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Supplementary information  

1 Livestock simulations 

For each of the four districts, feed intake for local and improved breeds are evaluated, 

disaggregating based on the two livestock production systems MRT and MRH), using 

results of GLS (2019)1. For the surveyed systems where farmers report cattle consuming 

biomass whilst grazing, the grazed biomass intake is estimated and included as ‘grazed 

feed intake’, in addition to feed on offer from farm harvest and market purchases. Feed 

intake level is assumed to be at least 2.5% of bodyweight. Empirical estimates from the 

literature2,3 are used to account for seasonality in feed availability for different feedstuff. 

Total annual feed intake for the herd is then calculated as the average of dry and rainy 

seasons (Table S2). The monthly feed on offer input for the model LivSim accounts for 

practices influencing seasonal availability of feed (Table S3) such as biomass availability 

from each feed category, grazing practices, harvest dates, and feed rationing practices. 

Seasonal variation in yield of forages in Tanzania are obtained from literature4. Crop 

residues are available during the dry season, through either grazing on crop land or from 

harvested and rationed residues on farm5. Concentrate feeds acquired off-farm are not 

affected by seasonality and  are available year-round and feeding to cows is specified in 

LivSim in relation to the production stage of the animal (early lactation, late lactation, other  

stage).  

 

 

 

 

 

 

 



Table S1: Breed-specific parameters used to run the model LivSim 

Parameter Local Improved Source 

Maximum body weight female (kg head-1) 450 600 8 

Maximum body weight male (kg head-1) 500 600 9,10 

Maximum milk yield (kg lactation-1 cow-1) 970 4,450 9,10 

Daily milk yield at maximum (litres) 8  15 11,12 

Lactation length (days) 210 300 13 

Milk fat content (g kg-1) 55 41 14 

Milk crude protein (g kg-1) 41 35 14 

Calf birth weight (kg) 30 32 15  

Minimum age at first gestation (months) 30 20 16  

Pregnancy length (months) 9 9 9,17 

Dry period (months) 11 2 13,18 

Postpartum length (months)  12 3 13,18 

Maximum lifetime (years) 13 13 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2: Biomass productivity, nitrous oxide fluxes, and carbon density parameters for feed and land use categories  

Land Use 
 

Feed Annual 
yield 

Available feed 
biomass 

Use efficiency Nitrous oxide 
flux† 

Carbon density 

Mg DM ha-1 Mg DM ha-1 yr-1 Fraction kg N2O ha-1 yr-1 Mg C ha-1 

Soils21 Other 
pools 

Total 

Croplands Maize 
 

1.4623 0.44 (bran) 
2.18 (stover) 

0.95 0.73 (stover) 
1.03 (bran) 

 
 

38.021 

 

 
3.5 

 
 

41.5 Sunflower 1.0323 0.36 (cake) 0.95 0.90 

Grasslands Napier 
grass 

13.0420 0.75 0.51 

 
 
 

48.021 

 
 

4.5 
 

 
 

52.5 Pastures 10.00c 0.50 0.08 

 

Grasslands 3.0022 0.50 0.13 

Wetlands  42.021 4.424 

 

46.424 

Shrubland  41.021 16.624 57.624 

Forest  69.021 37.824 106.824 

 

 

 

 

 



Table S3: Dairy cattle diets under Base scenario for local and improved cattle across 
districts, data from the household survey1. Values represent % dry matter intake on an 
annual basis. Ranges represent variability across livestock production systems within a 
given district.  

Feed 
 

Mufindi Mvomero Njombe Rungwe 

Local Improved Local Improved Local Improved Local Improved 

Grass 30-67 34 - 43 71-75 59-60 63-69 29-57 30-68 34-43 

Pasture <1 - 
30 

10 – 20 <2 6-7 <1 6-44 <1-30 9-21 

Napier 
grass 

<1 - 
12 

6 - 25 <1 6-7 <=1 6-9 <1-12 6-25 

Maize 
stover 

21 - 
22 

8 - 17 15-17 11-12 21-22 <1-12 21-22 8-17 

Maize 
bran 

5 - 11 3 - 22 8-11 10-11 4-9 9-10 5-10 3-22 

Sunflower 
cake 

<1 <1 - 11 <1 4-5 <1-11 8-10 <1 <1-11 

 

Table S4: Conditions affecting seasonal availability of feeds 

Feed type Seasonality conditions 

Grass 
(unmanaged) 

Can be harvested or grazed year-round. 
 

