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Feeding efficiency gains can
increase the greenhouse
gas mitigation potential
of the Tanzanian dairy sector
James Hawkins1*, Gabriel Yesuf1, Mink Zijlstra2, George C. Schoneveld3 & Mariana C. Rufino1
We use an attributional life cycle assessment (LCA) and simulation modelling to assess the effect of
improved feeding practices and increased yields of feed crops on milk productivity and GHG emissions
from the dairy sector of Tanzania’s southern highlands region. We calculated direct non-CO2 emissions
from dairy production and the CO2 emissions resulting from the demand for croplands and grasslands
using a land footprint indicator. Baseline GHG emissions intensities ranged between 19.8 and 27.8
and 5.8–5.9 kg CO2eq kg−1 fat and protein corrected milk for the Traditional (local cattle) and Modern
(improved cattle) sectors. Land use change contributed 45.8–65.8% of the total carbon footprint of
dairy. Better feeding increased milk yields by up to 60.1% and reduced emissions intensities by up to
52.4 and 38.0% for the Traditional and Modern sectors, respectively. Avoided land use change was
the predominant cause of reductions in GHG emissions under all the scenarios. Reducing yield gaps
of concentrate feed crops lowered emissions further by 11.4–34.9% despite increasing N2O and CO2
emissions from soils management and input use. This study demonstrates that feed intensification has
potential to increase LUC emissions from dairy production, but that fertilizer-dependent yield gains
can offset this increase in emissions through avoided emissions from land use change.
Tanzania is a low-income country of East Africa characterized by relatively low agricultural productivity and a
national greenhouse gas (GHG) emissions profile dominated by the land use sector. Land use change (LUC) is
the largest contributor to national GHG emissions, representing 66.0% of its estimated 319 Mt of annual CO2eq
emissions, with agricultural emissions (excluding LUC) accounting for 18.8% of these emissions1. About 55% of
Tanzania’s land area is occupied by woodlands and forests, and these areas are under increasing pressure from
anthropogenic activities, especially a griculture2. The expansion of land areas for crops and grazing are the two
largest causes of deforestation in the country3. The country has committed to reduce emissions by 10–20% relative
to the business as usual scenario by 2030 under the Paris Agreement4, although to date, the agricultural sector is
not included in Tanzania’s nationally determined contribution (NDC). The implementation of climate change
mitigation initiatives in the land and agriculture sectors is hampered by conflicts with economic development
objectives5 and by the lack of foresight analyses linking the impact of proposed GHG mitigation strategies to
changes in emissions and p
 roductivity6.
In the coming years, growth in demand for milk and dairy products caused by rising urban consumption is
expected to lead to a national milk supply gap of 5600 Mg year−1 by 20307. The Tanzanian Livestock Master Plan
(hereafter LMP) is a development program that, amongst others, aims to close this milk supply gap in order to
alleviate poverty and raise rural i ncomes8. There is potential for concurrently including Tanzania’s dairy sector
in the NDC and the development initiatives in the LMP; this, because the LMP prioritizes productivity growth
as a means to closing the projected supply gap. Such measures, via their effect on improving feed conversion efficiency, could result in reductions in GHG emissions intensities (Herrero et al.9), potentially producing win–win
outcomes should these two initiatives be combined. To increase the likelihood of success of these mitigation
policy initiatives, a framework is required for quantifying the GHG emissions reductions possible in reference
to a b
 aseline10, for which no such analysis has been done.
From a practice point of view, better livestock diets are widely viewed as essential to improving productivity and reducing GHG emissions from d
 airy11. Tanzania’s dairy sector is constrained by lack of adequate feed
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resources, associated with a widespread degradation of grasslands, land shortages in some regions, poor uptake of
better forage production and conservation practices, and a poorly developed animal feed processing i ndustry8,12.
Such factors lead to significant seasonal variations in milk production and offtake13. Dry season feed deficits
and the low genetic potential of much of the herd limits milk productivity growth, and lead to a high national
average emissions intensity of 19.9 kg CO2eq kg−1 FPCM (fat and protein corrected milk)14. Kenya and Ethiopia
emit 3.8 and 24.5 kg CO2eq kg−1 FPCM, respectively15,16, indicating that there is room for improvement. Feeding
management can influence productivity and GHG emissions in multiple ways. Adding more nutrient-dense feeds
to diets can improve milk yields and reduce methane (CH4) emissions intensity17. However, higher total energy
content of diets can also increase methane production per a nimal18. Other risks include increasing C
 O2 emissions
from expanding cropland a reas19 and N
 2O emissions from intensification of feed crop p
 roduction19. Changes in
feeding practices can also lead to land sparing by substituting low yielding grass and forages with higher yielding feed crops, for which regional and global studies have suggested can reduce grassland r equirements20 and
reduce deforestation21. As an estimated 96% of cattle in Tanzania are reared in extensive grazing s ystems22, we
hypothesized that land sparing is a leading strategy for reducing dairy GHG emissions.
This study assessed the effect of improved feed management in Tanzania’s dairy sector on GHG emissions in
relation to the output growth targets of the LMP. The analysis sought evidence for the merits of linking the LMP
to climate change mitigation initiatives, such as a dairy sector Nationally Appropriate Mitigation Action (NAMA).
We used a life cycle assessment (LCA) to quantify GHG emissions adding on previous work by Mottet et al.23,
Brandt et al.24,25 and Notenbaert et al.26. While all these studies accounted for the role of improved productivity
in reducing direct dairy sector emissions, to date no study has evaluated specifically the role of land sparing and
the potential for avoided land use change emissions to contribute to reductions in the dairy carbon footprint for
Tanzania’s dairy. For this purpose, we employed a land footprint indicator, which has been used previously for
assessing GHG emissions and productivity indicators of ruminant livestock systems in sub-Saharan Africa27,28.
This indicator helps assess the implications of crop and grassland expansion on LUC emissions and is consistent with the IPCC Guidelines for National Greenhouse Gas Inventories29,30. The objective was to quantify the
impact of improved feeding management on milk output and sectoral emissions by 2030. The study focussed on
high-productivity systems of the southern highlands regions of Njombe, Mbeya, and Iringa and the Morogoro
region. This region is well suited agro-ecologically for dairy production, and is increasingly attracting private
and public sector investments in order to secure milk production for growing urban centres such as Mbeya and
Dar es S alaam31.

Methods

Modelling approach and data sources. The analytical framework involves coupling the Livestock Simulation model (LivSim) (Rufino et al.32), an algorithm to calculate the land footprint of the dairy sector, and a
greenhouse gas quantification protocol based on principles of life cycle assessment (Fig. 1). LivSim is a dynamic
model that simulates the lifetime productivity of dairy cows based on feeding and genetic potential32,33. LivSim
was used to simulate individual cohorts of dairy animals (cows, bulls, juvenile males, heifers, calves) across
their lifetime, and the milk production and GHG emission estimates are aggregated to the production system
level. These form the basis for defining a baseline of milk production, emissions, and land use, and for assessing
the impact of feeding efficiency gains. The model was coded in the Python programming language34 as a shell
program that runs LivSim (also coded in Python) with additional code to define the land footprint and conduct
the LCA (Fig. S1).
The land footprint indicator includes all land directly used for providing feed biomass: cultivated and grazing land, and land use ‘upstream’ from the farm for production of concentrate feeds. This framework allows an
assessment of the impact of changes in diets, or in productivity gains through higher crop yields, to the changes in
land use and milk productivity. The dairy land footprint, expressed as hectares per tropical livestock unit (250 kg
liveweight), is as forth defined as all crop and grassland directly used for feeding dairy cattle:
 C F

Dairy land footprintb,s ha TLU−1 =
c=1

Feed on offers,b,c,f
× Use efficiency f

f =1 Yieldf

(1)

where b represents the cattle breeds, s represents the livestock production systems, C represents the cattle cohorts,
F represents the feeds included in the model, Feed on offer is the annual feed provision per TLU for a given breed,
cohort and for a specific feed (Mg TLU−1 year−1), Yield the annual yield of the given feed (Mg ha−1 year−1), and
Use efficiency the fraction of biomass that is either harvested or grazed. Feed on offer includes all feed available
from grazing, harvested on-farm, or purchased from the market.
The model was parameterized with data from a survey of 1199 smallholder dairy farms conducted in southern Tanzania from November 2017 to August 2018. Surveying activities, performed as part of the IFAD-funded
Greening Livestock project, were informed by a stratified random sampling protocol, capturing diversity in dairy
farming households (by cattle breed, and socioeconomic factors) among mid to high potential systems across four
sampled districts (Fig. 2). Baseline indicators characterizing existing feeding practices were developed, which
in turn represent diets within the livestock simulations. For the remainder of this paper this survey dataset will
be referred to as G
 LS35.

