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Abstract
Dietary transition towards higher consumption of animal source foods (ASF) associated with higher incomes across low and
middle-income countries could have negative impacts on environmental systems and their potential in the long run to provide
services necessary for achieving multiple Sustainable Development Goals (SDGs). In this article, we integrate economic, land
use allocation, and biophysical models to investigate trade-offs between the five ecosystem services and their contributions
to various SDGs associated with agricultural expansion to meet future demand for ASF, using Tanzania as a case study. Our
results show that under the scenario of sustainable socio-economic development, between 2010 and 2030 in Tanzania, per
capita income grows by 169% and the share of population at risk of hunger declines from 34.8% to 23%. These changes can
be associated on a macro-level with positive contributions to achievement of SDG 1 (No Poverty) and SDG 2 (Zero Hunger). To satisfy feed demand for increased livestock production domestically, an increase by 21.4% of biomass production
as compared to 2010 is needed. Analysis of alternative scenarios for meeting this new demand shows potential threats on a
landscape level to achieving numerous SDGs and more generally to attaining sustainable food systems. Ecosystem-based
contributions primarily decline to SDGs: SDG 3 (Health), SDG 6 (Clean Water), SDG 11 (Sustainable Cities), SDG 13
(Climate) and SDG 15 (Terrestrial Life). We find that higher crop productivity and redesign of agro-ecosystems to increase
on-farm tree cover could significantly limit these losses. Alternatively, the growing demand for ASF could be satisfied with
imports, which would allow for reducing the trade-offs locally. However, this would result in at least partially only displacing
ecosystem service losses to the exporting countries.
Keywords Sustainable development goals (SDGs) · Animal source foods (ASF) · Ecosystem services · Integrated
modeling · Tanzania · IMPACT· MESH · Livestock production
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Human diets have changed quite rapidly in the last few decades in many low- and middle-income countries (LMICs),
broadly reflecting economic and social changes (Kearney
2010). This transition has raised concerns about its effects on
biodiversity and the capacities of production systems to support the provision of ecosystem services over the long term
(Springmann et al. 2016). Simultaneously, high levels of
meat consumption, especially in high income countries are
causing negative human health impacts. Red and processed
meat have been linked to increased probability of cancer
and other negative health outcomes (Boada et al. 2016).
Therefore, a recent EAT-Lancet report (Willett et al. 2019)
postulates significant reduction in the animal-source foods
(ASF) consumption in high-consuming regions, to achieve
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sustainability in the global food systems. On the other hand,
the authors recognize the nutritional value of ASF and the
need to increase ASF consumption in low-income environments with low consumption rates. Meat, milk and eggs are
high sources of high-quality nutrients and can play significant roles in boosting the diets of nutritionally disadvantaged
groups, including children in low- and middle-income countries (Alonso et al. 2019).
Livestock therefore is, and most likely will remain for
many years to come, a critical element of food systems. Consequently, to ensure sustainability of the global food system
in the future, there is a need to not only change human diets,
but also redesign the livestock sector to operate in ways that
meet or enhance environmental and nutritional goals (Herrero et al. 2021). The key role in managing the trade-offs and
co-benefits will belong to the agricultural management practices (Power 2010; Kozicka et al. 2020; Morris et al. 2020).
Sustainable Development Goals (SDGs) provide a consistent framework for identifying and measuring trade-offs
and co-benefits across the food system and beyond. SDGs
encompass overall human and ecosystem well-being that are
inextricably connected across spatial and temporal scales.
There still remain many knowledge gaps in the interactions
between the SDGs, in particular in the methods to analyze
them (Alcamo et al. 2020). In the case of changes in food
consumption, the consequences for the SDGs are complex
and the methods to quantify them are not yet well established. While higher ASF consumption would likely have a
positive direct impact on SDG 2 (Zero Hunger), higher ASF
production could hinder ecosystems and, as a result, have a
negative impact on SDG 14 (Life Below Water) and SDG
15 (Life on Land). Moreover, biodiversity, ecosystems and
the services they provide underpin many other SDGs (Wood
et al. 2018) and hence the dietary transition could potentially
set back the overall achievement of the sustainable development agenda.
There are numerous ecosystem services and the corresponding SDGs that are linked to agricultural practices.
Among others, these are: pollination, pest control and soil
nutrient storage and cycling (SDG 2), provisioning and regulating of water flows (SDG 6), carbon sequestration (SDG
13), providing security from natural hazards, climate change
mitigation, and cultural services, and habitat for both wild
and functional biodiversity (SDG 14 & 15) (DeClerck et al.
2016). It is hence crucial that alternative land-use strategies,
especially those based on mainstreaming biodiversity, and
their impact on the capacity of socioecological systems to
manage the trade-offs and generate synergies between the
SDGs are well understood and incorporated into the decision-making (Blicharska et al. 2019).
Understanding and managing positive and negative
interactions and unintended consequences among SDGs
may be key to achieving sustainable development. Linking
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ecosystem services and biodiversity to the SDGs, especially
in the context of future scenarios for socio-economic development can provide insights to possible pathways towards
reaching all the SDG targets (Geijzendorffer et al. 2017).
Since those targets are rarely dependent on a single ecosystem service and most services contribute to various targets
across the SDGs, policymakers need to manage multiple
ecosystem services taking into account their trade-offs and
synergies and monitor their contribution to the SDG targets.
In this study, we investigate the relationship between the
anticipated growth in the demand for ASF and the impact
of ecosystem service provision on ten SDGs (SDGs 1, 2,
3, 6, 7, 9, 11, 13, 14, and 15) in a low-income country. We
further assess the potential of diversified farming practices
to mitigate the arising trade-offs. Our analysis is based on an
integrated assessment framework that links simulations of
changes in the global agricultural and food system to assessments of the provision of ecosystem services at landscape
level, through the simulations of country-level demand for
ASF and livestock-driven changes in land-use. A previous
study identified 178 important and positive contributions
ESS can make to specific SDG targets, based on a survey
with a large pool of scientists and development practitioners (Wood et al. 2018). We used the ESS-SDG linkages
identified in the previous study to explore how modelled
changes in ecosystem services provisions may cascade onto
the SDGs, following the approach in Johnson et al. (2019).
This is the focus of our current study. It expands on the
SDG linkages of a complementary analysis of diet-induced
impacts on ecosystem services (ESS) in Tanzania, as an
example of a developing country facing conflicts between
competing objectives of securing nutritional security, economic prosperity and environmental sustainability (Enahoro
et al. 2018). For analytical convenience, our study focuses
on ASF from terrestrial animals. It does not include fish.

