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Executive Summary

This report provides an overview of existing approaches to mapping agricultural suitability,
including review of the underlying data, at different scales. Mapping land use suitability can
help identify the best places for different future land uses and support a more efficient and
effective use of resources and energy to satisfy changing patterns of human consumption, to
slow global warming and to reduce the rate of loss of ecosystem services and biodiversity.




The review seeks to better understand the spatial
scales and timescales considered by existing
approaches to map agricultural suitability and

the criteria and methods used to asses land
suitability for different crops or land use types.
Published approaches were reviewed using a
systematic literature review method, followed by

a more targeted literature search for widely used
approaches. 136 papers were classified following key
questions relating to the purpose and methodology
of the review. This review forms part of a suite of
technical reviews, including reviews on ecosystem
services and biodiversity mapping, scenario
development and land use change models, these
documents can be used, along with a Capacity
Development Assessment Tool, to support

an ecosystem-based approach to agricultural
development policy and land use planning.

In our analysis, priority was given to studies that
developed or used global, continental or regional
suitability assessments. Particular attention is
paid to assessing the potential trade-offs between
agricultural development (expansion and
intensification) on biodiversity and ecosystem
services at global and continental scales, as these
studies provided the most widely applicable
methods and lessons.

The review of methods yielded five main
approaches to mapping agricultural suitability.

Approaches based on plant physiology:

1. Biophysical characterisation of pre-defined
zones

2. Empirical models
- Ecological niche models

3. Process-based models
- Site-based crop growth simulation models
- Agro-ecosystem models
- Agro-Ecological Zones approach

Approaches that also consider socioeconomic
components of suitability:

4. Socioeconomic and biophysical
characterisation of pre-defined zones

5. Coupled socioeconomic and biophysical
models

The vast majority of global and continental
studies reviewed use process-based approaches,
incorporating knowledge on plant physiology
and responses to abiotic stresses, the Food and
Agricultural Organisation of the United Nations
(FAO) Agro-Ecological Zoning (AEZ) approach
being the most common of these. Socioeconomic
constraints affect the likelihood that a particular
land use will be encountered at a particular place
and at a particular time, in spite of its biophysical
suitability. In order to assess the likelihood of
agriculture at any particular place and time,
agronomic suitability assessments using the

AEZ methodology need to be complemented
with additional biophysical, socioeconomic or
institutional constraints and/or incentives that
may affect potential land use. Approaches using
inductive reasoning, such as ecological niche
models, infer agricultural suitability from existing
spatial and temporal vegetation patterns. They are
useful for visualising potential land use conflicts
and implicitly take into account the likelihood

of agriculture, but do not consider many of the
socioeconomic factors that are known to affect land
use choices.

Studies that combine actual cropping systems,
suitability for distinct crops, local factors that
favour particular crops or land uses and scenarios
of global demand would therefore appear to offer
the most complete assessment of the likelihood
of land conversion to different crop types or from
non-agriculture to agriculture or to agricultural
intensification.

Suitability for agriculture can be calculated for
any location or pixel for which data is available
(such as in Global Agro-Ecological Zoning;
GAEZ). Studies that defined zones mainly

did so to help design future research oras a
communication tool. Zones often mask the
heterogeneity of factors that are important

for determining agricultural suitability and the
likelihood of land conversion or land degradation.



Global and continental studies at very high
resolution (<5 km?) are still uncommon, mainly
due to the lack of extremely high resolution
climate data or of data on functional soil
properties. Common measures of suitability relate
to plant biomass, or attainable yield, both of which
are plot level outputs. However when assessing
suitability for medium resolutions (5-50 km?),
each pixel could represent a farming system or a
landscape instead of a single crop, but there are as
yet no measures of suitability that consider such
system levels.

There are two important objectives for assessing
the suitability of land for agriculture. The first is to
provide information that can be used to calculate
potential agricultural production, while the second
is to determine the likelihood of conversion of
land to and from agriculture or the likelihood of
intensification, based on suitability and drivers of
land use change. The first will help to (i) evaluate
trade-offs or synergies between biodiversity

and ecosystem services values and agricultural
production in scenarios where suitable but unused
areas are converted to agriculture, (ii) identify
areas that may have higher value for biodiversity
and ecosystem services if restored from their
current unsuitable use, and (iii) identify local and
regional yield gaps (the difference between actual
yields and potential yields) that are important
indicators of the efficiency of agriculture. Such
analyses can inform decision-making with the most
efficient use of land for agriculture and other land
uses providing ecosystem services. The second

aids in developing maps of potential increasing

or decreasing “pressures” on biodiversity and
ecosystem services from likely future developments,
to support policy regulation in mitigating the
pressures on certain high value areas.

This review highlights the importance of taking
into account the dynamism of factors that affect the

biophysical suitability of land for agriculture and
the likelihood of land being used for agricultural
production. The main biophysical factor affecting
future agricultural suitability is climate change.
Process-based modelling is used to estimate these
changes and their impacts. However, the range

of contextual factors that ‘cause’ land to be used
in a certain way or for certain crops is possibly

the biggest hurdle for both approaches that use
process-based and empirical models.

Finally, this report shows that with better access

to data and wider sharing of methods, there has
been an increasing number of assessments of
agricultural suitability; a welcome development
given the global pressure on land for agriculture.
The studies in this review show there are also
many novel methods at the national and local
levels related to land use planning which could be
incorporated into global and continental studies.
The challenge will be to reconcile decision-making
at multiple levels, volatility of macro-economic
drivers of land use, and fundamental changes to the
biophysical environment.
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Le présent rapport propose une vue d’ensemble des approches existantes en matiére de
cartographie de la vocation agricole des terres y compris un examen des données sous-
jacentes, a différentes échelles. Cartographier I'aptitude des sols aux cultures peut permettre
d’identifier les meilleurs endroits ou les terres pourront étre utilisées a des fins diverses

et soutenir une utilisation plus efficace des ressources et de I'énergie, en vue de répondre a
I'évolution des modéles de consommation humaine, de freiner le réchauffement climatique
et de réduire le taux de perte au niveau des services écosystémiques et de la biodiversité.
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Cet examen cherche a mieux comprendre les
échelles spatiales et temporelles utilisées par

les approches existantes afin de cartographier

la vocation agricole des terres, et les méthodes
et critéres permettant d’évaluer l'aptitude

des terres a différentes cultures ou a divers

types d’utilisation. Les stratégies publiées ont
été révisées a l'aide d’'une méthode d’analyse
documentaire systématique, suivie d'une
recherche documentaire plus ciblée, axée sur

les approches les plus utilisées. Quelque 136
documents ont été classifiés suivant les questions
clés relatives a 'objet et a la méthodologie de
l'examen. Celui-ci fait partie intégrante d'une
série de révisions techniques, y compris de
révisions portant sur la cartographie des services
écosystémiques et de la biodiversité, 'élaboration
de scénarios et les modeéles de changement
d’utilisation des terres. Couplés d’'un outil
d’évaluation du développement des capacités,
ces documents peuvent soutenir une stratégie
de développement agricole et de planification de
l'utilisation des terres axée sur 'écosystéme.

Dans notre analyse, nous avons donné la
priorité aux études ayant élaboré ou exploité les
évaluations de I'aptitude des terres réalisées a
I'échelle mondiale, continentale ou régionale.
Nous avons prété une attention particuliére aux
compromis éventuels entre le développement
agricole (expansion et intensification) et la
biodiversité et les services écosystémiques a
I’échelle mondiale et continentale, étant donné
que ces études ont fourni les enseignements et les
méthodes les plus largement applicables.

L'examen des méthodes utilisées dans les
évaluations a 'échelle mondiale et continentale a
permis d’élaborer cing approches principales de
cartographie de la vocation agricole des sols :

Les approches axées sur la physiologie des plantes :
1. Caractérisation biophysique de zones prédéfinies

2. Modéles empiriques
- Modeles utilisant les niches écologiques

3. Modeéles axés sur les processus
- Modeéles de simulation de la croissance des
cultures sur site
- Modeles agro-écosystémiques
- Approche par zone agro-écologique (ZAE)

Les stratégies tenant également compte des
facteurs socio-économiques déterminant
l'aptitude des terres :

4. La caractérisation socio-économique et
biophysique de zones prédéfinies

5. Combinaison des modéles socio-économiques
et biophysiques

La grande majorité des études mondiales et
continentales examinées reposent sur des
approches axées sur les processus, intégrant

des informations relatives a la physiologie

des plantes et a la lutte contre les agressions
abiotiques, l'approche par zone agro-écologique
adoptée par 'Organisation des Nations Unies
pour l'alimentation et l'agriculture (FAO) étant
la plus couramment utilisée. Les contraintes
socio-économiques affectent la probabilité que
des terres soient utilisées dans un lieu précis

a un moment précis, en dépit de I'aptitude
biophysique de cet endroit. Afin d’évaluer la
probabilité que des activités agricoles soient
menées dans un lieu et a un moment particulier,
les évaluations d’aptitude agronomique utilisant
I'approche ZAE doivent tenir compte des
contraintes biophysiques, socio-économiques
ou institutionnelles supplémentaires et/ou

des incitations pouvant affecter l'utilisation
éventuelle des terres. Les approches ayant
recours a I'induction, telles que les modeles
utilisant les niches écologiques, déduisent le
potentiel agricole de modeles de végétation
spatio-temporels existants. Elles sont utiles
pour visualiser les éventuels conflits en matiere
d’utilisation des terres et prennent en compte de
fagon implicite la probabilité que des activités
agricoles y soient réalisées, mais elles ignorent de
nombreux facteurs socio-économiques connus
pour affecter les choix d’utilisation des terres.



Les études combinant les systémes de culture
actuels, l'aptitude des terres a des cultures
distinctes, les facteurs locaux favorisant des
cultures particuliéres ou l'utilisation des terres et
des scénarios de demande mondiale peuvent par
conséquent émerger, offrant 'évaluation la plus
complete de la probabilité que des terres soient
converties a différents types de culture ou que
des terres non cultivées soient utilisées a des fins
d’agriculture, ou d’intensification agricole.

La vocation agricole peut étre calculée pour
tout lieu ou pixel pour lequel des données

sont disponibles, tel que dans les zones agro-
écologiques mondiales (GAEZ). Les études ayant
défini des zones ont principalement utilisé ce
procédé comme outil de communication ou
afin d’aider a concevoir une prochaine étude.
Les zones cachent souvent '’hétérogénéité des
facteurs qui sont néanmoins importants pour
déterminer le potentiel agricole et la probabilité
de conversion et de dégradation des terres.

Les études de trés haute résolution (< 5 km?)
menées a 'échelle mondiale et continentale sont
toujours rares, principalement du fait du manque
de données climatiques de trés haute résolution
ou d’informations relatives aux propriétés
fonctionnelles des terres. Les mesures courantes
d’aptitude des sols portent sur la biomasse
végétale, ou le rendement possible, lesquels
constituent des extrants au niveau des parcelles.
Cependant, lors de I'évaluation de l'aptitude

des terres pour des résolutions moyennes (5-50
km?), chaque pixel peut représenter un systéme
agricole ou un paysage au lieu d’'une seule
culture, mais il n'existe encore aucune mesure
d’aptitude des sols prenant en compte de tels
niveaux de systémes.

L'évaluation de l'aptitude des terres a 'agriculture
comporte deux objectifs majeurs. Le premier

est de fournir des informations pouvant étre
utilisées pour calculer la production agricole
éventuelle, alors que le deuxiéme consiste a
déterminer la probabilité que des terres soient
converties en terres agricoles ou que des

terres agricoles cessent d’étre exploitées, ou

la probabilité de I'intensification agricole, en
sappuyant sur l'aptitude des sols et les facteurs
déterminant le changement d’utilisation des
terres. Le premier objectif contribuera a : (i)
évaluer les compromis ou les synergies entre

les valeurs de la biodiversité et des systémes
écosystémiques, et la production agricole,

dans des situations ol des zones adaptées mais
inutilisées sont converties en terres agricoles ;

(ii) identifier les zones pouvant présenter une
valeur supérieure en termes de biodiversité et de
services écosystémiques si ces terres actuellement
impropres a l'exploitation sont revalorisées,

et (iii) identifier les écarts de rendements a
I'échelle locale et régionale (la différence entre les
rendements réels et potentiels) qui constituent
d’'importants indicateurs de l'efficacité de
l'agriculture. Ces analyses peuvent éclairer

les prises de décision grace a une meilleure
utilisation des terres cultivables et a une variété
d’autres utilisations des terres offrant des
systémes écosystémiques. Le deuxiéme objectif
facilite la cartographie de 'augmentation et de la
diminution éventuelles de « pressions » pesant
sur la biodiversité et les services écosystémiques a
partir de développements futurs vraisemblables,
en vue de soutenir la réglementation politique
visant a atténuer les pressions exercées sur
certaines zones de grande valeur.



Cet examen souligne I'importance de prendre

en compte le dynamisme des facteurs affectant
l'aptitude biophysique des terres a 'agriculture et
la probabilité que ces derniéres soient destinées
a la production agricole. Le principal facteur
biophysique affectant la vocation agricole

des terres est le changement climatique. La
modélisation axée sur les processus est utilisée
pour estimer ces changements et leurs impacts.
Cependant, 'ensemble de facteurs contextuels « a
l'origine » d’une utilisation particuliére des terres
ou de leur exploitation pour certaines cultures
est probablement la difficulté rencontrée la

plus importante lorsque l'on utilise des modéles
empiriques et axés sur les processus.

Enfin, le présent rapport montre que grace

a un meilleur accés aux données et a un plus

grand partage des méthodes, de plus en plus
’évaluations de la vocation agricole des terres

ont été réalisées, un développement bienvenu

étant donné la pression mondiale exercée sur

les terres agricoles. Les études abordées dans

cette analyse montrent qu’il existe également

de nombreuses méthodes nouvelles a I'échelle
locale et nationale portant sur la planification
de l'utilisation des terres et qui pourraient

étre intégrées a des études mondiales et
continentales. Le défi sera de concilier la prise
de décision a plusieurs niveaux, la volatilité

des facteurs macroéconomiques déterminant
'exploitation des sols et les changements
fondamentaux de l'environnement biophysique.



Resumen

Este informe ofrece una panoramica de los enfoques actuales con relacion a la cartografia
de la aptitud agricola, en la que se incluye una revision de los datos subyacentes a diversas
escalas. La cartografia de la aptitud del uso de la tierra puede facilitar la identificacion

de los lugares mas apropiados para diversos usos de la tierra en un futuro y respaldar una
utilizacion de los recursos y la energia mas eficaz y eficiente con el fin de satisfacer los
modelos cambiantes de consumo humano, ralentizar el calentamiento del planetay reducir
la tasa de pérdida de servicios de los ecosistemas y biodiversidad.
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El proposito de la revision es proporcionar una
mejor comprension de las escalas espaciales y
temporales contempladas en los enfoques que se
aplican a la cartografia de la aptitud agricola en
la actualidad, asi como de los criterios y métodos
utilizados para evaluar la aptitud de la tierra
para diferentes tipos de cultivos o usos. En el
examen de los enfoques publicados se empled un
método sistemdtico de revisidn de la bibliografia,
seguido de una bisqueda de documentacion mas
especifica sobre los enfoques mas extendidos.

Se clasificaron 136 documentos a partir de una
serie de cuestiones clave relativas al propositoy
la metodologia de la revision. Este examen forma
parte de un conjunto de revisiones técnicas, entre
otras, relativas a la cartografia de los servicios de
los ecosistemas y la biodiversidad, al desarrollo
de escenarios y a los modelos de cambio en el
uso de la tierra. Junto con la herramienta de
evaluacion del desarrollo de la capacidad, estos
documentos pueden utilizarse para respaldar un
enfoque de las politicas de desarrollo agricola y
de la planificacion del uso de la tierra basado en
los ecosistemas.

En nuestro andlisis se dio prioridad a los estudios
que desarrollaban o empleaban evaluaciones

de la aptitud a escala regional, continental o
mundial. Estos estudios abordaban los métodos
y las lecciones de mayor dmbito de aplicacion,
por lo que se presto6 una atencion especial a

la evaluacion de las posibles compensaciones
entre el desarrollo agricola (expansion e
intensificaciéon) con relacidn a la biodiversidad
y los servicios de los ecosistemas en las esferas
continental y mundial.

La revision de los métodos empleados en las
evaluaciones continentales y mundiales dio lugar
a cinco enfoques principales para la cartografia de
la aptitud agricola:

Enfoques basados en la fisiologia vegetal:

1. Caracterizacion biofisica de zonas
predeterminadas

2. Modelos empiricos
- Modelos de nicho ecolégico

3. Modelos basados en el proceso
- Modelos de simulacion del crecimiento de los
cultivos basados en el emplazamiento
- Modelos de ecosistemas agricolas
- Enfoque de las zonas agroecoldgicas

Enfoques que también tienen en cuenta los
componentes socioeconomicos de la aptitud:

4. Caracterizacion socioeconomica y biofisica de
zonas predeterminadas

5. Modelos socioecondmicos y biofisicos
acoplados

La gran mayoria de los estudios continentales y
mundiales analizados aplican enfoques basados
en el proceso, que incorporan el conocimiento
sobre la fisiologia vegetal y las respuestas a

los estreses abidticos. El mds comun de estos
estudios es el Proyecto de Zonas Agroecoldgicas
de la Organizacion de las Naciones Unidas para la
Alimentacion y la Agricultura (FAO, por sus siglas
en inglés). Las limitaciones socioecondmicas
determinan la probabilidad de encontrar un

uso especifico de la tierra en un lugar y un
momento concretos, con independencia de

su aptitud biofisica. A efectos de evaluar la
probabilidad de que se dé un uso agricola

en cualquier lugar y momento concretos, las
evaluaciones de la aptitud agrondmica basadas
en la metodologia de las zonas agroecologicas
deben complementarse con otras limitaciones
biofisicas, socioecondmicas o institucionales,

o bien con incentivos que puedan afectar al uso
potencial de la tierra. En los enfoques que aplican
un razonamiento inductivo, tales como los
modelos de nicho ecoldgico, la aptitud agricola
se deduce a partir de los patrones de vegetacion
temporales y espaciales existentes. Si bien estos
resultan utiles para visualizar los conflictos entre
los usos potenciales de la tierra y considerar

de forma implicita la probabilidad de un uso
agricola, no tienen en cuenta muchos de los
factores socioecondmicos que condicionan las
decisiones sobre el uso de la tierra.



