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Abstract: The dynamics of socio-environmental systems are driven by exogenous forces
and by the interaction of endogenous system components, both within the social and environmental realms, as well as between them. In recent years, the number of models and
modelling frameworks explicitly representing feedbacks has increased, especially for models of land use systems. Land use changes are on the one hand caused by a complex interaction of human and/or institutional land use demands and the environment, which supports or limits human use in several aspects. On the other hand, land use changes and their
effects at least partly influence the respective driving forces and future land-use decisions,
e.g. by affecting the productivity of agricultural land, in- or decreasing the quality of life in
(residential) urban areas, increasing accessibility and thereby facilitating the economic
development of areas and so forth. In this paper we address the complexity of socioenvironmental systems via analysing and reviewing the feedbacks implemented in current
simulation models, with a focus on feedback loops between the social and the environmental component. We developed an analysis framework distinguishing several categories of
information exchange between model components. Results indicate that feedbacks from
‘population’ simulated e.g. as households or average land managers were well represented,
whereas institutions or technical changes were rarely addressed. From the environment
component mostly the performance of crops or density of population were reported, whereas other environmental changes e.g. concerning soil, weather or water dynamics or structural changes in cities were addressed less frequently or not at all. We conclude that the
land-use modelling community started to address system complexity via implementing
feedback loops, leaving much room for increasing the realism of information exchange
between representations of the social and the environment components.
Keywords: feedback mechanisms; land use modelling; review; urban and rural land systems.
1.

INTRODUCTION

Land is a limited resource, especially if we consider land, which is suitable for specific
land-use purposes such as agriculture, forestry, livestock-production, housing, recreation or
cultural activities. The dynamics of such systems are determined by (1) the initial state of
the land system, (2) external (or exogenous) driving forces and (3) internal feedback loops,
which may be positive or negative. In system dynamics, the term feedback is used to characterize a bidirectional relation between two or more system components (Morrison 1991),
which is exactly the way we use the term in this paper. We clearly distinguish feedbacks
from unidirectional relations, which are called drivers, or driving forces (Geist and Lambin
2002), or impacts from the perspective of the affected component. In the land-use literature, instead of the term ‘feedback’ other terms are frequently used, such as link, (complex)
interaction, coupled system, connection. For these terms, the authors often not clearly define whether just one component is influencing another one, or whether both influence each
other, i.e. whether the relations they address are uni- or bidirectional (e.g. Liu et al.
2007;Parker et al 2008; Rindfuss et al. 2008; Schaldach and Priess 2008; Verburg 2006;
Walsh et al. 2008, Young et al. 2006).
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Humans interact with the environment in various ways. Historically, research on these
interactions has been split into research on the effects of human actions on the environment
and on the effects of environmental changes on human well-being. Coupled socioenvironmental systems have been addressed by natural / ecological and social sciences, and
the attention for the topic has considerably increased over the last two decades (Science
Direct: from 2,800 papers in 1990 to 21,000 papers in 2009)1. While both scientific realms
agree on the importance of understanding the dynamics of socio-environmental systems,
they disagree on explanatory approaches (Turner and Robbins 2008), which is also reflected in the range of methodologies of the studies reviewed in this paper. While the complexity of human-environment interactions (here: socio-environmental feedbacks) has been
noted early (Marsh et al. 1864), approaches that tackle complexity via addressing the feedbacks between both subsystems have kicked in manly during the last decade (see Table 1).
This can be attributed to the separation of ecological and social sciences (Rosa & Dietz
1998; Liu et al. 2007). The evolving Land-Use Science (also called land change science,
e.g. Turner & Robbins 2008) is trying to embrace approaches from either side, contributing
to generate new insights into the multiple dimensions of social and environmental subsystems involved in land-use dynamics (GLP 2005). While drivers of land-use dynamics have
been analysed in detail (Angelsen and Kaimowitz 1999; Geist and Lambin 2002), to date
no systematic approach is available for classifying feedback mechanisms and analysing
how they contribute to explain land-use dynamics, although the scientific community
seems to agree about the importance to study and simulate the complexity e.g. feedback
mechanisms in land systems (GLP 20052; Liu et al. 2007, Parker et al. 2008, Young et al.
2006).
Recent reviews of land use models tackled feedbacks in several ways. Alberti (2008) analysed feedback loops between environmental and human system and distinguished various
spatio-temporal scales. In their review of urban models, Haase and Schwarz (2009) differentiated feedbacks (1) of land use and human sphere, (2) of environment and human
sphere, and (3) between local and regional scale. Schaldach & Priess (2008) identified
socio-environmental feedbacks in land-use models for regional to global scale. Finally,
Verburg (2006) distinguished three types of feedbacks (1) between driving factors and the
effects of land use change, (2) between local and regional processes, and (3) between
agents of land use change and the spatial units of the environment.
This paper seeks to contribute to the maturation of land use science (Rindfuss et al 2008)
by analysing important feedbacks in socio-environmental land systems and how they are
implemented in the models generated and used by the scientific community. The aims of
this paper are thus twofold: first, to provide a framework for analysing feedbacks in socioenvironmental land use systems, and second to review existing simulation models of land
use systems regarding the feedbacks included. In the review part of the paper, we address
the following research questions:
 Which feedbacks are tackled / neglected?
 Which elements of the social and environment components are addressed?
 On which (temporal and spatial) scales do simulated feedbacks occur?
2.