Materials and methods
The analysis in this study has two main components. The
first part reports the development and application of an
integrated modelling framework linking global economic
change, environmental impact assessment and environmental simulation modelling in tracing impacts of anticipated
changes in the demand for animal source foods to changes
in ESS provision. This study component has been detailed in
a separate publication (Enahoro et al. 2021). The study and
the IMPACT model GitHub repository (IMPACT Development Team 2021) provide the details regarding the modeling
assumptions, model coupling, and the full range of global
change and landscape management scenarios analyzed.
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Fig. 1  Illustration of integrated quantitative modeling using CLEANED-R, IMPACT, and MESH

The second component of the study, reported here,
focusses on translating the results from the integrated
assessment modeling framework to measures of impacts on
selected SDGs. This analysis allows for a discussion on the
implications of countries’ changing diets and corresponding land-use policies on their potential to attain the SDGs
related to food consumption (directly) and food production
(indirectly—through ESS provision), and on the potential for
building or maintaining sustainability in future food systems.

Linking ASF demand to ESS provisions: IMPACT,
CLEANED and MESH
Changing demand for ASF is associated to changes in ESS
through a linking of the International Model for Policy
Analysis of Agricultural Commodities and Trade (IMPACT)
(Robinson et al. 2015) to an environmental simulation tool,
CLEANED-R (Pfeifer et al. 2016), and to the Mapping Ecosystem Services to Human wellbeing (MESH) modelling
platform (Johnson et al. 2019). IMPACT is a partial equilibrium model that can project country-level demand and supply for animal source foods given assumptions about growth
in human populations and incomes, among other factors.
Commodity supply is a function of yields, which in turn are
determined by commodity prices, prices of inputs, available
water, climate, and exogenous trend factors. Livestock yields
follow region-specific exogenous growth trends that are due
to improved animal stocks and management practices.
In IMPACT, there are two food security modules that
indicate progress toward the SDG 2. The first module, based
on work by Smith and Haddad (2000), estimates changes in
child wasting (underweight) given changes in food availability at the country level. The second module, based on work
by Fischer et al. (2005), estimates changes in the share of
population at risk of hunger following changes in food availability. We apply both these measures to assess the macroscenario implication for achieving SDG 2.

CLEANED-R is an environmental impact assessment tool
that includes a module that can compute livestock-driven
land use change at landscape to national level. The model
was adjusted to define animal species and breeds that exactly
match those of IMPACT. It combines parameters on animal
numbers, livestock productivity, livestock feed ratio, with
land cover and other spatial data to generate simulations of
land use change.
MESH is an interface for scenario analysis which can be
used to compute changes in the local provision of multiple
ecosystem services associated with land use change. Figure 1 illustrates this linkage.
The steps of the analysis are outlined as follows: the
effects of changing demands for livestock-derived foods on
agricultural (crops, livestock) production, supply, and trade
in 2030 were analyzed in IMPACT under a set of assumptions about socio-economic and climatic change (scenario).
We focused on the year 2030 as this is the horizon of the
Agenda for Sustainable Development.
Estimates of crop and livestock (beef, mutton, poultry,
and pork) production derived from the model scenarios in
IMPACT were used in CLEANED-R as inputs for computation of changes in land use related to agricultural production.
To do this for Tanzania, country-specific rules for land cover
changes were employed that had previously been derived
from stakeholder consultations, historical data and literature
(Morris et al. 2020). Conversion of land to livestock production was simulated to be restricted to non-protected areas,
prioritizing land according to crop suitability as shown for
grass used for pasture and maize in GAEZ data (IIASA/
FAO 2012). CLEANED-R generated spatially explicit future
land cover maps reflecting demand-induced transformation
in livestock feed (maize crop used as livestock feeds, and
pasture) production.
MESH used as input the data from CLEANED-R of
alternative land use scenarios, assuming new agricultural
production areas were either monoculture or agroforestry/
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silvo-pastoral systems (new land was allocated exogenously
to one of the two categories). From this, it calculated spatially explicit measures of the supplies of five ecosystem
services. The ecosystem services of concern were freshwater
supply, nitrogen retention by natural vegetation, phosphorus
retention by natural vegetation, carbon sequestration, and
soil erosion control. Supplies of each of these services across
Tanzania were estimated using InVEST models accessed
through MESH.
Full information on the water yield, nutrient delivery, carbon storage and sequestration, and sediment delivery models
used to calculate these ecosystem services can be found at
(Sharp et al. 2020). Briefly, water supply (surface runoff)
was calculated using a simple water balance model with
average annual precipitation for the period 2016–2045 as the
input and annual evapotranspiration for the same period as
the output. Evapotranspiration was adjusted based on vegetation type (including in cropland, to account for agricultural
water use), root restricting layer depth, and plant available
water content. Avoided nitrogen and phosphorus pollution,
contributing to maintaining water quality, were calculated
using a simple mass balance model, with nutrient load (fertilizer additions) as the input and nutrients filtered out of
runoff and subsurface flow by natural vegetation and soils
as the output, to give the balance of nutrient exports at the
watershed outlet. Carbon storage and sequestration was calculated by estimating, for each land use land cover, the quantity of carbon stored in aboveground biomass, belowground
biomass, soil, and dead organic matter. Soil erosion control
was calculated by estimating the amount of sediment eroded
by runoff (so excluding gully and channel erosion and sediment from landslides) and reaching the stream network, after
removal of sediment that is retained by vegetation and topographic features (following Borselli et al. 2008).

