratie van agro-ecosystemen te
evalueren. Dit limiteert de verkenning van hun migigee voordelen. Ik introduceer
een methode die gebaseerd is op Netwerk Analysé@ (NAde diversiteit en integratie
van boerderij systemen te karakteriseren en teuexah. De Finn Hergebruiksindex
(Finn’s Cycling Index - FCI) is gebruikt om de mat&n integratie van boerderij acti-
viteiten te karakteriseren. Diversiteit wordt geldderiseerd met behulp van methoden
uit de communicatie wetenschappen — de Gemiddeldsmdevijdse Informatie
(Average Mutual Information — AMI) and de bijbehnd® bovengrens van de
statistische onzekerheid ¢4 De methode is toegepast op gemengde gewas-vee
systemen van de hooglanden van Noord-Ethiopié. @eukten N stromen om het
nut van de methode te laten zien. De indicatorgnrittig om discussies over diverse
en duurzame agro-ecosystemen te ondersteunen ate @waluatie te ondersteunen
van effecten van verschillende typen boerderij behem hiermee het beter mogelijk
te maken om nieuwe boerderijsystemen te ontwerpendefinitie van het agro-
ecosysteem en zijn compartimenten (de boerdeiyigten) samen met de niveaus
van analyse beinvlioeden de uitkomsten van de eledusterk. Het potentieel van NA
om aanbevelingen te identificeren op het gebied daurzaam beheer hangt af van
correcte systeem definities en de doelstellingdeadesbetreffende studie.

Omdat veel boeren in Afrika ten zuiden van de Sal#inankelijk zijn van het gebruik
van natuurlike bronnen, moeten de stromen vaniénign naar de systemen
toenemen om te compenseren voor de export en Hegsvean nutriénten, terwijl een
sterkere integratie door intern hergebruik de gffite van nutriént gebruik kan
verhogen. Om te bekijken in welke mate de eigengodiavan netwerken van nutriént
hergebruik gerelateerd kunnen worden aan de cegavdén systemen om rurale
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families te onderhouden, onderzochten we de kaiakeken van N stromen en N
hergebruik in contrasterende Afrikaanse gewas-vgstesien met behulp van
concepten van de ecologische netwerk analyse (IMapfdstuk 6). De locaties die
onderzocht werden bevatten boerenhuishoudens vachi#éende sociale niveaus in
drie verschillende regio’s: Tigray in Noord EthiépiKakamega in West Kenia en
Murewa in Zimbabwe. Deze huishoudens werden geqbnakseerd als netwerken
waarin de huishoudens en de verschillende boerdetiyiteiten de compartimenten
representeren, en de N stromen waren de conndgissn hen. Indicatoren werden
gebruikt om de grootte van het netwerk te evaluean activiteit en mate van her-
gebruik samen met de organisatie en diversiteitdaiN stromen werden vergeleken
met maten van system productiviteit (biomassa pbelen voedselzelfvoorziening).
De systemen in Tigray gebruikten ongeveer 3 maakrni¢ per persoon in het
huishouden dan de systemen in Kakamega, terwijleMar er tussenin zat. De
hoeveelheden van hergebruikte N waren klein enelgkbaar tussen alle locaties
(minder dan 2.5 kg N per persoon per jaar). Derdéblkheid van externe inputs om
de huidige productie te behouden was groter vooradee dan voor de rijkere
huishoudens, deze laatsten hadden meer N voorexagepsoon. Arme huishoudens
bereikten in geen van de locaties voedselzelfvearag. De maten die gebruikt
werden om de de productiviteit van het systeem amlkteriseren waren positief
gerelateerd aan de grootte van het netwerk vamdisn en aan de organisatie en het
hergebruik, maar de efficiénties van gebruik warerschillend tussen de locaties in
relatie tot de grootte van de bodemvoorraad enbb&ng van het vee voor de N
stromen in het systeem. Dit gebruik van NA lijkelelovend om eigenschappen van
agro-ecologische systemen te evalueren door terkijlaar de afhankelijkheid van de
omgeving voor biofysische inputs en de interne oig/ie van het systeem. Omdat
toename van de grootte van het netwerk van N stioemede organisatie van deze
stromen leiden tot toenames in de productiviteitverdselzelfvoorziening, kan de
combinatie van beide strategieén leiden tot eertgogdaptiviteit en betrouwbaarheid
van kleine gemengde gewas-vee bedrijven.

