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Overview

The CLASSES model is designed to focus on smallholder farmer economic systems and how they respond to dynamic trends in the biophysical processes on their farms.  Over the simulation time of the model, these households observe changing returns to agricultural production activities on their farms.  These returns change due to the dynamics in the underlying biophysical resources that determine agricultural production.  Using simple economic decision-making rules, the households then make periodic choices over how to best allocate their land, labor and monetary resources over time, based on these changing patterns in the returns to different activities.  One of the overall outcomes of these choice sequences is the household’s economic welfare trajectory, which is therefore dependent upon both the underlying resource base dynamics and the management decisions of households.  The ability to investigate the impact of feedback between biophysical and economic systems on household welfare is one of the main model outputs of interest and provided the primary motivation for building the CLASSES model.  A stylized representation of the interaction between the economic decision making and biophysical systems is shown in Figure 1.  The blue arrows represent material flows, while the green indicate flows of information that guide the decision-making process.
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Figure 1.  Stylized feedback between smallholder economic choices and biophysical dynamics represented in CLASSES
Economic Decision Making Modules
In order to best capture the interactions between economic and biophysical systems and help with understanding model results, the smallholder household’s decision making has been modeled fairly simply.  It can be broadly classified into choices about consumption and agricultural production.  Within these two decision categories, the household is limited in its consumption and production choices to a few representative activities.  Within consumption, the household must maintain at least a subsistence level of food intake, plus it may have other, quite generalized cash expenditures as well as cash savings for future consumption or capital investment.  For production, the choices are two-fold: the household must decide, among a set of different income generating activities, which ones to undertake, and, for those activities that are chosen, the household needs to allocate its household and cash resources as inputs to the chosen activity.  The structure of the socioeconomic component of the model reflects the microeconomic theory of household resource allocation common in development economics (Singh, Squire and Strauss, 1986; de Janvry, Fafchamps and Sadoulet, 1991).  It is a non-separable household model in that it allows for potentially imperfect markets and nontraded commodities, with cash, labor, land and subsistence consumption constraints.  This section of the model documentation will describe more specifically how the household is modeled, summarizing how its different consumption and production choices are made and the model’s assumptions regarding these choices.  Then the model structure’s individual views that make up the economic sub-module will be described in more detail.

Modeling Smallholder Households 

Initial Conditions

The CLASSES model considers the behavior over time of a single household that is defined by a set of average characteristics that are observed in the sample data from highland Kenya that provides for much of the model’s parameterization.  The households begin (at simulation time 0) with a certain endowment of land and labor resources.
  The model does not include any representation of land markets.  Thus, total farmable land, which in the model is subdivided into ten equal sized patches on which the household can grow agricultural crops, is fixed for the household.
  For labor resources, the actual household is composed of a fixed set of members, who can be one of three types: crop laborers who provide on-farm labor, individuals who work off the farm for salary or wages, and ‘free’ individuals (possibly children in school or the elderly), who do not contribute to on-farm labor, but do affect the total household consumption requirements.  There is no change in household size over the course of the simulation, but the initial size of the household and its relative composition of members who provide on-farm labor can be adjusted.  The household by default begins the simulation with an initial cash endowment that is sufficient to cover the costs of subsistence consumption for two quarters, although this specification can also be altered to examine different initial conditions for cash availability.  Subsistence consumption is set at a ‘Minimum Consumption Norm’ of 100 kg of maize per person per quarter
 (in the model this is shown as MinConsNorm
 in the Production and Consumption Norms view).  Households also have an initial accumulation of years of education (InitEducationLevel in the Labor Force view).  Higher levels of education for members of the household positively influence the returns to salaried off-farm employment, and thus model users can examine the impact of  different starting values for accumulated years of education.

Consumption Decisions

The household is modeled to make certain necessary consumption expenditures every quarter.  This represents a subsistence consumption level for the household which remains fixed at a constant, average amount per person in the household (this is the ‘Minimum Consumption Norm’ described in the previous section).  Although the minimum consumption requirement is evaluated in terms of actual maize necessary, on average, to maintain an individual, this consumption is evaluated at the current maize market price and removed from the total available household stock of cash.  This is justified by the fact that the households represented in the CLASSES model are assumed to be market participants, and the value of their subsistence consumption every quarter can be calculated using the market price and required quantity of maize.  Any failure to meet subsistence consumption with current available cash stocks activates dis-saving from any accumulated surplus cash (AccumSurplus) or a search for low-return off-farm wage labor (IncreaseOffFarmLabor).  Thus the household will prioritize meeting subsistence consumption above all other cash and labor allocation decisions.  In order to introduce some foresight into the consumption decision, the threshold level of subsistence consumption that triggers such dis-saving/off-farm employment is actually a multiple of the ‘Minimum Consumption Norm’ that can be adjusted by an appropriate Savings Factor (which as a default is set at 2.1 quarter’s worth of the minimum consumption level).

Other than subsistence consumption, the household does not have any other required consumption expenditures.  However, the model has the capability to introduce consumption shocks (OneTimeShock) (for example a sudden and unexpected health shock that may require the purchase of medical services or drugs), as well as an adjustable outflow from the cash stock (MonthlyExpenses).   It is important to note that the minimum per person consumption requirement is a constant throughout the simulation and the consumption shocks and monthly cash expenses are parameters that are set by the model user for testing purposes.  Thus, they are not endogenously determined within the model itself.  This is in contrast to some of the production decisions described below.

Production Decisions

Smallholder households in the CLASSES model respond to changes in the various biophysical systems that occur on their farms by making a sequence of production decisions that maximize the returns to the household’s labor inputs on (and off) the farm in each decision period.  Due to the changing crop yields and livestock outputs that are functions of the biophysical resources on the farm, the returns to household labor can exhibit a wide degree of variation over the course of the model simulation.  In turn, the household’s period-by-period production decisions, that are subject to various resource constraints, also feed into the behavior over time of the biophysical processes.  Thus, the continuous feedback between production decisions and biophysical dynamics lies at the heart of the CLASSES model and is hypothesized to be the main driver of household welfare trajectories.  

The household’s agricultural production activity choices are constrained to the following four enterprises:

1) Maize production; representing more generally staple grain production.

2) Napier grass production; a representative fodder crop.

3) Tea production; representing more generally cash-crop production

4) Livestock husbandry.

The household chooses a portfolio of these activities, based on the associated returns (the ‘average value product’ of labor, described in the next section) as well as feasibility.  Households can manage agricultural output in a number of ways.  Food crop production is assumed to be consumed by the household (as measured by the Consumption variable on the CashAllocation view) and/or sold in the market.  Households can either sell Napier grass or use it as feed for livestock.  Finally, households that undertake tea production are assumed to be purely commercial in this enterprise and are assumed to be able to sell it to a local tea producer.  Market participation is not costless for food crops as well as the labor market, and transactions costs apply (shown as TransactionCostGrainMarket and TransactionCostLabourMarket in the Effective Market Prices view, respectively), affecting the effective market price for these two commodities (given in the AdjustedMaizePrice and the DailyWageSell(Hire)AgrLabour variables).  In addition to agricultural activities, the household can also decide to sell labor off the farm in either a low wage activity (OffFarmLabour) or for salaried position (conditional on sufficient educational attainment) (SalariedWorkforce).

Returns to Labor

The return to a livelihood activity is measured by the average value product of labor.  Information on the value of labor and cash inputs, as well as market receipts for household agricultural output is used to update the average value product at the relevant decision time (which is every harvest for agricultural crops and once a quarter for livestock activities).  For total labor, each agricultural production activity is characterized by a ‘production norm’ amount of labor, which is estimated from the average required labor for that activity observed in our sample.
  The receipts generated by each activity is given by the product of the actual output and the market price (accumulated over the relevant production time period of either quarters or seasons), and cash expenses (on various inputs and hired labor) is similarly added up over the relevant production time period.  The average value product of labor is therefore the ratio of net revenue for an activity (i.e. receipts – expenses) to labor input and is measured in Kenyan Shillings per day (Ksh/day).  For example, the structure in Figure 2 represents the calculation of the average value product of labor for Napier grass:

[image: image2.wmf]InitAVPNapier

SmoothAVP

Napier

<Expected

NapierLabour>

<Expected

NapierPrice>

<Expected

NapierYield>

<AreaNapier>

HasThereEver

BeenNapier

<TotalNapie

rHarvest>

<Normal

WorkDay>

<EffectiveDiscoun

tRateNapier>

AVPLabour

Napier

<NapierLabour>

AVP Napier

Active

AVPLabourNapier

<Napier DM

Proportion>

Average Napier

Fertilizer Expenses

Average Napier Hired

Labor Expenses

Average Napier

Expenses

Average Napier

Receipts

<Expected Hired

Napier Labor>

Expected Napier

Fertlizer Costs

<Expected Daily

Wage Hired Labor>

<Has activity

stopped>

NapierStatus

NapierisActive


Figure 2.  Average Value Product (AVP) of Labor in Napier Grass ( ReturnstoLabor model view)

The Average Napier Receipts variable represents the market value of the season’s total Napier yield (accumulated in the Seasonal Napier Crop Receipts stock in the Cash Allocation view), while the Average Napier Expenses variable adds up accumulations of fertilizer (Average Napier Fertilizer Expenses) and hired labor (Average Napier Hired Labor Expenses) costs during the production period.  The average value product (AVPLabourNapier) is thus the net revenue (Average Napier Receipts – Average Napier Expenses) divided through by the season’s labor allocation (NapierLabour).  Households that have never attempted a particular enterprise develop an estimate of the average value product of their labor in an activity based on locally observed average values (this calculation is shown in the structure that generates the InitAVPNapier variable).
  

Note that the average value product of labor is affected by several other areas of the model.  For example, the actual physical output of crops is determined by the soil nutrient stock levels in the Crops and Soils sub-module.  More specifically, note that in the absence of the addition of any soil amendments, the soil nutrient stock degradation that occurs over multiple cropping cycles eventually leads to smaller crop yields for all three crop types (Maize, Napier grass and Tea) and therefore to a lower return to labor in that activity, all else equal.  Changes to the soil nutrient stock, either via fertilizer investments or by-products of investment in livestock, will affect this outcome.

Also, it is important to note that production decisions are made under constraints, which affect return to labor calculations.  For instance, the household is endowed with a certain size labor force to dedicate to different enterprises.  If the amount of household labor is insufficient to complete the required labor for an activity (in the case of Napier, this is given by the NapierLabourNorm in the Production and Consumption Norms view), then this is assumed to reduce the total output of Napier by the fraction of the shortfall (shown in the AdjustedNapierHarvest calculation in the Crop Harvest Calculations view).  In this case, both the actual NapierLabour variable and the AdjustedNapierHarvest will be smaller, which affects the returns to labor.  Cash constraints also apply, as there are fixed costs associated with investment in a new production activity.  Finally, market conditions (which are exogenously given in the CLASSES model) may also affect the returns to labor if output market prices change (i.e. the NapierPrice variable).  

The structure described above for Napier is essentially replicated on the ReturnstoLabor view for the calculation of the average value product of labor in Maize, Tea, and Milk Production.  The model also tracks the average value product of off-farm labor (shown as the AVPSalariedEmployment and AVPSellAgriculturalLabour in the Return to Labor view).  During decision making, if off-farm labor returns exceed the maximum possible in household agricultural production activities, this activates a search for off-farm employment (LookForSalariedEmployment in the Decisions view).

Activity Feasibility
Each of the four agricultural and two off-farm labor activities has associated with it realistic constraints that the household must respect when making production decisions.  The primary constraints for the agricultural production activities are cash, labor availability and land availability.  For off-farm labor, the household is subject to labor availability as well as an educational requirement that determines whether or not a household member can look for salaried employment.  For the household to choose to allocate its labor, cash and land resources to a given activity, there must first be sufficient amounts available.  Recall that the land endowment is fixed, so the households in the CLASSES model are not able to supplement their current land holdings for agricultural purposes.  Thus increasing the number of patches of land in a given crop involves a relative ranking of the average value product of labor of the desired crop versus other current crops.  The model converts patches with the current lowest AVP into the desired crop.  Note that such switching is only possible if there are patches of land that are currently earning a lower AVP (these calculations are shown in the LandAllocation view).  

If household labor resources are insufficient for a desired activity, the household may hire in labor, subject to a cash constraint.  Alternatively, model users may specify that instead of resolving labor shortages through hiring, the household may convert household members that are currently not in the agricultural workforce (the ‘Free’ individuals, like school age children) by turning on the AbilityToIncreaseAgriculturalWorkforce switch (in the LaborForce view).  There are no monetary costs associated with using existing household labor instead of hired-in labor, however the ability to increase the labor force is limited by the total size of the household, meaning that significant labor shortages may not be completely eliminated if the available household ‘Free’ labor is insufficient.

The Production Decision-Making Routine

The time unit chosen for the CLASSES model is a quarter of a year (or 3 months) as it represents an appropriate scale through which to examine cropping seasons in Kenya as well as a reasonable time frame over which smallholders might make production decisions.  There are two decision times coded into the model: one is called LivelihoodDecisionTime, which is an indicator variable that takes the value 1 at the start of each rainy season, or two times per year in this bimodal rainfall agroecology.  The other is the DecisionPoint which is once per quarter.
  At each livelihood decision time (or decision point),
 the household chooses which livelihood activity to pursue, based on the ranking of the average value product of their labor in each activity as well as the feasibility of the activity.
  

The ranking routine is located on the ActivityPrioritySorting view in the CLASSES model.  A modified picture of the ranking and subsequent investment decision calculations is shown in Figure 3.
  Smoothed values of the average value product of labor in each activity (calculated as described previously) are compared and produce a ranking from highest to lowest return (SortOrderAgrActivities).  This order may be adjusted if the household has livestock, so that all livestock are milked and fed if investment in livestock was undertaken in a previous period.
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Figure 3.  Livelihood Decision Making Structure based on AVP of labor and feasibility.