Scenarios: IMPACT, CLEANED and MESH
The ASF demand scenarios for Tanzania in 2030 that represent plausible macro-conditions under which livestock sector
policymakers in the country can expect to operate (Enahoro
et al. 2019a, b) were analyzed with IMPACT. The scenarios
were built based on the IPCC framework and consisted of
the intersection of socio-economic pathway of global sustainability with future scenarios of global climate change.
In the study, we considered a range of shared socioeconomic
pathways (SSP) scenarios: conditions of global sustainability (optimistic, SSP1), global inequality (pessimistic, SSP4),
and a dynamics-as-usual or middle-of-the-road trend (moderate, SSP2). The details and the results can be found at
(IMPACT Development Team 2021).
The focus of this component of the study is on the impact
of land-use change on the SDGs, and hence we report only
one macro-level scenario—the SSP1 (Riahi et al. 2017),
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simulated with the assumption of a climate change/greenhouse gas concentration trajectory—the Representative
Concentration Pathway 6.0 (RCP 6.0). We selected SSP1
because of its assumptions of sustainable development, and
hence the increase in income and food consumption will
have a stronger positive impact on SDG1 and SDG2 on a
macro-level, which then can be assessed vis a vis ecosystem impacts and their contributions to SDGs on a landscape
level. Furthermore, the optimistic economic scenario leads
to the highest increase in ASF production, and hence the
greatest land use change, which could be used as an upper
bound on land use changes expected from the changing
demand. Finally, SSP1 and RCP6 are mutually compatible
narratives (Engström et al. 2016). SSP1 narrative includes
various elements that support a "sustainable" pathway,
including land use policy and changing dietary preferences.
However, SSP scenarios as implemented in the IMPACT
model only include the population and income pathways.
These are consistent with the reasoning presented here, but
it is important to note that not all of the sustainability elements of the SSP1 scenario were included in the macro-level
demand scenario.
This scenario was then coupled with a range of management options using the CLEANED-R and MESH models
(Fig. 2). Crop productivity was assumed to either remain
constant on the 2010 level or increase according to the
IMPACT projections of demand/price-induced changes in
productivity.1 This was done to explore what happens if
the crop productivity gains assumed in IMPACT cannot be
achieved on the ground, such as the non-adoption of fertilizer or improved seed use. These improvements are implicitly assumed in IMPACT as part of the scenarios2 and hence
the direct implications for ESS of their realization cannot
be calculated. They are de facto assumed not to affect ESS
provision.
Two options for international trade were considered—
allowing for imports to satisfy the new demand or producing
the additional ASF domestically through agricultural expansion. In the ‘trade’ scenarios, the net imports were calculated
with the IMPACT model. For the alternative scenarios, we
considered a situation in which the imports were not possible. This could be for example due to market failures, or

1

The GAEZ layer was adjusted linearly to ensure that the average crop productivity measures for IMPACT and CLEANED-R are
equivalent in the baseline and alternative scenario runs (where productivity increase is assumed). Grassland does not have any GAEZ
layer and has no productivity assumption in IMPACT. We have used
the value of 9 tons per hectare biomass that can be fed to livestock.
2
Productivity changes in IMPACT are a function of commodity
prices, prices of inputs, available water, climate, and exogenous trend
factors. In this study, all of these components were considered in the
scenario of productivity growth.

Sustainability Science
Higher ASF
demand in
2030
Crop
producvity
gain

Constant crop
producvity

ASF imports

Self-reliance

Self-reliance

Monocropping

Agroforestry

Monocropping

Agroforestry

Monocropping

Agroforestry

Imports &
monoculture

Imports &
agroforestry

Agricultural
expansion &
monoculture

Agricultural
expansion &
agroforestry

Producvity
gain &
monoculture

Producvity
gain &
agroforestry

Fig. 2  Scenario tree. Note: monocropping refers to the production
system where only one annual crop species (maize) is grown at any
one time on the field. Agroforestry refers to a mixed system with
trees and other crops (e.g., maize grown for fodder cropped with
fruit or other trees). We are not reporting the results of the scenario

with crop productivity gain and trade (and hence it is not shown in
Fig. 2) because the impact of the increased demand was almost fully
‘absorbed’ by the imports and higher domestic productivity, so no
land-use change was required. Hence the ecosystem services did not
change compared to the baseline scenario

the country’s policy to meet all its livestock demand locally.
This was considered as a maximum for the domestic environmental impacts of new demand.
For each of these scenarios, the effect of increased agrobiodiversity on new agricultural land was considered. This
was done by comparing the planting of mono-cropped
annual crops (e.g., maize) to agroforestry/silvopasture
(e.g., forage or maize grown3 for fodder cropped with fruit
or other trees) systems. The amount of land that needs to
be converted to produce this additional biomass depends
on assumptions about increases in maize productivity and
differences between maize yields in monoculture and agroforestry production systems. We assumed that maize yields
in agroforestry are half of those in monocropped systems,
meaning that the former requires approximately double the
land area to produce the same amount of animal feed.
These options together defined national level management
of land use, crop productivity, and the degree of agrobiodiversity in agricultural production systems. A total of six (6)
scenarios were selected and simulated alongside a baseline
scenario (a status quo for trade, crop productivity and other
assumptions in IMPACT in year 2015), in CLEANED-R.
The results of these seven (7) scenarios (baseline plus six
alternative scenarios) were further analyzed with the MESH
tool.