Los estudios que combinan los sistemas de
cultivo vigentes, la aptitud para los distintos
cultivos, los factores locales que favorecen

unos cultivos o usos de la tierra especificos y

los escenarios de demanda mundial parecen,

por tanto, ofrecer la evaluacién mas completa

de la probabilidad de conversién de la tierra
hacia diferentes tipos de cultivos o de un uso no
agricola a uno agricola, o bien a la intensificacion
de la agricultura.

Es posible calcular la aptitud agricola de
cualquier zona o pixel del que se disponga

de datos (como en los sistemas mundiales de
zonificacidn agroecoldgica [GAEZ]). Los estudios
que han establecido las zonas lo han hecho
fundamentalmente a fin de ayudar a disefiar

la investigacién futura o servir de herramienta

de comunicacidn. El establecimiento de zonas
suele ocultar la heterogeneidad de los factores
que resultan relevantes para determinar la
aptitud agricola y la probabilidad de conversién o
degradacion de la tierra.

Los estudios continentales o mundiales con una
resolucion muy alta (<5 km?) son todavia poco
habituales, lo cual se debe principalmente a la
carencia de datos climaticos con una resolucion
extremadamente alta o de datos relativos a

las propiedades funcionales del suelo. Las
mediciones de la aptitud mas comunes estan
relacionadas con la biomasa vegetal o con el
rendimiento factible, y ambos ofrecen resultados
por parcelas de muestreo. No obstante, cuando se
evaltia la aptitud para resoluciones medias (5-50
km?), cada pixel podria representar un sistema
agricola o un paisaje en lugar de un tinico cultivo,
pero siguen sin existir mediciones de la aptitud
que tengan en cuenta tales niveles del sistema.

La evaluacion de la aptitud de la tierra para fines
agricolas persigue dos objetivos importantes.

El primero es proporcionar informacion que
pueda usarse para calcular la produccion agricola
potencial, mientras que el segundo es determinar
la probabilidad de conversion de la tierra para

su uso agricola o viceversa y la probabilidad

de la intensificacidn agricola, sobre la base de

su aptitud y de los factores que impulsan el
cambio de uso de la tierra. El primer objetivo
contribuird a i) evaluar las compensaciones o
sinergias entre los valores de la biodiversidad y
los servicios de los ecosistemas y la produccion
agricola en escenarios donde las zonas aptas pero
sin utilizar se convierten en tierras agricolas;

ii) identificar las zonas que pueden presentar

un valor mayor para la biodiversidad y los
servicios de los ecosistemas si se corrige su uso
inadecuado actual; e iii) identificar las brechas de
rendimiento (la diferencia entre el rendimiento
efectivo y el potencial) en el dmbito local y
regional, las cuales constituyen indicadores
relevantes de la eficiencia de la agricultura.

Estos analisis pueden servir para fundamentar la
adopcion de decisiones a partir de informacion
sobre el uso més eficiente de la tierra para

fines agricolas y otros usos que proporcionan
servicios de los ecosistemas. El segundo objetivo
contribuye a la elaboraciéon de mapas de las
posibles «presiones», crecientes o decrecientes,
sobre la biodiversidad y los servicios de los
ecosistemas a partir de avances posibles en el
futuro, a fin de respaldar una politica normativa
relativa a la mitigacion de las presiones en
algunas dreas de gran valor.



Esta revision destaca la importancia de considerar
el dinamismo de los factores que afectan a la
aptitud biofisica de la tierra para su uso agricola

y la probabilidad de que la tierra se use con fines
de produccién agricola. El cambio climatico es el
factor biofisico que tendra una mayor repercusion
en la aptitud agricola de la tierra en un futuro. La
elaboracion de modelos basados en el proceso se
utiliza para calcular estos cambios y sus efectos.
No obstante, la variedad de factores contextuales
que «causan» que la tierra se utilice de un modo
concreto o para ciertos cultivos es, posiblemente,
el mayor obstaculo al que se enfrentan los dos
enfoques que emplean modelos empiricos y
basados en el proceso.

Por ultimo, este informe revela que el mejor
acceso a los datos y la mayor puesta en comtn
de los métodos han propiciado un namero
creciente de evaluaciones de la aptitud agricola,
un avance muy positivo dada la presiéon mundial
que existe sobre el uso agricola de la tierra. Los
estudios incluidos en esta revision muestran
asimismo la existencia de numerosos métodos
novedosos a nivel local y nacional relacionados
con la planificacién del uso de la tierra que
pueden incorporarse a los estudios continentales
y mundiales. El desafio consistira en conciliar

la adopcidn de decisiones en niveles multiples,
la volatilidad de los factores macroecondmicos
que influyen en el uso de la tierra y los cambios
fundamentales en el entorno biofisico.




Sumario executive

Este relatorio fornece uma visao geral das abordagens existentes para o mapeamento

de aptidao agricola, incluindo a revisao dos dados subjacentes, em diferentes escalas.
Mapeamento do uso do solo adequag¢ao pode ajudar a identificar os melhores lugares para
diferentes futuros usos do solo e apoiar uma utilizacao mais eficiente e eficaz de recursos e
energia para satisfazer as mudancas nos padrées de consumo humano, o aquecimento global
lento e reduzir a taxa de perda dos servicos dos ecossistemas e da biodiversidade.
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A revisdo visa compreender melhor as escalas
espaciais e prazos considerados pelas abordagens
existentes para mapear aptiddo agricola e os
critérios e métodos utilizados para adequagdo
jumentos terra para diferentes culturas ou tipos de
uso da terra. abordagens publicados foram revistos
utilizando um método de revisdo sistematica

da literatura, seguido por uma pesquisa mais
direcionada literatura para abordagens amplamente
utilizados. 136 artigos foram classificados seguintes
questdes-chave relacionadas com a finalidade

ea metodologia da avaliacdo. Esta avaliacdo

faz parte de um conjunto de revisdes técnicas,
incluindo comentdrios sobre os servicos dos
ecossistemas e mapeamento da biodiversidade,
desenvolvimento de cendrios e modelos de
mudanca de uso da terra, estes documentos

podem ser utilizados, juntamente com uma
capacidade de Desenvolvimento Ferramenta de
Avalia¢do, para apoiar uma abordagem baseada nos
ecossistemas politica de desenvolvimento agricola e
ordenamento do territorio.

Em nossa andlise, foi dada prioridade aos
estudos que se desenvolveram ou usados
avaliagdes globais, continentais ou regionais de
adequacio. E dada especial atengio a avaliacio
dos potenciais solu¢cdes de compromisso

entre o desenvolvimento agricola (expansao e
intensificagdo) sobre biodiversidade e servigos
ambientais em escalas globais e continentais,
como esses estudos forneceram os métodos e as
licGes mais amplamente aplicaveis.

A revisdo dos métodos utilizados nas avaliagdes
globais e continentais escala rendeu cinco
abordagens principais para o mapeamento de
aptiddo agricola:

Abordagens com base em fisiologia vegetal:

1. caracterizag¢do biofisica das zonas pré-
definidas

2. modelos empiricos
- modelos de nicho ecolégico

3. Modelos baseadas em processos
- modelos de simulag¢do de crescimento da
cultura baseada em site
- modelos agroecossistema
- zonas agro-ecoldgicas aproximar

Abordagens que também consideram
componentes socioecondmicos de adequacdo:

4. Caracteriza¢do Socioecondmica e biofisica das
zonas pré-definidas

5. modelos socioecondémicos e biofisicos Coupled

A grande maioria dos estudos globais e
continentais avalia¢do utilizam abordagens
baseadas em processos, incorporando os
conhecimentos sobre a fisiologia da planta

e respostas a estresses abioticos, a Food and
Agricultural Organisation das United Nations
(FAO) Zoneamento Agroecoldgico (AEZ)

sendo o0 mais comum destes. constrangimentos
socioecondmicos afetam a probabilidade de que
um uso da terra particular serd encontrado em
um determinado lugar e em um determinado
momento, apesar de sua adequacgdo biofisica. A
fim de avaliar a probabilidade de a agricultura em
qualquer lugar e tempo, as avalia¢ées de aptiddo
agrondmicos, utilizando a metodologia AEZ
precisam ser complementadas com restri¢des
biofisicas, socioecondmicas e institucionais
adicionais e / ou incentivos que podem afetar
uso potencial da terra. Abordagens utilizando

o raciocinio indutivo, tais como modelos de
nicho ecologico, inferir aptiddo agricola a partir
de padroes de vegetacdo espaciais e temporais
existentes. Eles sdo uteis para a visualizagdo

de potenciais conflitos de uso da terra e,
implicitamente, ter em conta a probabilidade
de agricultura, mas ndo consideram muitos dos
fatores socioeconémicos que sdo conhecidos por
afetar o uso escolhas de terra.

Estudos que combinam sistemas de cultivo reais,
aptiddo para culturas distintas, fatores locais que
favorecem culturas especificas ou usos da terra

e cendrios de demanda mundial se, portanto,
para oferecer a avaliagdo mais completa do risco
de conversdo da terra para diferentes tipos de
culturas ou de ndo-agricola para a agricultura ou
para a intensifica¢do da agricultura.



Aptiddo para a agricultura pode ser calculada
para qualquer local ou de pixel para os quais ha
dados disponiveis (como em Global Zoneamento
Agro-ecoldgico; GAEZ). Estudos que definiram
zonas, principalmente, fez isso para ajudar

a projetar futuras pesquisas ou como uma
ferramenta de comunicag¢do. Zonas muitas vezes
mascarar a heterogeneidade dos fatores que sdo
importantes para determinar a aptiddo agricola
e da probabilidade de conversdo de terras ou a
degradacdo da terra.

estudos globais e continentais em resolu¢do
muito alta (<5 km?) ainda sdo incomuns,
principalmente devido a falta de dados sobre

o clima extremamente alta resolu¢do ou de
dados sobre as propriedades funcionais do solo.
medidas comuns de adequagdo relacionar para
plantar biomassa, ou o rendimento atingivel,
ambos os quais sdo saidas de nivel de enredo.
No entanto, quando a avalia¢do da aptiddo para
resolu¢des médios (5-50 km?), cada pixel pode
representar um sistema de agricultura ou uma
paisagem em vez de uma tnica cultura, mas

ha ainda nenhuma medida de adequagdo que
consideram tais niveis do sistema.

Existem dois objectivos importantes para avaliar
a adequacdo de terras para a agricultura. O
primeiro é fornecer informagdo que pode ser
usada para calcular a producdo agricola potencial,
enquanto a segunda é determinar a probabilidade
de conversdo de terras para e proveniente da
agricultura ou a probabilidade de intensifica¢do,
com base na aptiddo e motores de mudanga no
uso da terra. O primeiro vai ajudar a (i) avaliar

os trade-offs ou sinergias entre os valores de
biodiversidade e servigos ambientais ea produ¢do
agricola em cendrios onde as areas adequadas,
mas ndo utilizados sdo convertidos para a
agricultura, (ii) identificar as dreas que podem
ter maior valor para a biodiversidade e servigos
ecossistémicos se restaurado a partir de seu uso
improprio atual, e (iii) identificar as lacunas

de rendimento locais e regionais (a diferenga
entre os rendimentos reais e dos rendimentos
potenciais) que sdo importantes indicadores da
eficiéncia da agricultura. Tais andlises podem
informar a tomada de decisdo com o uso mais

eficiente da terra para a agricultura e outros usos
da terra prestacdo de servicos ecossistémicos. A
segunda auxilia no desenvolvimento de mapas

de potencial de aumentar ou diminuir "pressdes"
sobre biodiversidade e servigos ecossistémicos de
desenvolvimentos futuros provaveis, para apoiar a
regulacdo politica para atenuar as pressoes sobre
certas dreas de alto valor.

Esta avaliacdo destaca a importdncia de se levar
em conta o dinamismo dos fatores que afetam a
adequacdo biofisica da terra para a agricultura

e a probabilidade de terra a ser utilizada para a
producdo agricola. O principal fator que afeta
biofisico futura aptidao agricola é a mudanga
climatica. modelagem baseada em processo

é utilizada para estimar essas mudancas e

seus impactos. No entanto, a gama de factores
contextuais que a terra "causa" para ser usado em
uma determinada maneira ou para certas culturas
é possivelmente o maior obstaculo para ambas

as abordagens que usam modelos empiricos
baseado em processos e.

Finalmente, este relatorio mostra que, com
melhor acesso aos dados e uma maior partilha
de métodos, tem havido um ntimero crescente
de avaliagées de aptiddo agricola; uma evolugdo
positiva, dada a pressdo global sobre a terra para
aagricultura. Os estudos nesta revisdo mostra
também existem muitos novos métodos nos
niveis nacionais e locais relacionadas com o
ordenamento do territério que poderiam ser
incorporados em estudos globais e continentais.
O desafio serd o de conciliar a tomada de decisdo
em varios niveis, a volatilidade dos motoristas
macro-econdmicas de uso da terra e mudangas
fundamentais no ambiente biofisico.
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Yrpassioiee pe3rome

B HacTosLEeM JOK/Iage COAePKUTCA 0630P CYLIeCTBYIOIUX MOAXO0AO0B K OTOOPaXKeHHI0
CeJIbCKOXO3AHCTBEeHHOM MPUTOAHOCTH, BK/IK0Yast 0630p OCHOBHBIX IAHHBIX, B PA3HBIX
MaCHITaﬁax. KapTI/IpOBaHI/Ie 3€MJICITO/Ib30BaHUS IPUTOAHOCTHb MOXXET MTIOMOYb OIIpene/IuTh
JIy4nIve MecTa JJjisi Pa3/IM9HbIX OyyIIuX BUAOB 3€MJIeN0Ib30BaHUs U MOALEePXKKH Gosee

3¢ PeKTUBHOrO U PaMOHAIBHOTO MCIIOIH30BAHUS PECYPCOB U JHEPIUH JJIs YIOBIETBOPEHUS
MEeHSIOUMXCSA MOZe/ieil MOTpeGIeH s YeI0BEKOM, Me/I/IEHHOTO I7T06a/IbHOTO MOTeIIeHHSs U
CHVDKEHHUSI TEMIIOB YTPAThI 3KOCHCTEMHBIX YOTYT U GMOPa3HOOGpa3us.
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O0630p cTpeMHTCS JTydllle TIOHSITh
MIPOCTPAHCTBEHHbIE MACIITAOBI K BDEMEHHbIE
PaMKH, paCCMOTPEHHbIE CyleCTBYIOIHe
MOJXOAbI K KapTe CeIbCKOXO3IHCTBeHHOU
MIPUTOLHOCTH Y KPUTEPHUU U METOBI,
VICIIOJIb3YeMbI€ [IJIs1 OLEHKHU MPUTOAHOCTH
3eMeJIb /151 Pa3/IMYHbIX KY/IBTYD WU/IH BUJOB
3emteno/b3oBanusi. Omy6GIMKOBaHHbIE
[TOXOZbI OBUTH PACCMOTPEHBI C TOMOLIBIO
CHICTEMATHYeCKOTO MeToja 0630pa TNTEPATYPBI,
a 3aTeM OoJiee 1ie/IeHANIPABIEHHOTO MTOMCKA
JIUTEPATYPHI JJIs1 ITUPOKO UCIIOIB3YEeMBIX
ITOJXOZO0B. 136 cTaTeil ObUIH K/IaCCU(UITMPOBAHBI
CJlefiyrol e KIro4YeBbie BOMPOCHI, KaCaKIHecst
1[eJTU ¥ MeToA0/I0Thu 0630pa. [JaHHbIi 0630p
SIBJISIETCS YaCThIO0 HAGOpa TeXHUYIEeCKUX 0630POB,
B TOM YHCJIE MHEHUSI 00 SKOCUCTEMHBIX

YCJIYT ¥ KapTUPOBaHHsI GHOpa3Ho0Gpasus,
pa3paboTKH ClieHapreB U MoJie/iell H3MeHeHHsI
3eMJIEIIO/Ib30BAHMS, 9TH JOKYMEHTHI MOTYT
OBITH UCIIOIH30BAHBI, a TAKOKE MTOTEHIIAAIA
Pa3BUTHS UHCTPYMEHT OLEHKH, [JIS MO PIKKU
9KOCHCTEMHOTO ITOIX0/Ia, OCHOBAaHHOT'O Ha
[TOJINTHKA Pa3BUTHSI CEJIBCKOTO XO3SIICTBA U
[JIAHUPOBAHUSI 3€MJIETIOIb30BAHWS.