The household invests in each agricultural activity in order from highest ranked to lowest, as long they are feasible within the cash, land and labor constraints shown in Figure 3.  The net result at each LivelihoodDecisionTime is a potential reassignment of the household’s land patches to different cropping activities, or possible investment in an in-calf Heifer (this contributes to an inflow into the stock of livestock, the Heifer Purchase Rate, in the Herd Structure Model view) as well as a possible search for off-farm, salaried or wage employment.  Figure 4 presents a graph from a model simulation run that represents total household land area in particular crops.  As can be seen, due to the parameterization of this particular model run, the household begins the simulation with half of its land in Maize (AreaFoodCrops) and half in Tea (AreaPerennialCrops).  However, the ranking of Maize versus Tea (as well as Napier) changes during the simulation, leading to the changes in total area in each crop, with a final, stable allocation of 0.7 ha in Tea (or 7 out of 10 patches) and 0.2 ha in Napier and 0.1 ha in Maize.  Figure 5 shows the changing average value product of labor in the different crops that is responsible for the subsequent land allocation decisions.  
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Figure 4.  Land allocation between Maize (AreaFoodCrops), Napier (AreaNapier) and Tea (AreaPerennialCrops).
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Figure 5.  Average value product of labor in Maize (SmoothAVPFoodCropsAndResidues), Napier (SmoothAVPNapier) and Tea (SmoothAVPPerennialCrops).
Production Input Decisions

As mentioned previously, once the portfolio of production activities is chosen, the household must then decide how to allocate its labor, cash and land resources to these activities.  In general, the household obeys locally observed ‘production norms’ for these inputs; however the household is still subject to resource constraints.  The household uses the activity priority ranking (given by the OrderLabourFoodCrops/PerennialCrops/Napier/Livestock variables in the ActivityPrioritySorting view) to determine the priority of outflows of household resources to each production enterprise.  If there are insufficient resources to satisfy the production norm, the household uses the maximum available from existing stocks.  The particular structures for labor, cash and land stocks are described below.

Labor Allocation

Figure 6 shows part of the household stock of labor (from the LaborForce view) to illustrate the mechanism for resource allocation for prioritized agricultural activities.  
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Figure 6.  Agricultural Labor Allocation based on ranked agricultural activities.

The total available household stock of labor for agricultural activities is shown as AgriculturalLabour and is measured in days of labor.  This stock is composed of household agricultural labor resources (AgriculturalWorkforce) plus any labor hired in by the household (ActualHiredLabor).  Outflows of labor per quarter for each of the possible enterprises are shown (OffFarmLabour, FoodCropLabour, PerennialCropLabour, NapierLabour, LivestockLabour).  The ranking of each of the agricultural activities (given by the ranking of the AVP of labor in each) is indicated by the various ‘Order’ variables in Figure 6 (for example, OrderLabourLivestock or OrderLabourNapier).  The order variables for agricultural activities are functions of the ReSortAgrActivities2 variable, (the calculation of which was described in the previous section on Returns to Labor).  They represent the relative ranking of the given activity with respect to all other activities (they are thus four dimensional and are subscripted on each agricultural activity).  For the parts of the model that track household resources like labor, land and cash, these ‘Order’ variables govern the outflows from these stocks to each enterprise.  For this labor force allocation example, PerennialCropLabour can be seen in Figure 6 to be determined by the sort order of Perennial crops versus all other activities (in the OrderLabourPerennialCrops variable), the PerennialCropLabourRequired (which is a function of the PerennialCropLabourNorm) and the amount of existing AgriculturalLabour.
  If the ranking routine indicates that perennial crops have the highest return to labor, then labor will flow first to PerennialCropLabour.  The size of the flow is either governed by the production norm (PerennialCropLabourRequired) or by a first order linear differential equation (PerennialCropLabour=AgriculturalLabour/MRT) with a general minimum residence time (MRT) of 1 quarter.  Note that the ratio of actual labor to required labor for an activity gives the proportion of the activity that was completed and affects agricultural output.  For perennial crops, this is measured by PerennialCropLabourFractionCompleted.  For the other activities, similar structures exist that determine the labor applied.  Household labor will flow to OffFarmLabour if there if DesiredOffFarmLabour is positive due to a consumption deficit.  This reduces the total amount of household labor available for all other livelihood activities.

Cash Allocation

The allocation of household cash to particular activities is derived in a manner similar to the labor allocation structure, as can be seen on the CashAllocation view.  However, currently available cash is allocated primarily to consumption, while cash for production purposes comes out of household savings.  The household cash stock (CashAvailable) is made up of earnings from agricultural activities (AgrReceipts), income from off-farm work (OffFarmLabourReceipts and WageIncome), and any remittances or other cash gifts (RemittancesandGifts).  The household also saves a proportion of the CashAvailable stock (this is the AccumSurplus stock shown) to use as a means to either invest in new enterprises or cover Shocks and OtherExpenses or subsistence consumption if current CashAvailable is insufficient to pay for Consumption.  Savings (Transfer to Accumulated Surplus) is governed by a basic Goal Seeking/Stock Management Structure, and households save any additional cash as long as they can guarantee sufficient Cash Available to ensure some multiple of the minimum consumption requirement (this is the Subsistence Goal).  

For most production purposes, particularly investment in a new enterprise, the household allocates the AccumSurplus savings in a manner similar to the way it makes labor force allocation decisions.  If investment in a particular activity is both feasible and desirable (as given by its return to labor ranking), then the ‘Investment’ indicator variables (examples shown in Figure 3: InvestLivestock, InvestPerennial, or LookForSalariedEmployment) cause an outflow from the stock of savings to the given activity.  The size of the outflow is determined by average observed costs from survey data.
 

Besides investment in new enterprises (or expansion of existing operations, requiring some additional establishment costs), households can also allocate cash to fertilizer and additional hired labor (Total Fertilizer Expenses and HiredLabour).  Fertilizer expenses are exogenously set by the model user in order to test particular outcomes.  Hired labor expenses are determined by a household demand function (HiredLabourDemand) that results when there is a shortage of household labor for Maize production, and there is cash available to pay local hired in labor wages.  Note that this demand is conditional, in that even during a labor shortfall, the household will not hire-in labor if the marginal fixed cost (in terms of DailyWageHireAgrLabour that governs the MFCHireAgriculturalLabour) exceeds the maximum AVP of labor.  

Land Allocation

The land allocation decision is also based on the average product of labor ranking of each of the agricultural activities.  If a given crop activity is both desirable (based on AVP of labor) and feasible (based on labor, cash and land constraints), then the household decides to allocate land patches to this activity.  Given that total land area is fixed, this involves switching a patch out of an alternative activity.  The household first chooses to switch the patches with the lowest AVP into the new, desired activity.  This choice is made every LivelihoodDecisionTime and is accomplished via the structure shown in Figure 7 (from the ‘LandAllocation’ view).
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Figure 7.  The Land Allocation mechanism.

As can be seen in Figure 7, the state of each patch of land is tracked by the StateAgricLand stock, which is a 10-dimensional, subscripted variable, with a state value of 1 if the patch is in food crops (Maize), 2 for Tea, or 3 for a patch in Napier.  The patch state changes when any of the ‘Invest’ variables (InvestNapier, InvestFoodCrops, InvestPerennial) indicates that a given cropping activity is both desirable and feasible.  To change patches from one crop to another, the household switches out the patches with the lowest average value product (calculated in the MinAVPPatch variable) for those with the highest (that are feasible).  In making the land allocation decision, the household considers whether or not it is acceptable to actually abandon the low AVP activity in favor of the high AVP activity, based on the length of time the patch under consideration spent in the previous activity (this is the AbandonmentOK indicator).  This prevents households switching out patches before a previously chosen crop has time to become established.  This is particularly important if the household is considering switching out a patch in perennials for another crop.  It will not abandon a tea patch, for example, unless the patch had been in tea for its appropriate establishment time (this is calculated by the MinPeriodBeforeAbandonmentPermitted variable).  There are some additional rules considering the feasibility of switching out patches in Napier if the household has livestock.  Napier on its own may not have a very highly ranked AVP, but the household will not abandon Napier if it is necessary for maintenance of livestock.  This process is captured in the MinAVPPatchNotNapier variable and its relationship with the ChangeState variable.  After the crop choices have been made, the Food Patch State, Tea Patch State and Napier Patch State variables catalog which of the ten patches are in which crop for use in the biophysical module for determining per patch crop output.  

Other Economic Decision-Making Sub-module Features

The Economic sub-module is comprised of 10 model views (LandAllocation, Production and Consumption Norms, Effective Market Prices, Crop Harvest Calculations, LaborForce, OffFarmLabor, CashAllocation, ReturnstoLabor, Decisions, and ActivityPrioritySorting).  The consumption and production decisions are made using structure from all of these views, and we have highlighted only the main features in the above discussion.  Many market parameters are specified in the sub-module’s views that are based on local averages from our survey data.  Much of the rest of the structure involves intermediate variable calculations to enable information to pass from the economic to the biophysical sections of the model.  

Crops and Soil Modules
The following model components (organized by Vensim® model views) are discussed in this section:

· Manure Co-flows

· Organic Matter Flows

· P Flows

· N Flows

· Crop Growth

· Crop Harvest Calculations

· Test Inputs (Fertilizer Inputs)

Manure Dynamics
Probert et al. (2005) commented that characterizing manure is difficult, as it is often a complex mixture of feces, urine, bedding material, feed refusals and soil.
 The CLASSES ‘manure co-flows’ view tracks manure and rejected feed as it is stored and used. In addition to the quantity of manure, the quality of manure is also tracked in terms of carbon (C), nitrogen (N), and phosphorus (P) contents. Manure storage is the main process of the manure section, and manure is assumed to always be stored before it is used. The change in state of manure is depicted in Figure C1. 
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Figure C1. Dynamics of manure storage

The composition of manure is based on the CNCPS model (reference), which includes organic components (protein, carbohydrate, and fat), and an inorganic component (ash). Organic manure components consist primarily of carbon, but also N, H, O and other elements. It is assumed that the initial carbohydrate content of manure is constant, and that each carbohydrate component has a fixed carbon content. Thus it is assumed that the initial carbon content of manure is constant. In the CLASSES model, only C, N, and P in manure are specified. Because the C content effectively represents the total carbohydrate content, the sum of C, N, and P represents the majority of total manure dry matter. In the manure calculations there is a degree of error because P is specified, whereas there is an additional unspecified portion of ash. In addition, N is tracked independently whereas in reality it is mainly tied up in the organic portion of the manure. However the errors introduced by these assumptions should be minor, particularly as manure is always completely used within 6 months, and thus there is limited time for the introduced errors to accumulate.  

The ash and organic matter contents of manure are specified as follows:

Organic fraction of manure = 1 - Ash fraction of manure

The organic fraction of manure is multiplied by a parameter which defines the C fraction of manure organic matter (averaged across carbohydrate, fat, and protein):

C fraction of manure = Organic fraction of manure*Fraction C in manure OM

Analogous calculations are performed for rejected feed. Subscripts are used to denote multiple equations by categories (f = feed type). Time is a subscript for most equations, but this is implicit.

Organic fraction of rejected feedf = 1-Ash fraction of rejected feedf
C fraction of rejected feedf = Organic fraction of rejected feedf * Fraction of carbon in rejected feed OMf
Stored manure (kg) is increased with inflow of manure to storage, and decreased as stored manure is lost, and manure is used on crops:

Stored manure = INTEG(Manure to Storage - Manure Use on Crops - Stored Manure Losses)

The Vensim™ ‘Integ’ function returns the integral of the rate in parentheses (Vensim Documentation, 2006).

Flow of manure to storage (kg quarter-1) includes both manure from livestock production and the sum of all rejected feeds. The amount of manure for storage is dependent on total manure production and the proportion of manure that is stored:

Manure to storage = Manure for Storage + Σf(Rejected Feed Per Quarterf)

where

Manure for storage = Total Manure Production * Proportion Manure to Storage

Total manure production is an input from the livestock model section. ‘Proportion of manure to storage’ is a parameter that accounts for manure produced that does not reach storage. For example, some manure may not be collected when deposited on common land. 

Stored manure losses (kg quarter-1) depend on nitrogen and carbon losses (see below) and the amount of manure lost per kg of C or N. 

Stored manure losses = (Stored manure C losses * kg manure loss per kg C loss) + (Stored manure C Losses * kg manure loss per kg N loss) 

where

kg manure loss per kg C loss = 1/(Fraction C in manure OM * Organic fraction of manure)

The variable ‘kg manure loss per kg C loss’ has a value greater than one, because as carbon is lost other components of organic matter and ash are at a rate in line with the initial composition of the manure.   Manure includes rejected manure, however once rejected manure is added to the manure pool it is not tracked separately. Thus, for the manure loss calculations the variables used are for manure only, and it is assumed that the loss of the rejected feed portion of the manure has similar organic matter and carbon fractions. 

Manure use on crops (kg quarter-1) occurs each livelihood decision time (every two quarters). All stored manure is used, thus emptying the stock of stored manure. 

Manure use on crops = IF THEN ELSE(LivelihoodDecisionTime=1, Stored Manure/TIME STEP - Stored Manure Losses, 0)

The above equation ensures that at livelihood decision time, the quantity of store manure is divided by the time step, effectively emptying the stock. This rate is adjusted by subtracting the rate of stored manure loss, which occurs concurrently.
Nitrogen and carbon in stored manure have comparable structure to that of stored manure. Figure C2 shows the flow of manure nitrogen in and out of stored manure (carbon has an analogous structure).
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Figure C2. Dynamics of nitrogen in manure storage.

The quantities of stored manure C, N, and P (kg C, kg N, kg P) depend on inflows in manure stored, and outflows lost during storage, and used on crops. Phosphorus dynamics are handled in a similar way to nitrogen, except there is no loss of phosphorus during storage. Thus, the C:P ratio of manure decreases while in storage.

C in Stored Manure = INTEG(C in Manure to Storage - C in Manure Used on Crops – Stored manure C losses) 
N in stored manure = INTEG(N in Manure to Storage - N in Manure Used on Crops – Stored manure N losses) 
P in stored manure = INTEG(P in Manure to Storage - P in Manure Used on Crops)
The initial quantities of C, N, and P in stored manure are dependent on the initial quantity of stored manure and the concentrations of C, N, and P in the stored manure:

Initial C in stored manure = Initial Manure in Storage * C fraction of manure 

Initial N in stored manure = Initial Manure in Storage * Reference N Proportion in Manure to Storage
Initial P in stored manure = Initial Manure in Storage * Reference P Proportion in Manure to Storage
The inflows of C, N, and P in manure to storage are dependent on the inflows of manure and rejected feeds, and their corresponding C and N concentrations:

C in manure to storage = C fraction of manure * Proportion in Manure to Storage + Σf(Rejected Feed Per Quarterf * C fraction of rejected feedf)

N in manure to storage = Reference N Proportion in Manure to Storage * Manure for Storage + Σf(Rejected Feed Per Quarterf * N Proportion in Rejected Feedf)

P in manure to storage = Reference P Proportion in Manure to Storage * Manure for Storage + Σf(Rejected Feed Per Quarterf * P Proportion in Rejected Feedf)

where

N Proportion in Rejected Feedf = N fraction of rejected feedf / kg DM per kg Biomass DM
P Proportion in Rejected Feedf = P fraction of rejected feedf / kg DM per kg Biomass DM
The proportions of N and P in rejected feed are variable for the five feeding options. For Napier grass and maize, it is assumed that the quality of rejected feed is the same as quality as offered feed.
 The parameters ‘Reference N proportion in manure to storage’ and ‘Reference P proportion in manure to storage’ are used for both the initial nutrient concentrations in manure, and for further additions. It is therefore currently assumed that manure quality (C, N and P concentrations) is static throughout the simulation.