Pasture (sown) 

Napier grass Can be harvested or grazed year-round. Fed as silage in dry season.  

Maize stover Available during dry season, by either grazing cattle on croplands after 
harvest, or harvesting and providing to cattle via cut-and-carry. 

Sunflower 
cake, maize 
bran 

Available year round from the market. Can be fed to cows according to 
production cycle: early lactation (first 150 days), late lactation, or other. 

 

Table S5: Feeding practices under intervention scenarios (cows only) 

Breed Feeding practices 

Local  Receive one third of feed on offer as Napier grass; fresh Napier in the rainy season 
and ensilaged Napier in the dry season. Receive a total of 2 kg d -1 concentrate 
during early lactation, 1.0 kg d-1 during late lactation, and 0.5 kg d -1 during other 
periods. Concentrates are fed in the proportion 1/3 sunflower cake and 2/3 maize 
bran.  

Improved Receive 50% of forage on offer as Napier grass; fresh Napier in the rainy season 
and ensilaged Napier in the dry season. Receive a total of 6 kg d -1 concentrate 
during early lactation, 3 kg d-1 during late lactation, and 1 kg d-1 during other 
periods. Concentrates are fed in the proportion 1/3 sunflower cake and 2/3 maize 
bran.  

*Not including maize stover 

 



Table S6: Ranges of herd cohort ratios by cattle genetic type, district, and system (% of 
herd). Based on GLS (2019)1 

Genetic type, cohort Mufindi Mvomero Njombe Rungwe 

MRT MRH MRT MRH MRT MRH MRT MRH 

Local        

    Cows  39.4 36.5 38.6 43.5 40.6 40.6 44.1 44.1 

    Heifers  14.0 16.9 17.9 13.2 14.9 14.9 7.5 7.5 

    Bulls  11.3 12.2 13.6 9.8 9.1 9.1 13.6 13.6 

    Female  calves 18.3 14.1 14.7 16.1 15.3 15.3 14.2 14.2 

    Male calves  14.6 14.3 10.5 11.5 13.4 13.4 15.6 15.6 

    Juvenile males  2.3 6.0 3.0 5.7 4.3 4.3 5.0 5.0 

Improved            

    Cows  47.5 47.5 46.4 46.4 51.9 51.9 53.0 55.2 

    Heifers  15.2 15.2 14.6 14.6 8.2 8.2 9.6 7.4 

    Bulls  5.9 5.9 7.0 7.0 3.5 3.5 4.3 3.9 

    Female calves 15.5 15.5 17.1 17.1 19.9 19.9 17.4 15.5 

    Male calves  15.0 15.0 11.4 11.4 12.7 12.7 14.0 14.0 

    Juvenile males  1.0 1.0 3.8 3.8 3.8 3.8 1.8 4.0 

 

 

Table S7: Nutrient properties of feed types by season  

Feeds Dry matter 
(g kg-1) 

Dry matter 
digestibility 

(%) 

Metabolisable 
energy 

(MJ kg DM-1) 

Crude 
protein 
(g kg-1) 

Acid 
detergent 

fibre 
(g kg-1) 

Neutral 
detergent 

fibre 
(g kg-1) 

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

Native 
grasses25,27 

850 155 45.1 55.3 5.8 7.7 61 70 495 432 862 712 

Managed 
Pasture25,26 

850 155 47.0 65.0 6.5 8.6 94 108 481 420 
 

860 711 

Napier grass 
fresh25 

893 179 53.7 61.4 6.2 8.2 97 103 419 425 711 715 

Napier grass 
silage25 

195 -- 579 -- 7.5 -- 6.5 -- 436 -- 726 -- 

Maize 
stover25 

928 296 46.8 56.7 6.9 8.4 39 68 396 496 699 750 

Maize bran25 887 72.4 11.0 119 145 442 

Sunflower 
cake25 890 

61.1 9.1 
324 320 450 



Table S8: Greenhouse gas inventory and estimation methods, production levels, warming 
potentials, and allocation methods of LCA 