B Haiiem aHa/iM3e, IPUOPUTETHOE BHUMaHKe
OBLIO yZie/IEHO NCCIeJOBAHMUSM, KOTOPbIE
paspaboTaHbl WK UCIIONIB3YIOTCSI TTOGAIbHBIE,
KOHTHHEHTA/IbHbIE VJIH PErHOHa/IbHbIE

oteHKH npurogHoctu. Oco6oe BHUMaHHe
yZie/ISIeTCsT OLieHKe ITOTEHI[UAIBHBIX
KOMIIPOMHCCOB MEXY CeTbCKOXO3SICTBEHHBIM
pasBuTHeM (paciurpeHye v yriybieHre) mo
610pa3HO06pasUst M IKOCUCTEMHBIX YCTYT Ha
106a/IBHOM M KOHTHUHEHTA/IbHOM MaciITabax,
TaK KaK 3TH WCC/IeOBAHMS IOCTY)KIA Hanboree
LIMPOKO MTPUMeEHsIEMbIE METOZBI ¥ YPOKH.

OG630p MeTOIOB, UCITOb3YEMbIX B TTI00aTbHBIX
Y KOHTHHEHTAJ/IbHBIX OLIeHOK MaciuTaba Aaau
IITh OCHOBHBIX TIOIX0J0B K OTOOPAYKEHHIO
CeNIbCKOXO3SICTBEHHOM TIPUTOSHOCTH:

[Nozxozpl, ocHOBaHHbIE Ha GUBHUOTIOTUU PACTEHHUIHA:

1. BI/IO(l)I/IBI/I‘-IeCI(OG XapaKTeEPpUCTHKA
IpeaBapUTe/IbHO ONIpeAe/I€eHHbIX 30H

2. DMIIUPUYECKHe MOJIeTN
- DKOJIOTUYeCKre MOZETN HULITH

3. Mogenu npoueccoB Ha OCHOBe
- CaliT Ha OCHOBe UMHUTALIMOHHBIX MOJe/Ie
pocCTa Ky/IbTyp
- MOZIe/TM ar pO9KOCUCTEMHBIX
- arpPO3KOIOTUYECKUX 30H IPUOTIDKEHUS

HOLI,XOHJ)I, KOTOPbI€ TaK)Ke paCCMOTPETH BOIIPOC
O COMa/TIPHO-3KOHOMHNYECKHUX COCTAB/JIAIOIIHNX
MPpUTOAHOCTH:

4. CouManbHO-9KOHOMUYECKHE U
6rodu3NIeCKHe XapaKTePUCTUKHI
MpeJBapUTEIbHO ONPee/IeHHbIX 30H

5. ComnpspKeHHbIe COLMATBHO-9KOHOMUYECKHE U
6uodusnIecKre MOJeu

[Mopassitoiiee GOMBLUIMHCTBO MUPOBBIX H
KOHTHHEHTA/IbHBIX UCCIIe0BAaHUI PAaCCMOTPEHO
HCIIO/Ib30BAHME TIPOLECCa Ha OCHOBE MOAXO0/0B,
BKJII0Yast 3HAHUSA O GU3HOIOTMHU PACTEHUH U
OTBETHI Ha AOUOTHUYECKUM CTPECCAM MOJXO/,
[TpomoBOIBbCTBEHHAS U CEJTBCKOXO3SIIICTBEHHAST
opranusauus O6beaunennsix Hanuit (PAO)
arposKoIOru4eckoro 3oHupoBanust (AEZ)
SBJISIETCS1 HauboJIee PacpOCTPAHEHHBIM

u3 3tux. COLMaNbHO-9KOHOMUYECKHE
OrPAaHUYEHMS BIUSIOT Ha BEPOSITHOCTD TOTO,
YTO KOHKPETHOE MCIIO/Ib30BaHUE 3€MJITU

GyZleT BCTPeYaThCsi B OMPeJe/IEHHOM MeCTe

U B OTIpeJieIEHHOE BPeMsi, HECMOTPSI Ha ero
6uodpUUYECKON IPUTOZHOCTH. J]/1s1 TOTO YTOGBI
OLIEHUTh BEPOSITHOCTh CEJTLCKOTO X035 U CTBA

B IF060M KOHKPETHOM MECTe U BPEMEHH,
arpOHOMHYECKUE OLeHKU TIPUTOSHOCTH C
HCTI0/Ib30BaHUeM MeTononoruu AEZ no/mxHb
ObITh IOTIOTHEHBI JOMOTHUTETbHBIMU
6uopU3NIECKUX, COLUATBHO-IKOHOMUYECKHX
Y UHCTUTYIIUOHA/IBHBIX OTPAHUYEHUH U /

VT CTUMYJIOB, KOTOPbIE MOT'YT TIOB/IUSATh

Ha MMOTEHLMAIbHOE UCIIO/Ib30BaHME 3EMJIH.
[Moxo/bl € UCTIOTB30BAHMEM UHYKTHBHOTO
PacCy)XIeHUsI, TaKre KaK MOZE/TH SKOJIOTUIECKOMN
HUILY, BBIBOJUM CETbCKOXO35HCTBEHHON
[IPUTOJHOCTH U3 CYLIECTBYIOIHX
MPOCTPAHCTBEHHBIX Y BDEMEHHBIX
3aKOHOMepHoCTel pacturenpbHocTh. OHU
T0JI€3HBI /ISl BU3ya/TU3al[UY TOTEHI[UA/TbHBIX
KOHQIMKTOB 3€MJIENO0/Ib30BaHUs U HESIBHO
YYHUTHIBAIOT BEPOSITHOCTH CEJTBCKOTO XO3SIMCTBA,



HO H€ Y9UTBhIBAIOT MHOTUX COLIMa/IbHO-
3KOHOMMHNYECKHUX (l)aKTOpOB, KOTOpbI€, KaK
M3BECTHO, B/IMAIOT Ha BbI60p 3e€MeJIbHBIX
HCITIO/Ib30BaHUA.

HccnepoBanust, KOTOpPbIE COYETAIOT B cebe
dbaKkTHUYecKre CUCTeM 3eMJIee/HsT, IPUTOSHOCTD
JJIs1 PA3/TMYHBIX Ky/IBTYP, MeCTHbIE GaKTOPBI,
KOTOpbI€ G/IarOMpPUsATCTBYIOT KOHKPETHBIX
KY/IBTYP WM 3€MJIeN0/Ib30BaHUS U CLIeHapUU
7106a/IBHOTO CIIpoca GyJeT, MO3TOMY, IO BCeit
BHUJVMOCTH MPEJIOKUTH HanboJiee MOTHYIO
OLIeHKY BEPOSITHOCTH KOHBEPCHH 3eMeJIb 151
Pa3/IUYHBIX BUIOB CE/IbCKOXO0351CTBEHHBIX
KY/IBTYP WIN U3 HeCe/lbCKOXO3SHCTBeHHBIX
CeJIbCKOMY XO3SIHCTBY M/IM MHTeHCHPUKALIIT
CeIbCKOT'O XO3SIHCTBA.

[TpUromHOCTH AJISI CEMBCKOTO XO3SUCTBA MOXKHO
PaCcCYUTATD JJI5T TFOOOTO MECTOIOIOKEH ST

WJIA TIUKCEJIsT, 151 KOTOPBIX UMEIOTCSI JAHHBIe
(Hanpumep, B [7106a1bHOM arPOIKOIOTUYECKOTO
sonupoBanus; GAEZ). Uccnenosanus, B
KOTOPBIX OTIpeZie/IeHHbIe 30HbI B OCHOBHOM
JieJIajTi 3TO, YTOOBI TOMOYb Pa3paboTaTh
OyZAylLre UCCIeOBaHMs UK B Ka4eCTBe
CpesCcTBa KOMMYHHUKALIMHU. 30HBI 4aCTO
MaCKHUPYIOT Pa3BHOPOJHOCTH GAaKTOPOB, KOTOPhIE
HMMeIOT Ba)KHOE 3HAYeHHe JJIs1 ONlpeZie/IeHUsT
MPUTOAHOCTH CENTbCKOXO3SIICTBEHHBIX U
BEPOSITHOCTbH ITPEeBPALLEHHUS 3eMeTb UK
Jerpajlaliviu 3eMeib.

[1o6anbHbIe 1 KOHTUHEHTA/IbHbIE NCC/IeSOBAHUS
C OY€eHb BBICOKMM paspelleHneM (<5 KM?), Bce
elle peJJKOCThb, B OCHOBHOM H3-3a OTCYTCTBUS
JaHHBIX O KJIUMaTe Ype3Bbl4aliHO BBICOKOI'O
paspelleHHs] WK JAaHHBIX O QYHKIMOHATBHbBIX
cBo#cTB 1ouBbl. O611e MepbI IPUTOLHOCTH
OTHOCSATCS K ITepepaboTKe 6MOMacChl, NN
JOOCTYDKUMBIH BBIXOJ, 00a U3 KOTOPBIX SIBJISIIOTCS
BBIXOZIaMM YPOBHSI yyacTKa. OfHaKo pu OLleHKe
NPUTOSHOCTH JJIS1 PE30MIOLUIN CpefHero (5-50
KM?), KQKIbIH TUKCEIb MOYXET IIPeJCTAB/ISTh
co00i crCTeMY 3eMJIeZie/is WK Ieii3a)K BMeCTO
OJIHOT'O YPOXKasi, HO ITOKa ellle HUKaK1uX Mep
MPUTOJHOCTH, KOTOPBIE pacCMaTPUBAIOT TaKue
YPOBHHU CUCTEMBI.

EcTb fBe Ba)KHbIE Lje/IH [JIS1 OLLeHKU
MPUTOJHOCTHU 3€MEJIb [JISl CEJTbCKOTO XO35AUCTBaA.
Bo-mepBbix, MpesocTaBuTh MHGOPMALIUIO,
KOTOpast MOXKeT ObITh UCITOIb30BaHa /ISl pacyera
MMOTEHLIMAIBHOTO CeTbCKOXO35MCTBEHHOTO
MPOU3BOJCTBA, & BO-BTOPBIX, YTOOBI
OTpeie/TUTh BEPOSITHOCTD MPeBPaleHUs]

3eMJIH U OT CeJTbCKOTO X035 CTBA VTN
BEPOSITHOCTH MHTEHCHU(UKALMH, OCHOBAHHBIN
Ha MPUTOJHOCTY U BOLUTE/IEN U3MEHEHHS
3emMiernonb3oBaHus. [lepBoIii moMoXeT

(I) OLieHKY KOMIIPOMHMCCOB /T CHHEPTUH
MEXIY LEeHHOCTIMU 61MOPa3Ho0Gpasust U
DKOCHCTEMHBIX YCIIYT U CETbCKOXO3UCTBEHHOTO
MIPOM3BO/ICTBA B CLIEHAPHSIX, I7ie MOAXOSIIHE,
HO HEUCIIO/Ib3yeMble y4aCTKU IPeoGpasyroTcs B
CeNbCKOE XO39UCTBO, (6) onpeaenuTs 061acTH,
KOTOPbIE MOTYT UMETh GOJIbliiee 3HAYEHUE [IJIST
6H1OPa3HOOOPA3US ¥ SKOCUCTEMHBIX YCITYT

€CJTH OHM BOCCTAaHOBJ/IEHBI OT UX TEKYIIETO
ucronb3oBaHusa Henogxoasamen, u (111)
orpejie/ieHe MECTHBIX U PErHOHAbHBIX
po6eJIOB YPOXKAaHHOCTH (PasHULA MEXIY
(daKTHYEeCKMMU BBIXOJAMH U TIOTEHIIUATbHOI
YPOXXaHOCTH), KOTOPBIE SIBJISIFOTCS

BOXHBIMU MTOKa3areasiMi 3 GeKTUBHOCTH
CeIbCKOTO0 X03sificTBa. Takoii aHa/IU3 MOXKeT
MHPOPMUPOBATH MPUHSITHS PELIeHU I
Hau6osee 3¢pPeKTUBHOTO UCITOTB30BAHUS
3eMJIU [JISl CE/TbCKOTO XO3SMCTBA U JPYTUX
BHIOB 3eMJIETIO/Ib30BaHMsI, ObecriedeHre
DKOCHUCTEMHBIX yCIyT. Bropoit momoraer

B pa3paboTKe KapT MOTEHUAIbHOTO
yBeJIMYeHHs WX YMeHbLIeHNs "TaBeHusT Ha
6H1OPa3HOOOPA3US U SKOCUCTEMHBIX YC/IYT, OT
BO3MOXXHBIX OYYIIHX COOBITHM, JJIs1 TOIAEPIKKHI
PeryIMpOBaHUSs MOMUTUKH B LeJISIX CMSATIEHUS
[ABJIEHUsI Ha OTIPe/ie/IeHHBIX 00/IACTSAX C BBICOKOM
I06aBIEHHOM CTOMMOCTBIO.



B aTOM 0630pe rmoguepKHUBaeTCst BAKHOCTh
y4yera fuHaMu3M HaKTOPOB, BIUAIOILIAX HA
610PHU3UUECKON IPUTOTHOCTH 3€MEJTh ISt
CeJIBCKOTO XO3SIMCTBA U BEPOSITHOCTH 3€MeJIb,
KCITOJIB3YEMBIX JIJISI CEeTbCKOXO35MCTBEHHOTO
npou3sBozcTBa. OCHOBHBIM paKTOpPOM,
BIUSIIONAM Ha 6M0PU3UIeCKUX OYAyIIyi0
CeJIbCKOXO3SIHCTBEHHYIO TIPUTOAHOCTH SIB/ISIETCST
n3MeHeHHe KiuMara. [Ipouecc MogeTMpoBaHus
Ha OCHOBE HCIIO/Tb3YeTCsT JJIsI OLEHKU ITHX
U3MeHeHHH U UX Moc/ieicTBUli. TeM He MeHee,
DS, KOHTEKCTHBIX GAKTOPOB, TIOTOMY YTO "3eMJIst
OyZieT UCII0/Ib30BAThCSI OIPeie/IEeHHBIM 00pa3oM
WU [JIS1 OTIPeZIe/IEHHBIX KY/IBTYD, BO3MOKHO,
SIBJISIETCST CAMBIM OOJIBLIMM IIPETSITCTBHEM JJIsI
060UX MOAXO0B, KOTOPbIE UCIIOIB3YIOT MIPOLIECC
Ha OCHOBE M AMIIUPHYECKUX MOZeel.

HaxkoHeli, 3TOT OTYeT MOKa3bIBaEeT, YTO

60Jiee LIMPOKUIA JOCTYII K AAHHBIM U 6oJtee
LIMPOKOTO COBMECTHOTO UCIIOTb30BAHMS
METOZ0B, HAG/II0AAETCsI BCe OOsbliee

YHCIIO OLIEHOK CeTbCKOXO3SICTBEHHOM
MIPUTOAHOCTH; TO3UTHUBHBIM COOBITHEM,
YUYUTHIBasI [7IOOAIBHOE JaB/IEHUE Ha 3€MJTIO

JJIsI CeIbCKOTo Xo3s1iicTBa. MecnenoBanus B
3TOM 0630pe, TIOKa3bIBAIOT, €CTh TAK)KE MHOTO
HOBBIX METOZIOB Ha HalIMOHA/IbHOM M MECTHOM
YPOBHSIX, CBSI3aHHBIX C [UTAHHPOBAaHUEM
3eMJIeN0/Ib30BAHUsI, KOTOPbIe MOTYT ObITh
BKJIFOUEHBI B I7I06aIbHbIE U KOHTHHEHTA/IbHBIX
MCC/IeIOBaHMM. 3a/1a4ya 3aK/TI0YAeTCs B TOM,
YTOOBI COI/IACOBATH MPOLIECC MPUHSITHUS PeLleHU
Ha Pa3INYHBIX YPOBHSIX, BOMATHIBHOCTH MaKpPO-
SKOHOMMYECKHUX (paKTOPOB 3eMJIENO0/Ib30BAHUS,
a TarKke pyHJAMEHTAIbHBIX U3MEHEHUII B
6uodpusnIeCKo Cpesbl.
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1. Introduction

1.1 BACKGROUND AND OBJECTIVES

Over the coming decades, society will have to
balance competing needs for land to feed a
growing population, to provide resources and
energy to satisfy the changing patterns of
human consumption, to slow global warming
and to reduce the rate of loss of ecosystem
services and biodiversity.

Estimates suggest that some 446 million hectares
of ‘underutilised’ land remain available for
conversion (Deininger & Byerlee, 2010), mainly in
Indonesia, Latin America (Argentina, Brazil,
Bolivia, Colombia, Peru and Venezuela) and
Sub-Saharan Africa (Angola, DRC, Mozambique,
Tanzania, and Zambia). The extent and impacts
of future land conversion to agriculture or other
uses will depend on policy and other choices that
society makes. For decision makers to balance
different demands on land, it is crucial that they
have access to spatial information on the
suitability and the potential economic returns of
land for alternative uses, the sustainability of
these uses and their impacts on other resources.
Land availability also plays an important role in
that it may constrain the allocation of land for
certain uses.

Economic or development planners can use the
analysis and mapping of land use suitability and
potential to identify the most suitable places for
future land uses and support the allocation of
production factors to sustainably meet the
demands for food, feed, fuel and fibre of a
growing population. Suitability maps and
analyses can help answer questions such as how
much land will be needed to meet these
demands, where does this land exist and is
conversion likely, where are shortages, what are
the alternative uses of land, what are the main

constraints to increased agricultural production,
what are the potential impacts of conversion or
agricultural intensification on biodiversity and
ecosystem service values, and what will the likely
impacts of climate change be?