Toepassing van organisch materiaal is noodzakedijk de gewasproductie te
behouden op inherent arme gronden in gemengde gexeasystemen in Noordoost
Zimbabwe. In deze systemen wordt het voer voovbetgemeenschappelijk beheerd,
waarbij de kuddes van de het dorp grazen op ngkaudraslanden gedurende het
regenseizoen en op gewasresiduen gedurende he¢ deagoen. Dit zorgt voor
verschillende typen van interacties tussen de idden van de locale gemeenschap,
de boeren die wel of geen vee in hun bezit heblerarbij ook concurrentie
plaatsvindt om de beschikbare organische bronnemgrbotte van deze interacties in
termen van nutriéntstromen en de lange termijncedfe van de huidige praktijk in
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termen van bodemproductiviteit zijn onderzocht (Fistuk 7). De hypothese was dat
het gemeenschappelijke beheer van beschikbaar negatieve consequenties heeft
voor de boeren zonder vee. We gebruikten infornwatex het beheer van de gewassen
en het vee, verzameld in een dorp in Murewa in Noost Zimbabwe, samen met een
dynamisch simulatiemodel oorspronkelijk ontwikkel@p boerderij niveau
(NUANCES-FARMSIM). De individuele modules van FARMSS zijn gekalibreerd
en getest met behulp van bestaande informatie gtaelide gebied, en aangepast om
de belangrijkste interacties op dorpsniveau te kartreschrijven. De simulatie van 10
jaar liet zien dat de graslanden zorgen voor hkstnigeijkste deel van de voeropname
van de dorpskudde (ongeveer 75%) en dat de gewdisgasdie geproduceerd worden
door de boeren zonder vee een substantieel deglevovan de voeropname van het
vee gedurende het kritische droge seizoen (onge86e%). Het verdwijnen van
koolstof (C) door begrazing (0.3 tot 0.4 ton pearjavan de velden van de boeren
zonder vee had op de langere termijn tot gevolgddatoch al lage opbrengsten nog
verder afnamen. Het voorkomen van het begrazemleagewasresiduen leidde tot een
kleine toename van de bodemkwaliteit van de veldende boeren zonder vee en tot
een kleine toename van de gewasopbrengsten omderdéatermijn, maar ook deze
toename was niet genoeg om aan de voedsel vraagf Yeh huishouden te voldoen.
Hoewel onze hypothese niet afgewezen hoefde teemomdaren de negatieve effecten
relatief klein. Het toepassen van inputs in de elgsteem (de gemeenschap) in de
vorm van kunstmest samen met een verandering inhbetige beheer van de
gewasresiduen en dierlijke mest door het hervendekn de mest van de meer
vruchtbare velden naar de arme velden, lijkt eealbsdovende strategie om de
productiviteit van de gemeenschap als een gehedd t& verhogen. De kans dat dit
scenario ook echt geimplementeerd wordt hangt af da beschikbaarheid van
kunstmest en de bereidheid van boeren om te imessie het herstel van bodems om
op de langere termijn de voordelen te kunnen baehdla in tegenstelling tot de
huidige strategie om alle organische materialesoteentreren op kleine oppervlaktes
om daarmee eilanden van vruchtbare gronden te ecreémar gewasopbrengsten
gewaarborgd zijn.