Carbon, nitrogen, and phosphorus in stored manure are lost through exponential decay processes, based on fractional loss rates
 
:

Stored manure C losses = C in Stored Manure * Proportional Loss of C in Stored Manure

Stored manure N losses = N in Stored Manure * Proportional loss of N in stored manure 

Carbon, nitrogen, and phosphorus in manure applied to crops are calculated in a similar manner to manure applied to crops (see above):

C in manure used on crops = IF THEN ELSE(LivelihoodDecisionTime=1, C in Stored Manure/TIME STEP – Stored manure C losses, 0)

N in manure used on crops = IF THEN ELSE(LivelihoodDecisionTime=1, N in Stored Manure/TIME STEP – Stored manure N losses, 0)

P in manure used on crops = IF THEN ELSE(LivelihoodDecisionTime=1, P in Stored Manure/TIME STEP, 0)

Crop Production
Crop production includes cultivation of food crops (simplified to only include maize), Napier grass (Pennisetum purpureum), and perennial crops (simplified to only include Tea). The ‘crop growth’ view calculates crop production based on soil nutrient levels, and partitions biomass between crop product and crop residue. Maize is harvested at the end of the long and short rainy seasons, whereas Napier and Tea are harvested at every timestep. Quantities of crop product and crop residue produced provide feedback to the economic and livestock sections.
The reference biomass yield (kg biomass DM ha-1 quarter-1) for each patch (subscript p) is determined separately for the long rainy season (LRS), the short rainy season (SRS) and short and long dry seasons (DS). This is done by specifying the target yield for each season, and determining what crop is currently being grown: 

LRS ref crop biomass per hap = Food patch statep * Maize LRS ref crop biomass + Napier patch statep * Napier LRS ref crop biomass + Tea patch statep * Tea LRS ref crop biomass 
SRS ref crop biomass per hap = Food patch statep * Maize SRS ref crop biomass + Napier patch statep * Napier SRS ref crop biomass + Tea patch statep * Tea SRS ref crop biomass 
DS ref crop biomass per hap = Napier patch statep * Napier DS ref crop biomass + Tea patch statep * Tea DS ref crop biomass 
Subscripts are used to denote multiple equations by categories (p = patch number). Time is a subscript for most equations, but this is implicit. 

The amount of nitrogen available for crop uptake (kg N ha-1) is equal to the sum of the available ammonium and nitrate N if it is harvest time (i.e. when Harvest time = 0), and zero if it is not:

N available for crop uptakep = IF THEN ELSE(Harvest time patch p = 0, Nitrate N in soil p + Soluble ammonium N in soil p, 0)

It is assumed that there is no plant preference between ammonium and nitrate N. An analogous equation, ‘P available for crop uptake’, is also generated:

P available for crop uptakep = IF THEN ELSE(Harvest time patch p = 0, Soluble P in soil p, 0)

The N limiting yield (kg biomass DM ha-1 quarter-1) calculated for each season, is the yield that can be achieved with the available N. It is dependent on the N available for crop uptake, the fraction of nitrogen in the crop biomass (kg N (kg biomass DM)-1), specification of the time over which the yield is generated (quarter), and a non-linear effect describing the efficiency of available nitrogen as a function available and intial available N.

LRS N limiting yieldp = N Available for Crop Uptakep * LRS efficiency of available N(N Available for Crop Uptakep/Initial N available for Crop Uptakep)/Crop N fractionp/One Quarter

SRS N limiting yieldp = N Available for Crop Uptakep * SRS efficiency of available N(N Available for Crop Uptakep/Initial N available for Crop Uptakep)/Crop N fractionp/One Quarter

DS N limiting yieldp = N Available for Crop Uptakep * DS efficiency of available N(N Available for Crop Uptakep/Initial N available for Crop Uptakep)/Crop N fractionp/One Quarter

Analogous equations for phosphorus are also generated:

LRS P limiting yieldp = P Available for Crop Uptakep * LRS efficiency of available P(P Available for Crop Uptakep/Initial P available for Crop Uptakep)/Crop P fractionp/One Quarter

SRS P limiting yieldp = P Available for Crop Uptakep * SRS efficiency of available P (P Available for Crop Uptakep/Initial P available for Crop Uptakep)/Crop P fractionp/One Quarter

DS P limiting yieldp = P Available for Crop Uptakep * DS efficiency of available P (P Available for Crop Uptakep/Initial P available for Crop Uptakep)/Crop P fractionp/One Quarter

The variables ‘Crop N fraction’ and ‘Crop P fraction’ determine the appropriate nutrient concentration to use, depending on what crop is being cultivated in the patch:

Crop N fraction = Napier Patch Statep * Napier N fraction + Tea Patch Statep * Tea N fraction + Food Patch Statep * (HarvestIndexForPatchNewp * Maize grain N fraction + (1 -HarvestIndexForPatchNewp) * Maize residue N fraction)

Crop P fraction = Napier Patch Statep * Napier P fraction + Tea Patch Statep * Tea P fraction + Food Patch Statep * (HarvestIndexForPatchNewp * Maize grain P fraction + (1 -HarvestIndexForPatchNewp) * Maize residue P fraction)

The ‘N allowable yield’ (kg biomass DM ha-1 quarter-1) for each crop type and season, is the lesser of the ‘N limiting yield’ and the reference crop biomass per hectare, with a minimum value of zero:  

N allowable yieldfood = MAX(0, MIN(SRS N Limiting Yieldp * HarvestTimeSR, SRS ref crop biomass per hap)) + MAX(0, MIN(LRS N Limiting Yieldp * HarvestTimeLR, LRS ref crop biomass per hap))
N allowable yieldnapier = MAX(0, MIN(SRS N Limiting Yieldp * ShortRain, SRS ref crop biomass per hap)) + MAX(0, MIN (LRS N Limiting Yieldp * LongRain, LRS ref crop biomass per hap)) + MAX(0, MIN(DS N Limiting Yieldp * Dry, DS ref crop biomass per hap))
N allowable yieldtea = MAX(0, MIN(SRS N Limiting Yieldp * ShortRain, SRS ref crop biomass per hap)) + MAX(0, MIN (LRS N Limiting Yieldp * LongRain, LRS ref crop biomass per hap)) + MAX(0, MIN(DS N Limiting Yieldp * Dry, DS ref crop biomass per hap))
The Vensim™ ‘Max’ and ‘Min’ functions used in the above equation equate the variable on the left with the maximum or minimum of the values separated by commas (Vensim Documentation, 2006). Analogous equations for ‘P allowable yield’, are also generated:

P allowable yieldfood = MAX(0, MIN(SRS P Limiting Yieldp * HarvestTimeSR, SRS ref crop biomass per hap)) + MAX(0, MIN(LRS P Limiting Yieldp * HarvestTimeLR, LRS ref crop biomass per hap))
P allowable yieldnapier = MAX(0, MIN(SRS P Limiting Yieldp * ShortRain, SRS ref crop biomass per hap)) + MAX(0, MIN (LRS P Limiting Yieldp * LongRain, LRS ref crop biomass per hap)) + MAX(0, MIN(DS N Limiting Yieldp * Dry, DS ref crop biomass per hap))
P allowable yieldtea = MAX(0, MIN(SRS P Limiting Yieldp * ShortRain, SRS ref crop biomass per hap)) + MAX(0, MIN (LRS P Limiting Yieldp * LongRain, LRS ref crop biomass per hap)) + MAX(0, MIN(DS N Limiting Yieldp * Dry, DS ref crop biomass per hap))
The biomass yield (kg biomass DM ha-1 quarter-1) is the lower of the N and P allowable yields, modified by an optional random yield effect: 

Biomass yieldp = MIN(N Allowable Yieldp,food, P Allowable Yieldp,food) * (1+RYE Valuep) * Food Patch Statep + MIN(N Allowable Yieldp,tea, P Allowable Yieldp,tea) * (1+RYE Valuep) * Tea Patch Statep + MIN(N Allowable Yieldp,grass, P Allowable Yieldp,grass) * (1+RYE Valuep) * Napier Patch Statep
The random yield effect value is generated at harvest time, using a switch, and a number generated using the Vensim RANDOM NORMAL function, described using the parameters minimum value, maximum value, mean, standard deviation, noise stream seed (See Vensim Documentation, 2006)
 :

RYE value = IF THEN ELSE(Harvest Timep=0, RANDOM NORMAL(-0.75, 0.75, 0, 0.25, 123) * RYE Switch, 0)

The biomass yield is partitioned between harvested yield and crop residue (kg biomass DM ha-1 quarter-1), depending on the harvest index of the crop grown, and is multiplied by a pulse height function so that for food crops the entire yield for a quarter is harvested in one timestep:

Crop residue biomass pulsep = (1 - HarvestIndexForPatchNewp) * Biomass yieldp * Pulse height per patchp
Harvested yield pulsep = HarvestIndexForPatchNewp * Biomass yieldp * Pulse height per patchp

The harvest index of each patch is dependent on the crop growing and the reference harvest index of that crop type:

HarvestIndexForPatchNewp = Food harvest index * Food patch statep + Napier harvest index * Napier patch statep + Tea harvest index * Tea patch statep

Currently the harvest index is 0.5 for food crops, and 1 for Napier and Tea. Thus it is assumed that residues are only produced by food crops. The pulse height is equal to 1 for Napier and Tea which are harvested continually and 1/timestep for food crops which are only harvested at the end of wet seasons.

The quality of Napier grass for livestock production (in terms of metabolizable energy and protein, calculated in the ‘Nutrient requirements and availability’ view) is assumed to be a function of actual Napier grass yield compared with a reference yield. The average Napier harvest per hectare is calculated and divided by the Napier reference yield:

Average Napier Relative to Reference = IF THEN ELSE(Average Napier Harvest Per ha>0, Average Napier Harvest Per ha/Napier LRS ref crop biomass, 1)
where

Average Napier Harvest Per ha = Σp(Harvested yield per quarterp * Napier Patch Statep * PatchArea)/ AreaNapier) 

A similar process occurs for crop residue quality, except that separate reference yield values are used for the short and long rainy seasons.
Crop Harvest Calculations
The ‘crop harvest calculations’ view is used to calculate the area of each crop enterprise that is grown, and uses information from the crop growth view to calculate the amount of crop product harvested.  The total areas (ha) of the three enterprises (Food crops, perennial crops
, and Napier grass) are calculated by multiplying the number of patches of each enterprise type by the patch area:

AreaFoodCrops = PatchArea * PatchesFoodCrops

AreaPerennialCrops = PatchArea * PatchesPerennialCrops

AreaNapier = PatchArea * PatchesNapier

where the number of patches of each enterprise is calculated by summing the patch state (see economics section) of all patches:

PatchesFoodCrops = Σp(Food Patch Statep)

PatchesPerennialCrops = Σp(Tea Patch Statep)

PatchesNapier = Σp(Napier Patch Statep)

The total crop harvest
 (kg biomass DM quarter-1) for each enterprise is the sum of the harvested yield (see crop growth sub-section) for each patch where the enterprise is located, multiplied by the patch area. A proviso is that the patch has completed its establishment period and is in production (see economics section for more details).

TotalCropHarvest = Σp(Harvested yield pulsep * Food Patch Statep * InProductionp * PatchArea)

TotalPerennialHarvest = Σp(Harvested Yieldp * Tea Patch Statep * InProductionp * PatchArea)

TotalNapierHarvest = Σp(Harvested Yieldp * Napier Patch Statep * InProductionp * PatchArea)

The total crop harvest for each enterprise is then adjusted for dry matter and labor limitations. Adjusted food crop harvest (tonnes quarter-1) is dependent on the total food crop harvest, variables that convert units
, and ‘LastFractionFoodCropCompleted’ that ascertains the fraction of the crop that can be harvested according to the labor available: 

AdjustedCropHarvest = kg biomass DM to kg conversion * TotalCropHarvest * LastFractionFoodCropCompleted/KgPerTonne

Adjusted tea and Napier harvests (kg quarter-1) are calculated in a similar manner:

AdjustedPerennialHarvest = kg biomass DM to kg conversion * TotalPerennialHarvest * PerennialCropLabourFractionCompleted

AdjustedNapierHarvest = kg biomass DM to kg conversion * TotalNapierHarvest * NapierLabourFractionCompleted

Fertilizer Test Inputs

The ‘Fertilizer Inputs’ section of the ‘Test Inputs’ view enables control of amounts and timing of fertilizer inputs on food crops. Food crop fertilizer inputs (kg ha-1 quarter-1) are based on a typical rate, which is adjusted using the Vensim ‘Pulse’ function by selecting desired fertilizer start and end times, and adjusting the fertilizer rate with a fractional rate
:

FertilizerFactorDemandUrea = PULSE(FertilizerStartTime, MAX(FertilizerEndTime -FertilizerStartTime,0)) * MaizeBeanFertilizerNormUrea * RelativeFertilizerAmountUrea

FertilizerFactorDemandDAP = PULSE(FertilizerStartTime, MAX(FertilizerEndTime -FertilizerStartTime,0)) * MaizeBeanFertilizerNormDAP * RelativeFertilizerAmountDAP

In the pulse function above, the variables (in order) consist of the pulse start time, and the pulse length (Vensim™ Documentation, 2006).

The actual fertilizer rate applied (kg quarter-1) is constrained by the amount of money available to be spent on fertilizer inputs (see economics section). It is assumed that the priority for fertilizer spending is given to DAP, and the remainder may be spent on urea: 

FertilizerInputDAP = MIN(ProdInputs/FertilizerPriceDAP, FertilizerFactorDemandDAP * AreaFoodCrops)

FertilizerInputUrea = MIN((ProdInputs - FertilizerPriceDAP * FertilizerInputDAP)/FertilizerPriceUrea, 
The fraction of the desired fertilizer rate actually applied is dependent on the actual and desired fertilizer rates:

FractionFertilizerAppliedDAP = IF THEN ELSE(FertilizerFactorDemandDAP>0 :AND: AreaFoodCrops>0, (FertilizerInputDAP/AreaFoodCrops)/FertilizerFactorDemandDAP, 0)
FractionFertilizerAppliedUrea = IF THEN ELSE(FertilizerFactorDemandUrea>0 :AND: AreaFoodCrops>0, (FertilizerInputUrea/AreaFoodCrops)/FertilizerFactorDemandUrea, 0)

Organic Matter

Soil organic matter (SOM) is divided into three conceptual pools according to its physical and chemical properties: free SOM, intra-aggregated SOM, and organo-mineral SOM. These conceptual pools correspond to a protocol used to fractionate SOM according to density and particle size (Sohi et al., 2001). The SOM fractions characterized by this protocol also have different chemical characteristics (Sohi et al., 2001). Free SOM is the most available pool to microbes.  Intra-aggregated SOM (IASOM) contains finely divided free SOM fragments compressed and bound together, so that less surface area is available for microbial consumption.  Organo-mineral SOM (OMSOM) is part of the organo-mineral complex and is generally unavailable for microbial consumption. 