The review was conducted in the first instance to
support UNEP-WCMC’s work under the
‘Commodities and Biodiversity’ project, funded by
the John D. and Catherine T. MacArthur
foundation. The report has since been revised and
is being made available with a wider aim of
building the capacity of national and sub-national
decision makers to make informed choices using
existing assessment results or developing a new
assessment tailored to the question or region of
interest. It forms part of a suite of technical
reviews, including reviews on ecosystem services
and biodiversity mapping, scenario development
and land use change models, these documents can
be used, along with a Capacity Development
Assessment Tool (CDAT), to support an
ecosystem-based approach to agricultural
development policy and land use planning.

This report reviews existing approaches to
mapping agricultural suitability at different
scales, although focusing mainly on global,
continental and regional scales. It does not seek
to provide an analysis of all existing data on
agricultural suitability, as too many criteria are
involved and there is not one measure of
suitability. Rather it seeks to provide an overview
of existing approaches and their underlying data
and criteria, so that - depending on the question,
scale, and location of interest - an informed
choice can be made to either develop a new
tailored map of agricultural suitability or use the
results of existing studies.



The review also considers whether studies
sought to define zones for particular uses or use
types, if suitability is based on the current
agricultural system or on potential for different
crops or land use types, and what factors they
included in their assessments.

First, we consider and define some key concepts
concerning agricultural suitability and potential.
We follow this with a description of the methods

used to review studies of agricultural suitability,
and the results. Finally, we discuss in more detail
the advantages and disadvantages of the main
approaches and other considerations when
choosing and using or modifying an assessment
of agricultural suitability. We end with a set of
recommendations for evaluating trade-offs or
synergies between biodiversity and ecosystem
services values and agricultural production and
the likely future developments thereof.

1.2 DEFINITIONS AND IMPORTANT CONCEPTS

Net primary production

Terrestrial net primary production is the result

of plants’ ability to assimilate carbon dioxide and
solar energy into biomass. Potential Net Primary
Production can be calculated based on vegetation,
precipitation and temperature (Del Grosso &
Parton 2010). Agriculture is one of the greatest
sources of the human appropriation of net primary
production (Ewel 1999, Haberl et al. 2002), via the
use of land and energy for the production of food,
fuel and fibre (Vitousek et al. 1986).

Agriculture

Agriculture is the controlled use of land for the
cultivation of other life forms - in particular crops
and livestock - for the production of food, fibre,
fuel, medicine and other products that support
human well-being. Agriculture includes three
main land uses: (i) arable (temporary crops,
temporary meadows for mowing or pasture,
market and kitchen gardens and fallow in

which land is rested for less than five years), (ii)
permanent cropping (long-term crops which do
not have to be replanted for several years such as
cocoa and coffee, and trees and shrubs producing
flowers, and nurseries for ‘non-forest’ trees),

and (iii) permanent meadows and pastures
(herbaceous forage crops, either cultivated or
growing wild for five years or more) (FAO 2014).

Land suitability

Land suitability traditionally addresses two
questions: firstly, for any specified kind of

land use, which areas of land are best suited?
Secondly, for any given area of land, which kind
of use is best suited? (FAO 1993). Some authors
view capability as the inherent capacity of land
to perform at a given level for a general use, and
suitability as a statement of the adaptability of a
given area for a specific kind of land use. Others
see capability as a classification of land primarily
in relation to degradation hazards, whilst some
regard the terms "suitability” and "capability” as
interchangeable (FAO 1993).

Land suitability for a particular use—the first
question—can also have an economic (such

as net present value or gross margins) or social
components. This definition incorporates the
costs of modifying or improving the land as well as
the potential returns to the investment (Rossiter
1995). Another way of thinking about suitability is
the likelihood of encountering a specific land use
in a specific location (e.g. Heumann et al. 2012). A
similar view is found in some land use modelling
approaches that view suitability as the relationship
between land use and its explanatory factors.
These factors are not restricted to biophysical

but may include dynamic economic or social
determinants. Other definitions of land suitability
make these distinctions more obvious and use the
term “physical land suitability” (Alkimim et al.
2015), or “ecological land suitability” (Naughton

et al. 2015) when referring to the biophysical
capability or aptitude of the land.



For the purposes of this review, we define land
suitability as the fitness of a given type of land
for a defined use. Suitability is a judgement that
considers the biophysical characteristics of a
location, the economic feasibility of using the
land for a specific purpose, and the sustainability
of that land use. This assessment of suitability
may or may not compare the suitability of
alternative uses of the land.

Agricultural suitability

Agricultural suitability is a subset of land
suitability and focuses on the first question posed
by the Food and Agricultural Organization of
the United Nations (FAO 1993), i.e. which are
the areas of land best suited for agriculture? The
agricultural suitability of any region, territory

or otherwise delimited area of land depends on
its intended use. Suitability also implies that the
intended use is sustainable, i.e. that it does not
result in degradation of the natural resource base
or have negative social impacts.

Measuring and mapping agricultural
suitability

Mapping agricultural suitability requires
attributing a suitability rating to defined areas of
land (or "Land Units") based on the combination
of the requirements for the intended agricultural
use with the characteristics of the land. A land
unit (LU) is therefore considered uniform in view
of the requirements of its intended use, where
local variation does not affect the performance of
the land for that use (Driessen & Konijn 1992).

The suitability of a given area for crop production
can be assessed in many ways, from rules of thumb
based on a single factor such as rainfall to complex
models that simulate crop growth under many
climate, soil, plant, and management variables (You
et al. 2014). Studies can use quantitative approaches
such as scoring systems or qualitative approaches

to rate suitability, e.g. a description or ordered
classification in relation to soils: good, moderate,
bad, serious. Other social and economic factors that
affect the feasibility or sustainability can also be
combined with the biophysical aptitude depending
on the purpose of the suitability assessment.

Yield is an important concept because studies

of suitability for a particular crop or animal can
use it as an objective measure of suitability and
which can be converted into calories, protein and
money (Grau et al. 2013).

Crop yield

Crop yield can be measured for any part of the plant
that is destined for use, such as the leaves, roots

or fruits. Potential yield is the yield that a certain
crop could achieve based on the prevailing solar
radiation and temperature, without any constraints
concerning water, nutrients and reducing factors
such as pests and diseases. We define potential
yield (Yp) for different systems as "the yield of a
crop cultivar when grown with water and nutrients
non-limiting and biotic stress effectively controlled
(Evans 1993, Van Ittersum & Rabbinge 1997; Van
Itterseum et al. 2013). Therefore, solar radiation,
temperature, CO, concentration, and genetic
characteristics define crop growth. Potential yield
is location specific because of the climate, but

in theory not dependent on soil characteristics”
(http://www.yieldgap.org/glossary).

In large parts of the world, agriculture is rainfall
dependent and therefore limited by seasonal
rainfall patterns in terms of timing and quantities.
"For rainfed crops, water-limited yield (Yw) is the
most relevant benchmark. Yw is defined similar

to Yp, but crop growth is also limited by water
supply, and hence influenced by soil type and field
topography” (http://www.yieldgap.org/glossary).
The calculation of potential and water-limited
yields assume that soil nutrients are adequately
managed as part of the crop management, however
this is not always the case so these yields can also be
further limited by a lack of nutrients (Figure 1).

Water and nutrient limited yield does not take
into consideration the impacts of reducing
factors such as pests and diseases, but in practice
these affect yields in most production systems
and places in the world.



Solar radiation,
species/cultivar,
assumes no
nutrient limitations
Erratic rainfall,
high or
low soil moisture

Insufficient
nutrients in
the soil

Yeild

Water limited Yield

Potential Yield

Nutrient limited Yield

Agronomic
practices - sowing
dates, weeding,
planting density

Pest and Disease
stresses

Actual Yield

Pests and Diseases reduced Yield

Figure 1: Factors contributing to gaps between actual and potential crop yields

The actual yield is the yield generally achieved
by farmers in a given area under existing land
characteristics (climate, soil and biophysical
characteristics) and the dominant land

and crop management practices. The yield
gap is the difference between the potential
and actual yield. The yield gap is important
because it shows how important management
is in attaining yields closer to their potential
and this has impacts on the amount of land
required, i.e. the bigger the gap, the more
land is needed to attain the same amount of
production as under the potential yield. It can
also be used to identify areas where crop yields
are low compared to crops in the same or a
comparable region and hence can act as a tool
for targeting agricultural improvements.

Resource use / ecological efficiency

Difficulties with using yield as the (only) measure
of suitability can occur when more than one crop
is being considered, such as in the measurement
of the productivity of a whole farm or landscape.
Over larger areas yield from an optimal mixture
and allocation of crops can be aggregated to

give an indication of the potential biomass
production increase (PBPI) — which is roughly
equivalent to the yield gap (Mauser et al. 2015).
There may also be other factors associated

with agricultural production that contribute to
the sustainability of production and to other
environmental services (which are also beneficial
to agriculture) but which may appear to be
sub-optimal in terms of yield or value. Examples
include inter-cropping, rotations, or use of break
crops, which contribute to more sustainable
agriculture by e.g. increasing resilience, natural
pest control and soil fertility, but often lead to
lower per hectare outputs (Rusinamhodzi et al.
2012, Hauggaard-Nielsen et al. 2008, Ratnadass
et al. 2012).



Resource use efficiency, in contrast to the yield
gap, considers all the output as a proportion
of the inputs (van Noordwijk & Brussaard,
2014), which also include the externalities
associated with chemical fertilisers and
pesticides. Closing the yield gap at the expense
of an efficiency gap is unlikely to lead to a
sustainable agricultural system.

Land characteristics

Land is characterised by climate, soil and other
biophysical characteristics that determine the
supply of water, energy and nutrients to plants.
Land characteristics can be single or compound.
Single land characteristics can often be expressed
as a number, such as average annual rainfall, slope,
and soil depth. Compound land characteristics
are a function of combined single characteristics,
such as available water capacity (water in the

soil available to plants) which is a function of

soil depth, organic matter content and physical

properties of the soil (Driessen & Konijn 1992).
Different combinations and interactions of single
and compound characteristics affect the suitability
of land for different crops and the yields that may
be achieved. Different land characteristics can be
weighted to give an aggregate characteristic that
determines land suitability largely independently
of other land characteristics or combinations
thereof. For example, water availability to a

crop is dependent on rainfall and potential
evapotranspiration, in combination with available
water capacity, as well as on the interactions
between them (Driessen & Konijn 1992).

Land units can also be characterised by the
socioeconomic factors affecting suitability for

a particular use of land. Those factors—such as
availability of labour, or access to markets—may
not be inherent to the land and are dynamic

like climatic factors and their contribution to
suitability depends on the use being considered.






2. Methods

We reviewed published approaches to mapping the suitability and potential of land for
agriculture, up to February 2015, using a systematic literature review followed by a more
targeted literature search for widely used approaches. A list of search terms used can be

found in Appendix 1.

21 SELECTION OF PAPERS FOR REVIEW

A largely subjective positive screening approach
was taken, which started by selecting papers based
on the research area or discipline of the source e.g.
agricultural, environmental or earth sciences. We
followed with selection based on methodological
development (i.e. concentrating on papers that
develop zones or other assessments of suitability),
on spatial extent (at least national but recognising
that local studies provide insights on non-
biophysical factors), as well as the potential of
papers to reference other sources that describe
agro-ecological zoning (AEZ) or assessments of
suitability (see Appendix 1). We subsequently
expanded our selection by snowball sampling
from citations in key texts. The selection process
resulted in a list of 136 papers.

We classified each study using the titles and
abstracts of the literature. Our classes related
to key questions around the purpose and
methodology of this review (see Table 1 for a list
of key questions and their rationale).

We made the decision to prioritise studies that
developed or used suitability assessments at the
global level or for specific continents or groups
of countries. These studies were prioritised as
trade-offs between agricultural development
(expansion and intensification) and biodiversity
at the global and regional scale provide the most
widely applicable methods and lessons. The
spatial extent of the study will often determine
the methods and data that are used to assess
suitability for agriculture, the spatial resolution
of the input data and results, and the choice of
factors that are considered in the assessment.
The results of this review will therefore be biased
towards agricultural mapping at global and
continental levels and towards the search terms
used in the review e.g. AEZ studies.



Table 1. Themes for coding and their rationale

Key question Rationale Values
Year of publication? To track the evolution of agricultural suitability Year
assessments over time.
Spatial Extent? To show the spatial applicability of the approach, and | Global
for analysing relationships between extent, resolution Continental / multi-countr
and the basis of suitability and the data available. y
National
Local

What method does
the assessment use
to measure suitability
for agriculture?

To understand the number and nature of possible
approaches to measure suitability and which is most
appropriate in which situations.

Spatial Resolution?

To show the potential trade-offs between accuracy,
precision, data quality, usefulness, and applicability.

Low Resolution
(> 30’ or 50km?)

Medium Resolution
(2.5’-30’ or 5-50km?)

High Resolution
(< 30’ or 5km?)

Site specific

No information or mix of
resolutions

Does the study
seek to assess the
suitability/potential
of a particular crop/
animal or agriculture
in general?

We hypothesise that studies focusing on a single
crop use different methods to those focusing

on agriculture in general. We might also expect
differences in the ‘accuracy’ or the ‘performance’
of the method depending on the generality or
specificity of the assessment.

Specific crops
Agriculture

Other

What is the
biophysical basis for
the assessment of
suitability?

Biophysical factors, which in combination define the
potential and actual yield of a crop or of a cropping
or livestock system, are the primary determinants of
agricultural suitability.

Climatic factors, along with latitude, define the
potential yield of a crop.

Soil factors will limit the yield of a crop if nutrients
are deficient, if there is an excess of other elements,
if the structure impedes growth or if soil fauna are
not balanced.

Pests and diseases are yield-reducing factors.

Terrain can also reduce yield by hindering
management or promoting land degradation.

Climatic factors
Soil factors

Pests and diseases
Terrain factors

Other biophysical factors

Do studies
incorporate
factors that are
not biophysical in
their assessments
of agricultural
suitability?

Does the study consider non-biophysical factors
that affect the yield gap of a particular crop such as
access to inputs, crop protection and management
practices?

In addition, does the study consider non-biophysical
factors that affect the likelihood of a particular crop
or system in a particular location, such as labour,
land tenure, culture, and access to markets?

Access to markets

Land Tenure/land quality/
land availability

Culture

Other




Theme

Does the study seek
to define zones?

Rationale

The end-result of an assessment is important for the
applicability and usefulness of a study. For instance,
zones might be useful for general situational analysis
of planning. Whereas a more continuous surface
might be used in combination with other data or

to produce a numerical evaluation (e.g. comparing
actual yield with potential yield).

Values

If zones are defined
are they based on the
current agricultural
system or the
potential for different
crops/systems?

To assess whether the study takes into account
dynamism in the factors that determine suitability
(and likelihood).

Current agricultural system
Potential for different crops

Other

Reference time
period?

This is an important consideration in the context
of climate change, changes in demand, and for
validation of assessments.

pre 1960

1960-1990
1990-2015
2015-2100

Organisation(s) that
carried out the study?

To determine the range of organisations that use and
produce assessments of agricultural suitability.
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3. Results

3.1 MAIN APPROACHES

The review highlighted five main approaches to
mapping agricultural suitability.
Approaches based on plant physiology:

1. Biophysical characterisation of pre-defined zones

2. Empirical models
- Ecological niche models

3. Process-based models
- Site-based crop growth simulation models
- Agro-ecosystem models
- Agro-Ecological Zones approach

Approaches that also consider socioeconomic
components of suitability:

4. Socioeconomic and biophysical
characterisation of pre-defined zones

5. Coupled socioeconomic and biophysical models

The most common approaches incorporate
processes of plant physiology and responses to
abiotic stresses. The FAO AEZ method is the most
commonly used approach and has been used for

16

continental scale assessments but seems to be
especially well suited to global studies. However, we
encountered many other studies that concentrate
on plant physiology and yield response to the
environment, especially for studies conducted at
the continental scale that use alternative methods
(Figure 2). The biophysical characterisation of
existing zones is relatively more common for
continental scale assessments (e.g. Devendra

& Thomas 2002); in this class we also include
initiatives to improve baseline data on actual global
extent and intensity of agriculture (e.g. Ramankutty
& Foley 1998, Monfreda et al. 2008 ). Methods that
couple biophysical and socioeconomic factors to
assess suitability or characterise regions are less
common than purely biophysical models, however
they are becoming more popular, with all except
one study carried out since 2000. Studies using
empirical models to generalise on the suitability for
agriculture based on current distributions were not
widely used to assess the suitability for agriculture
in general; ecological niche models were a notable
subset of these approaches.
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Figure 2: Number of global and continental level studies per approach



We review in detail each of the main approaches
of those studies that have a continental or
global extent. Table 3 at the end of Section

Approaches based on plant physiology

Approaches based on plant physiology evaluate
the suitability of a land unit for agriculture or a
particular crop on the analysis of a combination
of biophysical factors in relation to the
requirements of that system or crop. Temperature
is often the first determining factor as it drives
plant growth (Ramankutty et al. 2002b). Far
fewer studies consider solar radiation, despite
its importance for defining yield potential, in
contrast to water availability, which is the major
yield-limiting factor. Many studies further
modify the climatic suitability using soil, and
terrain characteristics.

Biophysical characterisation of pre-defined zones
A large group of the studies in our review did

not seek to evaluate suitability, but instead to
characterise pre-existing AEZ or regions often

for the purpose of targeting or recommending
interventions that would improve agricultural
productivity or contribute to a social objective
like reducing poverty.