Er zijn voordelen in termen van productiviteit effioggntie door gewas en vee
sterkerte integreren. Sommige voordelen kunnen &voiltehaald met relatief kleine
technische aanpassingen en andere kunnen alleetenwbehaald als de technische
aanpassingen worden gecombineerd met radicaldgutnstiele veranderingen en/of
systeemverschuivingen.
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Los suelos de los sistemas agricolas minifundistadfrica Sub-Sahariana son gene-
ralmente pobres en nutrientes. Los campesinos @umejan estos sistemas, dependen
del uso de los recursos naturales para su subsat&e sostiene que la integracion de
cultivos y ganado es una forma efectiva de recicldrientes dentro de una explota-
cion agricola y entre varias explotaciones agrgcdian embargo, hay mucha incerti-
dumbre con respecto a cuales son los puntos &itinda transferencia de nutrientes
dentro de estos sistemas mixtos agricola-gana@&da paso en la transferencia de
nutrientes representa un riesgo de ineficienciantmse pierde depende del tipo de sis-
tema, su manejo, y de las condiciones del sitis.dampesinos minifundistas en Africa
reconocen el rol importante de los abonos orgampewa mantener la fertilidad del
suelo. Los campesinos con menos recursos podriafitiarse con la integracion de
ganado dentro de la explotacién agricola ya que siste de seguro y ahorro lo cual
ayuda a reducir el riesgo de la produccion agrjcatiemas de los beneficios que
ofrece el reciclado de la materia organica conterid el estiércol para mantener la
fertilidad del suelo. Ya que el ganado cumple éifiée funciones dentro de la explota-
cion agricola, los campesinos manejan sus anirdal@suerdo con la importancia que
asignan a cada una de estas funciones. Al nivekplietacion agricola, aumentos en la
productividad de cada animal no necesariamente uo@md a incrementos en la
produccion de los cultivos debido al reciclado @stiércol. Esta tesis es una
contribucion al desarrollo de una herramienta #oali el marco de evaluacion
NUANCES (Nutrient Use in ANimal and Cropping system Efficiencies and Scales)
disefiado para facilitar el andlisis de controversia sistemas mixtos minifundista, con
énfasis en la identificacion de oportunidades pafatensificacion y maximizacion de
los beneficios de la integracion de cultivos y gnaPara alcanzar este objetivo, se
usaron como ejemplos distintos sistemas minifuaslistixtos de Africa de Este y del
Sur y una combinacion de métodos cualitativos @figacion participativa, tipologia de
explotaciones) y cuantitativos (experimentacionogdeios).

En el Capitulo 2 se identificaron los pasos crétidonde la eficiencia en la transferen-
cia de nutrientes (nitrdgeno) en sistemas minifstadi mixtos puede incrementarse.
Los sistemas fueron conceptualizados en cuatrastebyas a través de los cuales hay
transferencia de nitrégeno (N): 1. Ganado: los ates particionan el consumo en
crecimiento, produccion de leche, excreta y orthéRecoleccion y manejo del abono
organico: el tipo de estabulacion y manejo de tosales determina la proporcion de
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excreta que puede ser recolectada para ser regidad\Imacenamiento/compostado
del abono orgéanico: el estiércol puede ser comgosparo o con el agregado de
materiales vegetales; 4. Suelo y conversion paukivo: una parte de los nutrientes
presente en los materiales agregados al sueloebeevtdisponible para ser absorbidos
por el cultivo, y una parte de los nutrientes abisims es convertida en nutrientes que
forman parte de las partes cosechables. Eficienmaasiales han sido calculadas y
reportadas en la literatura con mayor frecuenadia pbprimer y dltimo subsistema. La
eficiencia de ciclado de N (Nutrient Cycling Efeaicy, NCE) se calcula como el
cociente entre producto por unidad de insumo. LsiBnaciones de NCE para el
subsistema ganado presentaron un rango entre 4%,;12499% para el subsistema
recoleccion, 30-87% para el subsistema almacentmiempostado de abono
organico, y 3-76% para el subsistema suelo-cultieoeficiencia de reciclado de N
del sistema es el producto de las eficiencias alaciLa aplicacion directa de abonos
verdes resulta en un uso mas eficiente de losemis contenidos en los materiales
vegetales, con menores pérdidas que cuando sonsupach alimentar animales. No
obstante, el ganado no solo es usado para prodsti@rcol sino que sirve otros
propositos dentro de la explotacion agricola. Eéel puede contener cantidades
relativamente grandes de nitrogeno que resultaespuesta inmediata de los cultivos
después de su aplicacion. El uso eficiente del abmnganico de origen animal
depende criticamente de la eficiencia de recolacgibompostado del estiércol, y de
la sincronizacién entre mineralizacion y absorcigor el cultivo. Medidas para
mejorar la eficiencia de recoleccién y compostaoio elativamente mas faciles de
disefiar e implementar que aquella destinadas anmartar la recuperacion de N por
el cultivo.

