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Abstract

The endeavor for greater food security has caused trade-offs between increasing agricultural production and conserving
habitat of threatened species. We take a novel approach to analyze these trade-offs by applying and comparing three systems
methods (systems diagrams, influence matrices, and land use modeling) in a case study of Uganda. The first two methods were
used to scope out the trade-off system and identify the most important variables influencing trade-offs. These variables were
agricultural yield, land governance processes, and change in land use and land cover. The third method was used to quantify
trade-offs and evaluate policy scenarios to alleviate them. A reference scenario indicated that increasing agricultural produc-
tion by expanding agricultural land provided food for 79% more people in 2050 (compared to 2005) but with a 48% loss of
habitat of threatened species. A scenario assuming strong investments to augment agricultural yield increased the number
of people fed in 2050 up to 157%, while reducing the loss of habitat down to 27%. We use a novel “trade-off coefficient”
for a consistent comparison of scenario results. A scenario assuming yield improvement and ring-fencing protected areas
reduced the trade-off coefficient from — 0.62 in the reference case to — 0.15. This coefficient can be used as a common basis
to compare results from different trade-off studies. It was found that the three systems methods are useful, but have limitations
as stand-alone tools. Combining the methods into a single methodology increases their collective utility by maximizing the
transparency and comprehensiveness and potential stakeholder engagement of a trade-off analysis.

Keywords Systems approach - Systems diagram - Influence matrix - Land use modeling - Trade-off coefficient - Trade-offs
between SDGs

1 Introduction

The goal of alleviating hunger and providing adequate and
nutritious food to billions frequently comes into conflict
with conserving the diversity, viability, and extent of natural
ecosystems. The main cause of this conflict—the expansion
of agricultural land onto habitat of threatened species—is
documented in an extensive literature from both a global
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perspective (Alcamo et al. 1994; Foley et al. 2011; Meyfroidt
et al. 2013; Newbold et al. 2015; Oakley und Bicknell 2022;
Schwarzmueller und Kastner 2022) and regional perspective
(van Soesbergen et al. 2017; Mwanjalolo et al. 2018; Sharma
et al. 2018; Gopel et al. 2020; Guerrero-Pineda et al. 2022).
Among other implications, this trade-off is making it dif-
ficult, in principle, to simultaneously achieve Target 2.1 of
the Sustainable Development Goals (“end hunger and ensure
access by all people ... to safe, nutritious and sufficient food
all year round”) and Target 15.5 (“take urgent ... action to
... prevent the extinction of threatened species”).

Various methods have been used to analyze trade-offs
between food security and biodiversity conservation. Hans-
pach et al. (2017) used expert surveys to collect data about
trade-offs on the farming landscape level, and analyzed the
collected data with non-linear principal component analy-
sis. Delzeit et al. (2017) used a coupled modeling exercise
consisting of a global economic model for calculating future
food production, a crop suitability model for assessing likely
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locations of new cropland, and a statistical analysis relating
land use with species endemism. Gabriel et al. (2013) used
statistical analysis to understand the relationship between
species abundance/density and crop yield for different types
of agriculture in a region of England. Schwarzmueller und
Kastner (2022) used bilateral trade statistics to assess con-
sumption-based impacts of agricultural trade on national
Species Habitat Indices. These examples illustrate the wide
variety of approaches that have been taken to investigate
trade-offs. But a gap in this research has been the use of a
systems approach to identify and understand the underlying
factors that influence trade-offs. By “systems approach” we
mean the methodologies developed by Churchman 1968)
and others for investigating the functioning of a system by
identifying its components and how they interact. In this
paper we show that the systems approach provides a vehi-
cle for systematically analyzing the contributing factors to
a trade-off and their relative influence. Understanding these
factors, in turn, enables analysts to identify policies and
measures to minimize or avoid trade-offs.

The objective of this paper is to investigate the utility of a
systems approach to analyze trade-offs, using the example of
trade-offs between food security and conserving biodiversity.

Several methods fall under the rubric of a systems
approach. In this paper we take a novel approach and apply
and compare three different systems methods: systems dia-
grams, influence matrices and land use modeling. These are
selected because they represent a variety of complexities and
approaches. By using and comparing these three different
methods we identify their potentials and limitations. This
work will provide insights into the utility of these methods
for understanding trade-offs between food security and con-
serving biodiversity, and will conceivably have applications
to the analysis of other large-scale and complex trade-offs.
We note that one of these methods, land use modeling, has
already been used in various trade-off studies (Fohrer et al.
2002; Lapola et al. 2010; Asadolahi et al. 2018; Hinz et al.
2020; Ji et al. 2021). However, the utility of land use mod-
eling has not been compared to the utility of other systems
methods as is done in this paper.

What exactly is a trade-off? In the context of the SDGs,
a “trade-off” has been defined as a condition by which an
action to achieve one goal or target makes it more difficult to
achieve one or more other goals or their underlying targets
(Alcamo et al. 2020). From the perspective of systems sci-
ence, we propose that a “trade-off” is a positive change in
one variable that leads to a negative change in another. “Pos-
itive” and “negative” are normative in this context, and must
be clarified before a trade-off can be assessed. For exam-
ple, in this paper we are concerned with trade-offs between
providing food for people (positive) and losing habitat of
threatened species (negative).