The three SOM pools, and flows between the pools are shown in Figure C3. Units for these pools are kg DOM ha-1 (where DOM represents ‘dry organic matter’), and variables for flows between pools are in units of kg DOM ha-1 quarter-1. The organic matter pools predominantly include the top ?? cm of the profile
. 
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Figure C3. Soil organic matter pools, and inflows and outflows.

The stock of free SOM is dependent on inflows including free SOM added from within and outside the farm, fragmentation of IASOM, and outflows including aggregation of SOM, and loss as CO2 due to aggregation and microbial consumption.

Free SOMp = INTEG(Free SOM addedp + Fragmentationp  - Aggregationp - SOM lost as CO2 due to microbial consumptionp - SOM lost as CO2 due to aggregationp + Externally added OMp)

Free SOM added is a combination of manure from livestock production and residues from cropping activities:

Free SOM addedp = MAX(Organic Matter from Manurep + Residues returned to soilp,0)

Organic matter from manure (kg DM quarter-1 ha-1) is dependent on crop manure use (from the manure sub-section), farm size, and the proportion of organic matter in manure dry matter:

Organic matter from manurep = ManureApplicationNewp * Organic fraction of manure
where,

ManureApplicationNewp = Manure Use on Crops/Farm Size

It is assumed that manure is added equally to all patches, regardless of the cropping enterprise. Multiplying by the ‘organic fraction of manure’ ensures that only the organic portion of manure is considered as an organic matter input. 

Residues returned to the soil (kg DM quarter-1 ha-1) are dependent on the available residues per food patch, the proportion of residues returned to the soil, and the proportion of organic matter in residue dry matter. The proportion of residues returned to the soil is a constant used only for testing purposes, and is not linked to residue use for livestock.
Residues returned to soilp = Residues Per Food Patchp * Proportion Residues Returned to Soil * Proportion OM in Residues and rootsp
To calculate the quantity of residues added per food patch, the amount of residue available (named ‘Residue incorporation pulse’) is divided between the areas with food crops: 

Residues per food patchp = (Residue incorporation pulse/AreaFoodCrops) * Food Patch Statep
‘Residue incorporation pulse’ is based on the amount of crop residue that is surplus to animal requirements, as discussed in the livestock section.

There is also provision for externally-added organic matter, such as tree foliage imported from common land. This is defined by a rate and a test switch:

Externally added OMp = External SOM amount * External SOM test switch
The transformation of free SOM into intra-aggregate SOM is the process of aggregation, and is mainly (but not exclusively) driven by the secretion of mucilaginous substance from microbial metabolism which bind the finely divided free SOM into SOM aggregates (reference?). The aggregation process in actuality is dependent on microbial biomass; however, with a time unit of one quarter of a year it is not appropriate to track a stock that fluctuates as rapidly as microbial biomass. Instead, SOM aggregation is simulated in a more empirical manner, and is dependent on the stock of free SOM, and a fractional aggregation rate, which represents the combination of all the factors that limit aggregation. In addition, aggregation only occurs when the C:N ratio of Free SOM is greater than that of IASOM:

Aggregationp = IF THEN ELSE(Difference between Free and IA SOM CtoNp>0, FreeSOMp  * Fractional aggregation ratep , 0 )
where

Difference between Free and IA SOM CtoNp = Free SOM CtoNp - IA SOM CtoNp
When aggregation occurs the (variable) C:N ratio of the Free SOM pool is greater than the (fixed) C:N ratio of the IA SOM pool. Under these conditions there is a loss of SOM carbon as CO2. This additional loss of free SOM due to aggregation is dependent on the flow of N via aggregation, a constant organic matter to carbon ratio, and the difference between the C:N ratios of the Free and Intra-aggregated SOM pools. The process only occurs when the difference between the ratios is positive:

SOM lost as CO2 due to aggregationp = MAX(0, Aggregation Np * OM to C ratiop * Difference between Free and IA SOM CtoNp)
The effect of microbes in reducing the stock of free SOM is summarized by the variable ‘SOM lost as CO2 due to microbial consumption’. A simple first order decay process, with a microbial consumption adjustment time is used to describe the rate at which this occurs. SOM lost is not the total amount of Free SOM that is processed by microbes, but the net result that leads to loss as CO2.

SOM lost as CO2 due to microbial consumptionp = FreeSOMp/SOM loss AT

Fragmentation (disaggregation) is the reverse of aggregation, and is the process by which IA SOM becomes free SOM. It is a function of the level of IA SOM and a fractional fragmentation rate. Fragmentation occurs without tillage, but where food crops are cultivated increases with tillage at a rate equal to the ‘tillage fragmentation effect’ parameter:

Fragmentationp = IASOMp * Fractional fragmentation ratep * (1+HT Discretep * Food patch statep * Tillage switchp * Tillage fragmentation effectp)

Desorption is the process by which OMSOM becomes free SOM. This is a function of the level of OM SOM and a fractional desorption rate. It is assumed that tillage does not directly affect this process, and that there is no corresponding loss of CO2.

Desorptionp = Fractional desorption ratep * OMSOMp
The fractional desorption rate is dependent on a reference fractional desorption rate and a linear function describing how this changes with a changing ratio of current OMSOM to initial OMSOM: 

Desorption constantp = Reference fractional desorption rate * Effect of OMSOM on fractional desorption rate(OMSOMp/Initial OM SOMp)

The stock of inter-aggregated SOM is dependent on inflow from aggregation, and outflows including fragmentation, sequestration, and loss as CO2 due to sequestration:

IASOMp = INTEG(Aggregationp - Fragmentationp - Sequestrationp - SOM lost as CO2 due to sequestrationp)
Sequestration (acclusion) is the process by which IA SOM becomes tied up in more complex and permanent structures, including humus, adding to the stock of OM SOM. Sequestration is a function of the level of IA SOM and a fractional sequestration constant. With the current formulation, there is no maximum level for the OM SOM stock. 

Sequestrationp = IASOMp * Sequestration constantp
The additional loss of IASOM due to sequestration is dependent on the flow of N via sequestration, a constant organic matter to carbon ratio, and the difference between the C:N ratios of the Intra-aggregated and Organo-mineral SOM pools.:

SOM loss as CO2 due to sequestrationp = Sequestration Np * OM to C ratiop * Difference between IA and OM SOM CtoNp
where 

Difference between IA and OM SOM CtoNp = IA SOM CtoNp -OM SOM CtoNp
The stock of organo-mineral SOM is dependent on inflow from sequestration, and outflow from desorption.

OMSOMp = INTEG(Sequestrationp - Desorptionp)
It is assumed that organic matter lower in the profile is less abundant and more stable. Although deep SOM is not tracked as a stock, the model includes an estimation of desorption of deep SOM (kg DOM ha-1 quarter-1). Thus, it is assumed that the supply of nutrients via deep SOM desorption is constant throughout the time period of the simulation.
Desorption of deep SOMp = Desorption of deep SOM ratep * Desorption of deep SOM switch
Organic matter N and P
Organic matter contains nitrogen and phosphorus, and thus for each organic matter pool there are corresponding pools of N and P (see Figure C4). Similarly, transformations (flows) of organic matter also involve corresponding flows of nutrients.  
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Figure C4. Stocks and flows of nitrogen in soil organic matter.

An important relationship between the organic matter pools and the organic matter nutrient pools is the carbon to nutrient ratio. With free SOM the C:N and C:P ratios are variable, whereas with intra-aggregated and organo-mineral SOM it is assumed that the ratios are constant. In conjunction with aggregation and sequestration there is an accompanying loss of carbon as CO2 to maintain these C:N ratios (as described above). A complicating factor is the requirement to also maintain C:P ratios. This is achieved by assuming that N:P ratios are constant for the IA and OM SOM pools. For the Free SOM pool a target N:P ratio is specified, and as SOM loss through microbial consumption occurs additional N or P will be mineralized to maintain the N:P ratio close to its target (more details are provided below).

To calculate carbon to nutrient ratios, it is assumed that all organic matter has the same fraction of carbon, regardless of organic matter source. For free SOM, the actual carbon to nutrient ratios are calculated as follows:

Free SOM CtoNp = FreeSOMp/(Free SOM Np * OM to C ratiop)

Free SOM CtoPp = FreeSOMp/(Free SOM Pp * OM to C ratiop)

Nitrogen transferred through organic matter desorption is dependent on the desorption rate, the organo-mineral SOM carbon to nitrogen ratio, and the organic matter to carbon ratio. Phosphorus transferred through organic matter desorption is dependent on the nitrogen desorption rate and the standard SOM nitrogen to phosphorus ratio:

Desorption Np = Desorptionp/(OM SOM CtoNp * OM to C ratiop) 

Desorption Pp = Desorption Np / SOM NtoP
Nitrogen transferred through deep organic matter desorption is dependent on the desorption rate, the organo-mineral SOM carbon to nitrogen ratio, and the organic matter to carbon ratio. Phosphorus transferred through organic matter desorption is dependent on the deep SOM nitrogen desorption rate and the standard SOM nitrogen to phosphorus ratio:

Deep SOM desorption Np = Desorption of deep SOM Np/(OM SOM CtoNp * OM to C ratiop) 
Deep SOM desorption Pp = Deep SOM desorption Np / SOM NtoP
Nitrogen transferred through organic matter sequestration is dependent on the sequestration rate, the organo-mineral SOM carbon to nitrogen ratio, and the organic matter to carbon ratio. Phosphorus transferred through organic matter sequestration is dependent on the nitrogen sequestration rate and the standard SOM nitrogen to phosphorus ratio:

Sequestration Np = Sequestrationp / (OM to C ratiop  * OM SOM CtoNp)
Sequestration Pp = Sequestration Np / SOM NtoP
Nitrogen transferred through organic matter aggregation is dependent on the aggregation rate, the intra-aggregate SOM carbon to nitrogen ratio, and the organic matter to carbon ratio. Phosphorus transferred through organic matter aggregation is dependent on the nitrogen aggregation rate and the standard SOM nitrogen to phosphorus ratio:

Aggregation Np = Aggregationp / (IA SOM CtoNp * OM to C ratiop)

Aggregation Pp = Aggregation Np / SOM NtoP
Nitrogen transferred through organic matter fragmentation is dependent on the fragmentation rate, the intra-aggregate SOM carbon to nitrogen ratio, and the organic matter to carbon ratio. Phosphorus transferred through organic matter fragmentation is dependent on the nitrogen fragmentation rate and the standard SOM nitrogen to phosphorus ratio:

Fragmentation Np = Fragmentationp / (IA SOM CtoNp * OM to C ratiop)
Fragmentation Pp = Fragmentation Np / SOM NtoP
Nutrients added through externally added organic matter are dependent on the organic matter addition rate, the organic matter carbon to nutrient ratio, and the organic matter to carbon ratio:

Externally added OM Np = Externally added OMp/(Externally added OM CtoNp * OM to C ratiop)

Externally added OM Pp = Externally added OMp/(Externally added OM CtoPp * OM to C ratiop)

Nitrogen mineralized due to microbial consumption is dependent on the organic matter mineralization rate, the free SOM carbon to nutrient ratio, and the organic matter to carbon ratio. Phosphorus mineralized is dependent on the nitrogen mineralization rate and the standard SOM nitrogen to phosphorus ratio:

N mineralization due to microbial consumptionp = SOM lost as CO2 due to microbial consumptionp/(Free SOM CtoNp * OM to C ratiop)

P mineralization due to microbial consumptionp = N mineralization due to microbial consumptionp / SOM NtoP
In addition, as mentioned above, there is additional mineralization of nitrogen and phosphorus to ensure that the N:P ratio of the Free SOM is maintained close to a realistic level, even with addition of organic matter of varying N:P ratios. Potential excesses of nitrogen and phosphorus are calculated based on a specified target N:P ratio of the Free SOM pool. These values are then used to calculate the additional N and P mineralization, using the same adjustment time used for SOM loss:

Additional N mineralization = Free SOM excess Np / SOM loss AT

Additional P mineralization = Free SOM excess Pp / SOM loss AT

where

Free SOM excess N = Free SOM Np - MIN(Free SOM Pp * Target Free SOM NtoP, Free SOM Np)

Free SOM excess P = Free SOM Pp - MIN(Free SOM Np / Target Free SOM NtoP, Free SOM Pp)

Nutrients in manure returned to the soil are dependent on the rate of manure applied to the soil, and the proportion of nutrient in the stored manure:

N in manure applied per hap = ManureApplicationNewp * N Proportion in Stored Manure 

P in manure applied per hap = ManureApplicationNewp * P Proportion in Stored Manure

Nutrients in crop residues returned to the soil are dependent on the rate of residues returned to the soil, the proportion of residues returned to the soil
, the proportion of OM in crop residues, and the proportion of OM in residues and roots:

N in residues returned to soilp = (Maize residue N fraction * Residues returned to soilp * Proportion Residues Returned to Soil)/Proportion OM in Residues and rootsp
P in residues returned to soilp = (Maize residue P fraction * Residues returned to soilp * Proportion Residues Returned to Soil)/Proportion OM in Residues and rootsp
The variable ‘Proportion OM in Residues and roots’ is currently set to 1, with the assumption that all dry matter in residues is organic matter. It is also assumed that there is no change in nutrient concentration during residue storage.