Examples, such as De Pauw et al. (2000), seek
to improve the spatial resolution of existing
zones so as to identify agro-ecological niches
that support higher agricultural productivity,
which allow better targeting of agricultural
development interventions. Other studies
provide a baseline for future research improving
or updating information on commonly reared
livestock (e.g. Devendra & Thomas 2002, Seré
et al. 1995) or dominant cropping systems (e.g.
Monfreda et al. 2008, Ramankutty & Foley 1998).

Empirical models

A small proportion of the approaches were based
on models that empirically relate factors affecting
plant physiology with indicators of suitability for
agriculture. A good example of this type of model
is a global assessment of agricultural suitability
based on an examination of the relationship
between cultivated land, climate variables and

3.1 presents an overview of the pros, cons and
recommended situations of use of each approach
for comparison.

soil characteristics/constraints (Ramankutty et
al. 2002a). The authors fit probability density
functions to a limited set of drivers — growing
degree-days, moisture index, soil carbon density
and soil pH - and map these globally. They then
assess the sensitivity of the suitable areas to
changes in temperature and rainfall and assess
the impact according to climate change scenarios.
Wortmann et al. (1998) construct suitability
environments for common beans, also based on

a combination of factors associated with plant
physiology. These factors are elevation (as a proxy
for temperature), annual rainfall, day length and
soil acidity, each of which has an effect on plant
growth. The purpose of constructing different
bean environments was as to provide information
for targeting bean varieties that are well adapted to
the factors in those environments.

Hawkins et al. (2003) do not look at suitability per
se but instead relate environmental factors like
temperature and rainfall with species richness.
They show that the importance of different
variables changes spatially, with energy a major
determinant in high latitudes and water variables
the strongest predictors of species richness in
warm temperate, sub-tropical and tropical zones.

Many geographic land use models (e.g. CLUE;
Verburg & Overmars 2009) incorporate empirical
models of land use suitability based on a statistical
examination of current land use and hypothesised
drivers.

Ecological niche models

In this class we include two older studies that

used observations of vegetation as an index of
agricultural potential. The more recent publications
that we reviewed used maximum entropy ecological
niche models to predict the presence of different
kinds of land use (cropping, sedentary animal
husbandry, pastoral systems and hunter-gathering)
based only on climatic and soil properties (Beck

& Sieber 2010), and used the relationships to



investigate the potential impacts of climate change
(Beck 2013). The authors suggest that a benefit of
their method is the simple model that considers
agriculture as a whole; however, the 2013 paper does
not consider palm oil, which is a major driver of
land conversion in the humid tropics.

These models are particularly useful for visualising
potential land use conflicts and implicitly take
into consideration the likelihood of agriculture
(because they are based on the existing presence)
but deliberately do not consider many of the
socioeconomic factors that are known to affect
land use choices. Ecological niche models that
focus on specific crops and which consider a

wider range of variables might therefore provide
alternative or complementary results to the AEZ
approach. Beck and Sieber (2010) actually consider
the validation of their model and compare with
FAO land cover, albeit with few classes and
consider their results as a second opinion.

Process-based models

The most common approaches were models

of suitability based on the processes and the
biophysical factors affecting crop growth. We
follow the Rosenzweig et al. (2014) classification
of these models in three types: (i) site-based crop
growth simulation models, (ii) agro-ecosystem
models, and (iii) agro-ecological zone models.
Each of these type of models differ in their
assumptions, processes and their structures.

Site-based crop growth simulation models

A small number of the studies used crop growth
simulation models over large areas to assess the
suitability of one or more crop. These models
simulate the growth of a crop species or variety
over the whole growing period for a specified
location with information about the soils and
day length. Different models have different
time steps (e.g. hourly, daily, weekly) that have
consequences for the weather information
required and the kind of crop management that
can be simulated. These models can be run for
multiple locations and the results used to assess
suitability, especially when simulations are run
for multiple cropping seasons.

Examples of these models in our literature search
date mainly from the 1990’s and include Groot

et al. (1998) who model wheat, rice (as proxies

for rainfed cropping and irrigated cropping) and
grassland which is assumed to be fed to livestock.
The authors convert the results of the models into
grain equivalents and apply two growth scenarios
- vyield oriented and environment oriented
agriculture — and summarise for 15 world regions.
Van Keulen and Stol in contrast concentrate

on a specific crop (potato) and compare the
suitability in different zones in Latin America,
Africa and Asia. A common aspect of many of
these models was to define zones based on an
analysis of meteorological data with representative
meteorological stations (e.g. van Lanen et al. 1992)
rather than model for smaller individual grid cells.
Both van Lanen et al. (1992) and Carter et al. (1991)
model crop potential in Europe at a time when the
environmental impacts of intensive agriculture
were being debated.

Agro-ecosystem models

These models are similar to crop growth
simulation models but are designed for modelling
larger areas. They mainly simulate nutrient

and water cycles over time and relate these

cycles to primary productivity. These models

are computationally less complex than site

based models and have a long history in the
literature. Kellog and Ordeval in 1969 were using
these models to assess the potentially arable

soils of the world. De Pauw (1982) used a water
balance approach to assess key determinants

of the growing period for crops, which is a key
component of crop productivity. The methodology
developed in this paper was subsequently used

in national studies of suitability for rainfed
agriculture (e.g. de Pauw 1983).

More recent assessments, such as Cassel-Gintz
et al. (1997), combine various factors affecting
the marginality of agriculture using fuzzy logic.
They apply a simple photosynthesis model

to simulate crop growth as part of an index

of unfavourable growth conditions. This is
subsequently combined with slope to produce
a global index of marginality that can be used
to identify constraints to agriculture as well as



to compare with actual cropping patterns as

a guide on potential areas of environmental
degradation. Imhoff et al. (2004) use a vegetation
index combined with historical climate data to
calculate net primary productivity. The authors
show where net primary productivity is being
appropriated by humans and are able to show the
footprint of human consumption.

Agro-ecological zone models

The most common methodology is the Agro-
Ecological Zoning (AEZ) approach developed
by FAO in collaboration with IIASA to provide a
"standardized framework for the characterization
of climate, soil, and terrain conditions relevant
to agricultural production”. It is "a GIS-based
modelling framework that combines land
evaluation methods with socioeconomic and
multi-criteria analysis to evaluate spatial and
dynamic aspects of agriculture” (Fischer et al.
2002; p4). The increased availability and quality
of global databases of climate, soil, terrain

and land cover have enabled a continuous
improvement of AEZ calculation procedures.
The Global Agro-Ecological Zoning (GAEZ)
assessment of land suitability led to a database
of global spatial land resources that support
the assessment of the suitability, biophysical
limitations and production potential of major
food and fibre crops, under various levels of
inputs (Fischer et al. 2002, Van Velthuizen

et al. 1995). The agronomic suitability
assessments using the AEZ methodology can
be complemented with additional biophysical,
socioeconomic or institutional constraints that
may affect potential land use, such as e.g. built-
up areas, barren land, forests, protected areas,
irrigation areas, or population, to suit multiple
assessment objectives (Fischer et al. 2002). FAO
and ITASA released the latest version (3.0) of
GAEZ database and data portal in May 2012.

The approach was developed at a global scale but
has been used also to map agricultural suitability
at regional (Higgins & Kassam 1981, Sys 1993,
Verheye 1986) or national scales. The spatial
resolution of the GAEZ is five arc minutes or
approximately 9 x g km at the equator.

The GAEZ presents the agro-ecological suitability
and productivity for 280 ideotypes of 49 crop
species for four input levels (high, intermediate,
low and mixed). The ‘high’ level assumes the

best farming technology, soil nutrient inputs,

and management at the time of the assessment.
GAEZ also calculates suitability and productivity
for five water supply system types (rain-fed, rain-
fed with water conservation, gravity irrigation,
sprinkler irrigation and drip irrigation). These are
available for a baseline climate (1961-1990) and
for projected future climate conditions.

Crop suitability per grid cell in the AEZ approach
is a result of a combination of the following:

1. Agro-climatic crop suitability assessment
(enabling calculations of biomass, potential
yields, water-limited potential yields, crop
water requirements and deficits).

2. Agro-edaphic suitability assessment, where
requirements of crops/LUTSs are compared
with prevailing soil and terrain conditions,
including constraints e.g. landform.

3. Terrain-slope suitability assessment, based on
the workability and accessibility of land as well
as considering potential levels of erosion and
fertility loss.

For the agro-climatic suitability assessment, the
following steps are taken from (Fischer et al.
2002):

1. A grid-cell-specific agro-climatic
characterisation, including calculation of
thermal climates, temperature profiles, and
temperature and moisture growing period
characteristics (most AEZ studies use reference
growing periods).

2. Calculation of temperature and radiation
limited potential crop yields, quantification of
moisture-stress-related yield limitations, and
determination of optimal crop calendars.

3. Application of limiting factors to account
for yield-limiting agro-climatic constraints,
providing the attainable crop yields.



FAO and ITASA establish soil characteristics
related to crop yield from the basic
requirements of crops. "For most crops and
cultivars, optimal, sub-optimal, marginal and
unsuitable levels of these soil characteristics are
known and have been quantified. Soil suitability
classifications are based on knowledge of crop
requirements, of prevailing soil conditions, and
of applied soil management. In other words, soil
suitability procedures quantify to what extent
soil conditions match crop requirements under
defined input and management circumstances"
(FAO 2015).

The results are classified into five basic suitability
classes according to the proportion of the
maximum potential crop yields that can be
attained (Table 2).

Table 2: Suitability classes (adapted from Fischer et al.

2002)
Very suitable (VS) 80-100
Suitable (S) 60-80
Moderately suitable (MS) 40-60
Marginally suitable (mS) 20-40
Not suitable (NS) 0-20

Approaches based on socioeconomic and biophysical factors

Suitability of agriculture depends not just on the
aptitude of the land to support agriculture but
also the value placed by society on agricultural
products vis-a-vis other ecosystem services,

as well as the feasibility of exploiting natural
resources for agriculture.

Many approaches have attempted to incorporate
both biophysical and socioeconomic factors, by
either (i) characterising existing zones, or (ii)
explicitly incorporating socioeconomic factors in
models of suitability.

Socioeconomic and biophysical characterisation
of pre-defined zones

The earliest example of these approaches in

our sample was descriptive (Beets 1978), with

an assessment of the factors that affect the
aptitude of the land for agriculture as well as

the management and the links to consumption
via self-sufficiency. In an evaluation of national
data Fulginiti et al. (2004) calculated agricultural
productivity growth and sought to explain

trends over time using national institutional

and socio-political factors. This does not show
the suitability of land for agriculture but can
provide some insights into the likelihood for
intensification (closing the yield gap) as opposed
to conversion of non-agricultural lands in the face
of rising demand for agricultural products. The
implications for mapping suitability would be that
purely socioeconomic factors at the national scale

could place limits on the likelihood of agricultural
intensification or conversion at more local scales.
More spatially precise datasets of agricultural
intensity were compared with population for
different time periods (Ramankutty et al. 2002b).
These data can inform land use models and
subsequently can be used to infer the processes
that drive land use conversion and agricultural
intensification. The results show how different
‘fertile frontiers’ have been exploited over the past
century but the authors conclude that there are
no more frontiers left to exploit, implying further
intensification of existing croplands or expansion
into ‘marginal’ areas.

Other characterisation of zones combined
different data to produce a composite index.

The major differences between the approaches
are the methods used to combine the factors.
Studies such as Awulachew et al. (2010) and
Pender et al. (2006) sought to combine disparate
data sources to identify relatively homogeneous
zones or ‘domains’ that could guide agricultural
and other interventions in a wider region. These
approaches defined thresholds for key factors
and combined the resulting classes in a Boolean
manner. In contrast to Boolean combinations of
a small number of factors, Vaclavik et al. (2013)
combined multiple land use, environmental and
socioeconomic factors using a form of artificial
neural network to define a small number of
global land system archetypes. This method



avoids subjective choices of the most important
indicators and thresholds, instead creating zones
that reduce variability in multi-dimensional space.

Coupled socioeconomic and biophysical models
Assessments that consider socioeconomic
constraints to suitability share commonalities
with studies of the adoption of agricultural
technologies. In the former case, there are
certain factors that will affect the likelihood of a
particular land use, whereas in the latter those
factors will affect the likelihood of a farmer,
community, or region using a specific technology.
The consideration of these factors marks the
difference between ‘modelling to compare
suitability’ and the likelihood that a particular
land use will be encountered at a particular time.
In some cases the strength of a socioeconomic
constraint or driver of demand may lead to
conversion of land to agriculture even in areas of
marginal suitability (Abram et al. 2014).

The coupled models that we reviewed do not
consider the demand for land in isolation, unlike
other purely economic models (e.g. Hertel 1997),
and incorporate information on the biophysical
suitability for agriculture in general or for specific
crops. The assessments in this class are oriented
more towards the likelihood of conversion given
certain suitability constraints.

An early methodological study (Christiansen
1979) recommended the calculation of carrying
capacity and potential crop productivity. Carrying
capacity was a useful term to assess which areas
would be able to support different populations

- and therefore, in the context of suitability,
would allow for the identification of areas which
would be able to sustain more people, and which
might be converted to agriculture or experience
intensification, or areas already above their
theoretical carrying capacity which might suffer
degradation or food insecurity. Social processes
were included in the CGIAR Technical Advisory
Committee report on marginal lands (2000). The
report defines different levels of suitability of land
for agriculture, which depend on the severity of
biophysical and socioeconomic constraints. For
instance marginal agricultural lands are those

which have limitations that make sustainable
agricultural use difficult, and are characterised by
soil and/or climatic constraints, and/or absence
of markets, poor infrastructure or restrictive land
tenure. This approach is put into wider practice
by Lambin et al. (2013) who consider alternative
uses of land to agriculture, and also recognise
that non-agricultural land is not unused but
rather underutilised, and that an increase in
utilisation, or conversion to agriculture has social
and environmental impacts. In their attempt to
calculate land available for agriculture the authors
exclude mature forests and protected areas from
land that could be converted. They then exclude
areas where the impacts on ecosystems or social
services would be greater than the benefits of
conversion to agriculture. The authors calculate
costs based on the different constraints to
conversion or intensification and the measures
required to overcome those constraints - these
measures include building infrastructure, or
improving institutions. They also consider the
trade-offs associated with those measures such as
environmental degradation or migration.

Finally, there are approaches that couple
biophysical and socioeconomic systems in a
dynamic manner. A good example is Fischer et al.
(2005) who used the GAEZ method in combination
with the results of global circulation models with
four socioeconomic emissions scenarios to assess
potential changes in crop yield. They incorporated
these potential climate change impacts in an
economic analysis and assessed how the interaction
with trade and food demand would affect food
production and food security. The study modelled
changes in agricultural suitability using the AEZ
approach, but in addition couples these projections
with demand scenarios which altered the likelihood
of agricultural expansion or intensification. A more
recent study (Mauser et al. 2015) coupled a crop
growth simulation model for a larger number of
crops. They went further than previous studies

and allocated mixtures of these crops optimising
foryield or for profit. The result of the coupled
model was an assessment of the change in potential
biomass production over current production.

The model simulated production potentials given
current cropping intensities, then modelled the



favour particular crops (Lambin et al. 2013) or
land uses and scenarios of global demand would
appear to offer the most complete assessment of
the likelihood of conversion of land to different
crops or from non-agriculture to agriculture
(Mauser et al. 2015).

additional potential of cropping intensity and
finally considered the reallocation of crops spatially
and temporally to optimise profit.

Studies that combine actual cropping systems,
suitability for distinct crops, local factors that

Table 3. An overview of the pros, cons and recommended situations in which to use each approach to

mapping agricultural suitability.

Approach

Pros

Recommended
situations

Biophysical characterisation of pre-defined zones

Biophysical
characterisation

Empirical models

Can potentially be easily
validated

Can consider multiple
crops/land uses

Requires further
calculations or modelling
to assess suitability

Empirical models

Assume explanatory
factors are stable over
space and time

Ecological niche models

Site based crop-growth
simulation models

Based on actual
distribution of crop/
agriculture

Provide an accurate
assessment of crop
performance and risk

Can simulate novel
environments

Require absence and
presence data

Explanatory variables
chosen may not include
important factors that
determine presence

Process-based models

Require a lot of data to
calibrate and run the
model

Computationally
intensive

Providing baseline and
targeting data for future
research

For modelling suitability
of specific crops where
explanatory factors are
stable over space and
time

Should be used where
data and computational
infrastructure allow

Agro-ecosystem models

Less complex than site-
based models

Allow regional
adaptations in farming
practices

Often lack crop and
management detail

For modelling large
areas where calibration
data for site based
crop growth models are
unavailable

Agro-ecological zones
approach

Combines components
of both site based and
agro-ecosystem models

Has a well-developed
database

Does not consider
competition from

other land uses or
performance other than
yield

As an input into
coupled biophysical
and socioeconomic
models




Approach Pros Cons Recommended

situations
Socioeconomic Can potentially be easily | Requires further Providing baseline and
and biophysical validated calculations or modelling | targeting data for future
characterisation to assess suitability research

Can incorporate
multiple dimensions of
agricultural suitability

Coupled socioeconomic | Incorporates both the Potentially

and biophysical models | aptitude for agriculture computationally intensive
and the likelihood of that
land use

Can take into account
costs of intensification
and conversion

Can optimise for different
land use objectives

3.2 SUITABILITY OF CROP OR GENERAL AGRICULTURE

The purpose of the agricultural suitability

M Global
B Continental

assessment may focus on a particular crop or

animal species or on the suitability of agriculture
in general (Figure 3). An increasing number of
studies focus on individual crops, however there

have also been more studies concentrating on
agriculture as a whole, especially since the 1990’s
(Figure 4).