2 Methods
2.1 The case study

We select Uganda as a case study because its economic
and ecological conditions already leads to strong competi-
tion for land and a trade-off between achieving food secu-
rity and conserving biodiversity. Food insecurity related
to poverty is endemic. Data show that around 37.8% of the
population live on less than US$1.25 per day, and 14.1%
of children under the age of five are malnourished (World
Bank 2015). Uganda, as many other nations, aims for food
security by increasing its own agricultural production.
Currently this production is dominated by smallholders, of
which only 2% use mineral fertilizers (Kaizzi et al. 2012).
Because of the low fertilizer application rates, Uganda has
one of the highest average soil N depletion rates and low-
est crop yields in the world (Namazzi 2008). Low yield
and increasing food demand from a rapidly growing popu-
lation (3.3% per annum in year 2013; World Bank (2015))
have driven a continuous expansion of agricultural land
onto natural habitats (World Bank 2015). This expansion
is the most important threat to natural ecosystems and bio-
diversity in Uganda (Mwanjalolo et al. 2018). Neverthe-
less, Uganda still ranks among the top 10 most biodiverse
countries (CBD 2015). On its relatively small territory, it
supports the highest species richness per unit area of all
African countries (Plumptre et al. 2019).

Vervoort et al. (2013) estimate that national food
demand in Uganda will continue to grow over the com-
ing decades. This is likely to cause further expansion and
intensification of agriculture in the country and further
threats to natural ecosystems (van Soesbergen et al. 2017)
and habitat of threatened species. Hence, minimizing
trade-offs between increasing food security and conserv-
ing biodiversity is a key challenge for the country.

2.2 Metrics for food security and conservation
of biodiversity

In the context of a trade-off analysis, we propose the fol-
lowing metrics to describe food security and conserva-
tion of biodiversity: For food security we use “number of
people fed with an adequate diet from domestic agricul-
tural production.” This metric addresses the issue of “food
availability” which is one of four dimensions of food secu-
rity articulated by (FAO 2006) and the World Food Con-
ference (FAO 2009). The other dimensions are “access,”
“utilization,” and “stability.” Although all four dimensions
are important, we argue that “food availability” is a prereq-
uisite of the other three and will have a particular impact
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on biodiversity conservation. The mentioned references
define food availability as “the availability of sufficient
quantities of food of appropriate quality, supplied through
domestic production or imports (including food aid).” This
paper focuses on “domestic agricultural production” rather
than food imports because it is expected that local produc-
tion will have the largest direct impact on biodiversity in
Uganda (an exception might be some hunting practices
that endanger species). Food imports to Uganda may have
an impact on biodiversity in the food exporting country,
but these are not accounted for in this paper.

The metric used here for conservation of biodiversity is
“cumulative habitat of threatened species.” This is calculated
by summing up the areas occupied by particular species,
including overlapping areas. For example, if two threatened
species occupy the same hectare of habitat, then the cumula-
tive habitat of threatened species is two hectares. Hence, this
metric assigns greater biodiversity importance to areas con-
taining several threatened species. This metric emphasizes
the importance of habitat area in ensuring conservation of
species which is consistent with current thinking in conser-
vation. For example, the [IUCN Red List of Threatened Spe-
cies uses habitat area as an essential criterion for estimating
species extinction risk (Gupta et al. 2020).

These metrics are used by all systems methods presented
below to evaluate the trade-offs between food security and
conservation of biodiversity.

2.3 Systems diagram

A systems diagram is a technique for visualizing the content,
structure, and working of a system. The elements of a system
are expressed with words and/or a box or other graphical
symbol, and connections between elements with lines and/
or arrows. Among the earliest and best known systems dia-
grams were those used to depict multi-sector global systems
(Forrester 1969; Meadows et al. 1972). These or similar dia-
grams have had numerous applications in various fields of
inquiry under the names of “cognitive maps,” “causal loop
diagrams,” and “digraphs” (Jeffries 1974; Klein und Cooper
1982; Morecroft 1982).

In this study, we apply a “stock and flow diagram,” which
is a specific type within the more general systems diagram
methodology. The main steps in drawing such a systems
diagram are to specify the stocks (state variables), flows
(rates of change), and influencing variables of the system.
In the example in Fig. 1, we enclose key stock and influ-
encing variables in boxes. Other influencing variables are
associated with arrows which indicate the direction of their
impact. Arrows indicate either a positive or negative influ-
ence. Arrows are also used to specify the direction of impact
of stock variables. The hourglass symbolizes the flow rate
of a variable, and double arrows with an hourglass symbol
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are used to depict particularly significant flows. Variables
near clouds represent either sources or sinks of the adjacent
variables. (In Fig. 1 clouds are only used to represent sinks.)

2.4 Influence matrix

An influence matrix expresses the influence of each member
of a set of variables on each member of another set of vari-
ables, or the cross influence of each member of a set of vari-
ables on all other members of the set. An early example of
the first kind is given by (Leopold 1971) who used a matrix
to evaluate the impacts of different aspects of a project (e.g.,
building sites, building materials, transportation corridors)
on different aspects of the local environment (e.g., water
quality, soil quality, and vegetation). An early example of
the second kind is from Gordon und Hayward (1968) who
proposed a general method for using an influence matrix to
depict the influence of one set of events on the same set of
events and applied it to both Cold War military events and to
developments in the transportation industry. In the literature
influence matrices are also called “cross-impact matrices”
(Gordon und Hayward 1968) or “cross-impact balances”
(Weimer-Jehle 2006).

A typical influence matrix lists a set of variables in its
first column and a duplicate or second set in its first row. The
boxes between them are used to score the influence of one
variable on another. The variables and scores are selected
by experts and/or stakeholders.

Different approaches have been used in the literature to
score the influence of one variable on another. Sometimes a
minus or plus are used to indicate the direction of influence.
A zero or one are sometimes used to indicate an insignifi-
cant or significant influence, respectively. Numerical grading
systems are also common; Fig. 2 uses a three point grading
system, from O to + 3. Zero indicates no influence, and three
the largest influence.