El manejo eficiente del abono organico es crucahpnantener la produccion de los
cultivos de los campesinos minifundistas que gémerste usan pequefas cantidades
de fertilizantes minerales. El modelo HEAPSIM f@salrrollado para analizar NCE en
explotaciones agricola minifundistas de Kenia omaidl (Capitulo 3). EI modelo fue
construido con datos de encuestas y observacianeardpo de excreta y manejo del
abono organico animal, combinados con datos deriexpetos y literatura para
analizar pérdidas de masa y de nutrientes durdntengpostado. Las simulaciones
mostraron que el manejo del abono organico duraeteleccion y almacena-
miento/compostado tiene un gran efecto en la efiidée de retencion de materia
organica y nutrientes. Las diferencia en NCE emxplotaciones de diferente
categoria se origina en las diferencias en la dipfmlad de recursos. Para los
campesinos con menos recursos, las pérdidas dee dayuren en todos los estadios
de reciclado son mas grandes que para los campaginanayores recursos. Pérdidas

280



Resumen

del N contenido en la orina del ganado ocurre eladdas explotaciones, pero su
impacto relativo es mayor para los campesinos deomeecursos, gue reciclan
cantidades menores de N al nivel de explotaciém €ananejo actual, el campesino
mas pobre recupera menos de 1 kg Ney el compost de los 15 kg N excretados por
el ganado. Mejoras en el almacenamiento del abenert poco efecto en incrementar
la eficiencia de ciclado (NCE) del sistema del casio mas pobre, debido a las
grandes pérdidas durante la fase de recolecciopdtiércol. Para los campesinos de
MAs recursos, mejoras en el almacenamiento aum€iay permite reciclar 30% del

N excretado (ca. 30 kg N afp por el ganado con pequefios cambios en
infraestructura. Aumentar el numero de cabezasjorarda alimentacion del ganado
tendrian un mayor efecto en la disponibilidad denaborganico pero esto esta
limitado por la disponibilidad de forraje y la camiad de inversion de los campesinos.
Las cantidades absolutas de N reciclado (1-6, 47718 kg N afio" para los
campesinos de bajos, medios y mas recursos, regpaenhte) son pequefias
comparadas con las demandas de N del maiz (>50 ka'\l pero son significativas
teniendo en cuenta el tamafio de las explotaciohds-1.1 ha). Ademéas de N, el
abono organico animal proporciona otros nutrieatéss cultivos y ayuda a mantener
la materia organica del suelo, ambos cruciales garantizar el eficiente uso de los
fertilizantes nitrogenados, lo que justifica la duisda de tecnologias para asistir a los
campesinos a hacer un mejor uso de los abonosiocogafProtegiendo la pilas de
abono organico animal o el compost con un fiimtdéseduce las pérdidas de masa
y de N considerablemente. Para aumentar la NCEistelma, se necesitan inversiones
en la estabulacion del ganado y reciclado de Itrsemtes (basicamente N) contenidos
en la orina.

La evaluacion de la produccién durante la vida petigla de las vacas permite disefar
intervenciones para mejorar la productividad deslstemas lecheros minifundistas en
las tierras altas de Africa del Este. Los planeslimentacion y tazas de mortalidad
del ganado pueden tener efectos de largo plaza grotuctividad y la rentabilidad de
los sistemas lecheros (Capitulo 4). Experimentacion distintitas dietas durante
lactaciones individuales no es suficiente parauarahcrementos productivos debido
a la escala temporal necesaria para el analisita deroduccién durante la vida
productiva de las vacas (mas de 10 afios paradtesss lecheros de las tierras altas
de Africa del Este). Por este motivo, un modelcadiito fue usado para explorar el
efecto de diferentes planes de alimentacion dudantéda productiva de las vacas y
para identificar estrategias que tendrian un ingpacbductivo. EI modelo dinamico
LIVSIM (Livestock Simulator), simula produccion amal, la cual depende del
potencial genético y de la alimentacion del gan&orealizaron simulaciones de la
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produccién de animales individuales durante su uigindo escenarios con diferentes
dietas basadas en forrajes usados habitualmentesesistemas analizados (pasto
elefante Pennisetum purpureum), rastrojo de maiz y alimentos concentrados), y se
impusieron diferentes tazas de mortalidad parareiifes clases de edad. Las
simulaciones mostraron que es posible ajustar itaeatacién para maximizar la
productividad durante la vida de la vacas suplear&ld alimentos concentrados para
satisfacer los requerimientos nutritivos no sélagadte la lactancia, sino también
durante desarrollo inicial para poder reducir laacec& primera concepcién y asi
extender la vida productiva. La productividad de lacas durante toda su vida
aumentd cuando se evitd la desnutricion duranfgedbdo seco suplementando con
0.5 kg por dia de alimentos concentrados, praciicano es comun en los sistemas
minifundistas lecheros. Analisis de superviven8aryival andlisis) indicaron que los
periodos entre pariciones se alargan significatergen cuando las vacas no reciben
alimentos concentrados. Las simulaciones en lassquenpuso mortalidad al azar
mostraron una reduccion de la vida productivaiehero de terneros y una reduccion
de alrededor de 43-65% de todos los indicadorgsrai#uctividad. No tiene mucho
sentido elegir las mejores dietas cuando las tdeasortalidad del ganado joven son
tan altas como 15% por afio. Para aumentar la ptigilad de los sistemas lecheros
minifundistas, se deben diseflar programas de spard reducir las tazas de
mortalidad conjuntamente con medidas que esténinddas a aumentar la
productividad de las vacas durante toda su vida galamente los rendimientos de
leche diarios.