Global and continental studies

Specific crops Agriculture Other

Figure 3: Number of global and continental level
studies per focus topic
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Figure 4: Number of global and continental level studies in 5 year periods per focus topic



Many of the studies that look at a particular crop
take advantage of the GAEZ database which
provides information on 49 different crops.
Studies that concentrate on the suitability of
specific crops used a variety of methods ranging
from mechanistic models such as EcoCrop (e.g.
Ramirez-Villegas et al. 2013; Laderach et al.

2013) to more dynamic site based crop growth
simulation models. Assessments of specific crops
will be useful when considering a crop that has a
growing demand (such as soybean, sugarcane or
oil palm), or which has been shown to be suitable
in areas which also provide other important
ecosystem services. The theoretical suitability

of individual crops is easier to assess than a
combination of crops within an individual ‘farm
system’ (Giller 2013) or over larger areas when the
combination of farms is classified as agriculture.
van Wijk et al. (2009) have shown that improving
the modelling of interactions between crops

and with livestock are more important for
gauging whole farm productivity than modifying
individual crop models - suggesting that
assessments of agricultural suitability should

not focus only on the yield of crops in isolation
but as total farm productivity. Farm systems

can be designed according to various objectives
such as meeting the food requirements of the
farm household, maximising the income from
selling agricultural products (Waithaka et al.
2006; Mauser et al. 2015) or increasing resilience
(Tittonell 2014).

Three constraints determine the presence of a
particular species (Soberdn & Peterson 2005,
Soberon, 2007), firstly the local environment
allows the species to grow (Grinnellian niche),
secondly the interaction with other species
allows the species to persist (Eltonian niche), and
thirdly that the location is accessible. In the case
of wild species of plants and animals the second
and third constraints will be determined by the
competitiveness, and the dispersal abilities or
mechanisms of the species, but for agriculture
these capabilities are modified in great part by
human agency (Ojiem et al. 2006). You et al.
(2014) use a price function to weigh the likelihood
of a particular crop in a particular location

while Fischer et al. (2002; pg 91) suggest six

different weights which can be applied to yields
to compare cereals: Unit value ($/ton), Calorie
content (kcal/100g), Protein content (g/kg),
Food conversion rate (%), Food energy weight
and Nutritive weight. These weights address the
second niche constraint but would need to be
expanded to consider the competition between
‘agriculture’ and other land uses or livelihood
strategies. At a local scale Heumann et al. (2012)
define the three niche constraints for modelling
the suitability for agriculture. They consider

the socio-environmental niche for a particular
crop to be a set of environmental and social
conditions that provide a yield and income to
households. However they use proxies for some
of the socioeconomic conditions and see different
response curves for different crops. The variables
chosen (both socioeconomic and environmental)
were locally relevant and are unlikely to be
useful at the global or continental scales but the
method is promising and attempts to introduce
human agency to a species distribution model.

There is a greater diversity of methods for the
assessments that consider the suitability for
agriculture in general, but there are two broad
approaches. The first is to take into account

a variety of different crops and then compare

or sum the suitability of each. Groot et al.

(1998) consider three crops (rice, wheat and
grassland) as proxies for irrigated, rain fed and
feed crops respectively. They allocate land and
water within catchments to the most productive
types of agriculture first and then calculate
total production for a particular grid cell based
on its proportion of irrigated crops, rain fed
crops and grassland. Meanwhile Zabel et al.
(2014) calculate fuzzy membership functions
based on the physiology of sixteen food, feed
and energy crops. They compute the suitability
for each crop for each pixel and the highest
value between the different crops is chosen as
the suitability for agriculture. An even more
ambitious approach has been taken by Mauser
et al. (2015) who model the potential biomass of
eighteen crops and compare with actual yields,
optimum cropping intensities of current crop
mixtures, as well as profit-maximising allocation
of crops. Koning and van Ittersum (2009) also



show the progression in complexity of farming
systems from long fallow through zero-fallow to
green revolution production systems, charting
the increases in energy inputs, and the resulting
increases in outputs. These comparisons allow for
inferences on the effect of management on the
land required to feed the global population. The
GAEZ approach has also been used to assess land
with potential for cultivation by the cumulative
addition of the area classed as suitable for each
crop with different levels of suitability selected
for different levels of input (Fischer et al. 2002).
However, Seo (2014) evaluate the GAEZ approach
with actual farmers’ decisions in the context of a
changing climate, and conclude that decisions on
substitution or changes in practices might not be
well predicted using the GAEZ approach.

The second approach considers agriculture to

be a specific land use type. Cassel-Gintz et al.
(1997) use a similar fuzzy membership method
to Zabel et al. (2014) but adopt a decision-tree
approach to consider some general parameters
for the marginality of agriculture dependent

on climate, soil and terrain, i.e. the inverse of
suitability. Beck and Sieber (2010), in contrast,
use ecological niche models to assess the
suitability of agriculture as a livelihood strategy
along with hunter-gatherer, pastoral or sedentary
animal production. They produce an index of
shared suitability based on climate and soil
which denotes potential conflict areas where
different types of strategies (and land use) are
equally suitable. Vaclavik et al. (2013) construct
‘land system archetypes’ using a large number of
indicators, many of which relate to agricultural
land use intensity and socioeconomic conditions.
They use a type of artificial neural network
called self-organising maps to reduce the
dimensionality and create broadly contiguous
zones but do not evaluate the suitability of the
land use.

Examples where agriculture is compared to other
competing land uses include an assessment of
the ‘utility’ of the land, measured by the net
present value (economic) of the land (Koomen
et al. 2015). Strassburg et al. (2014) address the
likelihood of a particular land use by combining

the constraints in two indices: (i) a suitability
index for different land cover using FAO GAEZ
maximised technological mix, and; (ii) an
Economic Pressure on Land (EPL) index which
incorporates calorific demand of all population
centres weighted by the transport cost applied
globally. The two indices were combined
statistically to derive a relationship with actual
land cover. This relationship was then projected
into the future to produce probabilities of land
conversion under different demand scenarios
incorporating changes to the EPL index, and with
environmental changes affecting the suitability
index. Other land use models, such as the
Conversion of Land Use and its Effects (CLUE)
modelling framework (Verburg et al. 2002),
include rules for conversion between different
land use types. In CLUE the existing land cover
is a constraint and there are defined land use
transition sequences and conversion elasticities
(the relative costs of conversion). Land use
models often have time steps and are potentially
more computationally intensive than a simple
projection into the future, but necessarily need
to consider both suitability for a particular land
use and the likelihood of a particular land use
spatially and temporally. Spatial and temporal
non-stationarity is less of an issue for the
biophysical assessment of suitability, but is likely
to be important for likelihood, can be overcome
by applying regional models, or using some kind
of Geographically Weighted Regression (GWR)
model (Brunsdon et al. 1996).

Willemen et al. (2010) take a different approach
and look at broader landscapes and compare

the multi-functional (summed) capacity of a
landscape with the mono-functional capacity
and show that mono-functional capacity
decreases as multi-functionality increases, and
vice versa. The concepts of multi-functional
landscapes - within which agriculture plays
various roles - or multifunctional agriculture can
help to define objectives at the landscape level
(Groot et al. 2009) which in turn will determine
the appropriate measures of suitability for
agriculture. Groot et al. (2009) also suggest that a
combination of approaches and modelling tools
will be needed to evaluate multi-functionality.



3.3 CHANGES IN SUITABILITY AND CHANGES IN LIKELITIHOOD

Biophysical and socioeconomic determinants of
agricultural suitability are subject to changes over
time. These changes are important to consider
when projecting scenarios of future agriculture
suitability and other land uses. The objective

of many recent studies is the assessment of the
potential impacts of changes to the biophysical
suitability of agriculture as a result of climate
change (e.g. Beck 2013, Devendra 2011, Fischer
et al. 2005, Jayathilaka et al. 2012, Kala et al.
2012, Lee 2009, Mainuddin et al. 2013, Parry

& Swaminathan 1992, Seo et al. 2009a, Seo et

al. 2009b, Tang et al. 2000, Tatsumi et al. 2011,
Teixeira et al. 2013, Zabel et al. 2014). This is
often tackled by looking at the requirements

of specific crops and analysing changes in the
areas for which they are suitable. It is difficult

to compare the results of these studies because
they use different Global Circulation Models
(GCM), different socioeconomic scenarios of
CO, emissions, and different future dates. For
instance Beck (2013) shows that for 2050 there
will be large losses of suitability in tropical
humid areas, intermediate losses in maize/wheat
areas, gains in rye growing areas, but with big
local variations. They show that the A2a scenario
has higher losses than B2a scenario. Fischer et
al. (2005) meanwhile, consider various GCMs
and simulate various dates up to 2080 based on
atmospheric CO, levels. They show that 20-40
food insecure countries would lose 10-20% of
cereal production potential. Tatsumi et al. (2011)
concentrate on changes in staple crop yields
and also use various GCMs but project forward
to 2090, again showing large local variations in
changes in potential yields. Looking even further
forward to 2100 Zabel et al. (2014) estimate that
the global area of land suitable for agriculture
will increase, although much of this land would
be only moderately or marginally suitable, with
sub-Saharan Africa suffering the biggest losses
in suitability. When the authors take account of
potential multiple cropping, on the same piece
of land, then the global area of suitable land for
agriculture decreases.

Approaches based on plant physiology allow

for the incorporation of changes in soil fertility
or structure due to erosion, fertility mining or
other forms of land degradation, however none
of the continental or global studies that we
reviewed actually did this, although the research
design did not specifically focus on such studies.
Where only the soil type or class is used in

the assessment of suitability then the models
will not be able to incorporate changes in soil
characteristics (Tatsumi et al. 2011).

Conventional crop breeding or genetic
modification can cause changes in the crop
characteristics, for instance early maturation,
increased resistance to pests and diseases,
tolerance to drought or water-logging or to soil
toxicities (Fischer et al. 2002, Lather et al. 2009).
These factors could be incorporated in models
(Perego et al. 2014) but we found no instances
of this in our sample of studies apart from the
possibility to select the length of maturity as a
crop ideotype in the GAEZ database.

Process-based methods are well suited to
explore changes in the biophysical suitability of
agriculture because the responses of the crops or
animal to the different levels of the biophysical
variables are well understood and are modelled
explicitly. Novel changes in the genetic structure
of crops such as the introduction of the C4
photosynthetic pathway into C3 crops (like
wheat and rice) would increase the efficiency of
photosynthesis, and the yield potential (Wang
et al. 2012). These novel changes are a challenge
to modellers and although these plants are yet

to exist there are already tools to examine the
impacts of these changes (Yin & Struik 2009; Yin
& van Laar 2005).



The lack of a theoretical model in data-driven
empirical approaches will hamper their potential
to model suitability for novel environments
(Overmars et al. 2007). Empirical models are
also sensitive to the historical circumstances that
cause a particular spatial pattern of land use or
the presence of ‘agriculture’, and are less able

to cope with non-stationary land use change
processes (Mas et al. 2014). The Land System

representation (van Asselen & Verburg 2012)
has the potential to show suitability based on
relationships between existing land systems
and spatial determinants. The most interesting
finding of the study is the non-stationarity of
the relationships at different scales and regions,
however due to this fact and the perceived lack
of socioeconomic data the relationships are not
actually used to project into the future.

3.4 BIOPHYSICAL FACTORS USED IN THE ASSESSMENT OF

SUITABILITY

We reviewed each assessment and noted the type
of biophysical factor or variable that the authors
used to determine the suitability of an area for
agriculture. We classed the biophysical factors
according to whether they affected the potential or
water limiting yield of a crop, the nutrient limited
yield, the reduced yield due to pests and diseases
as well as factors that affect the management of
the crop or which contribute to soil erosion like
terrain. The most common factors were climatic,
followed by soil and terrain. Very few assessments
considered the effects of pests and diseases,
especially at the global scale (Figure 5), and two
studies (Devendra & Thomas 2002 and Chang
1968) just mention pests and diseases without
proposing a way of incorporating the factor in

a quantitative assessment. One study (Ewel

1999) defines broad climatic zones and suggests
ways of combating biotic stresses in wet tropical
areas by changing the crop micro-environment

to a relatively harsher abiotic environment (by
flooding) and consequently reducing the biotic
stresses. The author does not seek, however, to
quantify biotic stresses directly. Van Velthuizen

et al. (1995) comprehensively consider pests and
diseases, they incorporate the pest and disease
frequency and severity for the dominant crops in
‘crop production system zones’ in eastern Aftica.
The authors considered a total of 44 pests and 26
diseases. Studies that use the FAO GAEZ approach
will also consider pests and diseases although this
is a function of the length of growing period and
the level of inputs (Fischer et al. 2002), rather than
a spatially explicit database of known presence
and severity of pests and diseases.
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Figure 5. Number of global and continental level
studies that consider types of biophysical factors.

Most of the assessments considered climatic
factors, but the few that did not consider climate
were characterised by an emphasis on soil (Abe
et al. 2010), irrigation (Awulachew et al. 2010),
existing crops (Monfreda et al. 2008, Fischer

et al. 2010, Ramankutty et al. 2002b), existing
livestock (Seré et al. 1995), or they were adding
additional criteria to existing AEZ (Gryseels et al.
1992, Lambin et al. 2013).

The majority of studies at the global and
continental scale consider soil properties except
where there is a purely climatic assessment

such as relating to the effects of climate change
(Carter et al. 1991), or the proportion of primary
productivity appropriated by humans (Imhoff et
al. 2004).



3.5 NON-BIOPHYSICAL FACTORS

Far fewer studies consider socioeconomic
factors in their assessments of agricultural
suitability compared to biophysical factors. Of
the three factors that we searched for explicitly,
the most common was land tenure, land size

or some aspect of the cropping system (Figure
6). Beets (1978), for example, makes reference

to the agronomic practices of southern and
eastern Africa in the 1970s and highlights that
past production may have been land inefficient
but was sufficient to feed the population as

well as to provide a surplus, however with
population increases those practices were no
longer sufficient to feed the population. The
study puts management practices in a genotype-
by-environment conceptual framework but

does not attempt to quantify the effect of these
practices on reducing the yield gap for crops.
The concept of carrying capacity expounded by
Christiansen (1979), linked the suitability of an
area for agriculture with its potential to support a
population, but recognised that carrying capacity
was only a relevant concept for either global
calculations or for closed systems where there is
no trade in food.

Lambin et al. (2013) tackle directly the main
constraints to the conversion of non-agricultural
land into cropland and provide a useful typology
under four groupings: social, political, economic
and physical. They addressed these constraints for
case studies in regions where previous assessments
identified large areas of land suitable for conversion
to agriculture. In each case study the socioeconomic
constraints were slightly different, for instance in
the Chaco region of Argentina, policies on land
tenure for foreigners place a barrier on conversion,
while in the Cerrado region of Brazil, lack of
transport infrastructure and labour are constraints
to conversion. In the Brazilian and Bolivian
Amazon region, labour is again a constraint

to conversion from ranching to agriculture, as

well as formal protection. The authors consider
transportation less of a barrier than in the Cerrado
although they do not consider mature intact forest
as potentially cultivable land despite its suitability.
Socioeconomic constraints in the Democratic

Republic of the Congo (DRC) were similar to the
Cerrado of Brazil but conversion would be further
complicated due to the weakness of the state and
frequent conflicts, especially in eastern DRC. In
Indonesia, constraints to conversion of already
deforested lands included transaction costs where
local communities have informal claims on cleared
land, whereas access to processing plants differs
according to location. The final case study was
Russia where barriers to conversion include poor
access to markets in Siberia and insecure land
tenure in European Russia. These studies illustrate
that the diversity of constraints to conversion varies
according to the context and highlight the difficulty
of including these dynamic factors in a global
assessment of suitability or likelihood of conversion
of non-agricultural land. Nevertheless, some
assessments use scenarios which include macro-
socioeconomic drivers of demand such as changes
in labour, technology, consumption patterns, trade
prices and risk of hunger and link these with the
biophysical factors that determine the suitability of
individual crops (Fischer et al. 2005).
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Figure 6: Number of global and continental level
studies that consider types of non-biophysical factors



3.6 SUITABILITY ZONES

The creation of zones is not a necessary
precondition for assessing the suitability for
agriculture which can be calculated for any
location or pixel for which data are available
(e.g. GAEZ). Nevertheless a number of the
assessments we reviewed defined zones to help

design future research, or to make results more
understandable to lay audiences. Studies sought
to create zones based on either current suitability
for agriculture, future suitability for different
crops or systems, or did not seek to define zones

(Figure 7).
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Figure 7: Basis for zoning in global and continental level studies over time

Van Velthuizen et al. (1995) produce crop
production system zones for eastern Aftrica

by combining three variables - temperature,
moisture regimes and seasonality/irrigation -
with agro-climatically relevant thresholds to
stratify the variables and produce a matrix of
zones. These zones are subsequently mapped
onto administrative areas and are further
characterised according to environmental
hazards, pests and diseases etc. Wortmann and
Allen (1994) produce a similar matrix, albeit
related to a specific crop and including soil
constraints, they also augment these zones with
more detailed zonation (Wortmann et al. 1998)
based on socioeconomic and cultural factors

to move from crop suitability to actual crop
production areas.

Both White et al. (2001) and van Wart et al.