Soil Phosphorus Dynamics
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Figure C5. Stocks and flows of inorganic soil phosphorus

Besides those related to soil organic matter, there are two stocks of P in the soil, ‘Non-soluble P in soil and ‘Soluble P in soil’ (kg P ha-1) (Figure C5). As for organic matter, these stocks represent P in the top 10cm of the soil profile
, the predominant source of P for plant uptake. Flows of P in and out of the stocks are in units of kg P ha-1 quarter-1. The relative values of these stocks change through ‘P adsorption’, which can flow either way and tends towards an ‘Equilibrium ratio of non-soluble to soluble P’. The rate at which this adjustment occurs is defined by the ‘Soluble P AT’ 
:

P adsorptionp = (Soluble P in Soilp - Desired equilibrium value of soluble Pp)/Soluble P ATp 
where 

Desired equilibrium value of soluble Pp = Non soluble P in soilp * (1/Equilibrium ratio of non soluble to soluble Pp)

The stock of soluble P is also dependent on inflows of P due to mineralization (see above) and fertilizer, and outflow due to crop uptake:

Soluble P in soilp = INTEG(Fertilizer P inflowp + P mineralization due to microbial consumptionp - P adsorptionp - P to AG Crop Growthp)

Increase in soluble P due to fertilization is dependent on the fertilizer addition rate, and the fraction of P in the fertilizer, for both DAP and triple superphosphate:

Fertilizer P inflowp = DAP P inflowp + TSP P inflowp
DAP P inflowp = FertilizerInputDAPNewp * Fraction P in DAP  
TSP P inflowp = PULSE(TSP start time, TSP end time - TSP start time ) * Triple superphosphate amountp * Fraction P in TSP  

Phosphorus inflow from triple superphosphate is not considered to be normal farmer practice, but is included in the model to allow test inputs of P separate to inputs of N.  The DAP amount applied is the total DAP amount based on what can be afforded, divided amongst those patches with food crops
:

FertilizerInputDAPNewp = Food Patch Statep * FertilizerInputDAP/(PatchArea * PatchesFoodCrops) 
Decrease in soluble P due to crop growth is dependent on the sum of the phosphorus uptake for each crop type (however, each patch can only have one crop type): 

P to AG Crop Growthp = Maize uptake Pp + Napier uptake Pp + Tea uptake Pp
The phosphorus uptake for each crop type is dependent on the food patch state (whether or not the particular crop is present in that patch), the fraction of P in the crop biomass, and the pulsed quantity of biomass. For maize there is separation of the biomass into grain and residue, whereas for tea and Napier there is no separation.

Maize uptake Pp = Food Patch Statep * Harvested yield pulsep * Maize grain P fraction + Food Patch Statep * Crop residue biomass pulsep * Maize residue P fraction
Tea uptake Pp = Harvested yield pulsep * Tea P fraction * Tea Patch Statep
Napier uptake Pp = Harvested yield pusep * Napier P fraction * Napier Patch Statep
Soil Nitrogen Dynamics

[image: image13.emf]Soluble

Ammonium N in

soil

Ammonium N

sorbed

N adsorption

N mineralization due to

microbial consumption

Nitrate N in soil

Nitrification

N leaching

N denitrification

Urea Inflow

Ammonium in AG

uptake

Nitrate N in Crop

Uptake

N Deposition

NitrogenFor

Perennials

DAP N inflow

Deep SOM

desoprtion N


FigureC6. Stocks and flows of inorganic soil nitrogen

Soil inorganic nitrogen is divided into three stocks: ammonium in soil water, sorbed ammonium, and nitrate (kg N ha-1) (Figure C6). Unlike soil organic matter and phosphorus, these stocks also represent N deeper in the profile that may have moved through leaching. Flows of P in and out of the stocks are in units of kg P ha-1 quarter-1. Distribution of ammonium N between the solution phase and sorbed phase follows the same method as that used for soluble and non-soluble phosphorus. The relative values of these stocks change through ‘N adsorption’, and tend towards the ‘Equilibrium ratio of sorbed to soluble N’. The rate at which this adjustment occurs is defined by the ‘Soluble N AT’:

N adsorptionp = (Soluble Ammonium N in Soilp - Desired equilibrium value of soluble Np)/Soluble N ATp 

where 

Desired equilibrium value of soluble Np = Ammonium N sorbedp * (1/Equilibrium ratio of sorbed to soluble Np)

The stock of ammonium N sorbed is dependent only on the rate of N adsorption:

Ammonium N sorbedp = N adsorptionp
The stock of soluble Ammonium N is also dependent on inflows of N due to mineralization (see SOM N section), deposition, and fertilizer, and outflows due to crop uptake, adsorption, and nitrification:

Soluble ammonium N in soilp = INTEG(DAP N inflowp + N Depositionp + N mineralization due to microbial consumptionp + +Deep SOM desorption Np + Urea Inflowp  - Ammonium in AG uptakep - N adsorptionp  - Nitrificationp) 
Ammonium deposition (kg N ha-1 quarter-1) from factors such as nitrogen fixation and lightning, is solely dependent on a nitrogen deposition rate constant: 

Depositionp = N Deposition Ratep
Increase in soluble Ammonium N due to DAP fertilization (kg N ha-1 quarter-1) is dependent on the fertilizer addition rate, and the fraction N in the fertilizer:

DAP N inflowp = FertilizerInputDAPNewp * Fraction N in DAP  

Increase in soluble Ammonium N (kg N ha-1 quarter-1) is due to both urea fertilization and manure application. It is dependent on the fertilizer addition rate, the manure application rate, the proportion urea in manure, and the fraction N in urea:

Urea inflowp = Fraction N in urea * (Rainy season urea amountp + ManureApplicationNewp * proportion urea in manure)

where the urea amount is the total urea amount divided amongst those patches with food crops:

Rainy season urea amountp = Food Patch Statep * FertilizerInputUrea/(PatchArea * PatchesFoodCrops)
Transfer of N from soluble ammonium N to nitrate N due to nitrification (kg N ha-1 quarter-1) is dependent on the quantity of soluble ammonium N, and a fractional nitrification rate:

Nitrificationp = Soluble Ammonium N in soilp * Nitrification constantp 

Decrease in nitrate and ammonium N due to crop growth is dependent on the sum of the nitrogen uptake for each crop type (however, each patch can only have one crop type): 

Crop uptake Np = Maize uptake Np + Napier uptake Np + Tea uptake Np
The nitrogen uptake for each crop type is dependent on the food patch state (whether or not the particular crop is present in that patch), the fraction of N in the crop biomass, and the pulsed quantity of biomass. For maize there is separation of the biomass into grain and residue, whereas for tea and Napier there is no separation.

Maize uptake Np = Food Patch Statep * Harvested yield pulsep * Maize grain N fraction + Food Patch Statep * Crop residue biomass pulsep * Maize residue N fraction

Tea uptake Np = Harvested yield pulsep * Tea N fraction * Tea Patch Statep
Napier uptake Np = Harvested yield pulsep * Napier N fraction * Napier Patch Statep
Crop N uptake can involve both ammonium and nitrate N forms, depending on how much of each is available. Crop ammonium N uptake is dependent on the total crop uptake N and the relative magnitudes of the stocks of nitrate and ammonium:

Ammonium N in crop uptakep = Ammonium fraction of soluble Np * Crop uptake Np 
where,

Ammonium fraction of soluble Np = Soluble Ammonium N in soilp/(Nitrate N in soilp + Soluble Ammonium N in soilp)

The stock of nitrate N is also dependent on inflows of N due to nitrification (see above) and perennial crop fertilizer use, and outflows due to crop uptake, de-nitrification, and leaching:

Nitrate N in soilp = INTEG(Nitrificationp + NitrogenForPerennialsp - N denitrificationp - N leachingp - Nitrate N in Crop Uptakep)

Increase in nitrate N due to fertilization of perennial (Tea) crops (kg N ha-1 quarter-1) is dependent on the fertilizer addition rate, the manure application rate, the proportion urea in manure, and the fraction N in urea
:

NitrogenForPerennialsp = NitrogenInputPerennialCropPatchp/PatchArea

where the total nitrogen input for perennial crops is divided between those patches with perennial crops:

NitrogenInputPerennialCropPatchp = PerennialNitrogenInput * Tea Patch Statep/PatchesPerennialCrops

and the total nitrogen input for perennial crops is dependent on the total perennial crop area and a reference nitrogen rate for perennial crops:

PerennialNitrogenInput = AreaPerennialCrops * PerennialNitrogenRate

Crop nitrate N uptake is dependent on the total crop uptake N and the relative magnitudes of the stocks of nitrate and ammonium:

Nitrate N in crop uptakep = (1 - Ammonium fraction of soluble Np) * Crop uptake Np 
Denitrification is dependent on the stock of soil nitrate N, a fractional N denitrifaction rate, and an optional denitrification switch
 
: 

N denitrificationp = Nitrate N in soilp * N denitrification constantp * Denitrification switchp 
Leaching of nitrate N includes nitrate that has been leached beyond the plant root zone, and is dependent on the stock of soil nitrate N, a fractional N leaching rate, and an optional leaching switch: 

N leachingp = Nitrate N in soilp * N leaching constantp * Leaching switchp
Livestock-related Modules
As for the economics and crop and soil components of CLASSES, the livestock module consists of a number of different “views” in the Vensim® software.  These views are described sequentially below.

Herd Structure

This view contains the variables that track the numbers of 9 types of animals in 9 different stocks (Figure L1; Table L1).  Individual animals are represented in this stock-flow structure, although the stocks represent aggregated animal numbers.  This is accomplished through as series of fixed delays that relate flows representing individual animal transitions between animal types (which are equivalent to physiological states).  The model can be initialized with any number of purchased heifers or dry bred cows (an inflow at t=0 is specified to initialize the desired animal numbers).  After an appropriate time delay (currently 2 quarters in the case of the purchased heifer or a user-specified time in for the Dry Bred Cows) these initial animals will transition to the next appropriate physiological state (stock, animal type), Lactating Open Cows (LOC) for both in this case.  An overall parturition rate is based on the number of Dry Bred Cows, Replacement Heifers and Purchased Heifers transitioning from these stocks to the LOC stock.  Single calves are added to the female or male calf stocks based on these parturition rates and a variable that determines calf sex either as a random draw or alternating between male calves and female calves for each birth.  Male calves are assumed to be sold after a specified time (currently 1 quarters).  Female calves are assumed to be retained rather than sold, are weaned and transition into retained heifers.  Retained Heifers continue to grow, are bred and after a user-specified time (currently 6 quarters), are either be sold or retained to become part of the milking herd.  Replacement Heifers are retained bred heifers not sold, and will make the transition to the milking herd 2 quarters after entering the Replacement Heifer stock
.
Table L1.  Animal Types in CLASSES

	Animal Type
	Description

	Female Calves
	Female calves through 3 months of age

	Male Calves
	Male calves through 3 months of age (at which time they are assumed to be sold)

	Growing Heifers 3 to 12 months
	Female animals from 3 up to 12 months of age

	Growing Heifers 13 to 24 months
	Female animals from 12 up to 24 months of age. At 24 months, they may be bred and sold, used to replace culled cows or further retained to expand herd size

	Purchased Heifers
	Bred heifers purchased when 3 months into gestation

	Replacement Heifers
	Bred heifers further retained as replacements or for expansion of the herd until the age at first calving of 33 months

	Lactating Open Cows
	Lactating cows, not yet bred again.  This is the only lactating cow type, with an assumed lactation length of 9 months

	Open Dry Cows
	Cows that have finished lactation but are not yet bred, assumed to be in this physiological state for 3 months based on a calving interval of 21 months

	Dry Bred Cows
	Gestating cows, in this physiological state for 9 months.
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Figure L1.  Stock Flow Structure for the Livestock Herd

A fractional mortality rate is not included in the model structure because animals are treated individually, rather than as an aggregated population.  The current model version allows for sales of cows or heifers under a set of user-selected conditions.  The current model also allows for the loss of a Lactating Open Cow due to mortality.  The LOC was chosen because it is the only cow type that is lactating, and therefore its loss would have larger impacts on household revenue (due to reduced milk sales) and welfare.  Mortality losses for other animal types are not considered at present for simplicity, but are conceptually straightforward.  At present, the user can specify a time at which the LOC is to be removed from the stock without the household receiving revenue, as would be the case with a sale.  To allow the time specified for removal to be flexible, the structure includes a stock that indicates whether the LOC is to be removed
.  If the value of this stock is 1 and the number of LOC is greater than 0, a cow will be removed immediately.  If the LOC stock equals 0, the stock ensures that the LOC will be removed when LOC is next greater than 0.  

All cows are assumed to be sold when they reach the end of their assumed useful lifetime (specified as a number of calving intervals) whether initially in the herd or from retained or purchased heifers.  It is assumed that the household will sell a dry cow, not a lactating one.  Cows will also be sold if the Body Condition Score of the animals falls below a threshold value (currently 1.5
), which indicates that feed resources are insufficient to support the current herd.  Cows or retained heifers can also be sold if there is a need for cash.  Cash is assumed to be needed if the CashAvailable stock value relative to a reference value based on minimum consumption requirements falls below a user-specified ratio.  Animals can also be sold when insufficient Napier grass production is available to feed them (i.e., Napier fed relative to Napier desired to be fed falls below a user-specified ratio).  Retained Heifers will be sold when a similar set of conditions as those required for cow sales are observed, but different threshold values can be specified for heifer sales.  In addition, the model allows the user to assume that the household perceives a fixed limit to the number of heifers and cows it can effectively manage (regardless of the resources available or cash needs) and all Retained Heifers will be sold upon maturation if the combined number of cows and heifers is at or above that threshold.  

Investment in purchased heifers depends on the InvestLivestock variable and whether the Average Value Product of Labour (AVPL) for livestock is either a) the highest or b) the second highest but the activity with the highest AVPL is not feasible in terms of resource availability. The InvestLivestock variable is a function of the AccumulatedSurplus (cash available for investment), labour availability (either household or hired) and ability to produce sufficient feed for an additional animal.  If both the AVPL and feasibility conditions are met, the household is assumed to purchase a single heifer that will enter the milking herd a fixed amount of time later (currently, 2 quarters).  Although cow purchases are observed at the two study sites (Maadzu and Embu) purchases are cows have been omitted from the current version of the model to keep the herd structure simpler
.  The impact on the household’s welfare dynamics over a time horizon longer than 100 quarters of allowing only heifer purchases rather than cow purchases is likely to be small given that the heifer enters the milking herd (i.e., becomes a cow) after a delay time quite short relative to the time horizon of the model.

Milk Production Allocation and Summary

This view includes the structure that allocates milk production among three uses (fed to calves, consumed by the household or sold), determines livestock labour requirements, calculates total livestock numbers in Tropical Livestock Unit (TLU) equivalents and calculates cumulative animal sales over time as one indicator of household well-being.  The Average Daily Milk Yield Cow is the total daily milk production from Lactating Open Cows (only LOC are lactating) based on the milk production allowable based on the availability of metabolizable energy (ME) from the diet or from tissue mobilization (more on body tissue dynamics for cows subsequently).  This daily milk yield is the average milk yield per from all LOC per quarter and is used to calculate total milk production per quarter.  Milk is allocated first to calves at a constant rate per calf per quarter, with different rates possible for female and male calves.  Milk required by calves is based on estimates of milk and other feeds required to meet the growth rates assumed in the fixed delay times assumed for calf-to-retained heifer transitions.  If milk in excess of that needed to feed calves is produced, then milk will be allocated next for household consumption.  Currently, household consumption is assumed to be a fixed amount per day independent of household size or composition or milk production based on previous empirical evidence (e.g., Nicholson et al., 2004; Leroy et al., 2008) that suggest the responsiveness of milk consumption in Kenya households to increases in production is small.  Any milk remaining after needs for calves and household consumption are met is assumed to be sold at a constant milk price.  This view also tracks the number of TLU, which is calculated as the number of animals by type times the number of TLU by type.  Currently, the TLU values by type assume that all cows are one TLU, heifers are 0.7 TLU and calves are 0.3 TLU.  