Linking ASF demand to sustainable development
goals: MESH‑SDG

3

Tropical maize in the GAEZ database was used.

The SDGs include 17 goals and each goal has a subset
of targets against which countries monitor their progress
towards goal attainment. In a previous study, 178 positive linkages between ecosystem services and SDG targets
were identified by a large pool (n = 244) of experienced
environmental scientists and development practitioners
(Wood et al. 2018). In an extension of these findings, outputs of the ecosystem service assessment conducted in
the present study are displayed in terms of their potential impacts on several of the SDGs based on where they
can make an important and positive contribution to SDG
attainment. All positive and important linkages identified
in Wood et al. (2018) were included with the exception of
linkages from food provision, which were subset to include
only linkages considered viable through changes to crop
production area with no changes to crop management.
Specifically, linkages between food provision and SDG
6 (clean water), SDG 12 (sustainable consumption), SDG
14 (life at sea), and SDG 15 (life on land) were excluded.
The list of linkages between ecosystem services and specific SDG targets considered in our analysis are provided
in Fig. 3. We show how changes in ecosystem services
may impact on ecosystem-based contributions to the
SDGs using the percentage change in an ecosystem service
weighted by the number of unique SDG targets to which
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Fig. 3  Linkages between ecosystem services and the SDGs considered in the MESH-SDG plugin applied for this paper

Fig. 4  Scenarios, outcomes and
their contribution on SDGs at
macro- and mezzo-levels

that service “contributes” under a specific SDG goal,
following Johnson et al. (2019). The overall impact of
changes in ecosystem service supply on progress towards
an SDG goal cannot be quantified precisely, as there is no
information available on how far a goal can be achieved
through ecosystem service enhancement alone. Our aim is
instead to highlight where changes in ecosystem service
provision are likely to affect multiple targets and goals. A
major assumption we make is that each ecosystem service
contributes equally to making progress towards achieving
each of the SDG targets that it is linked to. For example,
carbon storage is linked to SDG targets 7.1 and 7.2, and
we assume an increase in carbon storage will have an equal
impact in helping achieve each of these targets. This is
a simplification of the reality that we considered necessary and suitable for the current purpose. The analysis was
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done using an open access R script, MESH-SDG (Jones,
et al. 2017).

Trade‑off analysis between the SDGs
The assumed macro level scenario that encompasses the
sustainable socio-economic development (SSP1) and climate change (RCP 6.0) scenarios implicitly assumes certain degree of progress towards the SDGs. Even though
the SDGs were not directly targeted in the development of
the IPCC scenarios, there are implications for the achievement of several SDGs imbedded in the resulting trajectories (TWI2050 2018). Shared socio-economic pathways
(SSPs) explicitly assume levels of human population growth,
income, and poverty, which constitute SDG1 (Fig. 4). Taking these scenarios as a starting point, based on the IMPACT
model simulations (that include only the population and

Sustainability Science
Table 1  Land use change scenarios based on IMPACT results
Crop productivity

Productivity gain

Constant productivity

Scenario

Productivity
gain & monoculture

% change in imports of
livestock feed
% change in livestock
feed (maize) biomass
required from incountry production
new cropland (km2)
New cropland production
system
% change in maize yields

0

18.1

0

21.4

3.7

21.4

Productivity
gain & agroforestry

Imports & monoculture Imports & agroforestry Self-reliance
& monoculture

Self-reliance
& agroforestry

6810
Monoculture

13,588
Agroforestry

1508
Monoculture

2885
Agroforestry

8123
Monoculture

16,186
Agroforestry

0

− 50

0

− 50

0

− 50

income growth components of the SSP), we can conclude
about the progress towards SDG2: developments in the food
system and adjustments in the supply and demand equilibrium to satisfy increased food consumption levels, reduce
the number of people at risk of hunger and number of malnourished children. For the required changes in food production, depending on assumed productivity and land-use
scenarios, the changes in the ecosystem service provision
eventually are linked to the SDGs related to: poverty; hunger; health; water and sanitation; energy; industry, innovation and infrastructure; sustainable cities and communities;
climate action; life below water; and life on land.
This analysis is partial and hence does not show expected
changes towards attainment of the targets themselves as this
is dependent on several additional social, economic and
political factors that we do not explicitly model in the analysis. However, the outputs can be used to identify which scenarios show the greatest potential to support the realization
of SDG goals and targets. They are also useful to demonstrate the trade-offs between the goals across scales—from
macro- to mezzo-level.

Results and discussion
Results of the analysis of the macroeconomic and climate change scenario (left-hand side of Fig. 4) with the
IMPACT model link income to food security outcomes.
As population and national income increase in Tanzania,
the demand for certain food commodities increases. A
per capita income growth of 169% from 2010 to 2030,
and total population growth by 50% in the same period,
is associated with a per capita growth in ASF sourced
energy consumption of 38%. In the same time, the total
average per capita food consumption grows only by
11.5% (2010–2030) in terms of calories (by 14% in terms