(2013) produce zones for prioritising research.

In the latter, the authors provide a useful review
of methods of zoning using just agro-climatic
variables. They differentiate matrix zonation
schemes (like Wortmann & Allen 1994, White et
al. 2001, Van Velthuizen et al. 1995) with cluster
zonation which produces a fixed number of
zones based on potentially numerous variables.
Metzger et al. (2013) for instance, ran a principal
components analysis (PCA) of 36 climatic variables
and selected four. The authors ran a further PCA
on these four climatic variables and clustered the
PCA components into 125 strata, which were then
aggregated into 18 global environmental zones.
Problems with such schemes include difficulties
in validation and interpretation for assessing
suitability. A similar data-driven approach was
applied by Véclavik et al. (2013) who produced

a map of 12 land systems using a self-organising
map (SOM) algorithm—a form of artificial neural
network. The land systems allowed for similar
systems to be identified across national borders
while retaining heterogeneity within countries.



3.7 SPATIAL RESOLUTION

The spatial resolution indicates the precision

of the suitability assessment, with a higher
resolution (or higher granularity) allowing a
better discrimination between different localities
that are close to each other. Very precise
assessments do not imply accuracy (Avellan

et al. 2012) but high-resolution is especially
useful for parts of the world that have large
gradients over small distances in temperature
(due to elevation), rainfall or soil types. The
most common level of resolution for global

and continental scale assessments is a medium
resolution (Table 4), which can provide a
suitability value for an area between 5 km? and
50 km2. Many studies, however, do not provide
information on the resolution of the assessment
or are a mix of different resolutions. For example,
Seré et al. (1995) characterise pre-existing agro-
ecological zones according to indicators that are
specific to livestock systems, the resolution in
this case depends on the original data used to
define the zones.

Table 4: Number of studies per class of spatial

resolution
Number of
Spatial Resolution studies
Low Resolution 11
(> 30’ or 50km?)
Medium Resolution (2.5°-30’ or 17
5-50km?)
High Resolution 5
(< 30’ or 5km?)
Site specific 1
No information or mix of resolutions | 23

Assessments that use remotely sensed data to
identify or describe zones of suitability have
benefited in recent years from an increase of
sensors that can produce higher resolution data
and increased computer-processing power.

The availability of high-resolution land cover
and climate data since 2000 has resulted in
higher-resolution assessments, even at the
global and continental scale (Table 5). However,
the studies that use these data often have to
contend with a mixture of resolutions (e.g.
Fischer et al. 2010), and care must be taken
when interpreting assessments that combine
data of varying resolutions. Scale dependence,
which has been shown to affect the interactions
between the variables that affect the suitability
for agriculture (Evans & Kelley 2004), can

be modelled in inductive approaches by
performing multiple stepwise regression at a
range of scales (Wassenaar et al. 2007). Some
land use models (e.g. Schaldach et al. 2011)
incorporate factors that affect the suitability of
agriculture but at a lower resolution than the
final allocation of different land uses; this can
have the advantage of retaining accuracy where
climate data are at a coarser resolution than
terrain (Nguyen et al. 2015)

Zabel et al. (2014) developed an approach to
mapping agricultural suitability at the global
scale using the AEZ principle at a finer resolution
(30 arc seconds or ~ 1x 1 km) and considering the
start of the growing season as well as number of
crop cycles.



Table 5: Number of studies in 5 year periods for each class of spatial resolution
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3.8 REFERENCE TIME PERIOD

Two aspects of the time period of assessments
are important, the time period of the data that
are used in the assessment of suitability and,
closely related to this, the period for which the
assessment is valid. Some of the factors that

are used in suitability assessments are more
dynamic than others; therefore, the importance
of the time period of a specific assessment will
change depending on the method and data
used. Scientists might once have assumed
climatic data static, but with increased global
surface temperatures and changes in the
patterns of rainfall, this is no longer the case.
Some soil properties are more dynamic than
others so it is also necessary to determine which

properties are used in an assessment and how
likely these are to change over time. Soil depth
may reduce over time due to erosion, texture

is unlikely to change across the whole profile
unless there are amendments to improve texture
or where compaction can degrade texture.

Soil amendments can also modify pH and
drainage can be improved or impeded. The crop
characteristics also change over time due to
efforts to breed varieties which are more tolerant
of stresses or which have a higher yield potential.
Non-biophysical factors, such as land tenure,
trade, regulatory frameworks or access to markets
are also dynamic and their importance may
change over time.

Table 6: Number of studies in distinct reference time periods

1960-1990

1990-2015 2015-2100

Time period

pre 1960
# of assessments 3

20 34 6

* includes additional studies in snowball sample




With this in mind it is important to specify the
period for which the input data are representative
orvalid. Of the 86 global and continental
assessments, the most common reference
period is between 1990 and 2015, followed by
the period between 1960 and 1990 (Table 6).
This is consistent with the general increase over
time of suitability assessments and suggests that
studies use the most up-to-date data, including
projections for future climates that have become
more widely available over the past ten years and
at higher spatial resolutions (e.g. climate model
data available at CCAFS or IPCC Data portals).
Global circulation models of climate are often
combined with or are based on scenarios of
economic development. These scenarios include
projections of trade and demand for agricultural

products, which will not affect the biophysical
suitability for agriculture but affect the likelihood
of land being exploited for specific crops or
agriculture in general (e.g. Fischer et al. 2005).
We argue that studies that take into account non-
biophysical factors are more sensitive to temporal
non-stationarity, where the relationships
between determinant factors and suitability
change over time (Wrenn & Sam 2014). Without
access to historical datasets, however, it is
difficult to account for temporal non-stationarity
in the determinants of agricultural suitability.

Changes in soil properties are far more

difficult to model than changes in climate,
although developers could create scenarios that
incorporate potential soil dynamics and evaluate
the impact of these changes (e.g. Sun 20m1).

3.9 ORGANISATION(S) INVOLVED IN AGRICULTURAL

SUITABILITY ASSESSMENTS

The organisations that were involved in producing
or using assessments of suitability at the global
and continental scale included both national

and international organisations. Thirteen of the

81 studies were multiple-partner collaborations,
while single organisations produced twenty-eight
studies. We were unable to find information on the
organisation for the remaining twenty-six studies.
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Figure 8: Frequency of different types of organisations
producing or using global and continental suitability

assessments

The types of organisations ranged from national
governmental to United Nations organisations. The
most common organisations producing suitability
assessments were universities, followed by
international and national research organisations

(Figure 8).

The results are not surprising as the focus

on continental and global studies are of

most relevance for organisations that have

an international mandate. United Nations
organisations included the Food and Agriculture
Organization (FAO), the World Meteorological
Organization (WMO) and the United Nations
Environment Programme (UNEP). The large
number of national research institutes includes
many European and US research institutes that
have links to universities.



3.10 NATIONAL AND LOCAL SCALE ASSESSMENTS

While we prioritised global and continental
studies there were some studies at the local and
national levels that used different methodologies,
or had objectives which could potentially be
adapted for larger spatial extents.

Linkages to particular interventions, policies

or to land planning were common in national
studies. Feizizadeh and Blaschke (2013), for
instance, use multi-criteria evaluation of land
suitability based on local expert knowledge in
which different criteria are weighted according
to their perceived importance. These are the
same factors as those included in other methods
(such as GAEZ) but they do not contribute to a
production function. Thresholds can be applied
to give binary classes, or a fuzzy membership set
(e.g. Abbaspour et al. 2011) can be defined for
each of the factors. In this latter case the authors
use Analytical Hierarchy Process (AHP) to
determine the weights with relative importance
identified by expert knowledge. They are able

to create suitability maps for different kinds of
agriculture and compare with actual land use to
show areas suitable but not currently exploited.
This method is less useful for global studies
where the relative importance of factors may not
always be consistent over large spatial extents.

Jayathilaka et al. (2012) like Feizizadeh and
Blaschke (2013), use AHP to determine weights in
a multi-criteria evaluation of suitability for three
plantation crops. They use two historical time
frames and compare changes in suitability with
changes in actual yields over the same period.
This comparison was possible given the presence
of weather data from meteorological stations as
well as yield records from the plantation estates,
a situation unlikely to be replicated in other
contexts and for other crops.

Mendas and Delali (2012) also use a multi-
criteria decision analysis (MCDA) tool to

assess suitability for durum wheat in Algeria.
They include socioeconomic factors in their
assessment (labour and proximity to roads), but
because of the small extent of the study they do
not consider climatic factors.

Liu et al. (2on) take into account various
criteria for agricultural suitability including
compactness. This is a factor which is often
ignored in other studies and relates to
management and the landscape value of non-
fragmented farmland (in China). They optimise
for multiple planning objectives using an
algorithm inspired by immune systems, whereas
Neto et al. (2011) use genetic algorithms.

Agrell et al. (2004) use a national AEZ database
as an input in a decision support system for
agricultural land use planning in a region of
western Kenya; additionally they take into
account labour, other costs, and the values of
individual crops. They have numerous objectives
related to maximum production of food, food
self-sufficiency, erosion and income. Many of the
objectives are conflicting, implying an analysis
of trade-offs, different solutions are presented
iteratively to a decision maker, with selections
forming the basis for subsequent iterations.

A number of national studies sought to combine
various different methodologies to assess
suitability. Confalonieri et al. (2013) create a
suite of software tools for assessing suitability,
incorporating both empirical (what they call
multi-cell suitability approaches) with methods
based on environmental envelope models
(EcoCrop), GAEZ type process models, or direct
crop suitability discriminant. They allow users to
select and to mix different strategies (from the
approaches) and also to add other components.
Tian et al. (2012) combine the Decision Support
System for Agrotechnology Transfer (DSSAT)
crop growth simulation model and the AEZ
approach for one crop in one country (China).
They attempt to upscale the results of DSSAT
by reclassifying the cropping zones based on
available weather and agricultural field stations
(similar to Yield Gap Atlas Strategy; van Wart

et al. 2013). Fischer and Sun (2001) combine
three methodologies to move from agricultural
suitability using the GAEZ approach to land use
optimisation for the whole of China.



The treatment of trade- offs was explicit in many
of the multi criteria evaluations. Pineda-Martinez
et al. (2013) look at the trade-offs between food
self-sufficiency and agricultural production
sustainability while the objective of Reed et

al. (2013) was to explore the impacts of two
agricultural production scenarios (extensification
and intensification) on ecosystem services and
identify trade-offs. This was carried out over a
small area and the ecosystem services were easy
to identify; this would be more difficult for a
larger area. The potential impact of changing
suitability for specific crops on protected areas
was assessed by Bradley et al. (2012) in South
Africa. They use an ecological niche model to
determine suitability for two crops, using very
accurate crop presence, soil and climate data.







4. Discussion and conclusions

The majority of the assessments in this review were identified by a systematic search of peer-
reviewed literature, but we added further studies based on references in the original selection.
We also reviewed other assessments that had not been identified during the initial literature
search due to either the time difference between initial selection of papers and further analysis
(July 2013 - February 2015) or the search terms that were originally used. For instance, there is

a significant body of work on land use models that discusses the suitability of land for various
purposes but which may not include the term ‘agriculture’ in the title, abstract or key words.
These models are discussed in a separate review of land use change models which is intended
to be used in conjunction with this review (see van Soesbergen 2016).

Our review of the assessments was guided by
questions that help us to understand the range
of approaches that have been used to assess
suitability and the most appropriate methods
and data according to the purpose of the
assessment. The most fundamental characteristic
of the assessments was the reasoning behind
the method to measure or predict suitability
of agriculture. We identified five broad
methods that included approaches based on
plant physiology and/or approaches based on
socioeconomic and biophysical factors.

Approaches based on plant physiology, which
include process-based models, such as the

FAO GAEZ methodology, tend to focus on

the biophysical requirements of specific crops
and take advantage of recent improvements

in the understanding of crop physiology that
drives many crop growth simulation models
and the continuous improvements of spatial
data on biophysical factors. The results of
these models (e.g. biomass, grain yield) are
easily comparable between crops and can

be converted to other metrics like income,
calories or protein. The models can also include
scenarios of management practices, soil nutrient

management and crop protection. Empirical
models, such as ecological niche models, were
fewer in number but represent a different way

of considering suitability, one that considers
agriculture and particular crops as a part of

an ecosystem in which there is competition
between plants and land uses. In their treatment
of niches these methods must necessarily
consider suitability as just one component of the
likelihood of a particular land use at a particular
location at a particular time.

Approaches based on socioeconomic and
biophysical factors of suitability recognise the
importance of human agency. These approaches
judge suitability as the result of many decisions
which may or may not be optimal. They go
further than ecological niche models and include
factors affecting the feasibility of a particular
land use or cropping system. Trade-offs were
often explicitly considered in these approaches
because of the recognition that intensification of
agriculture or conversion from other uses have
environmental and social costs that must be
considered.



41 SUITABILITY FOR AGRICULTURE OR LIKELIHOOD OF

AGRICULTURE

There are two important objectives when assessing
the suitability of land for agriculture. The first is to
provide information that can potentially be used
to calculate the amount of food, fibre, feed and
other agricultural products that can be produced
on the planet, in effect defining the human
carrying capacity of the earth (Cohen 1995). This
objective requires identifying (i) areas which

are suitable for agriculture but which are not
exploited; (ii) areas where agriculture is currently
practised but which are not suitable; and, (iii)
areas where the agricultural productivity is lower
than it could be. The second objective, which we
cover in more depth in a review of land use change
models (van Soesbergen 2016), is to determine

the likelihood of conversion of land to or from
agriculture or the likelihood of intensification

of production, based on the current and future
suitability of land, and the current and future
drivers of allocation of land.

In essence the first objective is to define the
potential agricultural production while the
second assesses the options for reaching the
potential and can be used to develop scenarios of
future agricultural production and land use.

The first objective will help firstly to evaluate
trade-offs or synergies between biodiversity and/
or ecosystem services values with agricultural
production in scenarios where areas that are
currently suitable but not used would be converted
to agriculture, by comparing existing and potential
agricultural land use and assessing the potential
impacts of conversion or intensification. Secondly,
it will help to identify areas that may have higher
value for biodiversity and ecosystem services if
restored to natural vegetation than under their
current unsuitable use or where productivity may be
boosted to avoid conversion of neighbouring areas
(Grau et al. 2013). Identification of these areas can
then lead to an assessment of the socioeconomic
reasons for why agricultural production exists

on unsuitable land or why productivity is low.

Such analyses can inform decision-making as to
the most efficient or sustainable use of land for
agriculture and other land uses providing other

ecosystem services (notwithstanding that there
may be socioeconomic factors preventing such
pure “efficiency-maximization”). For an overview
of approaches to mapping ecosystem services, see
Burgess et al. (2016).

The second objective helps to develop maps

of increasing or decreasing “pressures” on
biodiversity and ecosystem services from likely
future uses of land. Together with information
on the synergies and trade-offs that such changes
would imply (and for whom), this can support
the development of policy or regulation to
mitigate or deflect these pressures in certain high
value (e.g. for other ecosystem services) areas.

Many approaches reviewed were based on

plant physiology and the theoretical response
of plants to external stimuli like temperature,
solar radiation, water, carbon dioxide and

other nutrients. The spatial distribution of the
availability and quantities of these stimuli, and
the interactions between them, determine the
assessment of suitability for specific crops. Crops
are not grown in isolation, however, and these
assessments will only be useful for informing
about potential agricultural production when
they are put into the context of farming systems.
For this reason we see a constant adjustment

of these methods to include factors that better
reflect actual cropping systems, but as yet we

do not see novel (Koning & van Ittersum 2009,
Overmars et al. 2007) or complex production
systems (such as agroforestry) incorporated.



Empirical models e.g. models of land use change
seem to be better suited for multi-sectoral land
suitability, whereas approaches based on plant
physiology are more often used for single sector
suitability (Koomen et al. 2015). In models based
on the presence of a particular crop or land use
and using regression techniques (e.g. Beck 2013)
there is an assumption that the absences are real
i.e. that the crop is not in an area because it is
unsuitable, whereas in reality a crop may not be
in an area because there are alternative crops,
because there is nobody to grow that crop, or
because the crop has never been introduced to
that area. Approaches that seek to determine
the process behind suitability from the pattern
of current land use or crop system will therefore
encounter problems if they ignore all of the
potential factors that cause the pattern of land
uses with niches for particular crops. Ecological
literature on niches gives two definitions - firstly
the niche as the environmental requirements
needed for a species to subsist, and secondly

as the relationship of a species to other

species (Hirzel & Lay 2008). We see that the

first definition is more akin to suitability for
agriculture whereas the other looks at the
competition between crops or between different
uses of land and includes factors that may not
strictly be environmental.

There are also many recent studies that assess the
potential impacts of changes to the biophysical
suitability of agriculture, for example as a result
of climate change (e.g. Beck 2013, Devendra

2011, Fischer et al. 2005, Jayathilaka et al. 2012,
Kala et al. 2012, Lee 2009, Mainuddin et al. 2013,
Parry & Swaminathan 1992, Seo et al. 2009a,

Seo et al. 2009b, Tang et al. 2000, Tatsumi et

al. 201, Teixeira et al. 2013, Zabel et al. 2014).
These studies use socioeconomic scenarios of
CO, emissions to predict changes in agricultural
suitability based on the requirements of specific
crops. However, as the socioeconomic scenarios,
Global Circulation Models (GCM) and timescales
often differ, comparison between study results

is difficult. The review found process-based
methods are well suited to exploring the changes
in biophysical suitability of agriculture because
the responses of the crops or animal to different

levels of the biophysical variables are well
understood and are modelled explicitly. However,
the potential of empirical models to assess
suitability in novel environments is limited by
historical patterns of change and cope less well
with non-stationary land use change processes
(Mas et al. 2014).