The amount of labour required for livestock is calculated using a nonlinear lookup function and what is called a “multiplicative reference” formulation.  The labour requirement equation is:
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where Livestock Labour is the Daily Labour Required for Livestock expressed in the number of hours per day, LivestockLabourREF is the amount of labour required for a reference number of livestock owned (i.e., LivestockNumberREF) and f(∙) is a nonlinear lookup function that approximates a ln function (see Figure L2).  This lookup is derived from an original equation based on Nherera (2005) of Labour = 2*ln(Animals) + 1.5, but is expressed as an effect relative to the reference value to avoid units inconsistencies.  This formulation implies that additional animals require a smaller additional quantity of labour as the herd size increases.  The current nonlinear lookup function is valid only for numbers of cows and heifers totaling 20 animals or less.  Accumulated sales of calves, heifers and cows are calculated using the rates of sales for each of these animal types and are used only as indicator variables.
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Figure L2.  Nonlinear Lookup Relationship for Livestock Labour Requirements

Nutrient Requirements and Availability

The structure in this view calculates the nutrient requirements for ME and metabolizable protein (MP) per animal, the ME and MP available from the production, collection and purchase of feeds, the balance between nutrients and the expected nutrient surplus or deficit if an additional heifer were to be purchased.  Requirements for ME and MP are calculated assuming constant (except for LOC, for which requirements vary based on allowable milk production) ME and MP requirements per animal per day for each of the animal types based on requirements estimated from the Cornell Net Carbohydrate and Protein System nutritional simulation model) (CNCPS; <insert reference here>) for assumed animal performance (growth rates, milk production and calving interval).  Total ME and MP requirements for the herd per quarter are calculated by multiplying the daily per animal requirements times the number of animals and the days per quarter.  

The amount of each feed on a dry matter (DM) basis that is required for animals depends on the assumed level of animal performance and estimated nutrient values per unit of feed.  The current structure includes the use of eight feeds (Table L2) commonly observed in the Maadzu and Embu production systems.  Animal intake and requirements (Table L3) and nutritive values

Table L2.  Livestock Feeds in CLASSES

	Feed Type
	Comments

	Napier grass
	Provided by own production and purchases for some animals when own production is insufficient.  Allocated to animals from own production using a priority-based decision rule.

	Crop Residues
	Provided by production of maize and purchases for some animals when own production is insufficient.  Allocated to animals from own production using a priority-based decision rule.

	Banana stems and leaves
	Assumed available for gathering in sufficient quantities required for feeding desired amounts, regardless of season.

	Dairy meal
	Assumed to be purchased in sufficient quantities to feed animals bred heifers and cows a constant amount.

	Maize bran
	Assumed to be purchased in sufficient quantities to feed animals bred heifers and cows a constant amount.

	Mineral mix
	Small quantities are assumed purchased to provide for mineral requirements associated with assumed animal performance. 

	Local grass
	Small quantities of local grass varieties are assumed available in needed quantities to achieve assumed animal performance.

	Milk
	Assumed to be fed to calves in amounts consistent with assumed calf maturation times.


(Table L4) are based on the simulations of the CNCPS and observations from Nherera (2006).  The manner in which the actual amount of feed offered and consumed per animal is determined varies by type of feed.  Milk is offered only to calves, and nutrient intake by cows is assumed under all circumstances to allow milk production sufficient to support calf growth.  The desired amount of dairy meal and maize bran for bred heifers and cows is assumed to be purchased at a constant price per unit.  The quantity of banana stems and leaves (BSL) and local grass desired for each animal type is assumed to be available in the local environment and is gathered and fed.  Labour requirements for gathering BSL are assumed to be included in the previously-described labour requirements.  

Table L3.  Animal Nutrient Intake and Nutrient Requirements Assumed in CLASSES
	 
	Animal Type

	Variable
	GH3-12
	GH12-24
	Retained Heifer
	Purchased Heifer
	LOC
	DOC
	DBC

	Intake
	
	
	
	
	
	
	

	DMI, kg/day
	2.60
	4.51
	7.16
	6.68
	7.97
	7.02
	7.10

	ME Intake, Kcal/day
	5.01
	8.30
	14.14
	13.29
	16.18
	13.64
	14.11

	CP Intake, kg/day
	252.48
	453.49
	750.76
	706.05
	865.24
	652.47
	723.82

	MP Available, g/day
	196.90
	348.30
	561.23
	523.13
	629.83
	520.36
	530.06

	Diet Composition, kg DM/d
	
	
	
	
	
	
	

	Milk
	0.67
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Napier Grass 
	1.14
	2.27
	2.91
	3.13
	3.22
	2.87
	3.11

	Bran 
	0.36
	0.45
	1.45
	0.98
	1.28
	0.93
	1.28

	Dairy Meal
	0.00
	0.00
	0.17
	0.32
	0.91
	0.00
	0.17

	Maize Stover 
	0.35
	0.28
	0.34
	0.37
	0.42
	1.37
	0.54

	Banana Leaves & Stems
	0.59
	1.27
	1.83
	1.38
	1.68
	1.53
	1.59

	Local Grass 
	0.13
	0.33
	0.41
	0.45
	0.39
	0.27
	0.31

	Mineral Salt 
	0.02
	0.04
	0.05
	0.05
	0.07
	0.05
	0.09

	Total
	2.60
	4.51
	7.16
	6.68
	7.97
	7.02
	7.10

	Nutrient Requirements
	
	
	
	
	
	
	

	Total ME, Kcal/day
	5.01
	8.53
	14.13
	13.28
	17.93
	11.95
	13.47

	MEmaintenance
	3.60
	6.22
	9.03
	10.27
	10.21
	11.95
	12.45

	MElacation
	0.00
	0.00
	0.00
	0.00
	7.71
	0.00
	0.00

	MEpregnancy
	0.00
	0.00
	1.06
	1.49
	0.00
	0.00
	1.01

	MP, g
	226.78
	335.92
	545.22
	481.50
	767.11
	406.33
	452.11


Source:  CNCPS simulation runs based on information from Nherera (2006).  Note that intake and requirements are averages over physiological states.  
Table L4.  Feed Nutritive Values Assumed in CLASSES
	Feed
	ME, Mcal/kg DM, by Animal Type
	% CP
	MP, g/kg DM
	Propor-tion P
	Propor-tion N

	
	GH3-12
	GH12-24
	Retained Heifer
	Purchased Heifer
	LOC
	DOC
	DBC
	
	
	
	

	Napier Grass 
	1.82
	1.81
	1.79
	1.82
	1.74
	1.82
	1.80
	10.4
	0.0769
	0.003
	0.017

	Maize Stover 
	1.87
	1.87
	1.83
	1.88
	1.79
	1.89
	1.89
	4.8
	0.0572
	0.002
	0.008

	Banana Leaves & Stems
	1.87
	1.87
	1.85
	1.87
	1.82
	1.87
	1.87
	7.9
	0.0759
	0.002
	0.013

	Dairy Meal
	--
	--
	3.00
	3.02
	3.02
	--
	3.05
	15.8
	0.0924
	0.005
	0.025

	Bran 
	2.50
	2.50
	2.50
	2.55
	2.59
	2.64
	2.63
	13.3
	0.0842
	0.005
	0.021

	Local Grass 
	0.00
	0.00
	1.88
	1.94
	1.82
	1.96
	1.92
	16.3
	0.0993
	0.002
	0.026

	Mineral Salt 
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.0
	0.0000
	0.093
	0.000


Source:  CNCPS simulation runs based on information from Nherera (2006).  Note that intake and requirements are averages over physiological states.  Crude protein, N and P values from CNCPS feed library.  The proportion N is calculated assuming crude protein divided by 6.25.

Napier and crop residues (maize stover) are derived primarily from Napier and maize production on the farm, respectively.  These two feeds are allocated using a priority-decision rule specified in the Vensim® simulation software
.  Unlike the priorities for feed allocation likely to be observed on smallholder farms in Kenya, the structure assumes that priority for allocating Napier and stover is given to animals other than lactating cows.  This simplification was made to avoid further complexity in the model structure that would be required if animal performance (i.e., growth and maturation rates) for calves and growing heifers was to be endogenous rather than assumed constant as they are currently.  As a result, production of Napier or maize stover less than those desired to meet intake levels for assumed animal performance result only in reductions in milk production by lactating cows or changes to dynamics of tissue mobilization and repletion for cows (to be discussed in more detail subsequently).

Napier and maize stover are assumed to be purchased for animals other than LOC if the amount allocated for these animal types from household Napier production or Crop Residues is less the desired amount.  A “shortfall” of Napier or stover per animal type (for animals other than cows) is calculated and this amount is assumed to be purchased at a specified price.  (Note that this shortfall variable for Crop Residues is in the Crop Residues view.)  Purchases of these feeds are assumed to be required (and possible) to ensure that animal maturation rates for animals other than cows are consistent with the constant delay times assumed.  The current formulation assumes both functioning markets for both feeds and that the primary impact is feed shortfalls would be economic rather than biophysical or labour-related.  Napier production in excess of animal requirements is assumed to be sold at a constant price.

Costs associated with purchases of Napier, stover, maize bran and dairy meal are included when these are necessary.  The amount of these purchased feeds is initially calculated based on dry matter (DM) requirements, then is converted to the “as-fed” (i.e., as-purchased, not DM) using the proportion of DM from Nherera (2006, p. 78).  This is multiplied by the price of the feed “as-fed” to calculate the feed cost value.  The variable Total Purchased Feed Costs is then subtracted from other livestock receipts to calculate a Livestock Net Receipts value in the Cash Allocation view.

Actual feed offered is adjusted by an assumed (constant) proportion of feed that is rejected by animals to calculate actual DM and nutrient intake.  The actual nutrient intake is subtracted from nutrient requirements to calculate a nutrient balance for each animal type.  The digestibility of the diet for each animal class is the weighted average digestibility of the diet calculated using the CNCPS.  Manure
 production and composition are calculated as residuals.  The amount of feed rejected per quarter, although typically a small proportion of feed offered (Markewich, personal communication), has been included.  The amount rejected per quarter will be transferred to the manure in storage stock and associated manure nutrient co-flows assuming the same average composition as feed offered. 

The nutrient values of Napier and maize stover are functions of Napier and maize yields, respectively.  At the reference yield (which varies seasonally for maize), ME and MP per kg are assumed to equal (constant) reference values.  As yields fall when nutrients become limited, the nutritive value of the feeds is assumed to increase using as nonlinear lookup functions (Figure L3).  These lookup functions are based on changes in nutrient values for Napier with changes in cutting dates (insert reference for data here).  Because the feed nutritive value can change when nutrients become limiting for maize or Napier growth, nutrient intake per animal will also change.  To maintain a constant amount of nutrients consumed by the animals other than cows (again, to ensure consistent assumptions about nutrient intake and maturation rates), the Desired Quantity of DM Fed Per Animal Per Quarter is modified to reflect the changes in the nutritive value for Napier and Crop Residues.  For cows, no adjustment is made to the intake because this can be reflected in milk production and body condition scores.
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Figure L3. Nonlinear Lookup Relationship between Yields and Nutritive Values of Napier and Crop Residues
Structure in this view is also used to calculate the expected nutrient surplus or deficit if an additional heifer were to be purchased, which is used as one of the inputs to determine if investment in livestock (i.e., a purchased heifer) is possible.  This structure considers the amount of ME available from Napier and crop residues, and the amount of ME that would be available from gathered BSL or from purchased dairy meal to be fed to a replacement heifer.  As is often the case in a variety of elements of the model, the calculations are conditional on whether the household has ever engaged in an activity (in this case, maize production).  If the household has previously engaged in maize production (which will always be the case for after t=1, the time assumed for the first maize harvest), the amount of crop residues available to feed animals are based on current levels of crop residue production.  Prior to that, crop residues are assumed equal to those in stored crop residues, the value of which is a user-specified parameter.  The availability of Napier to provide ME for an additional heifer is based on current levels of Napier production.  An expected feed surplus or deficit if another heifer is added is calculated as:

Active Feed Deficit or Surplus = 

Total Expected ME Available from Napier and Crop Residues + ME Available to Feed Purchased Heifer from BSL and DM - Total ME Requirements (for currently owned animals)
If there are no currently owned animals, then the Total ME Requirements variable is zero.  The Active Feed Deficit or Surplus is smoothed using a third-order delay term with an adjustment time constant of 4 quarters.  This smoothed value is divided by the ME requirements for a replacement heifer to determine a Carrying Capacity Surplus ratio, which indicates the number of additional purchased heifers that the current feed resources will support.  If this ratio is greater than a threshold value (currently set at one animal, but it could be less to reflect the fact that LOC will not need to fully meet ME or MP requirements from current intake because they can mobilize tissue), the AdditionalFeedFeasibleForLivestock variable is equal to one, indicating that feed availability does not constrain animal purchases.

It is obvious that many of the foregoing assumptions (e.g., constant animal nutrient requirements, feed allocation priorities and sometimes feed availability) do not fully capture the complexity of livestock production that have been modeled in more detail by others (e.g., Nicholson, 1994; CNCPS references?]).  However, the model maintains a reasonable consistency between animal performance and nutrient flows despite these rather stringent assumptions.  The simplification of the livestock sector is appropriate for an integrated model that includes diverse other systems elements.  It is not currently appropriate to incorporate the full-scale nutritional simulation model and animal stock flow structures necessary to allow more a more realistic degree of endogeneity for animal performance outcomes, given the need to maintain roughly consistent levels of detail in model structure across the animal, crop, soil and economics decision making modules.  