METHODS AND DATA

2.1

Analysis Framework

At the global scale, we argue that the only external drivers are the solar activity and the
parameters of the orbit, while all other dynamics are endogenous to the system. This per1
The search term (link* OR interaction* OR feedback* OR couple*) AND (land*use OR land*cover or agric* OR
urban) AND model AND (human OR social OR societ* OR agent* OR actor*) for the period 1990-2009
(2010/03/15), resulted in 986 (1.029) hits in WEB of KNOWLEDGE, 158,000 (166,800) hits of journal & book
articles in SCIENCE DIRECT; and 17,400 (17,600) hits including citations in GOOGLE SCHOLAR.
2
With this paper we explicitly contribute to themes 1.2 (How Do Changes in Land Management Decisions (…)
Affect Biogeochemistry (…) of Terrestrial and Freshwater Ecosystems?) and 2.3 (How are Ecosystem Services
Linked to Human Well-being?) of the GLP Science Plan (GLP 2005).
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spective has been addressed and simulated by Meadows et al. (1972), or with considerably
more detail in the GUMBO model (Boumans et al. 2002). At regional or local scales, we
expect quite different sets of external drivers (Geist and Lambin 2002) and endogenous
feedbacks, which are responsible for the dynamics of land systems, partly originating from
human decisions and activities, and partly related to environmental processes and functions
and the services they provide for society (e.g. MEA 2005; Rudel et al. 2005; Lambin and
Meyfroidt 2010). The differentiation between external drivers and endogenous feedbacks is
then a matter of system boundaries. The socio-environmental systems we are addressing in
this paper are conceptually divided into two major components: (1) The social component,
comprising elements such as persons or households (population), organisations, but also
economic sectors or technology, and (2) the environment (be it natural or manmade such as
urban or agricultural), including all biophysical properties and processes (see GLP 2005;
Schaldach and Priess 2008). At least two types of feedbacks (Figure 1) can be distinguished in these systems, which we here define as:
TYPE 1: feedback between major components
TYPE 2: feedback within major components
TYPE 1 feedbacks between major components of socio-environmental land systems comprise a wide variety of human activities such as where and when to use land for a certain
purpose and how to use it (plant potatoes or wheat; build a hut or a castle; irrigate or not;
expand land use or abandon a piece of land; protect land for nature conservation or carbon
accumulation). The second half of the loop includes all types of environmental changes in
functions and services, which are influencing human (land use related) activities and decision making. In either of the social and the environment component cascades of internal
(TYPE 2) feedbacks may occur, depending on the social, spatial and temporal scales and
resolutions at which the authors study and analyse land systems. It is noteworthy that simple representations of socio-environmental land systems can lack TYPE 1 feedbacks, for
example if soils and weather or other environmental conditions are represented as static
rather than dynamic elements, resulting e.g. in stable crop yields. Depending on the richness of details included in the models, TYPE 2 feedbacks might be covered implicitly or
explicitly. Note that TYPE 1 feedbacks might also pass through TYPE 2 feedbacks before
the loop is closed.
Both types of feedbacks as defined above are essential for either stabilising land-use (e.g. a
farmer keeps growing potatoes as long as crop yields and prices are within the range of
expectations), or triggering land-use transitions, for example if functions or services pass
threshold values (Lambin and Meyfroidt 2010).

Social
component

TYPE 2

Change of Land Use…
Intensity
Location
Extent

- Influence of Land Use
- Ecosystem Services
(Provisioning, Regulating,
Cultural & Amenity,
Supporting)