Changes in the socioeconomic determinants

of the cultivation of a particular crop or of
agricultural land use are also likely to change
over time e.g. population rise, changes in diet
and the use of land for non-food crops (Mauser
et al. 2015, Cirera & Masset 2010, Kearney 2010,
Pelletier & Tyedmers 2010, Gerbens-Leenes

et al. 2010, Koning et al. 2008). The amount

of land required for food production (and its
crop composition) will depend on commodity
trade and the distribution and waste of food
(Godfray et al. 2010, Narayanan & Gulati 2002;
Godfray 2011, Gustavsson et al. 2011). At the
same time there will be competition for land
from other land uses such as urban areas
(Cohen 2004, Young 1999). These determinants
can be modelled explicitly as part of a food
system (e.g. Fischer et al. 2005, Lee 2009)

or aggregated into demand scenarios (e.g.
Wassenaar et al. 2007, Eitelberg et al. 2014)
which are a useful tool for explaining potential
futures but only cover a small fraction of all
possible futures (Groot et al. 2009).




4.2 INDIVIDUAL CROPS, FARMING SYSTEMS OR ‘AGRICULTURF’

In the context of African smallholder farmers,
Tittonell et al. (2009) discuss the ‘ideal farm,
which takes into account resource efficiency of
land, labour and nutrients and the sustainable
accomplishment of farm objectives. The ideal farm
is the most ‘suitable’ configuration to balance the
competing demands of food security and income
generation while at the same time conserving soil
fertility status. Nevertheless, the most suitable
farm configuration often changes according to

the wealth of the farm household (Zingore et al.
2009). It is worth noting that optimisation at this
local scale is based on very different assumptions
than optimisation at global, regional and national
scales. Optimisation at larger scales is often less
explicit but still depends on these local level
decisions which affect land use. A practice which
operates over multiple levels in the farming system
is conservation agriculture, which has been shown
to have great promise for increasing the resilience
to low soil moisture and nutrient deficiencies,

but which often fails to have a long-term impact.
The suitability for this particular practice has

been assessed agronomically but also considering
socioeconomic factors (Rosenstock et al. 2014).

The challenge for global studies of agricultural
suitability is how to incorporate the complexities
of multiple farm systems (i.e. systems within the
same land use class) with competing production
and other environmental/socioeconomic/
political objectives in a pixel or zone. Methods
using weights to estimate the likelihood of a
particular crop in a particular location (e.g. You
et al. 2014 and Fisher et al 2002) are useful but
would need to be expanded to consider the

competition between ‘agriculture’ and other
land uses or livelihood strategies at larger scales.
Examples where agriculture is compared to other
competing land uses include assessments of the
‘utility’ of the land, measured by the net present
value (economic) of the land as well as studies
into the multi-functional (summed) capacity of
a landscape versus capacity of mono-functional
landscapes. The concepts of multi-functional
landscapes - within which agriculture plays
various roles - or multifunctional agriculture can
help to define objectives at the landscape level
which in turn will determine the appropriate
measures of suitability for agriculture.

Ultimately the primarily global and continental
scale of the studies that we looked at in detail

are not appropriate for assessing farm systems
and household level decision-making. For
decisions at this level, global principles of
mapping agricultural suitability will need to be
supplemented by a review of relevant local studies
within landscapes.




4.3 CONCLUSIONS

In this review we focused on global and
continental level assessments, however to assess
agricultural suitability at the national level we
advise consulting local and national studies,
verifying the methods, the criteria used, and

the data quality. For this purpose we provide

a database of all the studies that have been
documented in peer-reviewed journals considered
in this review (see Appendix 2).

We have shown that there has been an ever
increasing number of assessments of the
suitability of agriculture with especially more local
and national studies. With better access to data
and wider sharing of methods it is now easier than
ever to conduct an assessment. This is welcome
given the global pressure on land for agricultural
products.

The vast majority of global and continental
studies use approaches based on plant physiology,
particularly those that use process-based models.
The most common methods used FAO Agro-
Ecological Zones models. The AEZ method is
intuitive and calculates different yields (potential,
water limiting etc.) for a large number of crops

as well as modifying the suitability according

to terrain. Due to the strong theoretical links to
crop physiology the methods are able to cope
with novel future environments which have no
current analogue. In order to assess the likelihood
of agriculture at any particular place and time

the agronomic suitability assessments using the
AEZ methodology need to be complemented
with additional biophysical, socioeconomic or
institutional constraints that may affect potential
land use.

Although, within the scope of our literature
search, we found relatively few approaches based
on empirical models (whereby process is inferred
from spatial and temporal pattern) these methods
are common in land use models. A separate
review which forms part of this suite of reviews
looks specifically at land use change models (van
Soesbergen 2016). Assessments using empirical
models consider all of the factors that determine
the use of land, but often have difficulties in
determining the cause of the pattern due to data
availability. These deficiencies are being overcome
by better specification of the models using more
local knowledge, the increasing availability of
data (e.g. ‘Big Data’) as well as combination with
process-based models in modular structures.
Empirical models also encourage analysts to think
in terms of niches. Studies that combine actual
cropping systems, suitability for distinct crops,
local factors that favour particular crops or land
uses and scenarios of global demand would appear
to offer the most complete assessment of the
likelihood of conversion of land to different crops
or from non-agriculture to agriculture.

We noted a gradual increase in the spatial
resolution of the global and continental studies
over time, although studies at the highest
resolution (<5 km?) are still not common. This

is probably due to the lack of extremely high
resolution climate data which are arguably the
biggest drivers of agricultural suitability, or of data
of functional soil properties (such as soil pH).

The resolution of the assessment should relate to
the system that is being assessed and the drivers/
determinants, and the measure of suitability
should be consistent. We observe that common
measures of suitability relate to plant biomass,

or attainable yield, both of which are plot level
outputs. However when assessing suitability for
medium resolutions of 5-50 km?, each pixel could
represent a farming system or a landscape instead
of a single crop, but there are as yet no measures of
agricultural suitability that consider such system
levels, although there are some studies which look
at landscape systems not specific to agriculture
(e.g. Van Asselen & Verburg 2012).



The creation of agro-ecological zones as part

of an assessment of agricultural suitability is
becoming less common for global and continental
level studies. Zones are good communication
tools and are useful for planning research and
developmental interventions, as well as for simple
statistical analyses. Zones are less useful, however,
for combining different datasets and many studies
have shown that zones often mask heterogeneity
in factors that are important for agricultural
suitability and the likelihood of land conversion or
land degradation.

Many studies have highlighted the importance of
taking into account the dynamism of the factors
that affect, to a lesser extent, the suitability of
agriculture, and to a greater extent the likelihood
of land being used for agricultural production.
Dynamism of biophysical agricultural suitability
is related mainly to changes in climate. Estimates

of these changes are now widely available and are
relatively easy to handle for process-based models.
In contrast the huge range of contextual factors
that ‘cause’ land to be used in a certain way or for
crops to be adopted is possibly the biggest hurdle
for both process-based and empirical models.
Land use models which simulate patterns over
many time steps and for large spatial extents

have made much progress in resolving issues

of spatial and temporal non-stationarity. We

see that there are also many novel methods at

the national and local levels related to land use
planning which could be incorporated into global
and continental studies but the challenge will be
to reconcile decision-making at multiple levels,
volatility of macro-economic drivers of land use,
and fundamental changes to the biophysical
environment.




5. Recommendations

This report provides an overview of the most commonly used approaches to mapping
agricultural suitability, focusing on global and continental scale assessments. The
recommendations provided here should be considered alongside a suite of other technical
reviews which form part of this body of work on supporting an ecosystem-based approach to
agricultural development policy and planning. Reviews include those on ecosystem services

mapping, biodiversity mapping, scenario development and land use change models.

The summaries of approaches to mapping
agricultural suitability are intended to increase
capacity to understand and use such approaches
by national and sub-national level decision
makers. The other considerations highlighted
in the results are also intended to allow decision
makers to make informed choices around
whether to use existing assessment results

or develop a new assessment tailored to the
question or region of interest. However, as

this review focuses on large scale assessments,
primarily based on process-based models,
challenges can arise when generalising such
findings to inform national and sub-national
level decision-making. We recommend that
decision makers supplement the findings of
this review with a review of relevant local scale
assessments which are relevant to the particular
landscape of interest. Nevertheless, there are a
number of recommendations and considerations
which are important to consider across all scales
of assessment, these are proposed below.

Evaluating trade-offs and risk

1. Determining potential agricultural production
and identifying other ecosystem services will
help to (i) evaluate trade-offs or synergies
between agricultural production, biodiversity
and other ecosystem service values in scenarios
where areas that are currently suitable but not
used would be converted to agriculture, and
(ii) identify areas that may have higher value
for biodiversity and ecosystem services.

2. Determining the likelihood of conversion of
land to or from agriculture or the likelihood
of intensification of production will help
to develop maps of potential increasing
or decreasing “pressures” on biodiversity
and ecosystem services from likely future
developments.

3. Particular attention should be paid to a
number of studies we have identified that
produce an index of shared suitability which
denotes potential conflict areas where different
types of strategies (and land use) are equally
suitable. These approaches are useful in
evaluating trade-offs and risks.



Approaches

4. Empirical models that seek to determine the

process behind suitability from the pattern of
current land use or crop system seem to perform
better for multi-sectoral land suitability, whereas
process-based models are more often used for
single sector suitability. Empirical models must
therefore take into account all of the potential
factors that cause the pattern of land uses with
niches for particular crops.

5. A dynamic approach to soil and/or land

degradation should be taken in suitability
assessments, particularly when projecting
suitability into the future. Degradation will
reduce future agricultural suitability and is not
currently considered in global assessments.

Data, methods and scale

6. Studies that offer a more complete assessment of

the likelihood of conversion of land to different
crops, or from non-agriculture to agriculture,
generally include those that combine: actual
cropping systems; suitability for distinct crops;
local factors that favour particular crops or land
uses; and scenarios of global demand.

. Werecommend that AEZ studies should combine
both biophysical and socioeconomic factors that
affect land use, such as Fischer et al. (2005).

8. Agro-ecological zones are a good

communication and planning tool but are
less useful for combining different datasets
and mask heterogeneity in factors that are
important for agricultural suitability. We
recommend the highest possible spatial
resolution is used and the appropriate
measures of suitability for that resolution.

9.

Global scale assessments of the likelihood of
conversion and potentially of the biophysical
suitability for agriculture will be affected by
factors that are likely to change according to
location. We recommend that locally relevant
indicators are used, in multiple regional
models. This type of modelling approach may
help bridge the gap between local relevance
and global coverage.

10.1f agricultural suitability needs to be assessed

at the level of a particular country we advise
consulting local and national studies,
verifying the methods, the criteria used, and
the data quality.

Suitability of agricultural systems or
crops

11.

12.

13.

We have yet to see a measure of suitability
that considers the landscape or community
levels of farming systems, despite the fact

that this is a common resolution of suitability
assessments. We recommend working

with organisations conducting suitability
assessments to develop measures which best
reflect farming systems instead of single crops.

Further research is needed and should be
supported on the assessment of the suitability
for complex agricultural production systems
(such as agro-forestry or novel bio-based), the
implications for agricultural production over
large areas, and the conditions that affect the
likelihood of conversion.

Crop-specific assessments will be useful when
considering a specific crop that has a growing
demand, or which has been shown to be
suitable in areas which also currently provide
other important ecosystem services.
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71 APPENDIX 1. LITERATURE SEARCH AND SCREENING

The universe of literature was primarily peer-reviewed articles in SciVerse’s Scopus
(https://www.scopus.com/) and ISI's Web of Science (http://apps.webofknowledge.com) databases;
we also consulted grey literature in Google search.

A11. Searching in title, abstract and keywords

We applied objective screening using keywords, which we based on the purpose of this review.

Search results (11/07/2013)

Key word Scopus Web of Science
“Suitability for agriculture” 30 15

“Agricultural Suitability” 58 33

“Potential for agriculture” 38 24

“Agricultural Potential” 438 231
“Agro-ecological zone” or “Agro-ecological zone*” | 651 482

“AEZ” or “AEZ*” 89 143
“Agro-climatic zone” or “Agro-climatic zone*” 255 181

“Primary Production” 92,264 24,839




A1.2 Positive screening by subject/research area:

We applied objective screening using research areas or academic disciplines that are relevant to the

purpose of this review.

Scopus Web of Science

Agricultural and Biological Sciences

Agriculture

Computer Science

Biodiversity Conservation

Decision Sciences

Computer Science

Earth and Planetary Sciences

Environmental Sciences Ecology

Economics, Econometrics and Finance

Forestry

Environmental Science

Geography

Multidisciplinary

Meteorology Atmospheric Sciences

Social Sciences

Plant Sciences

Search results (11/07/2013)

Physical Geography

Remote Sensing

Water Resources

Key word Scopus Web of Science
“Suitability for agriculture” 29 14

“Agricultural Suitability” 56 27

“Potential for agriculture” 34 19

“Agricultural Potential” 399 172
“Agro-ecological zone” or “Agro-ecological zone*” 594 396

“AEZ” or “AEZ*” 73 66
“Agro-climatic zone” or “Agro-climatic zone*” 212 126

“Primary Production” 37,184 12,028

A1.3 Positive screening by general usefulness:

A subjective screening using the titles and abstracts of the sources based on the usefulness for the

purpose of this review.

Search results (11/07/2013 & 12/07/2013)

Key word Scopus (non-duplicates) Web of Science
“Suitability for agriculture” 0 6

“Agricultural Suitability” 6 14

“Potential for agriculture” 5 6

“Agricultural Potential” 43 33
“Agro-ecological zone” or “Agro-ecological zone*” 51 88

“AEZ” or “AEZ*” 16 42
“Agro-climatic zone” or “Agro-climatic zone*” 5 21

“Primary Production”

We omitted results for "Primary production" because the search generated too many results. After we

aggregated the citations and removed the duplicates, there remained 244 citations.




A1.4 Classification by themes:

A subjective classification using the titles and abstracts of the sources based on the purpose and
methodology of this review. We only considered the first two categories of papers for further analysis.

Theme Results

Papers that describe the development of agro-ecological zones | 136’
or assessments of suitability

Papers that refer to existing zones or assessments 872

Papers that discuss general conditions for agricultural 19
intensification or adoption of technologies (leading to
intensification or land conversion)

A1.4.1 Analysis of papers that address methods to develop AEZ or other suitability
assessments

The 136 studies reviewed sought to create zones based on either current agricultural systems, the
potential for different crops or systems or did not seek to define zones of the 136 papers 15% are global,
20% are regional/continental, 37% are national/provincial and 26% are local, while the rest are pure
methods papers.

Global 20
Continental 27
National 50
Local 385
Not applicable 4

oba 0 enta ationa 0Ca ot applicable
1965-1969 1 1
1970-1974 1 1
1975-1979 2
1980-1984 2 5 6 1
1985-1989 4 4 1
1990-1994 3 6 9 2
1995-1999 5 1 6 7
2000-2004 3 2 3 1
2005-2009 4 1 10 11 1
2010-2013 3 6 12 10

'‘One paper, THIOMBIANO, L. & ANDRIESSE, W. 1988. Research priority setting by a stepped agro-ecological approach: Case
study for the Sahel of Burkina Faso. NJAS - Wageningen Journal of Life Sciences, 46, 5-14, was incorrectly dated in the Scopus
database and was a duplicate of the following paper: THIOMBIANO, L. & ANDRIESSE, W. 1998. Research priority setting by
a stepped agro-ecological approach: case study for the Sahel of Burkina Faso. Netherlands Journal of Agricultural Science, 46,
5-14. The paper was removed from the list.

*One paper, HOCHMAN, Z., GOBBETT, D., HOLZWORTH, D., MCCLELLAND, T., VAN REES, H., MARINONI, O., GARCIA,
J. N. & HORAN, H. 2012. Quantifying yield gaps in rainfed cropping systems: A case study of wheat in Australia. Field Crops
Research, 136, 85-96, was incorrectly dated in the Scopus database and was a duplicate of the following paper: HOCHMAN,
Z., GOBBETT, D., HOLZWORTH, D., MCCLELLAND, T., VAN REES, H., MARINONI, O., GARCIA, ]J. N. & HORAN, H. 2013.
Reprint of "Quantifying yield gaps in rainfed cropping systems: A case study of wheat in Australia". Field Crops Research, 143,
65-75. The paper was removed from the list.



A1.4.2 Analysis of papers that make reference to existing methods

Of the 87 papers that we reviewed, 47 made reference to other books, journal articles or reports

that discussed or described methods of or related to the determination of agricultural suitability or
potential. There was some duplication of references, especially those that referred to global studies
such as those developed by FAO or IIASA but there were 87 unique references. 31 of the papers did not
refer to methodological sources, and we could not access nine papers.

Only seven of the 87 references were in the list of papers that address methods found in the original
systematic search of literature.

Global 16

Continental 18

National 34

Local

Not applicable

Global Continental National Local Not applicable
1960-1964 1

1965-1969 2

1970-1974

1975-1979

1980-1984 2
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1995-1999
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7.2 APPENDIX 2. DATABASE OF THE STUDIES IN PEER-
REVIEWED JOURNALS CONSIDERED IN THIS REVIEW

The database, in the form of an Excel table, is available with the online version of this report.
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