Body Condition Score

This structure represents the body condition score (BCS) for cows, associated mobilization and repletion of adipose (fatty) tissue
, and the milk production allowed by available ME.  The basic stock-flow structure for tracking Body Fat in cows includes outflows of adipose tissue mobilized or transferred as cows move from one physiological state to another (Figure L4).  Inflows of adipose tissue include that repleted by Open Dry Cows and Dry Bred Cows, transfers as cows change physiological states and initial inflows associated with the initial number of Dry Bred Cows assumed to be owned by the household.  An initial BCS is specified on the 1 to 9 scale typically used for beef cattle.  This is used to calculate an initial amount of body fat for a cow of a specified body weight
, and to initialize the value of the Body Fat stock although this value will typically equal zero.  If Dry Bred Cows are assumed to be owned by the household, an inflow of fat associated with them will be made at t=0.
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Figure L4.  Stock-Flow Structure for Body Fat for Cows

The stock of Body Fat tracked for each of three cow physiological states and is modified by tissue mobilization and repletion or transfers between physiological states.  Mobilization occurs when the Indicated ME balance is negative (meaning that current ME intake is insufficient to meet ME requirements), and repletion can occur when the converse is true.  Tissue energy dynamics assume a constant per unit amount of ME per kg of tissue mobilized or repleted, although the efficiency (i.e., the amount of energy provided or required per unit tissue) differs in practice [reference?].  Body fat is transferred from cows in one physiological state to another when cows make transitions based on transition rates shown in Figure L1.  The average amount of body fat per cow is transferred for each animal making a transition.  Note that this assumes that cows in the same class at the same time will have identical BCS, but this assumption is required to avoid modeling the BCS for individual animals.  Because the number of cows in a given physiological state is likely to be small, and their BCS in practice similar, this simplification should not markedly affect model outcomes.  

The structure places limits on the rate of tissue mobilization in response to an Indicated ME Balance < 0 in two ways.  First, the maximum amount of tissue is limited so that the cow must retain a minimum specified amount of body fat as a proportion of its initial body fat.  Currently, this minimum proportion is 0.25, indicating that if the animal initially had 50 kg of body fat, it could only mobilize 37.5 kg of adipose tissue, leaving 12.5 kg as a necessary minimum.  In addition, to prevent overly rapid tissue mobilization and possible negative stock values, a maximum rate of mobilization is specified as a first-order delay
 using the current value of the Body Fat stock times a Maximum Fractional Mobilization Rate (MFMR).  This formulation implies that only that fraction of current Body Fat represented by the MFMR can be mobilized in any time period.

This structure also calculates the amount of milk that can be produced by cows (Figure L5).  Essentially, cows are assumed to be able to produce milk from ME provided directly by feed or indirectly by mobilized tissue.  The Indicated ME Balance is the difference between ME intake for cows in each physiological state per quarter less ME requirements for cows in each physiological state for maintenance and gestation and a reference value of milk production.  The ME required for milk production depends on the specified reference value of milk production per day, the amount of energy required to synthesize milk, and a factor that converts ME into what is called the Net Energy for Lactation (the ME to NEl Efficiency parameter).  The amount of energy required to synthesize milk is given as:
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from Tedeschi (2005). The Indicated ME Balance is multiplied by the energy content of mobilized adipose tissue to determine an amount of tissue that would need to be mobilized by a LOC to cover the ME deficit.  This quantity is then compared with the maximum rates of tissue mobilization allowed and an amount of actual tissue mobilized is determined and removed from the Body Fat stock.  This amount of tissue is converted back to its ME equivalent and becomes the amount of ME available to support milk production per quarter and per day, and is then converted to an amount of milk that the cow can produce using the energy content of the milk and the efficiency of ME use in the production of milk (i.e., the ME to NEl Efficiency parameter).  
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 Figure L5.  Structure of Calculations for Allowable Milk Based on ME Availability

Crop Residues

This structure describes the storage and use of crop residues (maize stover).  The amount of crop residues available for storage depends on the amount of maize biomass harvested.  Crop residues can either be allocated to storage for use as animal feed, or can be incorporated into the soil (Figure L6).  The model gives priority to the use of crop residues for use as animal feed, consistent with field observations from Kenya [reference here?].  The amount of crop residues that are placed into storage is the minimum of the amount available and an estimated amount of residues required to feed animals.  The estimated residues required are calculated based on the total amount of residues desired to be fed to each animal type per quarter times the (currently held) number of animals times the Number of Quarters for Projection of Feed Requirements which indicates how far in advance the household is considering feed needs
 times (1-Proportional Loss Rate), where the Proportional Loss Rate is a proportional loss per quarter that accounts for losses in feed quantity (but not nutrient value) during storage.  If the value of Estimated Crop Residue for Animals is greater the crop residues available at harvest time, the entire amount of available crop residues is placed into storage.  If the Estimated Crop Residue for Animals is less than the amount available, the remaining crop residues are incorporated into the soil.  When there are no animals, all crop residues are assumed to be incorporated into the soil.
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Figure L6. Stock-Flow Structure for Storage and Allocation of Crop Residues

The Stored Crop Residue stock has the amount of Crop Residues to Storage as its inflow and has three outflows:  residues actually fed to animals, losses of residues due to spoilage or consumption by vermin or wild animals, and disposal of crop residues when they are considered to have lost much of their nutritive value.  Crop Residues Fed to Animals depend on the Desired Crop Residues Per Animal Class (i.e., the amount of crop residues by type of animal in the assumed baseline diets) and a Maximum Consumption of crop residues.  The function that allocates stored crop residues among animal types uses a linear decay function rather than the exponential decay function used to calculate the maximum rate at which SCR can be fed.  The maximum rate function was specified as:

Minimum of Required or Available*(1-Proportional Loss Rate))/Quarters For Feeding,
using the SAMPLE IF TRUE function (which will maintain the value constant over a relevant time horizon).  The Minimum of Required or Available is what flows into the SCR stock at harvest time, and the proportional loss rate term is included to approximate removals over the remainder of the period (although this is a bit of an overestimate because the loss rate is still first-order and will decrease as the value of SCR decreases).  This quantity is then assumed to be fed at a constant rate over the time period Quarters For Feeding.

The proportional losses assume a constant proportion of the amount of Stored Crop Residues.  Because the losses remove material from the crop residue stock continuously, this value does not represent the percentage change in stock during a given quarter (in the absence of other outflows).  This is also a first-order delay process, and would generate exponential decay behavior over time for the Stored Crop Residues stock in the absence of other outflows.  Disposal is assumed to occur as a complete emptying of the remaining Stored Crop Residues just before the subsequent maize harvest.  Old Crop Residues are assumed to be “discarded” and are not currently incorporated into soil. Thus, every 2 quarters, the value remaining in the Stored Crop Residues stock is emptied using the following function:

MAX(0,(Stored Crop Residues/TIME STEP-CR Proportional Losses)),
where the TIME STEP is the calculation time interval for the model.  This formulation assumes that crop residues stored for two quarters are either unsuitable for use as animal feed, or have lesser value than new crop residues and that insufficient storage capacity is available (although not modeled explicitly) to store both old and new residues.  

Actual Crop Residues Allocated to each Animal Class depends on the Maximum Consumption variable and uses a priority-decision rule similar to that specified for Napier grass.  As mentioned in the discussion of Nutrient Requirements and Availability above, the structure now calculates a “shortfall” of Crop Residues fed by animal type (defined as Actual-Desired Crop Residues Per Animal) that is used to indicate the amount of Crop Residues that must be purchased for animals other than cows.  
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CLASSES Model Revisions and Test Results for Economics Modules (March 2008)
Model Changes

· I got rid of the embedded ‘2.1’ factor everywhere and replaced it with the ‘Savings Factor’ variable where appropriate.  This is an assumed savings goal that can now be tested and adjusted.

· Cash Allocation View

· I made the goal for the Cash Available Stock the ‘Value of the Minimum Consumption Requirement’ since this value already is counted for 2 quarters of consumption.  

· I renamed the ‘Other Consumption’ flow ‘Transfer to Accumulated Surplus’

· I adjusted the newly named ‘Transfer to Accumulated Surplus’ flow to correct for the steady-state error.

· I noticed two variables for the price of milk.  I have merged them and the model now only uses the ‘MilkPrice’ variable that appears on the Effective Market Prices view.

· Also, I created a ‘Reference Milk Price’ structure to use for testing purposes...

· I adjusted some of the outflows from some stocks in the Herd Structure view to prevent livestock from becoming negative (see below).

· I adjusted the AVP calculations to ensure that they accounted for price changes even when a household is not doing an activity (see further description below).  (Also, there was an error in the use of the ‘Sample if true’ function in the previous formulation and the current version is more reliable...)

Tests of new AVP structure and Price Changes
· AVP for activities the household is not doing: I have made the AVP of such activities the same as the InitAVP, since this appropriately tracks price changes.  The problem is that it does not appropriately track expected yields or expenses based on what the farmer has done to reflect any kind of learning on their part.  This will have to be revised once there is some consensus about how to estimate these expected values (it also does not reflect current soil conditions, which is another issue that has already been raised).

1) Napier Price + 10 Ksh/day at t=100 quarters (All Maize Household)
I  tested the response of the initial AVP for napier grass to a price increase in the 100th quarter.  The graph below plots the actual AVP for napier grass versus the area in napier.  This shows both the responsiveness of the initial AVP to the price change, as well as the successful switching of the model between actual AVP calculations and ‘expected AVP’ calculations when the activity is discontinued.  (since the Initial AVP serves as the expected AVP for any discontinued activity).  This will have to be revised, as it correctly accounts for price movements, but not soil nutrient changes and other learning on behalf of farmers.  
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2) Tea Price + 10, t=100 (All Maize Household)
The initial AVP for tea appears to be working correctly in response to a price change.  [image: image23.wmf]InitAVPPerennialCrops
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3) Milk Price + 100, t=100 (All Maize Household)
Similarly, the Initial AVP for milk holds up to these tests.
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Negative Livestock Issues

Without first order control on some of the flows in the Herd Structure view, sensitivity simulations result in negative livestock numbers (see below)
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To correct this, I have changed some of the outflows from the different animal types to make sure that, for example after a sale of an animal, the model updates and stops the aging cycle:

Conditional Dry Off Rate LOC=

MAX(MIN(Delay of LOC Entry Rates,Arbitrary Large Number*Lactating Open Cows/TIME STEP),0)

Conditional Breed Rate ODC=

MAX(MIN(Delay of Dry Off Rate LOC,Arbitrary Large Number*Open Dry Cows/TIME STEP),0)

Low/Middle/High Asset Households

I ran the following profiles and compared a few variables for households that begin with all maize:

	Variable 
	Low Assets
	Middle Assets
	High Assets

	Farm Size
	1 ha
	5 ha
	10 ha

	Init. Educ. Level 
	0 years
	7 years
	12 years

	Init. Crop Labor
	1 person
	5 people
	10 people

	Init. Salaried Emp.
	0 people
	1 person
	2 people

	Init. Accum. Surplus
	0
	10,000 Ksh
	100,000 Ksh
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The combination of livestock investment and incorporation of manure is underlying some of the soil dynamics, I believe.  It is still not possible to get these households to invest in tea.  

Revised Sensitivity Analysis with New Model Structure

I have re-run the multivariate sensitivity tests I conducted earlier (Initial accumulated surplus from 0 to 100,000, Initial crop labor from 1 to 10 and Land size from 1 to 10 ha).  There appear to be some more first order control issues, but still the thresholds persist, which is comforting!
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Questions/Comments

· In response to one of David’s questions regarding model behavior in Q210 – the crop residues fall to zero because the household hits both a labor and cash constraint (although I haven’t looked at his tests with the revised structure I’ve put together here...).  But, in the model from Mar. 24, the household starts to demand more hired labor from outside to use in food production on the farm a bit earlier than Q210, and then runs out of cash to pay them.  At that point the assumed production of food crops is zero.  Given the long time scale of the model, I think this is actually ok, although we may want to consider the transition and why it is so abrupt.  But since we are not modeling the decision-making that would likely go on before such a point is reached I think this is basically correct model behavior.  Without modeling some likely household responses (like migration, more remittances?), eventually the household will not be able to produce anything on the farm, which is what the model simulations showed, I think.

· Dissavings flow – it seems to affect savings directly.  Does it make sense for the household dissaving to affect saving – you are just paying yourself back?

Seasonal DM for Napier – it is affecting the land decision for planting napier since the change is so drastic.  Should this affect the AVP so much?  Generally, it looks like the Initial AVP for napier is much larger than the actual once the household gets into it.  There may be some parameterization issues here.

Notes on Current Documentation of Crops and Soils Module (June 2008)
· I haven’t done a literature review to justify the structure in the model. What I have tried to do is provide the basic structure of the documentation, to which more detail still needs to be added by the relevant people where necessary.

· I have tried to explain the logic of the equations, but I couldn’t always give justification. More references are needed.

· There are a number of variables that are not clearly named based on their purpose in the model.

· In addition, it may be worthwhile changing the one-name variables. I think that variables are easier to read if the words are not joined and capitals are only used for the first word.

· I have reviewed some of the parameters that are used in the crop-soil section, but I think that there is still work to do to provide justification and references for the values used.

· I have used subscripts to highlight issues that need consideration.
Modifications to the model

Issue – Initial increase in Free SOM and IASOM rather than immediate decline:
Examples are shown below.
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As seen above, both Free and IA SOM rise before declining. This happens because the stocks of the three OM pools are not in equilibrium relative to the relative flow rates between them. One way of partially solving the problem was increasing Free and IA SOM relative to OM SOM, but the model was not modified in this manner, as there are other possibilities. 

As suggested by Johannes, modifying OM SOM desorption so that it flows directly to soluble Ammonium N (and soluble P) made a difference, and is largely responsible for the results shown above. With the initial structure, the increase in Free SOM due to OM SOM desorption is greater than the decrease due to Free SOM losses, and thus there is an initial increase. With the modified model, desorbed OM releases N and P immediately. Note that I assumed that if the OM SOM is releasing the N it is also releasing the P.

Yes- this makes sense given the revised vision of these pools.

 Issue – Simulating yields
The desired yields from Ngoze (2007?) data are as follows:
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The second graph is reproducing the data in excel, based on the equations given. By the way, I think that the equation for the SR season should in fact be y=3.4e(-0.011x) which produces the red line seen above.

Thanks- Chuck had already picked up on this, and we revised the figure when we sent in our final manuscript.

For the LR season, assuming that the line is accurate, the 1.6 in the equation means that the yield decline will approach 1.6, and then won’t decrease any further (over the time frame sampled). Getting Vensim to simulate this is difficult, because with the current structure it will decay towards zero. 

The likely reason for the experimental behavior is the additional input of nutrients released from OM from the lower soil horizons. If this is the case then the problem with just increasing the initial OM values is that yield will still decay towards zero, but take a longer time to get there.

We can deal with the problem by having an additional flow, that I named ‘decay of deep SOM’. This flow is assumed to be constant over the whole time period, and causes additional N and P to be supplied through breakdown of deep SOM. 

Being able to replicate the experimental yields depends on the factors shown in the figure below:
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Obviously the addition of this variable is a simplification of the real thing, but I think that it is a much simpler option than breaking the soil into horizons, which would be another way of achieving the desired results. To re-iterate, I can’t see how just increasing initial SOM stocks and playing with other parameter values would approximate the observed results.