Livestock systems and milk production in south and eastern Tanzania. This study focussed on
mixed (M) crop-livestock production, rainfed (R), tropical (T) humid (H) systems (hereafter MRT, MRH), following the Robinson et al.37 classification. MRT and MRH systems comprise a total of 43,400 km2 (18,500 km2
MRT; 24,900 km2 MRH) across the four regions. In these regions, rainfall is unimodal; the rainy season stretches
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Figure 1.  Analytical framework. A dynamic livestock simulation model (LivSim) is linked to an attributional
life cycle assessment (LCA) and a spatial aggregation procedure to quantify GHG emissions per kilogram of fat
and protein corrected milk (FPCM).
from November to April, followed by a 6-month dry p
 eriod38. Feed sources within these systems depend, to varying degrees, on biomass consumed from grazing, crop residues, cultivated forages, and concentrates acquired
off farm. Seasonal variation in feed quantity and quality leads to different grazing and feeding practices across
seasons. During the dry season residues from crops form a larger percentage of diets due to the lower availability
of natural and planted forages. Concentrates are available from the market year-round but they are generally
used sparingly to improve productivity of cows and to maintain nutrient availability during periods of feed
scarcity39. Protein-dense concentrates, especially sunflower cake, are used to improve milk yields of cows, while
maize bran is commonly used as a supplement to maintain energy availability throughout the year22. Both of
these feeds are produced and processed locally22,40. The baseline diets in the present study, including the seasonal
biomass intake from cut-and-carry feeding systems, market purchases, and grazing, were specified using G
 LS35
41,42
and supplementary data sources
(described in SI 1). Feed nutrient properties used in livestock simulations
were derived from FAO43 and literature44–46 (Table S4)
The land footprint was disaggregated based on the dominant sources of feed biomass, and the corresponding
land uses (Table 1). This allows the impact of changes in croplands and grasslands to land use change emissions to
be linked, as per the IPCC29 Guidelines. The main feed categories used were: primary crop products (sunflower
cake and maize bran), secondary crop products (maize stover), and grass. Grasslands are further divided into
native (unmanaged) and sown (managed). The nutritional value and biomass yield of native grasslands were
based on the literature on predominant native grass species in the region. Two types of grasses were distinguished
based on their yields and nutrient contents: low quality species of grasses were referred to as ‘Pasture’, which are
either harvested or grazed, while ‘Napier grass’ (Pennisetum purpureum), which is the most common improved
forage produced in the region ( GLS35), is considered a high quality, high yielding forage used primarily in cutand-carry systems.
The fraction of feed available from the total biomass yield, which takes into account the use efficiency, harvesting and manufacturing ratios (e.g. the ratio of bran or cake obtained from the grain or seed portion of the
crop) are shown in Table 1. The biomass available from crop residues was calculated using a harvest index of
0.3550. For concentrates the ratio of processed feed products (bran from maize or cake from sunflower) were
obtained from l iterature51,52. The use efficiency ranges from 0.50 to 0.95, and were set to 0.50 for grass and pasture, consistent with values that have been used in previous assessments such a s53. These values reflect the high
stocking rates among highland grazing systems in T
 anzania54, which result in 0.39–0.61 forage use e fficiency55.
The use efficiency for Napier grass was set at 0.75 based on harvesting ratios reported from field experimental
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Figure 2.  Geographic focus of study. (A) Shows the region within which the study focusses. (B) Shows the
administrative regions (Mbeya, Njombe, Iringa, Morogoro) for which the model simulations were run and the
districts (Rungwe, Njombe urban and rural, Mufindi, and Mvomero) the survey sampled from. (C) Shows the
livestock production systems within which the simulations were conducted. Figure generated in QGIS 3.8.236
(https://www.qgis.org/en/site/).
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0.44 (bran)
2.18 (stover)
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0.73 (stover)
1.03 (bran)

Sunflower

1.03

d

0.36 (cake)

0.95

0.90

Napier grass

13.04a

13.10

0.75

0.51

Pastures

10.00c

3.04

0.50

0.08

Grasslands

3.00c

1.50

0.50

0.13

Maize

Table 1.  Biomass productivity, nitrous oxide fluxes, and carbon density parameters for feed and land use
categories in model. Sources: a47, b48, c7, d40, e49.

trials in sub-Saharan A
 frica56. The use efficiencies for maize and sunflower were set at 0.95 which are consistent
with the nationally reported harvesting efficiency of FAO S tat40. The feed biomass yields per feed type, land use
classifications, baseline soil N2O fluxes (see “SI” for how these were estimated) and C densities of these land use
types are shown in Table 1.
Dairy cattle populations and milk production. The dairy sector included all milking cows, replacement
females (heifers and female calves), and reproductive cohorts (bulls, juvenile males, and male calves) which
are required for maintaining the stock of cows. Between 90 and 98% of the cows milked in the study areas were
indigenous (Bos indicus) cattle, while the other 2–10% were crossbred (Bos indicus × Bos taurus) or purebred
(Bos taurus)57,58. Studies indicate that milk production by improved dairy cattle breeds ranges from 1350 to
2200 L lactation−157,59 and calving intervals range from 400 to 520 days59,60. For indigenous cattle, milk yields
are typically 500–600 L lactation−1, and calving intervals range from 450 to 600 days59,60. Due to the difference
in productivity between local indigenous and improved cattle, this study disaggregated the dairy sector (and
the dairy land footprint) by breed, resulting in two sectors: the Traditional (local cattle) and Modern (improved
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cattle) sectors. Livestock simulations for cattle in the respective sectors were conducted with breed parameters
derived from literature61–68 (Table S1).

Quantification of greenhouse gas emissions. The dairy sector’s GHG emissions were calculated using

an attributional life cycle a ssessment69. The LCA boundary was defined as ‘cradle to farm gate’; all major GHG
emissions sources from resource extraction through to the farm gate were included. Post-farm gate emissions
such as for transporting and processing raw milk were not considered. Emissions sources were expressed in relation to a functional unit of one kilogram of fat and protein corrected milk (FPCM) which is calculated as milk
production standardized to 4% fat and 3.3% protein (IDF)70. The inventory of GHG emissions sources (Fig. 1)
included enteric fermentation (CH4), manure (CH4 and N2O), organic and inorganic N inputs into crop and
grassland soils (N2O), energy use from manufacturing and transport of feed and fertilizer inputs (CO2), and
land use change emissions (CO2) from changes in crop and grasslands driven by the direct changes resulting
from increased demand from dairy cattle. A mass allocation factor was used to allocate the total GHG emissions
from the dairy herd to production of milk and meat, and this value ranged from 0.85 to 0.95. Meat production
was calculated using culling rates for each sex (7.7 and 14.0% for female and male cattle, respectively) and a
dressing percentage of 52%57,71. Methane and nitrous oxide were converted to CO2 equivalents using global
warming potentials of 28 kg CO2eq kg−1 of CH4 and 265 kg CO2eq kg−1 of N2O72. The GHG emissions from
enteric fermentation, manure, and soils were calculated in line with IPCC29 guidelines taking emission factors
derived from literature73–75 or estimated using equations from literature76 (SI 2). In cases where local emission
factor data were not available, default IPCC (Tier 1) values were used. CO2 emissions from energy used during
the manufacturing of fertilizer inputs, feed processing, and the transportation of feed and fertilizer to the farm
were included by linking fertilizer and concentrate feed use to C
 O2 emissions using embodied emission factors
obtained from the literature77–80 (SI 2). Sources of GHG emissions omitted include those from cattle respiration,
farm machinery, electricity, inputs other than feeds and fertilizers, and the construction of farm structures, as
these are generally considered minor especially in a low-income context53. The results of the baseline values of
N2O fluxes modelled from IPCC equations (SI 2) from crop and grassland soils are shown in Table 1.
Carbon dioxide emissions from land use change. Land use changes attributed to changes in feed demand were
categorized into one of two transitions: (1) cropland expansion: grasslands being converted to croplands, and (2)
grassland expansion: other native ecosystems being converted to grasslands. Native ecosystems in this context
included wetlands, shrubland, and forests. Indirect land use change from feed crops replacing grasslands is
accounted for via the ‘competition effect’81. As croplands displace grasslands, a proportional increase in grassland expansion must take place to meet forage requirements. Thus, because grassland expansion can result in
native ecosystems being displaced, cropland expansion (via the displacement of grasslands) can also indirectly
lead to the conversion of native ecosystems.
The CO2 emissions from these land use changes were estimated using the stock change method29,82. Under
this framework, the flux of C (Mg C ha1 year−1) resulting from the conversion of land is related to the difference
in C densities between the current and the previous land use. The C densities 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
litter29. Following the practice of LUC accounting in dairy LCA, the CO2 emissions after land use change were
amortized over a 20-year period71,83. The transition coefficient for cropland expansion was based on the differences
between grassland and cropland C stocks reported in Table 1. This resulted in a difference of 11.0 ± 2.0 Mg C ha−1
between crop and grasslands.
Estimating CO2 emissions from conversion of native ecosystems to grasslands. The extent of grassland expansion
was calculated based on the relative availability and utilization of grassland for both LPS based on the density of
dairy cattle and availability of grassland per grid cell (see “SI” for details), following an approach similar to that of
Havlik et al.84. Thus, native ecosystems were converted to grasslands when the demand for grasslands exceeded
availability. To calculate the transition coefficient, native ecosystem C stocks were estimated using spatiallyexplicit land cover data at a 100 × 100 m pixel r esolution85. The C stock density of native ecosystems was estimated as a weighted mean of the shrub, forest, and wetland categories. The C densities of these land categories
(for the non-soil C pools) were based on national carbon stock inventory d
 ata49 and for soils, based on a topsoil
dataset compiled from 1400 locations across T
 anzania48 (Table 1). The weights were based on the proportion of
shrub, forest, and wetland in a given grid c ell85. This data was up-scaled to the same spatial resolution as the LPS
data and then 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 were 31.5 ± 6.3 and 30.9 ± 6.2 Mg C ha−1
for MRT and MRH systems, respectively. These values are in agreement with the estimates provided by Carter
et al.86. LUC emissions from grassland and cropland expansion at LPS level were calculated based on the total
amount of land undergoing the given transition in any 1 year, and the amount of CO2 emitted, after amortization, per unit of land for that LUC transition.