Parameters Values, sources 

Greenhouse 
gas 
inventory 

Enteric fermentation CH4 IPCC 200628 Eq. 10.1 

Manure CH4 IPCC 200628 Eq. 10.23 

Manure N2O IPCC 200628 Eq. 10.25 - 10.29 

Crop, grassland soils N2O IPCC 200628 Eq. 11.1,4,5,7,8,9,10,11 

Fossil energy CO2   5.6629 kg CO2eq kg-1 N  
78.630 kg CO2eq Mg-1 compound feed 

Cropland expansion CO2 C stock difference of 11 Mg ha-1 (see SI 2) 

Grassland expansion CO2 C stock difference of 27.3 - 36.1 Mg ha-1 
(see SI 2) 

Production 
variants 
(from Table 2) 

Baseline 1.63 MT FPCM yr-1 

70% production target 3.46 MT FPCM yr-1 

100% production target 4.19 MT FPCM yr-1 

Global warming potentials 2831 kg CO2eq kg-1 CH4 

26531 kg CO2eq kg-1 N2O 

Functional unit 1 kg FPCM 

 



2 Greenhouse gas emission factors 

Table S9: Emission factors used in life cycle assessment of dairy sector . Manure 
management emission factors are specified in the model for each production system as a 
weighted average based on the fraction of manure excreted on pasture  vs. managed, as 
estimated from GLS (2019)1 

Emission factor Value Source 

Ym Estimated as in [32] 

MCF 0.015 (pasture) 
0.04 (solid storage) 

IPCC28  

EF3 storage (direct manure N2O) 0.005 IPCC28 

EF3 pasture (direct manure N2O) 0.00105 [33] 

EF4 (indirect manure N2O) 0.01 IPCC28 

EF5 (indirect manure N2O) 0.0075 IPCC28 

Fraction N volatilized – pasture 0.2 IPCC28  

Fraction N leached – pasture 0.3 IPCC28 

Fraction N volatilized – solid storage 0.3 IPCC28 

Fraction N leached – solid storage 0.4 IPCC28  

EF1 (soil N inputs) 0.0105 (inorganic N) 
0.01 (organic N) 

[34] 
IPCC28 

EF5 (leaching and runoff) 0.0075 IPCC28 

Fraction gas volatilized (organic N) 0.1 IPCC28 

Fraction gas volatilized (synthetic N) 0.2 IPCC28  

Fraction lost manure management 0.4 IPCC28 

 

Land use change emission factors 

The carbon (C) density for a given land use category are equal to the sum of the five 

following pools: soils, below and above ground biomass, coarse woody debris, and 

litter28.Following the practice of LUC accounting in dairy LCA, the CO2 emissions after land 

use change are amortized over a twenty-year period35,36. The transition coefficient for 

cropland expansion is based on the differences between grassland and cropland C stocks. 

The C stocks of the respective land uses are calculated as 41.5 and 52.5 Mg C ha-1
 

respectively, based on the data of Kempen et al. (2018)21 and Mauya et al. (2019)24.  This 

results in a difference of 11.0 ± 2.0 Mg C ha -1 between crop and grasslands. To calculate 

the transition coefficient for grassland expansion, native ecosystem C stocks are estimated 

using spatially-explicit land cover data at a 100x100m pixel resolution37. The C stock 

density of native ecosystems is estimated as a weighted mean of the shrub, forest, and 

wetland categories, all of which represent land use categories under threat from 

anthropogenic activities in Tanzania38,39 The C densities of these land categories (for the 

non-soil C pools) are based on national carbon stock inventory data24 and the topsoil 



dataset compiled from 1,400 locations across Tanzania21. The weights are based on the 

proportion of shrub, forest, and wetland in a given grid cell37. This data is up-scaled to the 

same spatial resolution as the LPS data and aggregated to derive a C stock difference 

between grasslands and native ecosystems representative of both MRT and MRH systems 

in the study region. The resulting values range from 32.6-36.1 and 27.3-33.9 Mg C ha-1 for 

MRT and MRH systems respectively.  