One way to make the specification of variables more
transparent and consistent is to use variables from a systems
map. For example, Fig. 2 uses many of the state variables
from the systems diagram in Fig. 1.

2.5 Land use modeling

Land use models present dynamic representations of the
social, economic, and ecological subsystems that influence
land use changes and explore the interactions and feedbacks
among them (Voigt und Troy 2008).

In our application we use the LandSHIFT land use/cover
change model (Schaldach et al. 2011) to compute land use
changes stemming from assumptions about the future agri-
cultural system in Uganda. LandSHIFT is dynamic, spatially
explicit, and rule-based, and has been used to simulate vari-
ous aspects of land use change in West Africa (Heubes et al.
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Fig. 1 Simplified systems diagram (i.e., stock and flow diagram) of
trade-offs between food security and conservation of biodiversity
for the Uganda case study. The dashed lines delineate the following
sub-systems: (i) Food (upper half), Biodiversity (lower left) and (iii)

2013), East Africa (van Soesbergen et al. 2017), and over the
entire African continent (Alcamo et al. 2011), as well glob-
ally (Schiingel et al. 2022) and in other world regions (Gopel
et al. 2020; Hinz et al. 2020). Information about LandSHIFT
is given in Supplementary Information and in the previously
mentioned references. The present modeling analysis builds
on an earlier analysis of East Africa (van Soesbergen et al.
2017) co-authored by one of the present authors (Stuch). In
the present study LandSHIFT parameter inputs and other
settings are adjusted to match Ugandan characteristics,
e.g., the mosaic character of cropland (see Supplementary
Information).

LandSHIFT is used to calculate the change in land use
due to increases in domestic food production for 2030 and
2050, and for a base year, 2005. Four scenarios are investi-
gated—a reference case plus three policy scenarios (Fig. 3).

Scenario A is a reference case in which neither policy
is implemented. Nevertheless the agricultural system

Land (lower right). Key stock and influencing variables are enclosed
in boxes. The two boxes with gray shading are the two main trade-off
variables. Double arrows indicate the physical flows associated with
domestic agricultural production. Used software: Vensim PLE x 32

continues to evolve due to population growth, trading
arrangements, and other socio-economic factors. Assump-
tions for domestic food production and yield used to com-
pute this scenario are given in Supplementary Information.
These data come from food scenarios for eastern African
countries developed jointly by the climate change agri-
culture and food security programme (CCAFS) and the
international food policy institute (IFPRI) (Vervoort et al.
2013). (Referred to hereafter as the “IFPRI” scenarios.)
The IFPRI scenarios were developed in two steps. First,
qualitative versions of the scenarios were derived by east-
ern African stakeholders and CCAFS experts at a series of
workshops. Next, the qualitative scenarios were quantified
using a partial equilibrium multi-market economic model
(Rosegrant et. al. 2012). The economic model takes into
account both national and global aspects of agricultural
markets including food trade and the interaction between
supply and demand under climate change conditions. The

@ Springer



20

Environment Systems and Decisions (2024) 44:16-29

Fig.2 Example of an influence
matrix containing key vari- 1
ables influencing the trade-offs 2
between food security and
conservation of biodiversity in
the case study

Key variables 1 2 3 a4 5 6 7 8 9 Active sum
People fed from domestic production 0 0 0 0 0 2 0 0 2
Cumulative habitat of threatened species 0 0 0 0 0 2 0 0 2

3 Domestic agriculture production 3 0 - 0 0 1 0 0 0 4

4 Agricultural yield 0 0 3 3 2 0 0 0 8

5 Agricultural area 0 0 3 1 3 0 0 0 7

6 Land use and land cover change 0 0 0 3 3 - 1 3 0 10

7 Land governance processes 0 0 0 2 0 3 - 2 0 7

8 Habitat quantity and quality 0 0 0 0 0 0 1 3 4

9 Spatial distribution of species 0 3 0 1 0 2 1 1 8

Passive sum 3 3 6 7 6 11 7 6 3

IFPRI scenarios are country-scale and are converted to
grid-scale information by the LandSHIFT model. We
apply the IFPRI “industrial ants” scenario to include the
respective future agricultural market conditions for inves-
tigating the four policy options of scenarios A-D (Fig. 3).
The IFPRI scenario assumes population growth based on
projections from (UN 2015). Key scenario characteris-
tics to drive the LandSHIFT land use change simulation
from 2005 to 2050 (in 5 year time-steps) are population
growth (+167%), increase in total agriculture produc-
tion (+ 181%) and crop yield changes due to technology
and management improvements (e.g.,+71% for cas-
sava, + 100% for maize, and + 127% for sorghum). Further
information about the IFPRI scenarios is given in Supple-
mentary Information and Vervoort et al. (2013).

To convert domestic agricultural production (crop and
livestock) from the policy scenarios to “number of peo-
ple fed with an adequate diet from domestic agricultural
production” we assume an average dietary consumption
of 2238 kcal per person in Sub-Saharan Africa based on
(FAO 2015). We do not take into account the unfortunate
fact that the unequal distribution of food may still result
in some people being malnourished.

To compute the biodiversity conservation metric—
“cumulative habitat of threatened species”—we take
habitat area data from the ITUCN Red List (IUCN 2013)

No ring-fencing of

protected areas
Scenario A Scenario B
No investments Investments to
to improve yield improve yield
Scenario C Scenario D

Ring-fencing of
protected areas

Fig.3 Sketch of policy assumptions of scenarios
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for aves (birds), amphibia (amphibians), and mammalia
(mammals). These areas are filtered to include only those
listed as extant or probably extant, and native or reintro-
duced. For each of these species, IUCN habitat preferences
(IUCN 2013) are compiled. These compiled habitat prefer-
ences are linked to suitable land cover categories (LCC)
used in LandSHIFT using a crosswalk table. This table
links the standard global land cover database (GLC2000;
Bartholomé und Belward 2005) with the IUCN habitat
classification scheme based on Foden et al. (2013). A spe-
cies is counted as present in a given grid cell if its range
encompasses any part of that grid cell and if the LCC is
suitable for that species.