Scenarios. This study explored three scenarios of improved feeding practices with and without feed crop
yield improvements suitable to the agroecological conditions of southern and eastern Tanzania and for each
dairy population (indigenous and improved). Similar scenarios were tested previously for Kenya by Brandt
et al.24,25. This study modifies the scenarios to the policy context and priorities and to the best practice recommendations for the dairy sector in Tanzania (Table 2).
Under the strategy ‘Conservation’ (Cn), urea-molasses treated maize stover was fed to cows in place of
untreated maize stover. A urea-molasses treatment is proposed to enhance the nutritional quality of s tovers12.
Scientific Reports |

(2021) 11:4190 |

https://doi.org/10.1038/s41598-021-83475-8

5
Vol.:(0123456789)

www.nature.com/scientificreports/

Sector

Traditional

Modern

Cattle population

Feeding strategy

Scenario abbreviation

Description

Conservation

L-Cn

All maize stover fed to cows is treated with urea-molasses

Conservation plus forage quality

L-CnFo

L-Cn with Napier grass increased to 25% of feed on offer,
replacing grass and pasture

Conservation plus forage quality with supplementation

L-CnFoCo

L-CnFo with 2 kg day−1 of concentrates fed during early lactation, and 0.5 kg day−1 during other periods. Concentrate
intake is comprised of 67% maize bran and 33% sunflower
cake

Conservation

I-Cn

All maize stover fed to cows is treated with urea-molasses

Conservation plus forage quality

I-CnFo

I-Cn with Napier grass increased to 50% of feed on offer,
replacing grass and pasture

I-CnFoCo

I-CnFo with supplement feeding involving
5.0 kg day−1 of concentrates during early lactation, and
1.5 kg day−1 during other periods
Concentrate intake is comprised of 67% maize bran and
33% sunflower cake

Indigenous

Improved
Conservation plus forage quality with supplementation

Table 2.  Definitions of scenarios examined and their target populations of cattle.

Therefore, in the dry season when availability and nutrient quality of forages is reduced, feeding treated maize
stover can increase protein intake. The ‘Forage’ strategy (Fo) evaluated the role of higher rations of Napier feeding, in place of grass and pasture. For the ‘Concentrate’ strategy (Co), supplemental concentrates were provided
to cattle according to supplementing regimes aimed at optimizing milk yields for local and improved cattle31,87.
The choice of concentrate was based on Bwire and Wiktorrson87 who evaluated the effects of supplementing 67%
maize bran and 33% sunflower cake rations on the performance of crossbred cattle in Tanzania. The concentrate
and forage rations for improved cows were higher to meet their higher feed conversion e fficiency88 (Table 2). All
three of these strategies were evaluated additively by first implementing the conservation strategy, then assessing
the additional effect of Fo and Co. This is because feeding greater concentrates was not found to be effective in
improving milk yields unless seasonal feed deficits were first reduced (e.g. by using feed conservation and greater
forage quality). For the results of additional scenarios, and the seasonal variation in nutrient availabilities for
the cow simulations, see SI Sect. 6.
The Tanzanian Grazing-Land and Animal Feed Resources Act89 seeks to catalyse the development of Tanzania’s commercial feed processing industry. The simulations therefore focussed on yield gains in maize and
sunflower for concentrate production, which are the two most common sources of concentrate feeds in the
region22. Current yields of these crops (Table 1) are significantly below their potential, with water limited yield
potential having been reported up to as high as 6.0 (maize) and 3.0 (sunflower) Mg ha−1 year−190,91. Data from
field experiments in Western Kenya92 were used to estimate the effect of higher N fertilizer application on yields
and N2O emissions of maize and sunflower used in concentrate production. The yield gains were set as 50% of
the yield gap based on the values reported above and in Table 1. The fertilizer requirement used to achieve these
yields were based on an N-yield response of 14 kg ha−1 kg N−1, with an emission factor of 0.015 kg N2O kg N−192.
These scenarios were implemented in addition to the above feeding strategies, and denoted with a ‘+ Cyg’ (‘Crop
yield gains’). The results of the yield gap and N
 2O calculations used for these simulations are shown in SI 4.
Baseline production growth and greenhouse emissions. A baseline provides a reference level against which a mitigation goal can be established10. The production practices used in the baseline represent those in the absence of
specific mitigation interventions93. The dairy herd population for 2020 was established using spatially-explicit
data on livestock population densities94 and annual growth rates in herd size. Feeding practices were obtained
from GLS33 (SI 1). Model parameters for the Baseline were thus set by extrapolating historical values over the
10-year timeframe of the assessment. Throughout the 10-year simulation period, the herd size was assumed
to grow by 5.5% and 4.5% annually for local and improved cattle, respectively73. No changes were assumed for
feeding or other herd management practices that would otherwise affect productivity or herd compositions. The
yields of feed crops were assumed to grow consistently with historical averages of 3.4% and 4.1% annually for
maize and sunflower, respectively40. The scenarios were run modifying the availability of feeds, with and without
yield improvements. For these scenarios, the populations and herd structures remained constant. The scenarios
described above for both Traditional and Modern systems were thus run to compare to the Baseline scenario. This
resulted in a total of 14 runs (2 baselines + 2 sectors × 3 feeding scenarios × 2 crop yield variants) for each LPS.

Uncertainty assessment. Uncertainty in GHG emissions was quantified in line with the IPCC29 Guidelines. In the baseline, the sources of uncertainty were dairy cattle numbers per LPS, feed on offer per head,
biomass yields, and emission factors (including coefficients on LUC transitions). For subsequent simulations the
dairy herd and feed intakes were specified in relation to the baseline, and therefore for all other scenarios the
only sources of uncertainty were in emission factors and biomass yields. Monte Carlo (MC) simulations were
run for the baseline and each subsequent scenario to estimate the GHG emissions error range at a confidence
interval of 95%. The standard error in emission factors were specified based on I PCC29 Guidelines. The uncertainty in the emission factor for enteric fermentation (Ym), which was calculated using Tier 3 guidelines, was
set at 10%, consistent with previous studies estimating Y
 m using Tier 3 g uidelines95. The coefficients for LUC
were calculated from country specific inventory studies and thus were either Tier 2 or 3 emission factors48,49.
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Figure 3.  Greenhouse gas emissions for Traditional (A, C) and Modern (B, D) dairy sectors.
Moreover, because these coefficients were highly dependent on the C density data reported by Mauya et al.49,
who report relatively low uncertainty (0.9% for forest and 1.8% for non-forest land), the standard errors for such
were set at 20%. Because this study included simulations for greater N-fertilizer application, which may result
in highly variable and uncertain changes in N
 2O emissions, the standard error of this emission factor ( EF1 soil
N inputs) was set at greater than double the required upper range for Tier 1 emission factors, taking a value of
± 66%. All other emission factors ranging from Tier 1 to 3 were set based on IPCC guidelines, thus ranging from
7 to 30% (SI 5).

Results

Evaluation of the baseline. Direct emissions intensity (excluding LUC emissions) for the baseline were

9.3 ± 1.7 (95% confidence interval) and 7.8 ± 1.4 kg CO2eq kg−1 FPCM (MRT and MRH, respectively) for the Traditional sector. For the Modern sector, these emissions were 2.8 ± 0.62 and 3.2 ± 0.72 kg CO2eq kg−1 FPCM (MRT
and MRH, respectively) (Fig. 3A,B). Emissions from LUC, expressed as emissions intensities, were 18.5 ± 4.1
and 12.0 ± 2.6 kg CO2eq kg−1 FPCM (MRT and MRH, respectively) for the Traditional sector and 3.0 ± 0.81 and
2.6 ± 0.57 kg CO2eq kg−1 FPCM for the Modern sector. The CO2 emissions from LUC (cropland and grassland
expansion) throughout the simulation period (2020–2030) contributed between 45.8 and 65.8% of the total
GHG emissions from milk production. Of the total LUC emissions, 7.7 and 29.2% (2.6 and 2.4 for MRT and
MRH Traditional, and 0.98 and 0.81 kg CO2eq kg−1 FPCM for MRT and MRH modern sector, respectively) were
from cropland expansion. The remaining 70.8–92.3% (18.5 and 12.0 for MRT and MRH Traditional, and 2.0
and 1.60 kg CO2eq kg−1 FPCM for MRT and MRH Modern sector, respectively) were from grassland expansion.
The difference in LUC emissions between MRT and MRH is attributable to (a) a higher percentage of grassland
expansion in MRT resulting in the conversion of native ecosystems, and (b) a larger land footprint for the dairy
sector in MRT, owing to the larger herd overhead (i.e., the larger proportion of unproductive male and female
cohorts in the herd, see herd composition by system in SI Table S1).
Since this study is the first quantitative assessment of GHG emissions that includes C
 O2 emissions from LUC
from the Tanzanian dairy sector, these emissions estimates cannot be compared directly with other literature.
However, using the Global Livestock Environmental Assessment Model (GLEAM), FAO New Z
 ealand14 estimated
direct emissions in Tanzania’s dairy sector, which included emissions from enteric fermentation, manure, N
 2O
emissions from managed soils, as well as CO2 from feed and fertilizer production/transport. FAO New Zealand
estimated emissions intensities from these sources within the range of 20–28 and 2–3 kg CO2eq kg−1 FPCM
for the Traditional and Modern sectors respectively (including from both MRT and MRH systems). This latter
study, which is a nationally representative study of Tanzania, estimated lower milk yields for local cattle (200 L
per lactation). In the present study focussing specifically on mid to high productivity (i.e. excluding pastoral)
systems in the southern highlands and Morogoro, yields were estimated at significantly higher levels (582 and
538 L lactation−1 for the MRT and MRH baselines, respectively). Hence, the direct emissions intensities were
estimated to be 53.5–61.0% lower than those estimated by FAO New Zealand. The emissions intensities for the
Modern sector of the present study are comparable to those of FAO New Zealand and those of neighbouring
countries with a high proportion of crossbred dairy cattle (e.g., Kenya). In Kenya, emissions intensities have been
estimated to be 2.2–3.0 kg CO2eq kg−1 FPCM24,96.
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Mixed rainfed tropical