of weight). This relatively small increase illustrates the
shift to higher-value foods as incomes rise. Poultry meat
demand per person grows by 89% (1.4 kg per person per
year), and beef demand by 42% (3 kg per person per year).
It is important to note that even though the ASF consumption registers a significant increase, the ASF consumption remains relatively very low in 2030 as compared to
the world average. The difference between Tanzania and
the world average will remain stark in 2030—in Tanzania
only 80 kcal/capita/day will come from meat consumption
overall, as compared to 266 kcal/capita/day globally. For
dairy and eggs, the difference will be slightly smaller, with
75.5 kcal/capita/day in Tanzania, versus 201.7 kcal/capita/
day world average.
The macro-level scenario clearly has positive contributions to SDG1 and SDG2 within the socio-economic
domain. Thanks to the improved socio-economic conditions,
the share of population at risk of hunger in Tanzania declines
from 34.8% in 2010 to 23% in 2030. However, as the overall population grows, in absolute numbers this decline is
much more moderate—from 15.6 million to 15.5 million,
while the number of malnourished children also declines
only slightly—from 2.36 million to 2.31 million. This demonstrates that even though income and food security significantly improve, there is a need for additional measures
to eradicate poverty, hunger and malnutrition on the way to
achieving SGD1 and SDG2 by 2030.
Satisfying the increased demand for ASF and underlying demand for feed will impact ecosystems, with potential
consequences for several SDGs (right-hand side of Fig. 4).
This impact depends on the land-management, trade policy
and productivity assumed in a mezzo-level (land-use) scenario (Fig. 3). A significantly higher production of biomass
is required to satisfy the feed demand domestically—an
increase by 21.4% compared to 2010 is needed or 3.7% if
ASF imports are substantially increased (Table 1).
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Fig. 5  a Changes in ecosystem service provision under six scenarios, and b relative impacts on ecosystem-based contributions to 10 SDGs by
2030, compared to 2015.

Changes in land use under each scenario were shown
to cascade into changes in ecosystem service provision
(Fig. 5a) with implications for their contributions to the
SDGs (Fig. 5b). While our results suggest progress will be
made towards meeting SDG 2 as a result of the macro-economic developments, there is a real risk of increased water
pollution from nutrient and sediment exports and a loss of
carbon storage with impacts on SDGs 3, 6, 7, 9, 11, 13, 14
and 15 (Fig. 5b). Losses in ecosystem service provision
were highest under the self-reliance scenarios and lowest
under the import scenarios. This suggests that the optimal
national strategy for satisfying the growing demand for
ASF while reducing trade-offs between food, water, climate and biodiversity goals is to increase ASF imports.
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However, this would require increases in ASF production
in those countries that export to Tanzania. This means
that at a global or even regional scale, increasing imports
would to some extent displace ecosystem service losses.
The impact on ecosystem services in the exporting country
would depend on its production technology and resource
conditions. These displaced effects are not accounted for
in this study and require further research to capture trade
impact on ecosystem services provision. Ignoring the
import scenarios, ecosystem service losses were substantially lower under the productivity gains scenarios due to
smaller area of agricultural expansion, highlighting that
closing yield gaps is key for win–win ecosystem service
and ASF outcomes. It is important to note that scenarios
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for increasing productivity, such as by increasing fertilizer
and water inputs, intercropping with legumes, integrated
crop-livestock farming, and switching to higher yielding
or locally adapted varieties, are not explicitly modeled in
this study. Neither are the implications for ESS provision
and their contributions to the SDGs accounted for. Further
research is needed to identify the best option for increasing
maize productivity while maintaining ESS provision, but
is likely to require agroecological intensification strategies
compatible with a shift towards sustainable food systems
(Wezel et al. 2020).
Increasing crop productivity in sub-Saharan Africa is
arguably “a precondition for sustaining livelihood improvements in the region” (Jayne and Sanchez 2021). Agricultural
growth is strongly correlated with overall GDP growth and
improvements in the welfare in most of the African countries
(Jayne et al. 2021). Hence sustainable agricultural growth
would further accelerate the progress towards the Sustainable Development Goals. Agricultural R&D will play a major
role in supporting farm technical innovation and adaptation,
while policies are needed to strengthen agricultural marketing and trade, along with investments in infrastructure (ibid).
There were only minor differences in ecosystem service losses under monoculture versus agroforestry for all
scenarios, despite that nearly double the land area was
converted to cropland under the agroforestry scenarios (on
account of their being lower maize yields, see Table 1).
As natural land conversion to cropland is often associated
with ESS losses, this result indicates that maize production in agroforestry systems, even when accounting for
lower yields, very clearly helps reduce losses across all
assessed ecosystem services compared to maize monocultures. However, it is important to emphasize that it
is no substitute for the ecosystem services provided by
the natural vegetation it replaces. The biggest benefits of
agroforestry were to erosion control, where losses were
approximately halved (compared to monocropped systems) under all scenarios highlighting that agroforestry
can help Tanzania make progress towards SDG 6 and SDG
15 (Fig. 5b). Agroforestry was only partially able to mitigate the losses to carbon storage stemming from natural
forest and grassland conversion to agriculture, and carbon
storage losses in agroforestry systems remained higher
than in monocropped systems under all scenarios due to
the larger areas of land converted. This highlights that
while agroforestry undoubtably increases carbon storage
relative to monocropped land, the primary focus should
be on limiting agricultural land encroachment on natural
vegetation for making progress towards climate mitigation
(SDG 13) and multiple other SDGs impacted by climate
change (Fig. 5b). With this conclusion we add to the ongoing calls to ensure sufficient natural habitat is spared
from agricultural use, while simultaneously shifting to