Table S10: Relative standard errors used in Monte Carlo simulations of GHG emissions  

Parameter Relative 
standard  
error (%) 

Grassland yields +/- 20 

Maize yield +/- 20 

Sunflower yield +/- 20 

Cattle populations +/-20 

Feed intake per tropical livestock unit +/-25 

Ym +/- 10 

Bo +/- 30 

MCF +/- 20 

EF1 (soil N inputs) +/- 66 

EF3 storage (direct manure N2O) +/- 30 

EF3 pasture (direct manure N2O) +/- 7 

EF4 (indirect manure N2O) +/- 30 

EF5 (indirect manure N2O) +/- 30 

Fraction N volatilized -- pasture +/- 7 

Fraction N leached – pasture +/- 7 

Fraction N volatilized -- storage +/- 7 

Fraction N leached – storage +/- 7 

EF4 (atmospheric deposition) +/- 30 

EF5 (leaching and runoff) +/- 30 

Fraction gas volatilized (organic N) +/- 30 

Fraction gas volatilized (synthetic N) +/- 30 

Fraction lost manure management  +/- 30 

C stock density croplands +/- 20 

C stock density grasslands +/- 20 

C stock density native ecosystems +/- 20 

Embodied feed and fertiliser footprints +/- 30 

 

3 Land use accounting 

The percentage of grassland expansion converting native ecosystems is calculated by 

relating the estimated land demand for each LPS and district with the availability of 

unoccupied grasslands for each district and LPS (see Figure S1d), as estimated using land 



cover data of the European Space Agency37. This data is merged with the GLW data to 

estimate the available grassland at LPS level for each district, by summing over all raster 

pixels of the dataset. The fraction grassland use expansion actually converting native 

ecosystems, defined as Ω, was then estimated as:  

Ω = ∑
𝐷𝑎𝑖𝑟𝑦 𝑙𝑎𝑛𝑑 𝑢𝑠𝑒 2031 − 𝐷𝑎𝑖𝑟𝑦 𝑙𝑎𝑛𝑑 𝑢𝑠𝑒 2018

𝑇𝑜𝑡𝑎𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑔𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑 2018 − 𝑋𝑝      (Eq. S1) 

Where p represents the raster pixels at 10 by 10 km resolution across respective districts 

and LPS, ‘Dairy land use 2031, 2018’ is the total land use, the sum of crop and grasslands 

in ha, by the dairy sector in a given LPS and district in the final and initial periods of the 

simulation, respectively. Total grassland available is the total unoccupied grassland in the 

year 2018, and ‘X’ is the area growth in exogenous land uses in ha. Exogenous land uses 

included croplands and grasslands for non-dairy ruminants. Total grassland expansion 

emissions are then reported as Ω x the total land use growth between 2031 and 2018 x the 

LUC transition coefficient for each LPS (described in SI 2).  

The availability of grasslands and percentage utilized for grazing and cut and carry feeding 

are estimated based on the land cover data37 the cattle population densities40 and the 

parameters specified to reflect productivity and efficiency of grazing/harvesting of 

grassland species included in the model. The feed categories described in the body of the 

paper which are included in this framework are all feed categories that are not included 

under the crop category for the Bruzonne et al. (2021)37 land cover data. This includes 

Napier grass, managed pasture, and native grasslands. The extent of grassland utilization 

is calculated with the following equation:  

Grassland utilization = 
𝐶𝑎𝑡𝑡𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐺𝑟𝑎𝑠𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  × 𝑈𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝐺𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑 𝑦𝑖𝑒𝑙𝑑
  (Eq. S2) 

Where grassland utilization (km2) is the extent of grasslands per spatial unit being utilized 

for ruminants, cattle density (head km -2) is based on literature40, grass consumption (Mg 

DM head-1 yr-1) is the grass consumption per animal as specified above, use efficiency is 

the fraction of grass available that is harvested or consumed by grazing cattle (Table S5.2), 

and grassland yield is the yield of grassland (Mg DM ha -1 yr-1) (Table S5.2). 

In the final year of the model simulation period the grassland available for use by the dairy 

sector is equal to grassland area in the base year (2018) minus the expected use from non-

dairy sector sources. These sources include cropland as an aggregate, and the grassland 



occupied for grazing by non-dairy cattle. Cropland expansion is calculated based on the 

crop land area in the base year37 and the annual growth rate as calculated from FAO data 

which was estimated as 1.7%23. The growth rate in land needed for non-dairy cattle grass 

consumption is calculated based on the population and the land requirement for their grass 

consumption. The former is calculated based on 40 using the ratio of non-dairy cattle from 

census data41,42 which resulted in 0.440 % of the total herd categorized as non-dairy. The 

latter is calculated assuming a daily dry matter intake of 2.5% of body weight (in kg), and 

using the grassland yields and use efficiencies provided in Table S5.2. 