Mixed rainfed humid

Milk yield
Scenarios

Feeding practices

Milk yield

Lactation

Annual

Change

(kg FPCM cow−1 lactation−1)

(kg FPCM cow−1 year−1) (%)

Lactation

Annual

(kg FPCM cow−1 lactation−1)

(kg FPCM cow−1 year−1) (%)

Change

Traditional sector (local cattle)
Base

Baseline

582

358

538

331

L-Cn

Feed conservation

689

424

+ 18.4

611

377

+ 13.9

L-CnFo

Feed conservation, forage quality

823

507

+ 41.6

758

466

+ 23.6

L-CnFoCo

Feed conservation, forage quality, concentrates

858

528

+ 47.4

813

501

+ 51.4

Modern sector (improved cattle)
Base

Baseline

1413

932

1326

875

I-Cn

Feed conservation

1458

991

+ 6.3

1387

915

+ 8.3

I-CnFo

Feed conservation, forage quality

1833

1264

+ 35.6

1580

1059

+ 25.3

I-CnFoCo

Feed conservation, forage quality, concentrates

2163

1492

+ 60.1

1965

1355

+ 54.9

Table 3.  Effects of feeding scenarios on milk yield for the Traditional sector (local cattle) and Modern sector
(improved cattle).

Impact of feeding intensification on direct non‑CO2 GHG emissions. Direct emissions intensities

were reduced by up to 28.2 ± 5.1 and 29.2 ± 5.3% for local cattle in MRT and MRH, respectively (Fig. 3A). For
improved cattle, the scenarios led to declines in direct emissions intensities of up to 28.0 ± 6.2 and 26.7 ± 5.9%
(MRT and MRH) (Fig. 3B). The scenarios resulting in the largest declines in emissions intensities were the forage
quality plus concentrates scenarios (L-CnFoCo and I-CnFoCo), and for the simulations without yield gains in
feed crops. Since the diets for scenarios with and without yield gains were identical, the slightly higher value for
direct emissions intensities for the yield gains scenarios was caused by an increase in soil N
 2O emissions from
croplands by 16–40%, and in energy use CO2 by between 220 and 242%.
All the scenarios assessed for all systems led to greater intake of metabolizable energy and protein, which
led to 18–52% and 6–63% gains in milk yields for cows in the Traditional and Modern sectors, respectively
(Table 3). All the scenarios resulted in greater annual gross energy intake per cow, and while these represent
modest declines in Ym, up to a maximum of 7.5%, the impact on CH4 emissions from enteric fermentation were
negligible. Changes in enteric C
 H4 ranged between − 3.8 and + 8.7%. Manure C
 H4, also because of higher gross
energy intake, increased by up to 15.4%. Manure N2O increased by up to 40.5%, because of the higher protein
concentration of the diets and consequently higher N excretion in manure. The only scenarios that did not lead
to higher manure CH4 was Conservation (Cn). In summary, the scenarios therefore resulted in modest increases
in absolute GHG emissions from enteric fermentation, manure and soils, by between 0.0 and 14.1% (Traditional)
and 0.0–33.1% (Modern) (Fig. 3C,D). However, through their impacts on milk yields, these scenarios had significant impacts in reducing emissions intensities, up to 29.2% (Traditional) and 28.0% (Modern). The scenarios
thus improved emissions efficiency (emissions per unit FPCM), but they did not actually reduce direct non-CO2
emissions in absolute terms (i.e. per TLU).

Land use effects of changes in feed mixes (not including crop yield gains). The scenarios resulted
in 4.6–45.0% greater cropland area and 17.6–28.9% less grassland area under use as part of the dairy land footprint (Fig. 4A,B). The scenarios L-Cn and I-Cn were exceptions as they did not result in LUC because this
strategy only involved the treatment of available maize stover fed to cows. For the Traditional sector, dedicating
greater area to feed crops under L-CnFoCo resulted in between 410.0 and 557.0% greater land under sunflower
and 3.0–7.0% less land under maize (for concentrate production). For the Modern sector (I-CnFoCo), between
15.0 and 37.0% greater maize and 75.2–82.2% greater sunflower areas resulted from the increase in concentrate
feeding. These scenarios consequently resulted in between 2.0 and 11.5% (Traditional) and 52.0–66.5% (Modern) greater C
 O2 emissions from cropland expansion relative to baseline. Concurrently, the land areas required
for grasslands declined by between 21.0 and 25.7% (Traditional) and 29.0–29.4% (Modern).
The net effect of these changes was a reduction in the dairy land footprint by 7.4–9.5% and 6.1–8.2% for the
L-CnFo and L-CnFoCo scenarios, respectively, for the Traditional sector. For the Modern sector, I-CnFo and
I-CnFoCo led to 30.1–32.5% less and 20.9–31.8% greater land footprints, respectively. The increase in cropland
area dedicated to concentrate feeds crops under I-CnFoCo outweighed the decline in grassland area and hence
the total land footprint increased (Fig. 4B,D, I-CnFoCo). These changes resulted in reductions of between 8.0
and 31.1% (Traditional) and 10.9–16.0% (Modern) in emissions associated with grassland expansion. Under
I-CnFoCo, while the land footprint increased, only between 29.8 and 49.5% of this additional area expansion
resulted in the conversion of native ecosystems. Therefore, for all scenarios there were reductions in total LUC
CO2 emissions, by 7.2–15.5% for the Traditional sector and 1.2–4.1% for the Modern sector.
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Figure 4.  Dairy land footprint and feed intakes for Traditional (A,C) and Modern (B,D) dairy sectors.
Effects of crop yield gains on the land footprint and GHG emissions. The fertilizer-induced yield gains in maize
(for bran) and sunflower (for cake) led to an increase in soil N2O emissions by a factor of 5.5 for maize and 3.2
for sunflower (full results in SI Sect. 4). These increases occurred concurrent with a 2.25 and 1.0 Mg ha−1 year−1
increase in the yields of these crops. Hence, absolute N
 2O emissions per hectare for these two crops, as well as
yield-scaled N2O emissions, increased. These yield gains however led to less area of these two crops needed to
satisfy the feed demands for the dairy herd. Relative to the scenarios without yield gains, the total area dedicated
to maize (for bran) and sunflower (for cake) declined by 57.6 and 47.4%, respectively (Fig. 4A,B), as a result
of these yield gains. Moreover, most of the scenarios (with the exception of the feed conservation scenarios)
involved the substitution of feeds with relatively low soil N
 2O emissions (native grasslands) for feeds which
have relatively high N2O fluxes (Napier grass and concentrate feed crops) (Table 1) (Fig. 4C,D). Therefore, the
fertilizer-dependent yield gains have the effect of increasing total N
 2O emissions relative to the scenarios with
the same diets with baseline yields for concentrate feeds. Moreover, while the dietary impact of these changes
was higher milk productivity (Table 3), the growth in milk production is not sufficient to lead to an actual
decline in the soil N2O emissions intensity. Relative to the baseline crop yield growth variant, N2O emissions
intensities therefore rose by a maximum of 34.0%. The additional reliance on concentrate feeds also led to greater
CO2 emissions from energy use upstream from the farm, increasing by between 220 and 232% (Traditional
sector) and 227–246% (Modern sector). This also led to higher CO2 emissions from energy use per unit of
milk. However, despite the growth in N
 2O and CO2 emissions from crop yield gains, these have the effect of
reducing LUC emissions, both from cropland expansion (e.g., because less crop area was required to meet the
crop feed demands) and from grassland expansion. The latter occurred because the yield gains in feed crops
implied less grasslands needed to be converted to cropland to satisfy the crop feed demands, and hence there
would be less expansion of grasslands needed to replace the grassland converted to croplands. In summary, the
fertilizer-dependent yield gains have the effect of increasing N2O emissions from soils and energy use CO2, both
in absolute terms and per kg FPCM. However, the decline in land converted to cropland due to improved yields
would result in less cropland and grassland expansion, and thereby lower LUC emissions. The reduction in LUC
emissions outweighed the increase in emissions from soils and energy use, and therefore in net terms, the crop
yield gains reduced GHG emissions attributable to milk production by between 11.4 and 4.4% (Traditional) and
29.5–34.9% (Modern).