Scenarios B, C, and D have the same agricultural assump-
tions as Scenario A, but also assume that one or both
policies—increasing crop yield or ring-fencing protected
areas—are implemented (see Fig. 3).

To provide a consistent basis for comparing trade-offs
of different scenarios we introduce a “trade-off coefficient,”
toff, defined as:

’

toff = — (D
Pl
where A; = normalized deviation of habitat area at time ¢
from its value in the base year o, ie.,

r At - Ato

[ Azu
and P; = the normalized deviation of number of people fed,
ie.,

Iy

In this particular application A; is put into the numerator
of (1) in order to estimate the trade-off in habitat that stems
from an increase in number of people fed. Since P; is always
positive in the present analysis, a negative value of A; gives
a negative value of foff, with the more negative the number,
the greater the trade-off.
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Note, that A; can also, in principle, take a positive value,
in which case toff is positive, indicating a synergy rather
than a trade-off between food security and conservation of
biodiversity. The larger this positive number, the larger the
synergy between increasing habitat relative to increasing
number of people fed. However, in our particular applica-
tion all computed values of A; are negative, indicating that
(for these particular scenarios) the increase in agricultural
production causes a decrease in habitat area, and therefore,
a trade-off.

Numerically, a negative value of toff indicates the per-
centage decrease in habitat per 100% increase in people fed.
For example the value of — 0.62 for Scenario A in 2050 indi-
cates a proportional 62% decrease in habitat for every 100%
increase in people fed. (In this particular example the num-
ber of people fed under Scenario A increased by only 78.8%
which corresponded to a decrease in habitat of 48.5%.)

We note that expressing trade-offs in the form of coef-
ficients assumes that they occur linearly over time. This,
however, is not necessarily the case. In reality, changes in
food production and loss of habitat are likely to occur at dif-
ferent tempos over time.

3 Results
3.1 Systems diagram

An example of a simplified systems diagram for the trade-
offs between food security and conserving biodiversity is
shown in Fig. 1. Such a diagram facilitates understanding of
trade-offs in a number of ways. First, the process of deciding
which variables to include, or not, in the diagram is equiva-
lent to deciding on the boundaries of a system. Likewise,
this selection process is a method for collecting factors that
may influence trade-offs. Secondly, it depicts connections
between variables and therefore has the potential to pro-
vide insights into the pathways of cause and effect that lead
to trade-offs. For example, Fig. 1 implies that increasing
domestic food production makes more food available and
more people can be fed from this production (all other fac-
tors being equal). At the same time, however, the increase
in domestic production increases land requirements for agri-
culture, which drives land use and land cover change and
reduces habitat quantity and quality. Furthermore, depending
on the spatial distribution of species, the new agricultural
land could encroach on the habitat of threatened species.
Thirdly, a systems diagram is a tool that can be interactively
developed by a group of stakeholders and experts and there-
fore can represent a transparent and shared understanding of
the factors influencing trade-offs.

A drawback to a systems diagram is that it has to incorpo-
rate many different elements and connections and therefore
can become very complicated and difficult to understand.
Another disadvantage is that it presents only a static, rather
than dynamic, view of a system’s operation. (An exception is
the field of systems dynamics which uses systems diagrams
as a first step in formulating dynamic models). Although
systems diagrams can be jointly constructed by experts and/
or stakeholders, the knowledge behind the diagram itself is
not obvious nor reproducible. A final disadvantage is that a
systems diagram depicts connections between variables, but
not their importance, and therefore has limited use in iden-
tifying the most important combination of factors affecting
a trade-off.

3.2 Influence matrix

To address the inability of a systems diagram in identifying
the significance of different variables we can use instead an
influence matrix. The key question here is, how can an influ-
ence matrix provide information about the importance of
particular variables? The aggregate influence of a particular
variable as compared to other variables can be assessed by
adding up their scores in the rows or columns of the matrix
(Priester et al. 2014; Kunze et al. 2016). Summing the row
of a particular variable gives its “active sum,” a measure of
its impact on the rest of the variables in the influence matrix.
Summing its column provides its “passive sum,” indicating
the degree to which it is influenced by other variables in the
diagram.

In Fig. 2, land use and land cover change, the spatial dis-
tribution of species, and agricultural yield have the largest
active sums which implies that they have the largest influ-
ence on the trade-off system as a whole. However, this does
not ensure that they have the largest influence on the two
main metrics of the trade-off. This is because an influence
matrix only visualizes the impacts of a particular variable on
one other (usually adjacent) variable, rather than the impacts
exerted through a chain of variables. To address this limita-
tion, and to identify the important linkages in the system that
influence the main trade-off metrics, we use a novel (to our
knowledge) “critical chains” approach. Beginning with each
of the main trade-off metrics, a pathway is followed back-
ward that traces the linkage of all variables with a significant
influence, where “significant” is defined here as an influence
score of 2 or 3 (out of a maximum of 3).

This can best be explained by example. Starting with the
food security metric “people fed from domestic produc-
tion” (Variable 1) we note in Fig. 2 in the column below
this variable that “domestic food production” (Variable 3)
received a score of 3. This indicates a strong direct linkage
between Variables 1 and 3. We continue with this proce-
dure and observe that in the column below Variable 3, the
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variables “agricultural yield” (Variable 4) and “agricultural
area” (Variable 5) received a score of 3, and so on. Follow-
ing this procedure, we obtain the critical chains of impor-
tant variables (Fig. 4) which influence directly (adjacent)
and indirectly (non-adjacent) the two main trade-off metrics
(Variables 1 and 2).