biodiversity-friendly farming methods on agricultural
land, to safeguard biodiversity and ecosystem services
(Luskin et al. 2018; Loconto et al. 2020; Garibaldi et al.
2021).
Ecosystem functions that maintain water supply contribute to multiple targets across eight of the SDGs, yet
changes to water supply were negligible under all scenarios. This suggests agricultural expansion alone is unlikely
to noticeably change freshwater availability, probably
because of high evapotranspiration rates from natural
vegetation in areas that are most suitable for agriculture
(which were prioritized for conversion to cropland in all
scenarios). The largest losses in ecosystem services under
the future scenarios were with respect to the proportion
of phosphorus filtered and retained by natural vegetation,
with up to 3.87% more phosphorus exported to streamways
(self-reliance agroforestry scenario) (Fig. 5a). Increased
nutrient exports would pollute freshwater systems with
potential implications for progress towards at least five
SDGs (Fig. 5b). While agroforestry systems were assumed
to require fewer nutrient inputs due to improved soil quality relative to monocropped systems, the difference in
nutrient inputs was not sufficient to compensate the loss in
water purification services from converted natural habitat.
While agroforestry—along with targeted fertilizer additions to reduce or eliminate losses—is part of the solution,
avoiding agricultural expansion into natural vegetation is
vitally important to retain water purification services.
The concept of sustainable diets, and sustainable food
systems more broadly, is strongly linked to the sustainable
development agenda, particularly to the SDG 2 (Zero Hunger) and SDG 12 (Responsible Consumption and Production). The changes that accompany a dietary transition are
very complex and go far beyond food consumption. There
remain many trade-offs and synergies that should be further explored (Salmon et al. 2018), but were not captured
in our analysis. For example, higher meat consumption creates opportunities to improve food and nutritional security
in developing countries, however it also enhances the risks
of chronic ill health, such as from colorectal cancer and cardiovascular disease (Richi et al. 2015; Godfray et al. 2018).
From the producer’s perspective, farming animals helps to
increase and diversify income and, further, improve food
security (Lammers et al. 2009; Neo and Chen 2009). Agricultural biodiversity is a crucial building-block of the smallholders’ resilience to future challenges, like climate change
or crop disease outbreaks (Kozicka et al. 2020). In mixed
crop–livestock farming systems, livestock further provide
draft power to cultivate the land and manure to fertilize the
soil. Our study has in addition not delved into impacts and
trade-offs of higher ASF demand that will be associated with
other nodes of the food value chain, namely, transportation,
agri-processing, wholesaling, retailing or food preparation.
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Conclusions
The aim of this study was to investigate the relationship
between the anticipated growth in the demand for animal
source foods (ASF) and the impact of ecosystem service
provision on the Sustainable Development Goals (SDGs)
under alternative farming practices in Tanzania until 2030.
(Geijzendorffer et al. 2017)For this purpose, we integrated
results from multiple models to capture linkages across the
food system of increased future demand for food, through
land use change, with the provision of ESSs. Next, we
linked results to the Sustainable Development Goals
framework to highlight potential trade-offs between different objectives of sustainable development. The SDGs
that were captured in the framework were selected based
on a previous study.
As a starting point for our analysis we took a macrolevel scenario encompassing the income, distribution of
wealth and poverty and corresponding consequences for
the progress towards the SDG1 (No Poverty). Using a partial equilibrium analysis, we found that the higher income
in Tanzania in 2030, will likely lead to an increase in
food consumption, with disproportionally larger increase
in the ASF consumption, leading to improved nutrition
and lower hunger prevalence. Meeting higher demand for
ASF requires higher feed production that can be satisfied
either domestically or with imports and using alternative
farming practices. These choices will have implications
locally for provision of ESS and their impacts on SDGs.
Meeting this demand through agricultural expansion will
lead to significant losses to ESS provision by 2030, hampering ESS-based contributions to ten SDGs (SDGs 1, 2,
3, 6, 7, 9, 11, 13, 14, and 15). We found that the most
viable solution for reducing ESS losses while meeting
this rise in ASF demand is to increase productivity of
animal feed production, thereby minimizing agricultural
expansion, while favoring agroforestry over monocropped
systems in all new cropland areas. This scenario would
minimize impacts to freshwater supplies, carbon storage,
clean water, and soil erosion control, which together make
important and positive contributions to all ten SDGs.
We have taken (mainly) demand and climate assumptions as given, calculating a proxy of an upper bound of
livestock-related land use changes associated with expanding demand, and experimented with the extents to which
candidate land management options will potentially mitigate the negative outcomes from higher production. We
have then assessed the multi-dimensional implications
for SDGs. We have left out (1) the treatment of uncertainty around demand and climate change, and (2) a wide
range of possibilities related to the trade in crops and livestock commodities, crop/livestock technologies, and the
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associations of land management to SDG outcomes. Some
of these themes are easily incorporated in the analytical
framework using methods of scenario or sensitivity analysis. Other issues omitted in the current analytical framework will be more challenging to incorporate. For example, our specification of the sector does not easily account
for impacts of future livestock demand that occur outside
of the primary production of livestock, ignoring multiple
layers of activities along livestock value chains and in the
wider food systems. Advancements of the analytical models and methods in these directions will be useful.
Our framework allows for tracing impacts across temporal
and spatial scales and linking socio-economic and bio-physical
domains. It is, however, subject to limitations and caveats as
a result of simplifications and omissions that are intrinsic to
mathematical modeling and that often compound as a result
of model integration. For example, SDGs depend on various
elements of Shared Socioeconomic Pathway narratives, such
as land use-policy, demographic structure, income distribution
or changing dietary preferences, but these were not captured in
the IMPACT model. As a result, our socio-economic scenario
only includes the population and income pathways assumed
in the SSPs.
Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/s11625-021-01082-y.
Acknowledgements The authors are grateful to all the members of the
project “Implications of changing demand for animal source foods on
the provision of ecosystem services: scenario assessments in Africa”:
Catherine Pfeifer, Nhuong Tran, Chin Yee Chan, Timothy B. Sulser,
and Karl M. Rich.
Author contributions M.K., S.J., E.G., and D.E. designed the project
and developed the presented idea. S.J., D.E., and M.K. developed the
modeling framework. S.J. and D.E. performed the numerical simulations. M.K. wrote the manuscript, with contributions from all authors.
D.E. lead the project “Changing demand for animal source foods and
their effects on the provision of ecosystem services”.
Funding Open access funding provided by International Institute for
Applied Systems Analysis (IIASA). Funding support for this study
was provided by the CGIAR Research Program on Policies, Institutions, and Markets, and the CGIAR Research Program on Livestock
and Biodiversity.
Data availability The data used for this study, outputs from each modeling step and additional data supporting the findings of this study are
available on GitHub at https://g ithub.c om/I FPRI/I MPACT/t ree/m
 aster/
DriverAssumptions/Special_Studies/Kozicka_et_al_2021_and_Enaho
ro_et_al_2021. IMPACT model information is available at https://
www.ifpri.org/project/ifpri-impact-model. Complete CLEANEDR model documentation and the model source code can be found at
https://github.com/ilri/CLEANED-R. MESH modelling platform is
available at https://naturalcapitalproject.stanford.edu/software/mesh

Sustainability Science

Declarations
Conflict of interest The authors declare that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.
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/.