Discussion

To the knowledge of the authors, this study presents the first comprehensive assessment of GHG emissions from
Tanzania’s dairy sector that includes the impact of indirect emissions from expanding crop and grassland areas.
Initiatives to include the dairy sector in Tanzania’s NDC or, for example, to develop a dairy NAMA will require
foresight analyses, which provide empirical evidence quantifying the impact of proposed mitigation strategies
on GHG emissions and on milk productivity. This study therefore offers the first assessment of such dimensions,
which can be used in subsequent analyses that consider additional mitigation strategies (e.g. animal genetic
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gains)—also in conjunction with cost–benefit analyses. It thereby supports ongoing public and private efforts to
formulate evidence-based mitigation strategies available.
The framework used in this study, based on principles of attributional life cycle assessment, was instrumental
in showing how LUC emissions are comparatively significant in relation to direct non-CO2 emissions. These
account for 45.8—65.8% of total GHG emissions from the dairy sector. Because all the scenarios resulted in
increases in direct non-CO2 emissions by between 0.6 and 33.1%, our analysis demonstrates that emissions from
LUC deserve to be prioritized in future mitigation strategies. Importantly, this study highlights that reducing the
dairy land footprint through improved feeding practices combined with crop yield gains has particular mitigation potential by curbing emissions from cropland and/or grassland expansion. These results could be used
to guide the development of a dairy NAMA or the refinement of the NDC benefiting from synergies resulting
from improved feeding practices and crop yield gains on dairy sector productivity and land use. The higher milk
yields would result in economic benefits for dairy producing households across the four studied regions. The
milk productivity and GHG emissions estimates described above could help stakeholders who must balance
both environmental and socioeconomic criteria in designing climate change mitigation policies (Lin et al.)97,
and who must target populations based on criteria such as breed of cattle owned (i.e. the Traditional or Modern
sectors, as described above) or on productivity potential across livestock production systems.
This study contributes to the knowledge base by providing GHG mitigation potential at sub-national scale
from reduced land use in the dairy sector, a first for sub-Saharan Africa (SSA). Previously, Brandt et al.25 evaluated comparable feed and crop yield scenarios in Kenya using a framework that included C
 O2 emissions from
cropland expansion as well as forest grazing. The present analysis includes both cropland and grassland expansion
using longitudinal simulations and the feeding and crop yield scenarios were evaluated in relation to a baseline.
This study found that avoided emissions from grassland expansion were the main cause of emissions reductions.
These emission reductions were more significant (declining by up to 1.2 and 12.9 kg CO2eq kg−1 FPCM for
Modern and Traditional sectors, respectively) than the estimated reduction in CO2 emissions from forest grazing by Brandt et al.25, estimated at 0.06 kg CO2eq kg−1 milk under the optimal feeding and maize yield scenarios.
Similar as the present study, other top down, regional studies using the Global Biosphere Model (GLOBIOM)
(Havlik et al.)84 have found that land sparing could be a key mitigation strategy in the beef and dairy s ectors27,98.
Gerssen-Gondelaach et al.27 calculated that LUC-related emissions across Latin America, South-East Asia, and
Sub-Saharan Africa (SSA) account for 20 to over 50% of total GHG emissions from beef and dairy production
systems, and suggest that reducing LUC-related emissions is a key strategy for reducing GHG emissions from
dairy production in SSA and other regions.
The realization of avoided LUC emissions could be influenced by a demand or supply r ebound99. Based on
the partial equilibrium analysis of Valin et al.100, improving productivity in ruminant productions systems in SSA
under the presence of highly elastic demand for milk and dairy products resulted in production rebounds sufficient enough to negate emissions savings from reduced LUC. In Tanzania, increasing domestic milk production
is a pillar of the national poverty alleviation s trategy7 and therefore policy initiatives in the dairy sector will likely
favour continued supply growth, by improving availability of inputs, promoting improved production practices,
and further developing dairy supply chains7. Such factors combined with increasing demand from a growing
and increasingly affluent and urbanized population, or from increased demand from trading partners, could
result in significant growth in production in coming years. This thus poses the risk that efficiency gains result in
greater crop and grazing land expansion, increasing CO2 emissions from LUC, leading to similar outcomes as
well documented cases in South A
 merica100. We caution therefore that more work is needed to evaluate the risk
for these outcomes. For evaluating these outcomes, consequential LCA is more suitable than the attributional
method used here, owing to its ability to account for indirect land use change, import substitution and substitution between beef and milk p
 roduction101.

Prioritizing climate change mitigation activities in Tanzanian dairy. Since LUC emissions com-

prise a large portion of the C footprint, it logically follows that changes that lead to a reduced land footprint,
such as by replacing low yielding native grasslands (≤ 3 Mg ha−1 year−1) with Napier grass (≥ 10 Mg ha−1 year−1)
or through yield gains in feed crops, could result in avoided emissions from LUC. However, this study did not
find strong evidence that feed intensification in itself contributes to avoided LUC. It attributes this to the effect
of increases in crop-based feeds (maize bran or sunflower cake) on land use (scenario I-CnFoCo), which led
to a larger land footprint. The dietary changes under this scenario brought the level of concentrate intake to
levels reminiscent of intensified dairy farms. For e xample96, reports that dairy farms in Kenya typically use
1–2 kg cow−1 day−1 of concentrates. Thus, based on these results, we caution that adoption of improved feeding practices, insofar as these lead to greater demand for feed crops, have potential to increase the dairy land
footprint, leading to higher C
 O2 emissions from LUC. However, the present analysis also shows that crop yield
gains can offset this. This has a net negative effect on the overall carbon footprint because N
 2O and C
 O2 emissions from crop yield gains is low relative to the avoided emissions from LUC. Although the present study only
assumed a 50% yield gap reduction, it still estimated emissions savings that are 105% larger than those estimated
by25 (this study simulated crop yield gains of up to 80% of the water limited yield potential for maize). The
higher estimated net mitigation of the yield gains herein were attributable to the inverse relationship with area
of grassland under use for feeding, which in turn translated into reduced conversion of native ecosystems. We
therefore expect that initiatives under the Tanzanian Grazing-land and Animal Feed Resources Act89, as well
as complementary programs in the grain and oilseed subsector102, could result in mitigation co-benefits for the
dairy sector. In order to maximize the likelihood of co-benefits, these policy initiatives should promote best
practices to increase the yields of feed crops. Such practices would sustainably enhance yields and minimize N2O
fluxes resulting from application of N-fertilizer103.
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The feeding strategies evaluated for the Traditional sector suggest that reducing seasonal feed deficits are
essential in improving emissions efficiency of this sector. Feeding high quality forages or concentrates will not
result in improved productivity unless seasonal feed deficits are better managed since poor body condition
caused by periodic feed deficits can have lasting effects on milk productivity and r eproduction105 and lifetime
productivity of the cows31. Of the scenarios evaluated above and the additional scenarios presented in SI 6,
feeding additional concentrates during lactation was not found to be particularly effective if a feed conservation
strategy was not first implemented. Based on this we propose that dairy farmers rearing local cattle (the Traditional sector) should be supported to adopt better feed conservation practices, such as treatment of stovers, or
of silage or hay making practices. Such practices would improve productivity by reducing dry season milk yield
shortfalls. While treatment of stover is relatively safe and easy, lack of access to urea is often cited as a constraint
to widespread adoption of this p
 ractice12.
The benefits of higher milk yield and lower emissions intensities from improved feeding will be highest when
these interventions are targeted to the Modern sector. Moreover, owing to the higher feed conversion efficiency
and greater efficiency of Bos taurus genetics88, a greater uptake of Bos taurus in place of Bos indicus genetics could
allow for milk production targets to be met with a smaller land and carbon footprint. Notenbaert et al.26 evaluated the role of genetic gains on GHG emissions and household food security in the Tanga region of Tanzania,
estimating that genetic gains could reduce emissions intensity of milk by as much as 50%. However, their study
only accounted for direct non-CO2 emissions, and thus potentially omitted a significant component of the dairy
C footprint occurring from LUC. Based on our estimates, the Traditional sector, due to the greater reliance on
native grasslands and the comparatively large herd overhead (larger proportion of unproductive cattle), has more
than twice the land footprint (1.25–1.50 ha TLU−1 versus 0.60–0.70 ha TLU−1) and up to a 4.5 higher C footprint,
when the role of LUC emissions are accounted. We emphasize therefore that genetic gains offer significantly
larger GHG mitigation potential than previously estimated. It is proposed that because the Traditional sector is
constrained by low feed conversion efficiency and contributes the majority of the LUC emissions, genetic gains
should be a priority focus for GHG mitigation initiatives. Genetic gains would help to capitalize on synergies
resulting from improved feeding and animal husbandry, and will be more effective at reducing emissions intensities when combined with yield gap reductions in the feed crop sector. In this regard, there can be synergies
between these GHG mitigation initiatives and existing priorities under the LMP, for which genetic gains and
feeding practice improvement are key components8.

Feeding management in Tanzania’s livestock master plan and GHG emission targets. The
milk yield gains in our scenarios are as high as 51.4% and 60.1% for local and improved cows, respectively.
These milk productivity gains were associated with up to 52.4% and 38.0% declines in emission intensities in the
Traditional and Modern sectors, respectively. Using the baseline estimates of milk production from the above
simulations, the estimated supply gap projected by the LMP8 of a factor of 71.0% of the national milk demand by
2030 could be reduced by up to 32.1%. Alternatively, if the milk supply gap were to be wholly eliminated, these
changes in feeding practices would allow for a 33.3% reduction in the size of the dairy herd relative to a scenario
involving baseline feeding practices. Such changes in feeding practice combined with the yield gap reductions
simulated in this study would allow milk production targets to be met with up to 52.4 and 38.0% reductions in
emissions intensities for the Traditional and Modern sectors, respectively.
Limitations and suggestions for future research. Data limitations and modelling uncertainty. Emis-