To assess the importance of particular variables, we note
that some variables in Fig. 4 occur more frequently than
others. We propose that the frequency of occurrence of a
variable in the critical chains diagram is a measure of its
importance in influencing the main metrics of a trade-off.
The most frequently occurring are land governance pro-
cesses (Variable 7) and agricultural yield (Variable 4). This
approach is useful for the first four levels of linkage depicted
in Fig. 4. Afterward the linkages proliferate and the diagram
simply shows that everything in a system is eventually con-
nected to everything else.

We have now presented two ways of assessing the impor-
tance of variables—with their frequency of appearance in
critical chains and with their active sums. Considering the
results from these two methods we conclude that the most
significant variables for the current application are agricul-
tural yield and land governance processes (which have the
largest influence on the two main metrics of the trade-off)
and land use and land cover change (which has the largest
influence on the trade-off system as a whole). We propose
that these are the variables with the greatest influence on the
trade-offs between food security and biodiversity conserva-
tion consistent with the analysis and set of conditions in the
case study. We stress that this conclusion only follows from
the subjective judgements reflected in the systems diagram
and influence matrix. To ensure that this subjectivity reflects

/ 6 <«— 4,579
4 P — 7 -+ 1,2

(a) ./ g4 87

1 « 3 + 5 « 6 <+ 4579

(b) 6 «— 45,79
2 « 9 « 8 «— 7 «— 12

Fig.4 Critical chains built from results in the influence matrix
(Fig. 2). Numbers refer to the variable numbers in the influence
matrix (Fig. 2). Only variables with a score of 2 or 3 are included
in the critical chains because they are assumed to have a significant
influence on adjacent variables because of their high score. a Critical
chain of main metric for food security. b The same but for conserva-
tion of biodiversity
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a wider range of views, and to make this methodology more
useful to policymaking, it is strongly recommended that the
systems diagram and influence matrix are co-designed with
groups of experts and stakeholders.

In sum, we have seen that an influence matrix has the
advantage of providing a transparent method for assess-
ing the relative importance of different factors influencing
trade-offs and identifying critical causal chains. It is also
feasible to co-develop a matrix with a group of stakeholders
and experts and thereby promote a shared understanding of
trade-offs. Some disadvantages are noted in the next section.

3.3 Land use modeling

Although systems diagrams and influence matrices provide
important insights about trade-offs, they do not generate
quantitative information about these trade-offs. Neither do
they describe the temporal or spatial aspects of trade-offs
nor of their influencing factors. To address these limitations
and to obtain a finer-grain view of trade-offs we apply a third
systems method—Iland use modeling.

It was noted previously that the influence matrix and criti-
cal chain analysis indicate three variables with the greatest
influence on trade-offs. LandSHIFT is now used to investi-
gate policies that are related to two of these variables—agri-
cultural yield and land governance. The policy having to do
with agricultural yield, termed “investing to improve yield,”
assumes that additional agricultural inputs (e.g., additional
fertilizer and advanced seeds) are used to increase agricul-
tural yield. The policy having to do with land governance,
termed “ring-fencing protected natural areas,” assumes
that agricultural development is not allowed on protected
natural areas. These policies are elaborated in the following
paragraphs.

Selected results from the scenarios are given in Table 1
and an example of the simulated land use and land cover
change maps is provided in Supplementary Information. The
computed trade-offs between food security and conservation
of biodiversity are depicted in Table 2 and Fig. 5. Trade-offs
are expressed as normalized percentage deviations from the
base year. The metrics are the same as used elsewhere in
the text, i.e., “number of people fed with an adequate diet
from domestic agricultural production” and the related loss
of “cumulative habitat of threatened species.”

Under the reference case (Scenario A) the number of peo-
ple fed increases by 85% in 2030 and 79% in 2050 relative
to the base year (2005). The smaller figure in 2050 reflects a
decline in yield in some parts of the country due to climate
change and shortages of land for agricultural expansion.
To meet future food requirements for the growing popula-
tion (+ 174%), agricultural land expands onto natural land,
decreasing it by 89% in 2030, and depleting it entirely by
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Table 1 Selected results from land use modeling
Scenario Year Agricultural Natural land Crop Agricultural ~ Agricultural Biodiversity Food security,  Conservation
land (km?)  (km?) yield (t/ production production M (Number of Number of peo- of biodiversity,
ha) (kt) kcal) threatened spe- ple fed with an ~ Cumulative
cies remaining) adequate diet habitat of
from domestic  threatened spe-
agricultural cies (km?)
production (M
people)
Baseline 2005 114,791 86,722 3.1 27,565 26,964,900 53 33.0 1,297,682
A 2030 190,343 9,448 3.0 50,036 49,639,790 42 60.8 822,033
2050 198,229 0 2.7 54,064 48,532,590 11 594 669,634
B 2030 136,526 63,265 4.5 50,036 49,639,790 53 60.8 1,135,364
2050 165,278 32,951 5.7 717,376 69,282,270 53 84.8 950,990
C 2030 171,872 27,920 3.0 49,273 49,032,112 53 60.0 919,471
2050 170,641 27,588 2.7 47,294 42,455,147 53 52.0 871,712
D 2030 135,138 64,654 4.6 50,036 49,639,790 53 60.8 1,141,224
2050 166,489 31,740 5.7 77,376 69,282,270 53 84.8 996,335