La diversidad en las actividades agricolas en wpotacion pueden aumentar la
estabilidad de su produccion y reducir el riesgiaslo a la produccion agricola para
campesinos minifundistas. La integracién de lasvideides agricolas usando los
productos de una actividad como insumos para atteidad, pueden reducir la
dependencia en insumos externos. En la practieardiilad e integracion en sistemas
agricolas no estan claramente definidas, lo cultutta la exploracion de sus
beneficios potenciales. En el Capitulo 5, se intoedun método basado en ‘network
analisis (NA) para caracterizar y evaluar diveaside integracion de sistemas
agricolas. El indice de reciclado de Finn se usgrara caracterizar el grado de
integracion de las actividades agricolas. La digatsse caracterizd usando medidas
de teoria de la comunicacion: ‘average mutual médion’ (AMI) y su limite superior
‘statistical uncertainty’ (H). El método se aplicé a un sistema mixto de krsds altas
del norte de Etiopia. En el ejemplo se uso flujesNl para ilustrar la utilidad del
método. Los indicadores parecen Utiles para swastdias discusiones sobre la
sustentabilidad de sistemas agricolas diversos rynifgsn evaluar los efectos de
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diferentes practicas de manejo para mejorar efidigke los sistemas agricolas. La
definicion del sistema agricola y sus compartimentactividades agricolas) y la

escala usada para el andlisis, tiene un gran efatttns resultados obtenidos. El

potencial de NA para elaborar recomendaciones soareejo sustentable depende de
definiciones apropiadas de sistema y de los olgetilel estudio.

Ya que los campesinos minifundistas en Africa saba®iana dependen del uso de los
recursos naturales para su subsistencia, se debentar el uso de nutrientes para
poder compensar la exportacion de nutrientes dedid® venta de cosechas y las
pérdidas de nutrientes debido a las practicas @gsicAumentando la integracion a
través de reciclado interno puede aumentar laegfita en el uso de nutrientes. En el
Capitulo 6 se investigd las caracteristicas defllges y el reciclado de N para
explorar hasta que punto las propiedades de lssrddereciclado de nutrientes se
relacionan a la capacidad de los sistemas agriquss sustentar a las familias
campesinas. Los estudios de caso incluyeron exjbotas agricolas minifundistas de
diferente estrato social en tres sitios diferemesligray en el norte de Etiopia, en
Kakamega en el oeste de Kenia y en Murewa en d@steorde Zimbabwe. Estas
explotaciones fueron concebidas como redes enu@esla familia y las diferentes
actividades agricolas representan diferentes cdm@antos y los flujos de N
representan las conexiones entre éstos. Se usalicadores para evaluar el tamafo,
la actividad, el reciclado y la organizacion dedd de flujos de N. Estos indicadores
se compararon con su produccién de biomasa y deswHidgiencia alimentaria. Los
sistemas agricolas de Tigray utilizaron alreded®rlcd y 3 veces mas N que los
sistemas en Murewa y Kakamega, respectivamente.chadades de N reciclado
fueron relativamente pequefias para todos los sastémenos de 2.5 kg N per capita
por afio). La dependencia en insumos externos patargar la produccion actual fue
mas grande para los campesinos de mas escasosoeeque para los demas, que
tenian mayores stocks de N per capita en sus suglescampesinos mas pobres no
alcanzaron autosuficiencia alimentaria en ninguadog tres sitios. Las medidas de
realizacion del sistema agricola estuvieron pasitiente relacionadas al tamafio de la
red de flujos de N, a la organizacion de la red seaiclado, pero las eficiencias de
utilizacion difirieron a través de los sitios effar@on con el tamafio de los stock en el
suelo y la importancia del ganado para los flu@dNddel sistema. El andlisis de redes
(NA) parece promisorio para evaluar las propiedaldesistemas agricolas estudiando
dependencia en insumo biofisicos del ambiente mxtara explotacion y la organiza-
cion interna de la explotacion. Ya que aumentosléamafio y en la organizacion de
la red de flujos de N condujeron a aumentos enymtdddad y en autosuficiencia
alimentaria, la combinacién de ambas estrategiasflogaria no solo productividad
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sino también adaptabilidad y fiabilidad de losesisis mixtos minifundistas.