sion factors (EFs) in this study are based on the best available estimates from the literature and values ranged
from Tier 1 to Tier 3 29. An advantage of the approach taken here was that the EFs that have the largest impact on
the dairy sector’s GHG footprint (i.e. enteric fermentation and LUC) were calculated with Tier 2 and 3 factors.
Central to the development of more accurate GHG accounting frameworks for crop and livestock production
will be the availability of country specific EFs, such as those pertaining to emissions from manure management,
and crop and grasslands. The same applies to datasets on livestock population densities, as well as data on feed
ratios/intakes of livestock. The present study benefitted from the most recent gridded livestock of the world
dataset94, which to the knowledge of the authors is the most accurate source of spatial data on livestock population densities currently available. The diets specified herein were based on survey d
 ata35, which is prone to erroneous farmer recall. Moreover, it is known that livestock diets vary highly across geographies and farm types.
This introduces uncertainties in diet baselining. All these sources of uncertainty were nevertheless quantified in
the present study through Monte Carlo simulations.
The LUC transition framework in this study was based on the assumption that cropland expansion converts
grasslands, which may not always be the case. While this study did not consider management changes within
a given land use category, the scenarios assessed were designed to reduce the requirement for grazing (e.g. by
reducing the total grassland requirements), and therefore in principle should result in less demand for grazed
biomass, and hence degradation of grasslands or native ecosystems. In this respect, the use of a dynamic livestock
model was instrumental, because the change in roughage intake with changing dietary regimens is explicitly
accounted for. The further development of methodologies for accounting for the impact of grazing practices
on land degradation and LUC, and for validating these methodologies on the ground, will assist studies such as
ours with the development of region- or country-specific GHG emission estimates.
Suggestions for future work. The modelling framework developed for this study is publicly available (see data
availability below) and thus other researchers working at the intersection of dairy production and climate change
mitigation could extend this analysis further. Extending the framework in this study using a consequential LCA
would be warranted given the greater depth and policy insights provided by this over the attributional method.
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Examining other mitigation strategies is also warranted, especially genetic gains, animal husbandry (health and
reproductive practices) and land management (e.g. grazing practices) which have been not been included here.
Future studies should aim to refine and achieve greater consensus as to the role of LUC in dairy GHG mitigation
in low income and tropical regions and how to account for these changes in LCA, for which there remains relatively little existing literature and wide deviations in findings. Greater consensus in this regard will help inform
the effective design of climate initiatives at national levels, for which, in the SSA region, LUC is known to play a
critical role27,100. Future work to evaluate LUC emissions reductions specifically from the above listed mitigation
strategies would advance knowledge as to synergies between these different practices and technologies and help
inform climate policy in the region.

Conclusion

This study assessed the GHG emission and national milk deficit reduction potential of improved feeding practices and feed crop yield gains in Tanzania’s south/eastern regions. Changes in feeding practices involving feed
conservation, the addition of high quality forages to diets, and concentrate feeding, combined with crop yield
improvements, have potential to reduce the dairy sector’s land footprint concurrent with reductions in GHG
emissions intensities by up to 52.4% in the Traditional and 38.0% in the Modern sectors. These changes in practices can increase milk productivity by up to 60.1% and 51.4% for local and improved cows, respectively. While
the feeding strategies evaluated in this study may potentially result in greater LUC emissions, a key finding was
that fertilizer-induced yield gains in primary concentrate feed crops lead to net reductions in the C footprint of
the dairy sector. These results therefore demonstrate the impacts of the potential feeding options and/or crop
sector initiatives, which can be used alongside dairy genetic gains in order to meet the milk production and
national GHG mitigation targets.

Data availability

The data that were used to parameterize the model and run the simulations are described and presented in the
text and “Supplementary information” to this paper. The algorithm used to run the livestock model, conduct the
life cycle assessment, and spatial aggregation is available as python code from https://github.com/JamesHawki
ns/sectoral_land_model_Tanzania_data.
Received: 26 November 2020; Accepted: 3 February 2021

References

1. WRI CAIT (World Resources Institute Climate analysis indicators tools). Country Greenhouse Gas Emissions Data. United
Republic of Tanzania. (2020). https://www.climatewatchdata.org/countries/TZA (Accessed 31 January 2020).
2. MNRT. Mistry of Natural Resources and Tourism, Tanzania Forest Services Agency. National Forest Resource Monitoring and
Assessment of Tanzania, Main results. 106 (2015).
3. Doggart, N. et al. Agriculture is the main driver of deforestation in Tanzania. Environ. Res. Lett. 15(3), 34028 (2020).
4. URT (United Republic of Tanzania). Intended Nationally Determined Contributions. Dar es Salaam, Tanzania. 8 (2017). https
://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/The%20United%20Republic%20of%20Tanzania%20First%20NDC
/The%20United%20Republic%20of%20Tanzania%20First%20NDC.pdf.
5. Nachmany, M. Climate change governance in Tanzania: Challenges and opportunities. Grantham Research Institute on Climate
Change and the Environment and Centre for Climate Change Economics and Policy. London School of Economics. London,
England. 8 (2018). https: //www.lse.ac.uk/Granth
 amIns titut e/wp-conten
 t/upload
 s/2018/10/Climat e-change -govern
 ance- in-Tanza
nia-challenges-and-opportunities.pdf
6. Pardoe, J. et al. Climate change and the water–energy–food nexus: insights from policy and practice in Tanzania. Clim. Policy
18(7), 863–877 (2018).
7. United Republic of Tanzania, Ministry of Livestock and Fisheries. Tanzania Livestock Sector Analysis (TLSA). Dar es Salaam, Tanzania. 157 (2017). https://www.mifugouvuvi.go.tz/uploads/projects/1553602287-LIVESTOCK%20SECTOR%20ANALYSIS.pdf.
8. Michael, S. et al. Tanzania Livestock Master Plan. Nairobi, Kenya: International Livestock Research Institute (ILRI). Addis Ababa,
Ethiopia. 82 (2018).
9. Herrero, M. et al. Biomass use, production, feed efficiencies and greenhouse gas emissions from global livestock systems. Proc.
Natl. Acad. Sci. 110(52), 20888–20893 (2013).
10. Clapp, C. & Prag, A. Projecting emissions baselines for national climate policy: Options for guidance to improve transparency. OECD/IEA Climate Change Expert Group Papers, No. 2012/04, OECD Publishing. (2012). http://www.oecd.org/env/cc/
CCXG%20(2012)3%20National%20Baselines.pdf.
11. Gerber, P., Vellinga, T., Opio, C. & Steinfeld, H. Productivity gains and greenhouse gas emissions intensity in dairy systems.
Livestock Sci. 139(1–2), 100–108 (2011).
12. Maleko, D., Msalya, G., Mwilawa, A., Pasape, L. & Mtei, K. Smallholder dairy cattle feeding technologies and practices in Tanzania: Failures, successes, challenges and prospects for sustainability. Int. J. Agric. Sustain. 16(2), 1–13 (2018).
13. Swai, E. S. & Karimuribo, E. D. Smallholder dairy farming in Tanzania. Outlook Agric. 40(1), 21–27 (2011).
14. FAO New Zealand (FAO & New Zealand Agricultural Greenhouse Gas Research Centre). Supporting low emissions development in the Tanzanian dairy cattle sector—Reducing enteric methane for food security and livelihoods. Rome. 34 (2019).
15. FAO New Zealand (FAO & New Zealand Agricultural Greenhouse Gas Research Centre). Supporting low emissions development in the Ethiopian dairy cattle sector—reducing enteric methane for food security and livelihoods. Rome. 34 (2017).
16. FAO New Zealand (FAO & New Zealand Agricultural Greenhouse Gas Research Centre). Supporting low emissions development in the Kenyan dairy cattle sector—Reducing enteric methane for food security and livelihoods. Rome. 43 (2017).
17. Richards, S. et al. Randomized controlled trial on impacts of dairy meal feeding interventions on early lactation milk production
in smallholder dairy farms of Central Kenya. Prev. Vet. Med. 125, 46–53 (2016).
18. Knapp, J. R., Laur, G. L., Vadas, P. A., Weiss, W. P. & Tricarico, J. M. Invited review: Enteric methane in dairy cattle production:
Quantifying the opportunities and impact of reducing emissions. Int. J. Dairy Sci. 97(6), 3231–3261 (2014).
19. Sousanna, F., Tallec, T. & Blanfort, V. Mitigating the greenhouse gas balance of ruminant production systems through carbon
sequestration in grasslands. Animal 4(3), 334–350 (2010).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:4190 |