Table 2 Trade-off coefficients (toff) for the land use modeling scenar-
ios investigated

Scenario Year 2030 Year 2050
A Reference case —-043 —-0.62
B Investments to improve yield -0.15 -0.17
C Ring-fencing protected areas —0.36 - 0.57
D Both policies -0.14 - 0.15

Coefficient is computed with Eq. (1). The larger the negative number,
the larger the trade-off

2050. Under the assumptions of Scenario A, more land is
needed for agriculture in 2050 than is available.

Because of the depletion of natural land, the cumulative
habitat of threatened species decreases by 48% by 2050.
Habitat exists for only 11 of the original 53 species threat-
ened in 2005. These are the 11 species that can exist on
agricultural and/or settlement areas accordingly to ITUCN
(2013). The trade-off coefficient for Scenario A is — 0.62 in
2050 (Table 2) indicating that the loss of habitat is 62% for
every 100% increase in people fed from domestic produc-
tion, or 6.2% per 10% increase.

Scenario B assumes that substantial investments are made
to increase crop yields by increasing access of farmers to
modern production technologies, knowledge, affordable
credit and market information. The yield increase due to
these investments compensates for declines due to climate
change, resulting in an 84% net increase of national aver-
age yields by 2050. In 2030, the number of people fed is
approximately the same as in Scenario A. However, by
2050 it is twice as large (157%) because of the steady, long
term increase in yield. Since the additional food produced

under this scenario is mostly achieved by increasing yield
and intensifying production per hectare (up to a national
average of 5.7 t/ha), the expansion of agricultural land is
much smaller (+44%) in 2050 than in Scenario A (+73%).
A smaller expansion of agricultural land in turn causes a
much smaller decline in habitat of threatened species by
2050 (— 27% as compared to — 48% in Scenario A). With
more people fed and less habitat exploited, the trade-off
coefficient in 2050 drops substantially from — 0.62 under
Scenario A to — 0.17 in Scenario B.

We can understand this effect by examining the systems
diagram (Fig. 1) and critical chains diagram (Fig. 4). An
increase in agricultural yield (assuming all other factors are
constant) leads to an increase in domestic food production
and an increase in food availability from domestic produc-
tion, and therefore an increase in the number of people fed
with an adequate diet from domestic agricultural production.
At the same time, the increase in yield decreases agricultural
land requirements for the same amount of domestic pro-
duction, which reduces land use and land cover change and
finally leads to a lower loss in habitat area (again, assuming
all else is constant). Hence, increasing yield allows more
food to be produced on the same land, reducing the pres-
sure to expand agricultural land onto natural land. Likewise,
producing more food on the same amount of land produces
more food for people. Therefore, increasing yield per hectare
significantly enhances food security while minimizing the
loss of natural land and habitat of threatened species. In this
case, the insights gathered from the systems and influence
diagrams have been quantified by the land use modeling,
and in turn these diagrams provide an explanation for land
use modeling results.
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Fig.5 Trade-offs between
food security and conserva-
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While the conservation of habitat on natural land is
clearly beneficial to biodiversity conservation, the habitat of
species on agricultural land could be threatened by the meth-
ods used to boost agricultural yield. According to IUCN
(2013) 9 threatened species in Uganda are likely to occupy
agricultural land. This is because much of this land is mosaic
cropland which provides suitable habitat for some threatened
and other species because of its mix of arable land and natu-
ral vegetation (see Supplementary Information). Addition-
ally, farmers use a relatively low amount of pesticides and
other ecologically-damaging inputs on this land. However,
increasing crop yield in the future could increase the threat
to these threatened species if it is achieved by converting
mosaic cropland into homogenous cropland, by increasing
mechanization, and/or by boosting fertilizer and pesticide
inputs (Tscharntke et al. 2012; Jeliazkov et al. 2016; Egli
et al. 2018). The present study assumes that the mosaic char-
acteristics of cropland are conserved and does not include
possible negative effects due to increases in mechanization
or inputs of fertilizer and pesticide. However, these nega-
tive effects may be relatively small compared to the benefi-
cial effect of conserving natural land because natural land
provides the main habitat for threatened species in Uganda
(IUCN 2013). Some researchers also argue that it is feasible
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to both increase yield and conserve biodiversity through
“sustainable”/“agroecological” intensification and achiev-
ing landscape heterogeneity (Tscharntke et al. 2012) or by
replacing exotic tree species with indigenous tree species in
agroforest systems (Graham et al. 2022).

Scenario C examines the impact of ring-fencing pro-
tected areas. This policy was represented in the modeling by
assuming that agricultural land is not allowed to expand onto
protected areas as they stood according to [UCN und UNEP-
WCMC (2014). Ring-fencing is expected to be an effective
policy for conserving biodiversity because protected areas
tend to contain a disproportionately large number of threat-
ened species (MTWA 2018). As anticipated, the loss of habi-
tat of threatened species is much lower than in Scenario A
(= 29% and — 33% in 2030 and 2050, respectively) and just
slightly greater than the losses under Scenario B. At the
same time, fewer people are fed from domestic production
as compared to Scenarios A and B (Fig. 5). This is because
ring-fencing restricts agriculture from expanding onto poten-
tially productive agricultural land and thereby limits the
quantity of land that is potentially available for agricultural
production. Accordingly, this scenario’s trade-off coefficient
(toff) is more negative than in Scenario B, and only slightly
smaller than the reference case Scenario A (Table 3).
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Scenario D examines the combined effects of both invest-
ing in yield increases and ring-fencing protected areas. Sce-
nario D, together with Scenario B, has the largest increase
in people fed up to 2050 (157%). (Because of assumed yield
increases.) Meanwhile the loss in habitat of threatened spe-
cies is the lowest of all scenarios (— 23%) because of the
ring-fencing of protected areas. The combined effect yields
the lowest foff of all four scenarios.