El agregado de materia organica es necesario panardar la productividad de los
suelos inherentemente pobres de los sistemas kagrimmmunales y mixtos del noreste
de Zimbabwe. En estos sistemas, el ganado se a&findenpasturas que se manejan
colectivamente, con el hato del pueblo pastandpasturas naturales durante la esta-
cibn humeda y en residuos de cultivo durante lac&st seca. Esto crea diferentes
tipos de interacciones entre los miembros de lauoatiad: los campesinos con y sin
ganado, incluyendo competencia por los recursoéanicgs. En el Capitulo 7 se
exploraron la magnitud de las interacciones enité@sde flujos de nutrientes y los
efectos de largo plazo de las practicas actualek egroductividad del suelo. La
hipétesis fue que el manejo colectivo de los fegdfae consecuencias negativas para
los campesinos sin ganado. Se us6 informaciénatgipas de cultivo y de manejo del
ganado que fue recogida en un pueblo del area andenMurewa en el noreste de
Zimbabwe, y un modelo dinAmico de explotacion agai¢NUANCES-FARMSIM).
Los submodelos de FARMSIM fueron calibrados y #&dts con informacion
existente para la misma area, y fue adaptado paehairilas principales interacciones
al nivel del comunidad. Las simulaciones de 10 afostraron que las pasturas
comunales contribuyeron a la mayoria del consumaialandel ganado
(aproximadamente 75%), y que los residuos de cufireducidos por los campesinos
sin ganado representaron una cantidad sustancmbxf{madamente 30%) del
consumo durante la estacién seca. La remocion dema (C) ( 0.3-0.4 t C3) de
éstos campos resultoé en el largo plazo en una centude los rendimientos de granos.
Impidiendo el acceso del ganado a los campos dealmpesinos sin ganado aumento
la calidad de sus suelos y los rendimientos modesite, pero no lo suficiente como
para satisfacer las necesidades alimentarias de fshilias. Aungue la hipotesis de
trabajo no fue rechazada, los efectos negativosorueelativamente pequefios.
Agregando insumos a toda la comunidad en la formafedtilizantes minerales
conjuntamente con cambios a las practicas actdaldes residuos de cosecha y los
abonos de origen animal (redistribuyéndolos decl®mpos mas fértiles a los mas
pobres) parece ser una estrategia promisoria parerdgar la produccion de los
campos de toda la comunidad. Que esto ocurra depdadla disponibilidad de
fertilizantes y de la decision de los campesinosndertir en rehabilitar sus suelos
para obtener beneficios de largo plazo envés deeobrar todos sus recursos en areas
pequefias creando islas de fertilidad donde losnmeendtos se aseguran.

Se puede obtener beneficios en términos de prethledi y eficiencia en el uso de
recursos al integrar mas cercanamente cultivosigdyzs en sistemas mixtos minifun-
distas. Algunos de esos beneficios se pueden ahbtenesimples cambios técnicos y
otros necesitan de cambios radicales institucienalie los sistemas agricolas.
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