https://doi.org/10.1038/s41598-021-83475-8

12

www.nature.com/scientificreports/
20. Havlik, P. et al. Crop productivity and the global livestock sector: Implications for land use change and greenhouse gas emissions.
Am. J. Agric. Econ. 95(2), 442–448 (2012).
21. Burney, J. A., Davis, S. J. & Lobell, D. B. Greenhouse gas mitigation by agricultural intensification. Proc. Natl. Acad. Sci. 107(26),
12052–12057 (2010).
22. Mbwambo, N., Nandonde, S., Ndomba, C. & Desta, S. Assessment of animal feed resources in Tanzania. Nairobi, Kenya: Tanzania Ministry of Agriculture, Livestock and Fisheries and International Livestock Research Institute (ILRI). Nairobi, Kenya.
24 (2016).
23. Mottet, A. et al. Climate change mitigation and productivity gains in livestock supply chains: Insights from regional case studies.
Reg. Environ. Change 17(1), 129–141 (2016).
24. Brandt, P., Herold, M. & Rufino, M. C. The contribution of sectoral climate change mitigation options to national targets: A
quantitative assessment of dairy production in Kenya. Environ. Res. Lett 13(03), 1–16 (2018).
25. Brandt, P., Yesuf, G., Herold, M. & Rufino, M. C. Intensification of dairy production can increase the GHG mitigation potential
of the land use sector in East Africa. Glob. Change Biol. 26(2), 568–585 (2020).
26. Notenbaert, A. et al. Towards environmentally sound intensification pathways for dairy development in the Tanga region of
Tanzania. Reg. Environ. Change 20, 138 (2020).
27. Gerssen-Gondelach, S. J. et al. Intensification pathways for beef and dairy cattle production systems: Impacts on GHG emissions,
land occupation and land use change. Agric. Ecosyst. Environ. 240, 135–147 (2017).
28. Bosire, C. K. et al. Meat and milk production scenarios and the associated land footprint in Kenya. Agric. Syst. 145, 64–75 (2016).
29. IPCC (2006). IPCC Guidelines for National Greenhouse Gas Inventories, vol. 4. Agriculture, Forestry and Other Land Use. IGES,
Hayama, Japan. 87 (2006).
30. IPCC (Inter-governmental Panel on Climate Change) (2019) 2019 Refinement to the IPCC. (2014). IPCC: Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 (2019).
31. Southern Agricultural Growth Corridor of Tanzania (SAGCOT). Inclusive green growth tool for small scale producers. Dar es
Salaam, Tanzania. 60 (2019). http://sagcot .co.tz/wp-conten
 t/upload
 s/2020/01/Inclus ive-Green- Growth
 -Guidin
 g-Tool-For-Small
-Scale-Producers.pdf.
32. Rufino, M. C. et al. Lifetime productivity of dairy cows in smallholder farming systems of the Central highlands of Kenya. Animal
3(7), 1044–1056 (2009).
33. PSW (Python Software Foundation). About Python Software Foundation. (2019). https://www.python.org/psf/.
34. International Livestock Research Institute (ILRI). Greening Livestock Survey (GLS). ILRI Data Portal. Nairobi, Kenya. (2019).
https://data.ilri.org/portal/dataset/greeninglivestock.
35. Robinson, T.P. et al. Global Livestock Production Systems. Food and Agriculture Organization of the United Nations, International Livestock Research Institute, Rome, Italy. 152 (2011).
36. Mbululo, Y. & Nyihirani, F. Climate characteristics over Southern Highlands Tanzania. Atmos. Clim. Sci. 2(4), 454–463 (2012).
37. Wassena, F.J., Mbeho, A., Maass, B.L., Lukuyu, B. and Kimambo, A.E. Report of a Feed Assessment 2—Kilosa District, Morogoro
Region, the United Republic of Tanzania. Report. International Center for Tropical Agriculture (CIAT), Nairobi, Kenya; Tanzania
Livestock Research Institute (TALIRI), Mpwampwa, Tanzania; International Livestock Research Institute (ILRI), Nairobi, Kenya;
and Sokoine University of Agriculture (SUA), Morogoro Tanzania. 16 (2013).
38. FAO Statistics. Crop data for the United Republic of Tanzania. http://www.fao.org/faosta t/en/#data/QC. (Accessed 19 December
2019–April 2020).
39. Maleko, D., Mwilala, A., Msalyac, G., Pasaped, L. & Mtei, K. Forage growth, yield and nutritional characteristics of four varieties
of napier grass (Pennisetum purpureum Schumach) in the west Usambara highlands, Tanzania. Sci. Afr. 6, e00214 (2019).
40. Kempen, B. et al. Mapping topsoil organic carbon concentrations and stocks for Tanzania. Geoderma 337, 164–180 (2018).
41. Mauya, E. W., Mugasha, W. A., Njana, M. A., Zahabu, E. & Malimbwi, R. Carbon stocks for different land cover types in Mainland
Tanzania. Carbon Balance Manag. 14, 4 (2019).
42. Fischer, K. S. & Palmer, A. F. E. Tropical maize. In The Physiology of the Tropical Field Crops (eds Goldsworthy, P. R. & Fisher,
N. M.) (Wiley, New York, 1984).
43. Mushi, C.W. Cost efficiency of small scale sunflower processors in Dodoma region in Tanzania. Master of Science Thesis. Sokoine
University of Agriculture. Morogoro, Tanzania. 127 (2016).
44. Wilson, R.T., & Lewis, J. The Maize Value Chain in Tanzania. A report from the Southern Highlands Food Systems Programme.
Food and Agriculture Organization of the United Nations. Rome, Italy. 58 (2015).
45. Kavana, P. Y. et al. Potential of pasture and forage for ruminant production in Eastern zone of Tanzania. Livestock Res. Rural
Dev. 17, 12 (2005).
46. FAO. Country Pasture/Forage Resource Profiles. United Republic of Tanzania. Rome, Italy. 20 (2006).
47. Smart, A. J. & Derner, J. D. Effects of Grazing Pressure on Efficiency of Grazing on North American Great Plains Rangelands.
Rangel. Ecol. Manag. 63(4), 397–406 (2010).
48. Manyawu, G. J., Chakoma, C., Sibanda, S., Mutisi, C. & Chakoma, I. C. The effect of harvesting interval on herbage yield and
nutritive value of napier grass and hybrid pennisetums. Asian-Aust. J. Anim. Sci. 16(7), 996–1002 (2003).
49. Mruttu, H., Ndomba, C., Nandonde, S. & Nigussie Brook, K. Animal genetics strategy and vision for Tanzania. Nairobi, Kenya:
Tanzania Ministry of Agriculture, Livestock and Fisheries and International Livestock Research Institute (ILRI). Addis Ababa,
Ethiopia. 24 (2016).
50. NBS (National Bureau of Statistics). 2014/15 Annual agricultural sample survey report. The United Republic of Tanzania. Dar
es Salaam, Tanzania. 85 (2016).
51. Ojango, J. M. K., Wasike, C. B., Enahoro, D. K. & Okeyo, A. M. Dairy production systems and the adoption of genetic and
breeding technologies in Tanzania, Kenya, India and Nicaragua. J. AGR59, 81–95 (2016).
52. Chenyambuga, S. W. & Mseleko, K. F. Reproductive and lactation performances of Ayrshire and Boran crossbred cattle kept in
smallholder farms in Mufindi district, Tanzania. Livest. Res. Rural. Dv. 21, 100 (2009).
53. FAO LEAP (Livestock Environmental Assessment and Performance). Measuring and modelling soil carbon stocks and stock
changes in livestock production systems: Guidelines for assessment (Version 1). Livestock Environmental Assessment and
Performance (LEAP) Partnership. Rome, FAO. 170 (2019).
54. IDF (International Dairy Federation). Bulletin 479. A common carbon footprint approach for the dairy sector. The IDF guide to
standard life cycle methodology. International Dairy Federation. Brussels, Belgium. 63 (2015). https://www.fil-idf.org/wp-conte
nt/uploads/2016/09/Bulletin479-2015_A-common-carbon-footprint-approach-for-the-dairy-sector.CAT.pdf.
55. IDF. Greenhouse gas emissions from the dairy sector. A life cycle assessment. International Dairy Federation. Brussels, Belgium.
94 (2010). http://www.fao.org/3/k7930e/k7930e00.pdf.
56. IPCC Climate change 2013: The physical science basis. In Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (eds Stocker, T. F. et al.) (Cambridge University Press, Cambridge, New York, 2013).
57. Verchot, L. et al. Chapter 5: Grassland. In 2006 IPCC Guidelines for National Greenhouse Gas Inventories (eds Eggleston, S. et
al.) (IGES, Hayama, 2006).
58. BSI (British Standards Institute). PAS (Publicly available specifications) 2050. Specification for the assessment of life cycle
greenhouse gas emissions of goods and services. British Standards Institute, London, United Kingdom. 38 (2011).