However, the habitat loss in Scenario D is not substan-
tially below that of Scenario B (— 28%). This is because
of compensating causal relationships that can be seen in
the systems diagram (Fig. 1). On one hand, the increase
in yield in this scenario tends to reduce the natural land
needed for agricultural production, saving habitat. On the
other hand, the policy of ring-fencing diverts some agricul-
tural land onto less productive natural land which increases
the total land needed for agriculture and reduces the total
area of natural land in scenario D (compared to scenario B).
Because protected areas tend to overlap with natural land
disproportionally rich in threatened species, the net result of
ring fencing protected areas is a slightly lower loss of habitat
as compared to Scenario B.

Summing up, the reference case, Scenario A, aims to
increase the number of people fed which leads to substan-
tial loss of habitat area due to the expansion of agriculture
onto natural land. Scenario B, which investigates a policy

of improving yield, has substantial benefits in increasing the
number of people fed while significantly lessening the loss
of habitat area. A small trade-off, nevertheless, still occurs
between food security and biodiversity conservation. Sce-
nario C investigates a policy of ring-fencing protected areas
and finds substantially lower habitat loss than in the ref-
erence scenario, but also a smaller number of people fed,
resulting in a large trade-off. Scenario D combines the two
policies and reduces the trade-off to its lowest level of the
four scenarios.

As in all modeling, some pertinent factors were not taken
into account. For example, it was noted earlier that the mod-
eling did not account for the potential risk to sensitive spe-
cies on agricultural land posed by increasing yield.

We note that land use modeling, as compared to systems
diagrams and influence diagrams, provides quantitative data
for assessing trade-offs, for including spatial factors, and
for investigating the relative influence of specific factors
on trade-offs. However, the assumptions and data behind
land use (and most) models are difficult for the non-expert
to grasp and therefore more difficult to use than systems
diagrams and influence matrices as part of an assessment
process with stakeholders and experts.

An exception is that stakeholders can be very effec-
tively engaged in developing and analyzing scenarios from
the models (Voigt und Troy 2008). As an example, we

Table 3 Summary of advantages/disadvantages of using different systems methods to assess the trade-offs between food security and conserva-

tion of biodiversity as framed in this paper

Systems method Advantages

Disadvantages

Systems diagram An efficient method for collecting potential factors influenc-

A snapshot of a dynamic system rather than an illustration of

Influence matrix

Land use model

ing trade-offs. The procedure for selecting the variables to
include or exclude in the diagram also sets the boundaries
of the trade-off system

Depicts connections between variables and hence helps iden-
tify causal chains that might have an important influence
on trade-offs

Suitable for being co-developed with a group of stakeholders
and experts and therefore has the potential to represent a
shared understanding of the factors influencing trade-offs

Indicates relative importance of different factors affecting
trade-offs

Identifies a critical causal chain of factors that influence a
trade-off

Suitable for being co-developed with a group of stakeholders
and experts and therefore has the potential to represent a
shared understanding of the factors influencing trade-offs

Takes into account spatial variation of important variables

Depicts temporal changes in the trade-off system and can
therefore represent a dynamic system

Provides quantitative basis for assessing the importance of
trade-offs

Provides quantitative basis for assessing the relative influ-
ence of different factors on trade-offs

Because of above advantages, can be used to quantify trade-
offs and evaluate policies for reducing trade-offs

the evolution of a system over time
Does not show magnitude of influence of variables
Does not take into account spatial variation of variables
Cannot quantify trade-offs
Because of above limitations, of limited use in evaluating
policies

A snapshot of a dynamic system. Therefore does not depict the
evolution of a system over time

Does not take into account spatial variation of variables

Cannot quantify trade-offs

Because of above limitations, of limited use in evaluating
policies

Requires substantially more inputs than a systems diagram or
influence matrix

Expensive to develop and use as compared to a systems dia-
gram or influence matrix

Requires special training in modeling and digital skills

Although model inputs and outputs can be specified by
stakeholders, land use models themselves are usually too
complicated and time-demanding to be co-developed with
stakeholders
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previously noted that stakeholder workshops were used to
develop the IFPRI scenarios and these scenarios were used
as a source of input data for the LandSHIFT land use mod-
eling. Moreover, models are frequently used as part of a
policy development process.

4 Discussion

Each of the methods for analyzing trade-offs has its advan-
tages and disadvantages as explained in the text and summa-
rized in Table 3. In short, each of these methods are useful
individually for analyzing trade-offs, but in a limited way.
A systems diagram is useful for scoping out the variables
leading to trade-offs and their interrelationships. It does not,
however, indicate the relative importance of the variables
or yield spatial or quantitative information about trade-offs.
Meanwhile, an influence matrix can be used to identify the
most important variables from the systems diagram that
influence the trade-off under study. Yet it also does not pro-
vide spatial or quantitative information and therefore has
limited application for evaluating policies. A land use model
can be used to quantify the trade-off and evaluate policy
scenarios to alleviate it. But the complexity of developing
and using this tool compared to the previous two methods
means it is more difficult to engage stakeholders in its devel-
opment and use.

The different methods can also be combined as shown in
Fig. 6. Coupling a systems diagram with an influence matrix
strengthens both. Firstly, the systems diagram can be used as
a transparent basis for selecting the variables in the influence
matrix. The matrix, in turn, provides information on impor-
tance of the relationships depicted in the systems diagram.
Because they are relatively easy to use, a systems diagram
and influence matrix can be co-designed with a variety of
stakeholders and experts and can be used to gain a shared
understanding of the trade-off system. (Examples are Sed-
lacko et al. (2014) and Cole et al. (2007)). We see that the
combination of systems diagram and influence matrix with
the novel “critical chain approach” helps us elaborate the
system leading to trade-offs, and identify variables with the
greatest influence on these trade-offs.