References
Alcamo J, Thompson J, Alexander A, Antoniades A, Delabre I, Dolley J et al (2020) Analysing interactions among the sustainable
development goals: findings and emerging issues from local and
global studies. Sustain Sci 15:1561–1572. https://d oi.o rg/1 0.1 007/
s11625-020-00875-x
Alonso S, Dominguez-Salas P, Grace D (2019) The role of livestock
products for nutrition in the first 1,000 days of life. Anim Front
9:24–31. https://doi.org/10.1093/af/vfz033
Blicharska M, Smithers RJ, Mikusiński G, Rönnbäck P, Harrison PA,
Nilsson M et al (2019) Biodiversity’s contributions to sustainable
development. Nat Sustain 2:1083–1093. https://doi.org/10.1038/
s41893-019-0417-9
Boada LD, Henríquez-Hernández LA, Luzardo OP (2016) The impact
of red and processed meat consumption on cancer and other
health outcomes: Epidemiological evidences. Food Chem Toxicol
92:236–244. https://doi.org/10.1016/J.FCT.2016.04.008
Borselli L, Cassi P, Torri D (2008) Prolegomena to sediment and flow
connectivity in the landscape: a GIS and field numerical assessment. CATENA 75:268–277. https://doi.org/10.1016/j.catena.
2008.07.006
DeClerck FA, Jones S, Attwood S, Bossio D, Girvetz E, ChaplinKramer B et al (2016) Agricultural ecosystems and their services: the vanguard of sustainability? Curr Opin Environ Sustain
23:92–99. https://doi.org/10.1016/j.cosust.2016.11.016
Enahoro D, Lannerstad M, Pfeifer C, Dominguez-Salas P (2018) Contributions of livestock-derived foods to nutrient supply under
changing demand in low- and middle-income countries. Glob
Food Sec 19:1–10. https://doi.org/10.1016/j.gfs.2018.08.002
Enahoro D, Kozicka M, Pfeifer C, Jones S, Tran N, Chan CY et al.
(2019a) Changing demand for animal source foods and their
effects on the provision of ecosystem services
Enahoro D, Njuri N, Thornton P, Staal SS (2019b) A review of projections of demand and supply of livestock-derived foods and the
implications for livestock sector management in LSIL focus countries. Mid-Project Research Report of the Feed the Future Innovation Lab for Livestock Systems (LSIL) Futures Fo. Wageningen
Available at: www.ccafs.cgiar.org
Enahoro D, Kozicka M, Pfeifer C, Jones S, Tran N, Chan CY et al
(2021) Integrated assessment modeling of the linkages of animal
source food demand to future provisioning of ecosystem services
in Tanzania. Manuscript submitted for publication.

Engström K, Olin S, Rounsevell MDA, Brogaard S, Van Vuuren DP,
Alexander P, Murray-Rust D, Arneth A (2016) Assessing uncertainties in global cropland futures using a conditional probabilistic
modelling framework. Earth Syst Dynam 7:893–915. https://doi.
org/10.5194/esd-7-893-2016
Fischer G, Shah M, Tubiello FN, van Velhuizen H (2005) Socio-economic and climate change impacts on agriculture: an integrated
assessment, 19902080. Philos Trans R Soc B Biol Sci 360:2067–
2083. https://doi.org/10.1098/RSTB.2005.1744
Garibaldi LA, Oddi FJ, Miguez FE, Bartomeus I, Orr MC, Jobbágy EG
et al (2021) Working landscapes need at least 20% native habitat.
Conserv Lett. https://doi.org/10.1111/CONL.12773
Geijzendorffer IR, Cohen-Shacham E, Cord AF, Cramer W, Guerra
C, Martín-López B (2017) Ecosystem services in global sustainability policies. Environ Sci Policy 74:40–48. https://doi.org/10.
1016/j.envsci.2017.04.017
Godfray HCJ, Aveyard P, Garnett T, Hall JW, Key TJ, Lorimer J et al
(2018) Meat consumption, health, and the environment. Science
80:361. https://doi.org/10.1126/science.aam5324
Herrero M, Mason-D’croz D, Thornton PK, Fanzo J, Rushton J, Godde
C et al. (2021) Livestock and sustainable food systems: status,
trends, and priority actions. Available at: https://sc-fss2021.org/.
IIASA/FAO (2012) Global Agro-ecological Zones (GAEZv3.0).
IIASA, Laxenburg, Austria and FAO, Rome
IMPACT Development Team (2021). IMPACT/DriverAssumptions/
Special_Studies. Available at: https://g ithub.c om/I FPRI/I MPACT/
tree/master/DriverAssumptions/Special_Studies. Accessed 20
Aug 2021
Jayne TS, Fox L, Fuglie K, Adelaja A (2021) Agricultural productivity
growth, resilience, and economic transformation in Sub-Saharan
Africa: Implications for USAID. Available at: www.usaid.gov/
bifad/d ocume nts/a gricu ltura l-p roduc tivit y-g rowth-r esili ence-a nd-
economic-transformation-sub-saharan-africa
Jayne TS, Sanchez PA (2021) Agricultural productivity must improve
in sub-Saharan Africa. Science 372:1045–1047. https://doi.org/
10.1126/science.abf5413
Johnson JA, Jones SK, Wood SLR, Chaplin-Kramer R, Hawthorne PL,
Mulligan M et al (2019) Mapping Ecosystem Services to Human
Well-being: a toolkit to support integrated landscape management
for the SDGs. Ecol Appl. https://doi.org/10.1002/eap.1985
Jones SK, Wood SLR, Johnson JA, DeClerck FAJ (2017) MESH_SDG
V1.0. https://github.com/skatejones/MESH_SDG. Accessed 08
Oct 2018
Kearney J (2010) Food consumption trends and drivers. Philos Trans
R Soc B Biol Sci 365:2793–2807. https://doi.org/10.1098/rstb.
2010.0149
Kozicka M, Gotor E, Ocimati W, de Jager T, Kikulwe E, Groot JCJ
(2020) Responding to future regime shifts with agrobiodiversity:
a multi-level perspective on small-scale farming in Uganda. Agric
Syst 183:102864. https://doi.org/10.1016/j.agsy.2020.102864
Lammers PJ, Carlson SL, Zdorkowski GA, Honeyman MS (2009)
Reducing food insecurity in developing countries through meat
production: the potential of the guinea pig (Cavia porcellus) on
JSTOR. Renew Agric Food Syst 24:155–162. https://doi.org/10.
2307/44490613
Loconto A, Desquilbet M, Moreau T, Couvet D, Dorin B (2020) The
land sparing—land sharing controversy: tracing the politics of
knowledge. Land Use Policy 96:103610. https://d oi.o rg/1 0.1 016/J.
LANDUSEPOL.2018.09.014
Luskin MS, Lee JSH, Edwards DP, Gibson L, Potts MD (2018) Study
context shapes recommendations of land-sparing and sharing; a
quantitative review. Glob Food Sec 16:29–35. https://doi.org/10.
1016/J.GFS.2017.08.002
Morris J, Ensor JE, Pfeifer C, Marchant R, Mulatu DW, Soka G
et al (2020) Games as boundary objects: charting trade-offs in