David- I agree with your approach.  And I think there is some evidence from previous work in Western Kenya giving some support to the hypothesis that deep SOM is releasing nutrients even in soils under cultivation for 50 years or more.  Also, it is not clear from Solomon’s data that yields would not continue to decline very gradually for another century, but it appears that at some low maize yield farmers switch to other crops. 

Here are the results from making this modification (and some other modifications which will be described below):
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It can be seen in the ‘Modified model’ run that for the LR season the yield is much closer to the experimental data, and it is decaying towards a value greater than zero. There is still an issue that occurs around time 230 when P becomes limiting (up until this point N is limiting). This can be changed by (for example) decreasing the value of ‘SOM NtoP’ from 10 to 9. This additional modification is shown in the ‘Test NP effect on yield’ run above. Another way of fixing this (if it is seen to be an issue) is decreasing the P fraction in the crop. The N leaching rate could also be decreased. 
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The results for the SR season are not as close to the observed values, but still relatively good. Unlike for the LR season, the experimental curve for the SR season does decay to zero (eventually). However the modified model has now been set so that yield doesn’t decay to zero, to mimic the LR season curve. This is why the lines cross around time 300. Once again modifying the ‘SOM NtoP’ value can help avoid a P deficiency. 

Issue – Additional changes to yield calculations

As modified by Chuck earlier, the efficiency of nutrient uptake for the LR season was made variable, so that uptake efficiency is higher for lower soil nutrient levels. 

The SR season yield is calculated by using the LR season yield and modifying it by an empirical factor based on Solomon’s data. The relationship between the maximum LR yield and the SS yield as a fraction of the LR yield is shown below.
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Using this function in Vensim, the decline below ~0.3 of the fraction of maximum LR yield was not followed. Instead the line was continued to give a point at (0,1) on the above graph (see red line). The assumption is that with low nutrient availability the difference between LR and SR yields becomes even less and approaches zero with no yield.

I am not sure I understand what you did here.  Before we were setting different maximum yields for the LR and SR seasons.  As LR crop needs more nutrients than SR crop, its yields will decline more steeply initially as nutrients become limiting. By 40 years or so, yield in SR and LR are similarly limited by nutrients.  If we make SR yields an arbitrary function of LR yields, we will have no way to test scenarios like only fertilizing the LR crop- right?

A few other equations on the crop growth view were changed to allow the modifications described, including removing the previous method of calculating SR yields.

The maize reference biomass was changed to 13800 in agreement with Solomon’s empirically derived curve. 

The initial organic matter levels were decreased to help calibrate the model. However they are still greater than the levels for Solomon’s data for 0-10 cm. 

Initial Free SOM = 2000 

Initial IA SOM = 633

Initial OM SOM = 63333

Thus, the organic matter pools now represent approximately 0-25 cm soil depth.

We need to get the OM units straight- we thought the previous version represented 0 to 100 cm OM.

Other relevant parameters used for these simulations:

Relevant Parameter settings:

Initial conditions test switch = 1

All maize Initial conditions switch = 1

Relative fertilizer amount urea = 0

Relative fertilizer amount DAP = 0

N application data input switch = 0

Tillage switch = 1 (this doesn’t seem to make much difference anyway, due to the low levels of IA SOM, but it may warrant some ‘calibration’)

Change state override switch = 1 

Proportion residues returned to soil = 0.5

Response of Maize to Large Additions of N and P

The purpose of these tests was to assess maize performance under high fertilization scenarios as described in Ngoze (2007?).  Tests were performed on July 23rd 2008, using the CLASSES July222008 DP.mdl model version.  Fertilizer application after three different time periods was assessed for young plots (5 years), medium age plots (20 years) and old plots (35 years).  The relevant parameter setting for these evaluations were:

Initial conditions test switch = 1

All maize Initial conditions switch = 1

Relative fertilizer amount urea = 0

Relative fertilizer amount DAP = 0

N application data input switch = 0

Tillage switch = 1 

Change state override switch = 1 

Proportion residues returned to soil = 0.5

Variable Parameters:

The variable values used were as follows:

	Age
	Fertilizer Treatment
	TSP amount
	TSP start time
	TSP end time
	Urea amount
	Urea start time
	Urea end time

	Control
	Control
	0
	0
	0
	0
	0
	0

	Young 
	P0 N120
	0
	0
	0
	260.9
	20
	24

	Medium
	P0 N120
	0
	0
	0
	260.9
	80
	84

	Old
	P0 N120
	0
	0
	0
	260.9
	140
	144

	Young
	P25 N120
	125
	20
	24
	260.9
	20
	24

	Medium
	P25 N120
	125
	80
	84
	260.9
	80
	84

	Old
	P25 N120
	125
	140
	144
	260.9
	140
	144


Outputs

Model output with no added phosphorus
Crop yield outputs for scenarios with N but no P addition are as follows:
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Crop yield outputs for the scenarios with N and P are as follows:
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Comments on the observed results:

· With added N but no P, LRS yields increase, but not to the original yields for the medium and old plots due to a developing P deficiency.

· With added N and P there are sufficient nutrients for maximum LRS yield in the young and medium plots, and nearly sufficient in the old plots. 

· With added N but no P the addition of N brings the P deficiency ahead in time compared to the control, because the available P is used up more quickly.

· With added N and P, P does not become deficient.

· With the current structure, yield can only respond to the nutrient most limiting. However adding one nutrient can make the other nutrient most limiting. Thus, under circumstances where N and P are both close to being limiting, a combination of N and P can lead to a greater yield response than observed with just one nutrient added.

This difference depends on ‘decay of deep SOM’





The slope depends on OM decay rates and crop uptake fraction





This depends on initial SOM levels
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� In some model simulations, it is also possible to start the household with a set of livestock assets.  


� The default land patch size is 0.1 hectares, leading to an overall farm size of 1 hectare.  The patch size can be adjusted by the model user.  


� All of the consumption and production norms are described in detail in the parameter spreadsheet included in this documentation.  


� When actual variables are described in this documentation, they will be highlighted in bold, to aid cross referencing with the actual simulation model.  The names of any model views referenced will be italicized.


� Maize is a dietary staple for the households in our surveyed sample.  Therefore households both consume maize (which is captured in the subsistence consumption calculations) and sell it for cash.   They may also buy it in the market.  For this reason, all maize consumption is converted to its cash value and accounted for in the cash flow system of stocks.  


� Napier grass is a representative forage crop for livestock.


� Tea is a common cash crop that is not consumed by the household but is exclusively sold commercially.  


� We are exclusively considering dairy cattle and male and female calves for the livestock assets of the household.


� We assume constant returns to scale and an underlying Leontief-type production function for agricultural output, which allows us to use production labor ‘norms’ instead of specifying a more complex optimization procedure for determining input use.


� The InitAVP variables for the different livelihood activities also keep track of the returns to different activities that the household temporarily stops doing during the simulation, to facilitate decision making on re-entry into temporarily abandoned activities.


� There are two rainy seasons in the survey area in Kenya.  This variable may need to be modified for model application to locations where there is only one rainy season per year.


� The LivelihoodDecisionTime indicator governs crop decisions, while the DecisionPoint governs livestock and labor hiring decisions.  


� Due to the strict ordering of average value products, households may only invest in one new agricultural livelihood activity per decision time (i.e. a household cannot simultaneously purchase a new dairy cow and change patches into a different crop).  The household may simultaneously look for off-farm employment, however.


� The actual investment calculations are made in the Decisions view with output from the ActivityPrioritySorting view.


� This process is summarized by the “CowsorNapierGetPriority” variable shown in Figure 3, although there are several intermediate variables in the actual CLASSES model that are needed to accomplish the resorting shown in ReSortOrderAgrActivities2.


� Similar variables for the other agricultural activities are all present in the actual CLASSES model but they have been temporarily hidden in Figure 6 to make this illustration more clear.  


� For example, the variable SearchCosts is set at 1000 Ksh.  This is a value that represents an approximate amount needed to find employment in the survey area that can be adjusted for testing by the model user.


� I think that manure does not include nutrient additions from urine. If this is the case then this should be justified and the lost N accounted for in equations. I wouldn’t think that all urinary N is lost because some would be absorbed by fecal matter and bedding. Whatever is decided, we need to make it clear in both the model and the documentation. As an addendum, this was discussed in the February during a meeting. It was decided that all urine would be lost. If we end up separating fecal from urinary nitrogen using CNCPS then the assumptions could be made more explicit. It could be as simple as stating a fixed fraction of total excreted nitrogen is urinary, and a fixed fraction of that amount is lost.


� I am not sure of all the factors considered in the ‘proportion manure to storage’ parameter, but listing of these and explanation of how and why these nutrients leave the ‘system’ could be included in this documentation. Currently the parameter is set to 0.75. 


� Some discussion supporting observed values of manure C:P ratios could be added if data is available. 


� The values for N and P fractions of rejected feeds need to be specified individually for each of the five feeding options.


� In actuality, manure quality will depend on the quality of the feeds on offer. In conjunction with digestibility values for each feed type, we could also specify the concentrations of C, N, and P in the digested feeds. These values, weighted by the fraction of each feed in the diet, would be used to define the combined manure quality. With this method it would be assumed that the nutrient concentration of digested feed values would remain constant regardless of the fraction of the feed in the total diet (e.g.digested banana leaves would be X% nitrogen, regardless of whether the cow was eating a lot or a little).  


� There needs to be some justification for the values of the ‘Proportional loss of N in stored manure’ and ‘Proportional loss of C in stored manure’ parameters. In choosing values for these parameters, the following should be kept in mind. A proportional loss rate does not necessarily mean that after one time unit the specified proportion will be lost, because with a time-step less than one an amount greater than this proportion will be lost. For example, after 1 time unit, with a fractional loss rate of 0.1 approximately 0.13 of the stock is lost. 


� What is happening to N and C that is lost from stored manure? I would assume that N is lost through leaching and volatilization, and C lost as CO2. Is the lost N an input somewhere else?


� Because the proportional loss of C is higher than for N the C:N ratio decreases, i.e. N becomes more concentrated. Manure C:N values during maturation of manure should be referenced to literature values. 


� It may be preferable to define the inputs of the RANDOM NORMAL function with variables, to allow easier adjustment for simulations, and to avoid hiding parameters.


� Perennial crops could be named tea, as the enterprise only includes tea, and in some instances tea is used in naming rather than perennial. 


� ‘TotalCropHarvest’ should be named ‘Total food crop harvest’ to avoid confusion as to whether or not it includes tea and Napier.


� The units are changed from units of kg of dry matter to unspecified kg units. Currently the value of the ‘kg biomass DM to kg conversion’ parameter is one, so the conversion is really only converting unit names. This is okay providing that it is acknowledged in the economics section that units relating to crop yields are actually kg of DM. In these circumstances, prices for crops needed to be provided in units of dry matter. However, from comments in the CLASSES model it appears that the prices used (at least for tea and Napier) are in wet units. If I am correct, this means that adjustment needs to be made to either model structure or some parameters and their values. As an update (July 25 08) I recently added a variable called ‘Tea dry matter’ which describes the fraction dry matter in Tea. This value needs to be used elsewhere in the model, and different values need to be used for maize and Napier, possibly just by using a subscript. I think that this issue needs to be checked throughout the model.


� Equations with ‘MaizeBean’ in the name should probably be renamed.


� This still needs clarification.


� The parameter ‘OM SOM CtoN’ does not need to be subscripted as it is constant for all patches.


� Because the variable ‘Residues returned to the soil’ already includes the variable ‘Proportion residues returned to soil’ it shouldn’t be included in this equation, and it will cause errors if the value is other than 1. This needs to be fixed. Note – this still has not been fixed.


� This needs to be reviewed


� The variables ‘Desired equilibrium value of soluble P’ and ‘Soluble P AT’ probably don’t need to be subscripted, as they should be constant between patches.


� There is another part to this equation that I didn’t include because I think it may need some modifying. There is a switch here that allows the addition of fertilizer based on experimental data. It should be noted that with the current formulation turning the switch on adds to the fertilizer that would normally be added, rather than replaces it. Also, there is no feedback of this extra fertilizer back to the economic section of the model. A variable ‘Patch fix’ has been included to make sure that units are correct, however it should not be necessary to do this. Instead, a variable needs to be included that represents the area that the extra fertilizer is being applied to.


� The variables ‘Desired equilibrium value of soluble P’ and ‘Soluble P AT’ probably don’t need to be subscripted, as they should be constant between patches.


� The ‘Nitrification constant’ parameter does not need to be subscripted.


� As far as I can tell there is no feedback from this fertilizer addition to the economic section. If this fertilizer is being provided free of charge to tea crops then a line explaining this would be merited. It may be that this is only for testing purposes, but if so there should be a switch and this should be turned off for normal runs. In addition, there could be explanation of why this input is in the form of nitrate N, rather than ammonium N like other fertilizer additions.


� The ‘N denitrifaction constant’ and ‘N leaching constant’ parameters do not need to be subscripted.


� There is some previous uncertainty as to what extent denitrification and leaching still needed to be calibrated. 


� The delay times for female animal maturation are specified to be consistent with age at first calving from Nherera (2006).


� A simple statement to remove an LOC at a given time would require knowing that an LOC is present in the stock at the time of removal to prevent negative stocks.  Because the value of the LOC is endogenous, the number of LOC at a given time is not known in advance and the stock structure described in the text is one approach to address this.


� A BCS=1.5 indicates a very thin animal, and the assumption is that the animal would soon perish if not sold.  It is therefore sold while it has some value.


� Allowing purchases of both bred heifers and cows rather than just heifers would require decision rules to set priorities among these two animal types and conditions that assess the feasibility of adding an additional cow (not just for a heifer, as is currently done) to the herd.


� This is the ALLOCATE BY PRIORITY function, which takes as arguments the desired amount for each animal group, the priority for each animal group, the number of animal groups to be allocated among, the size of a gap in priority is required to have the allocation go first to higher priority with only leftovers going to lower priority and the total available supply (in this case, Napier or crop residues available).  Additional information is available in the Vensim Reference Manual (2005).


� Manure does not include nutrients excreted in urine.


� Some previous models of tissue mobilization and repletion (e.g., Nicholson, 1994) include both adipose and protein tissues.  This model assumes that energy is first limiting in the diets of lactating so that only energy flows and adipose tissue are included.


� The cow is assumed to be of a mature body weight once its first calf is born, although in practice the weight of many cows continues to increase with subsequent parturitions.


� A first-order delay process has the form Value of Stock*Proportional Rate of Outflow, where the units of the Proportional Rate of Outflow are (1/units of time).  


� The currently used value of 2 quarters for this parameter corresponds to the interval between maize harvests, when new crop residues become available.
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