Linking a land use model with the other two methods
brings additional advantages. The important variables identi-
fied by the influence matrix can be used to analyze policies
with the land use model, as was done in this paper (assum-
ing these variables are contained in the model). Stakehold-
ers and experts can also provide input to model scenario
assumptions as we saw in the case study. Information from
the land use modeling provides dynamic, spatial and quan-
titative information on the variables contained in the sys-
tems diagram and influence matrix. Results from the model
can also be further processed in a policy-friendly way (e.g.,
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Fig.6 Combining systems methods for analyzing trade-offs between
food security and biodiversity conservations

as results from the land use modeling were converted into
trade-off coefficients) to inform stakeholders and experts as
part of a policy process.

5 Conclusion

Among the greatest challenges facing the international
community as it implements the Sustainable Development
Goals is how to deal with trade-offs between and among
the goals. Herein we have addressed one of these important
trade-offs — between food security (SDG 2) and conserva-
tion of biodiversity (SDG 15). The aim of the current study
was methodological, and we have shown how three differ-
ent systems methods are individually useful for illuminating
these trade-offs.

The simpler methods, systems diagrams and influ-
ence matrices, can help frame and scope a trade-off situ-
ation and provide insight into the main factors influencing
a trade-off. Using these methods we identified agricultural
yield, land governance processes, and change in land use and
land cover as highly influential factors in the context of the
case study in Uganda.

A third method, land use modeling, is more difficult to
apply because it has considerable data and computational
requirements. But it is also better suited than the other two
methods for quantifying trade-offs and evaluating policies.
In this study, land use modeling was used to investigate the
impact of two policies on trade-off scenarios. One of the
policies, “ring-fencing protected natural areas,” is very ben-
eficial for protecting threatened species, but surprisingly did
not substantially reduce the trade-off between food security
and biodiversity conservation. This is because ring-fencing
restricts agriculture from expanding onto potentially produc-
tive land and thereby limits the area for future food produc-
tion. Ring-fencing has this effect only because potentially
arable land is becoming increasingly scarce in Uganda.
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However, if productive land become less scarce in the future
(e.g., due to changed management practices) then ring fenc-
ing will also make a stronger contribution to reducing the
trade-off.

By contrast, the policy of “investing to improve yield”
significantly reduces the trade-off compared to a reference
scenario. Improving yield decreases the amount of new agri-
cultural land needed for food production, and subsequently
reduces the habitat area exploited for new agricultural land
(relative to a reference scenario, and all other factors being
equal). The higher yield also means that more food can be
produced from the same amount of land. The combination of
increased food production and smaller decline in biodiverse
habitats leads to a smaller trade-off.

It is important to note that conclusions from the systems
diagram, influence matrix and land use modeling only per-
tain to the particular framing of trade-offs in this paper. We
have also noted that these methods have limitations when
they are used as stand-alone tools. Systems diagrams and
influence matrices are unable to provide spatial or temporal
detail, while the complexity of land use modeling makes it
less than ideal for engaging stakeholders. The solution to
these limitations is to combine the methods into a single
methodology. The systems diagram and influence matrix can
be used to scope the system, identify important relationships
between variables, and identify influential variables, while
the land use modeling can build on this information and
provide important quantitative spatial and temporal details
about the trade-offs, and evaluate policy scenarios to allevi-
ate them.

While the current study had a methodological focus,
future practical applications of the methodology should
directly engage with the stakeholders who may be affected
by the conclusions of a trade-off analysis. For example,
the policies investigated in the current study—investing
in increased yield and ring fencing protected areas—will
have an impact on the practices of farmers in agricul-
tural areas and on the livelihoods of inhabitants in the
ring-fenced areas. Moreover, the application of systems
methods involves subjective judgements, for example in
selecting the variables to be included in an analysis. To
ensure that this subjectivity reflects a wider range of views
it is recommended that stakeholders be involved in the
co-design and use of the systems diagram and influence
matrix. For example, stakeholders can provide advice on
the variables to include in the systems diagram and thereby
help determine the scope of the analysis; they can advise
on the connections between variables and elaborate the
cause-and-effect involved with trade-offs; they can provide
input to the scoring of interactions in the influence matrix.

Although it is more difficult to engage stakehold-
ers in the land use modeling as compared to the other

two methods, some level of involvement is encouraged.
For example, stakeholders can provide input to scenario
assumptions to be used in the land use modeling. They can
also be involved in the interpretation of modeling results.
As a general rule, engaging stakeholders in trade-off analy-
sis is worthwhile because it increases the range of views
represented in the analysis and the likelihood of equitable
outcomes.

A particular deficiency of the literature on trade-offs
is the lack of comparability between studies. This arises
from the fact that the magnitude of trade-offs are usually
reported in the units and magnitudes pertinent to a particu-
lar study, making comparisons between studies difficult.
A solution would be to calculate a trade-off coefficient
that can be used across studies, such as the coefficient toff
proposed in this paper. The basic idea of such a coefficient
is simple—expressing the main trade-offs as a ratio of nor-
malized changes. This simple approach has the advantage
of providing a unit less metric reflecting the intensity of
trade-offs. In using this metric for the present study we
found that it provides a useful way to compare trade-offs
for different scenarios in which the magnitudes of change
are very different.

In conclusion, while being mindful of their limitations,
systems methods can provide a useful and transparent
methodology to assess the important trade-offs between
food security and conservation of biodiversity.
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