Scientific Reports |

(2021) 11:4190 |

https://doi.org/10.1038/s41598-021-83475-8

13
Vol.:(0123456789)

www.nature.com/scientificreports/
59. Havlik, P. et al. Climate change mitigation through livestock system transitions. Proc. Natl. Acad. Sci. 111(10), 3709–3714 (2014).
60. Bruzzone, L, Bovolo, F., & Arino, O. European Space Agency Land cover climate change initiative. ESA LC CCI data: High
resolution land cover data via Centre for Environmental Data Analysis. (2020). https://climate.esa.int/en/projects/high-resol
ution-land-cover/.
61. Carter, S. et al. Agriculture-driven deforestation in the tropics from 1990 to 2015: Emissions, trends, and uncertainties. Environ.
Res. Lett. 13(1), 014002 (2018).
62. Bwire, J. M. N. & Wiktorsson, H. Effect of supplementary feeding strategies on the performance of stall fed dual-purpose dairy
cows fed grass hay-based diets. Asian-Aust. J. Anim. Sci. 16(3), 359–367 (2003).
63. Chagunda, M. G. G., Römer, D. A. M. & Roberts, D. J. Effect of genotype and feeding regime on enteric methane, non-milk
nitrogen and performance of dairy cows during the winter feeding period. Livestock Sci. 122(2–3), 323–332 (2009).
64. United Republic of Tanzania. Grazing-land and Animal Feed Resources Act, 2010 (No. 13 of 2010). United Republic of Tanzania.
33 (2010). https: //www.ecolex .org/detail s/legisl ation
 /grazin
 g-land-and-animal -feed-resour ces-act-2010-no-13-of-2010-lex-faoc0
97356/.
65. Bussel, V. et al. From field to atlas: Upscaling of location-specific yield gap estimates. Field Crops Res. 177, 98–108 (2015).
66. Food and Agricultural Organization of the United Nations (FAO) and International Institute for Applied Systems Analysis
(IIASA). Global Agro-ecological zones (GAEZ). FAO (2020). http://www.fao.org/nr/gaez/en/.
67. Hickman, J. E., Tully, K. L., Groffman, P. M., Diru, W. & Palm, C. A. A potential tipping point in tropical agriculture: Avoiding
rapid increases in nitrous oxide fluxes from agricultural intensification in Kenya. J. Geophys. Res. Biogeosci. 120, 938–951 (2015).
68. Hood, C. & Soo, C. Accounting for mitigation targets in Nationally Determined Contributions under the Paris Agreement.
OECD/IEA Climate Change Expert Group Papers, No. 2017/5. OECD Publishing, Paris (2017).
69. Gilbert, M. et al. Global distribution data for cattle, buffaloes, horses, sheep, goats, pigs, chickens and ducks in 2010. Sci. Data
5, 180227 (2018).
70. NBS (National Bureau of Statistics). Basic data for livestock and fisheries. The United Republic of Tanzania Ministry of Livestock
and Fisheries. Dar es Salaam, Tanzania. 135 (2013).
71. Bannink, A., van Schijndel, M. W. & Dijkstra, J. A model of enteric fermentation in dairy cows to estimate methane emission
for the Dutch National Inventory Report using the IPCC Tier 3 approach. Anim. Feed Sci. Technol. 166–167, 603–618 (2011).
72. Wilkes, A., Wassie, S., Odhong, C., Fraval, S. & van Dijk, S. Variation in the carbon footprint of milk production on smallholder
dairy farms in central Kenya. J. Clean. Prod. 265, 121780 (2020).
73. Lin, L., Sills, E. & Cheshire, H. Targeting areas for reducing emissions from deforestation and forest degradation (REDD+)
projects in Tanzania. Glob. Environ. Change. 24, 277–286 (2014).
74. Cohn, A. S. et al. Cattle ranching intensification in Brazil can reduce global greenhouse gas emissions by sparing land from
deforestation. Proc. Natl. Acad. Sci. 111(20), 7236–7241 (2014).
75. Lambin, E. F. & Meyfroidt, P. Global land use change, economic globalization, and the looming land scarcity. Proc. Natl. Acad.
Sci. 108(9), 3465–3472 (2011).
76. Valin, H. et al. Agricultural productivity and greenhouse gas emissions: Trade-offs or synergies between mitigation and food
security?. Environ. Res. Lett. 8(3), 035019 (2013).
77. Nepstad, D. C., Stickler, C. M., Soares- Filho, B. & Merry, F. Interactions among Amazon land use, forests and climate: Prospects
for a near-term forest tipping point. Phil. Trans. R. Soc. B 363, 1737–1746 (2008).
78. Kombe, C. et al. The Potentiality of Sunflower Sub-Sector in Tanzania; Bank of Tanzania. Working Paper. Bank of Tanzania
(BoT): Dar es salaam, Tanzania, Vol. 10 (2017).
79. Huddell, A. M. et al. Meta-analysis on the potential for increasing nitrogen losses from intensifying tropical agriculture. Glob.
Change Biol. 26, 1–13 (2020).
80. Rege, J.E.O., Kahi, A.K., Okomo-Adhiambo, M., Mwacharo, J., & Hanotte, O. Zebu cattle of Kenya: Uses, performance, farmer
preferences, measures of genetic diversity and options for improved use. Animal Genetic Resources Research 1. ILRI (International Livestock Research Institute), Nairobi, Kenya. 103 (2001).
81. Schmidt, J. H., Weidema, B. P. & Brandão, M. A framework for modelling indirect land use changes in Life Cycle Assessment.
J. Clean. Prod. 99, 230–238 (2015).
82. Makau, D. N. et al. Livelihood impacts of Calliandra calothyrsus and Sesbania sesban: Supplementary feed in smallholder dairy
farms in Kenya. J. Dev. Agric. Econ. 11(10), 234–246 (2019).
83. de Ridder, S. O. M., Rufino, M. C., van Keulen, H. & Giller, K. E. Milk: the new white gold? Milk production options for smallholder
farmers in Southern Mali. Anim. 9(7), 1221–1229 (2015).
84. QGIS Development Team. QGIS geographic information system. Open source geospatial foundation project (2020). http://qgis.
osgeo.org.
85. Kashoma, I. P. B., Luziga, C., Werema, C. W., Shirima, G. A. & Ndossi, D. Predicting body weight of Tanzania shorthorn zebu
cattle using heart girth measurements. Livestock Res. Rural Dev. 23 (4), (2011).
86. Galukande, E. B., Mahadevan, P. & Black, J. G. Milk production in East African zebu cattle. Anim. Sci. 4(03), 329–336 (1962).
87. Gillah, K. A., Kifaro, G. C. & Madsen, J. Effects of pre partum supplementation on milk yield, reproduction and milk quality of
crossbred dairy cows raised in a peri urban farm of Morogoro town Tanzania. Livestock Res. Rural Dev. 26(1), 13 (2014).
88. Njau, F. B. C., Lwelamira, J. & Hyandye, C. Ruminant livestock production and quality of pastures in the communal grazing
land of semi arid central Tanzania. Livestock Res. Rural Dev. 25, 8 (2013).
89. Mwambene, P. L. et al. Selecting indigenous cattle populations for improving dairy production in the Southern Highlands and
Eastern Tanzania. Livestock Res. Rural Dev. 26, 3 (2014).
90. Beffa, L.M. Genotype × Environment Interaction in Afrikaner Cattle. Doctoral thesis, Faculty of Natural and Agricultural Sciences, Department of Animal, Wildlife and Grassland Science. University of the Free State, Bloemfontein, South Africa. 128
(2005).
91. Meaker, H. J., Coetsee, T. P. N. & Lishman, A. W. The effects of age at 1st calving on the productive and reproductive-performance
of beef-cows. S. Afr. J. Anim. Sci. 10, 105–113 (1980).
92. Chenyambuga, S. W. & Mseleko, K. F. Reproductive and lactation performances of Ayrshire and Boran crossbred cattle kept in
smallholder farms in Mufindi district, Tanzania. Livestock Res. Rural Dev. 21, 100 (2009).
93. Mangesho, W.E., Loina, R. & Bwire, J. in collaboration with Maass, B.L., Lukuyu, B. & Wassena, F.J. Report of a Feed Assessment 3—Lushoto District, Tanga Region, the United Republic of Tanzania. Report. International Center for Tropical Agriculture
(CIAT), Nairobi, Kenya; Tanzania Livestock Research Institute (TALIRI), Tanga, Tanzania; and International Livestock Research
Institute (ILRI), Nairobi, Kenya. 16 (2013).
94. Silveira Pedreira, C. G. et al. Forage yield and grazing efficiency on rotationally stocked pastures of ‘Tanzania-1’ Guineagrass
and ‘Guaçu’ Elephant grass. Sci. Agric. 62(5), 433–439 (2005).
95. FAO. (2020). Feedipedia—Animal Feed Resources Information System—INRA CIRAD AFZ and FAO. https://www.feedipedia
.org/ (Accessed September–December 2019).
96. Rubanza, C. D. K., Shem, M. N., Ichinohe, T. & Fujihara, T. Biomass production and nutritive potential of conserved forages in
silvopastoral traditional fodder banks (Ngitiri) of Meatu District of Tanzania. Asian-Aust. J. Anim. Sci. 19, 978–983 (2006).
97. Lukuyu, B., Gachuiri, C.K., Lukuyu, M.N., Lusweti, C. & Mwendia, S. (eds). Feeding dairy cattle in East Africa. East Africa Dairy
Development Project, Nairobi, Kenya. 95 (2012).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:4190 |

https://doi.org/10.1038/s41598-021-83475-8

14

www.nature.com/scientificreports/
98. Abera, F., Urge, M. & Getachew, A. Feeding value of maize stover treated with urea or urea molasses for hararghe highland
sheep. Open Agric. 12, 84–94 (2018).
99. Rufino, M. C., Brandt, P., Herrero, M. & Butterbach-Bahl, K. Reducing uncertainty in nitrogen budgets for African livestock
systems. Environ. Res. Lett. 9(10), 105008 (2014).
100. Jaurena, G. et al. Prediction of the Ym factor for livestock from on-farm accessible data. Livestock Sci. 177, 52–62 (2015).
101. Pelster, D. E. et al. Methane and nitrous oxide emissions from cattle excreta on an East African Grassland. J. Environ. Qual.
45(5), 1531–1539 (2016).
102. Hutton, M. O. et al. Toward a nitrogen footprint calculator for Tanzania. Environ. Res. Lett. 12(3), 034016 (2017).
103. IFDC (International Fertilizer Development Center). Tanzania Fertilizer Assessment, in support of The African Fertilizer and
Agribusiness Partnership. IFDC. 42. (2012). http://tanzania.countr ystat.org/fileadmin/user_upload/countr ystat_fenix/congo/
docs/Tanzania%20Fertilizer%20Assessment%202012.pdf
104. Kool, A., Marinussen, M. & Blonk, H. LCI data for the calculation tool Feedprint for greenhouse gas emissions of feed production and utilization: GHG emissions of N, P, and K fertilizer production. Blonk Consultants. 15 (2012). https://www.blonkc onsu
ltants.nl/wp-content/uploads/2016/06/fertilizer_production-D03.pdf.
105. FAO. GLEAM: Global Livestock Environmental Assessment Model. Version 1.0 Model Description. Rome, Italy. 72 (2016).

Author contributions

J.H. analyzed the data, developed the model, and drafted the paper. G.Y. aided in the development of the spatial
modelling and contributed to drafting the paper. G.C.S. contributed to project management, design and execution
of the survey, and in editing the paper. M.Z. aided in the design and troubleshooting of the livestock simulations.
M.C.R. contributed to design and management of the study, advised on the livestock simulations and agricultural/
environmental modelling, and edited the paper.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83475-8.
Correspondence and requests for materials should be addressed to J.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |

(2021) 11:4190 |

https://doi.org/10.1038/s41598-021-83475-8

15
Vol.:(0123456789)