4 Survey data  

This section describes how non-dairy household income and crop margin estimates are 

derived from the survey. The resulting values for each district and strata are reported in 

Extended Data Table 3. Non-dairy household income is inclusive of cash income from farm 

and off farm sources plus the market value of home-produced food products (excluding 

dairy). Production of food, cash and fodder crops, dairy and other livestock products are 

calculated based on the survey respondent’s description of production, and associated 

variable inputs as outlined in Equations S3-S6 below. Cash expenses on non-dairy 

livestock inputs by the sampled households is minimal, thus only the expenses incurred on 

crops were considered. Producer prices of food commodities are obtained from the survey, 

because households reported both sales and revenue from products sold. For uncommon 

products, resulting in a small sample size to calculate market prices, producer prices are 

obtained from FAO databases43. Survey respondents most often reported value of on farm 

production, sales, etc., in local units, such as debes (8 kg of maize), kisados (5 kg of 

maize), or gorogoros (2 kg of maize). These are converted to SI units based on the 

respective conversion ratios, following 44. The monetary values are converted from 

Tanzanian shillings to USD. The reported income sources herein do not include fixed costs 

(e.g. expenses on capital investments), and therefore only represent the net cash flows (i.e. 

annual income from sales minus annual variable expenses). Income from the sale of crops 

are estimated as follows:  

Crop incomed,t = ∑ 𝑄𝐶𝑆𝑑,𝑡,𝑐 ∗ 𝑃𝑃𝑐𝐶 − ∑ 𝐶𝐸𝑧 𝑑,𝑡,𝑧      (Eq. S3) 

Where Crop income is the annual income (USD yr-1) from cropping activities, QCS is 

quantity of crop product c sold (kg hh-1 yr-1), PP is the producer price of crop c (USD kg -1) 

and CE is the crop expenses for crop expense category z. The types of inputs (z) include 



(inorganic) fertiliser, seeds, herbicide, pesticides, hired labour for cropping activities, 

expenses on farm machinery, and rented cattle. In addition to income from crop sales, two 

additional sources of income are included: income from other non-dairy livestock (poultry, 

sheep, goats) and from other farm activities (such as from plantation forests in Mufindi 

district). Because the survey does not consider expenses on these types of livelihood 

activities, they are solely reported as gross revenue. Finally, off farm income is estimated 

based on the reported income from non-farm sources for all members of the family:  

Total off farm incomedd,t = ∑ 𝑂𝑓𝑓 𝑓𝑎𝑟𝑚 𝑖𝑛𝑐𝑜𝑚𝑒𝑑,𝑡,𝑣𝑣    (Eq. S4) 

Where Total off farm income is the total annual off farm income. and Off farm income is 

income from off farm. The off-farm activities (v) included all types of off farm employment, 

as well as remittances, dividends, pensions paid to household members, as well as any 

other forms of off farm cash income (eg. capital gains from the sale of assets). The total 

household cash income is then approximated as the sum of the above categories: 

Non-dairy cash incomed,t = Crop incomed,t + Other farm revenued,t + Other livestock 

revenued,t + Total off farm incomed,t        (Eq. S5) 

Where Non-dairy cash income is the annual cash income from all sources (on and off farm) 

other than dairy in USD yr-1, Other farm revenue and Other livestock revenue are the 

revenue streams as described above. Non-dairy cash income is then combined with the 

value of farm produce consumed to estimate the total (cash + non-cash) income of the 

household:  

Total non-dairy incomed,t = Cash incomed,t + Value of consumptiond,t (Eq. S6) 

Where Total non-dairy income is the total non-dairy income in USD yr-1, and Value of 

consumption is the value of all on farm produce consumed in USD yr -1. The latter includes 

from food, cash and fodder crops, and non-dairy livestock products (USD yr-1). 

Net crop margin  

Net crop margins are calculated as the total market value of all food and cash crops 

produced by the household divided by total area of land devoted to producing food and 

cash crops: 

Net crop margind,t = ∑ 𝑄𝐶𝑑,𝑡,𝑐 ∗ 𝑃𝑃𝑐𝐶 − ∑ 𝐶𝐸𝑧 𝑑,𝑡,𝑧    (Eq. S7) 



Where Crop net margin is the average net crop margin in USD ha -1 yr-1, QCd,t,c is the 

quantity of crop c produced, and PP and CE are as described above.  
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