13

Sustainability Science
sustainable livestock transformation. Int J Agric Sustain. https://
doi.org/10.1080/14735903.2020.1738769
Neo H, Chen L-H (2009) Household income diversification and the
production of local meat: the prospect of small-scale pig farming
in Southern Yunnan, China. Area 41:300–309. https://doi.org/10.
1111/j.1475-4762.2008.00873.x
Pfeifer C, Morris J, Lannerstad M (2016) The CLEANED R simulation
tool to assess the environmental impacts of livestock production.
Nairobi, Kenya
Power AG (2010) Ecosystem services and agriculture: tradeoffs and
synergies. Philos Trans R Soc B Biol Sci 365:2959–2971. https://
doi.org/10.1098/rstb.2010.0143
Riahi K, van Vuuren DP, Kriegler E, Edmonds J, O’Neill BC, Fujimori S et al (2017) The Shared Socioeconomic Pathways and their
energy, land use, and greenhouse gas emissions implications: an
overview. Glob Environ Chang 42:153–168. https://doi.org/10.
1016/j.gloenvcha.2016.05.009
Richi EB, Baumer B, Conrad B, Darioli R, Schmid A, Keller U (2015)
Health risks associated with meat consumption: a review of epidemiological studies. Int J Vitam Nutr Res. https://doi.org/10.1024/
0300-9831/a000224
Robinson S, Mason d’Croz D, Islam S, Sulser TB, Robertson RD, Zhu
T et al. (2015) The International Model for Policy Analysis of
Agricultural Commodities and Trade (IMPACT): model description for version 3. IFPRI Discussion Paper 01483. Washington
Salmon G, Teufel N, Baltenweck I, van Wijk M, Claessens L, Marshall
K (2018) Trade-offs in livestock development at farm level: different actors with different objectives. Glob Food Sec 17:103–112.
https://doi.org/10.1016/j.gfs.2018.04.002
Sharp R, Douglass J, Wolny S, Arkema K, Bernhardt J, Bierbower W
et al. (2020) InVEST 3.9.0.post195+ug.gbc51afe User’s Guide.
Available at: https://storage.googleapis.com/releases.naturalcap
italproject.org/invest-userguide/latest/index.html

13

Smith LC, Haddad LJ (2000) Explaining child malnutrition in developing countries: a cross-country analysis. International Food Policy
Research Institute (IFPRI) Available at: https://ideas.repec.org/p/
fpr/resrep/111.html. Accessed 22 Jul 2021
Springmann M, Godfray HCJ, Rayner M, Scarborough P (2016) Analysis and valuation of the health and climate change cobenefits of
dietary change. Proc Natl Acad Sci 113:4146–4151. https://doi.
org/10.1073/pnas.1523119113
TWI2050 (2018) Transformations to achieve the sustainable development goals report prepared by The World in 2050 initiative.
Luxembourg, Austria Available at: www.twi2050.org
Wezel A, Herren BG, Kerr RB, Barrios E, Gonçalves ALR, Sinclair F (2020) Agroecological principles and elements and their
implications for transitioning to sustainable food systems. A
review. Agron Sustain Dev 40:1–13. https://doi.org/10.1007/
S13593-020-00646-Z
Willett W, Rockström J, Loken B, Springmann M, Lang T, Vermeulen
S et al (2019) Food in the Anthropocene: the EAT–Lancet commission on healthy diets from sustainable food systems. Lancet.
https://doi.org/10.1016/S0140-6736(18)31788-4
Wood SLR, Jones SK, Johnson JA, Brauman KA, Chaplin-Kramer R,
Fremier A, Girvetz E, Gordon LJ, Kappel CV, Mandle L, Mulligan M, O’Farrell P, Smith WK, Willemen L, Zhang W, DeClerck
FA (2018) Distilling the role of ecosystem services in the sustainable development goals. Ecosyst Serv 29:70–82
Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