Environment
component

TYPE 2

TYPE 1

Figure 1. Feedbacks in socio-environmental systems. Since feedbacks are defined as bidirectional, TYPE 1 feedbacks cover the complete loop between the social and the environment component.
To add more detail to the analysis of feedbacks, the social and the environment component
were divided into sub-systems3. The social component encompasses Population, Economy,
Politics/Planning, Culture, and Technology. The category Population covers the dynamics
In the remainder of section 2, all categories used in this study are printed in italics.
3
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of population including migrating households as well as quality of life and human health.
The category Economy relates to economic activities including farming practises, while
Politics / Planning refer to decisions made by policy makers like changes in subsidies,
property rights, or protection status of land. The environment component consists of the
sub-systems Built environment, Biodiversity, Vegetation/Crops, Soil/Biochemistry, Hydrology and Atmosphere. As far as possible, the feedback analysis is addressing the subsystems involved. Note that only in cases where the social component was represented
without identifiable sub-systems, we used the classification ‘Whole human system’.
Table 1. Case studies for which feedbacks have been analysed.
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Claessens et al. (2009)
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Eppink et al. (2004)
Evans and Kelley (2004)
Hellden (2008)
Holzkaemper and Seppelt
(2007)
Landis and Zang (1998)
Le et al. (2008)
Lee et al. (2008)
Liu et al. (2008)
Manson (2005) / Parker
et al. (2008)
Matthews and Pilbeam
(2005)
Oel et al. (2010)
An (2005) / Parker et al.
(2008)
Deadman (2005) / Parker
et al. (2008)
Parker et al. (2008)
Priess et al. (2007a,b)
Priess et al. (2010)
Salvini and Miller (2005)
Seppelt and Voinov
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From the social to the environment component, the following aspects of changing land use
are distinguished: Intensity, Location, and Extent. Intensity refers to aspects like density,
amount of fertiliser used, or irrigation and the like. Location encompasses (re-) location of
certain land uses in a spatially explicit way, such as building new houses or allocating
crops. Finally, Extent covers changes in the area covered by a land use type.
4 ABM – Agent Based Model; CA – Cellular Automata; GA – Genetic Algorithm; ODE –
Ordinary Differential Equations.
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From the environment to the social component, the direct influence of land use is addressed, because the presence or absence of a land use in an area might influence social
processes like location choices of households depending on existing built-up areas or other
factors. Additionally, influences of environmental sub-systems are captured using the ecosystem services (ESSs) concept. The Millenium Ecosystem Assessment (2005) grouped
ESSs into the categories: Provisioning, Regulating, Cultural and Supporting. For each of
the models under review, we analysed, which of these feedback categories are incorporated.
2.2

Selection Process and Case Study Characteristics

For the review presented in this paper, the following criteria were used to select studies on
models simulating socio-environmental systems:





published in peer-reviewed literature.
focusing on land issues (urban, rural and natural areas; including studies on land freshwater & land - coastal waters).
preferably process- or rule-based, to be able to link processes and feedbacks.
preferably applied at the regional to local scale because studies tend to be less aggregated and to have a more explicit and detailed representation of socioeconomic and biophysical processes and feedback loops.

Based on the criteria above, 28 modelling studies have been reviewed (see table 1). They
cover a wide variety of topics, including urban simulation (7), agriculture (21), water management (8), natural vegetation (10) and migration (5). The following modelling techniques
are used, with some modelling studies combining two or more methods: cellular automata
(6), agent-based models (9), system dynamics models (4), regression models (4) and optimisation methods (2). Geographically, the case studies cover all major regions except Australia and Antarctica: 7 are located in Asia and in North-America, 4 in Europe, 5 in South
and Central America, 2 in Africa and 3 model applications could not be related to a specific
region.
3.

RESULTS

Figure 2. Feedbacks from the social component via land use (2a, left) to the environment
component (2b, right). The colours code the number of times a feedback has been observed
in the reviewed case studies (white: no feedback; dark: highest number of feedbacks). The
x-axis represents 3 different aspects of land use
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We started tackling the feedbacks of the social and environmental components of the modelling studies by analysing the types of land use changes that are related to various social
sub-systems (Figure 2a). The majority of feedbacks originates from the Economy or the
Population sub-systems. In the models analysed, the sub-systems of Technology, Planning /
Politics, and Culture are much less represented in land use change decisions and information flowing to the environment components. Related to the latter, we noted that changing land use intensity is less often modelled than extent or location of certain land use
types. The second step was to analyse the influence of these types of land use changes onto
the environmental sub-systems (Figure 2b). Vegetation/Crops and Soil/Biochemistry are
the two environmental sub-systems that are influenced the most, hinting at the larger number of agricultural modelling studies in the review. Hydrology and the Built Environment
are also directly addressed, whereas issues relating to Biodiversity and the Atmosphere are
rarely tackled. However, they might be influenced by TYPE 2 feedbacks occurring within
the environmental component. Land use intensity, location, and extent are all relevant for
influencing the various environmental sub-systems.
Technology
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Figure 3. Feedbacks from the environment component via ecosystem services to the social
component. The y-axis represents ESSs5, which trigger the effects in the models. P- provisioning, R – regulating, C – cultural, S – supporting. The colours code the number of times
a feedback has been observed in the reviewed case studies (white: no feedback; dark: highest number of feedbacks).
ESSs are an important pathway linking the environment to the social component of land
systems (Figure 3). Whenever possible we identified single ESS, of which the most frequently used are food provisioning
(P1), water provisioning (P2) wood &
fibre provisioning (P3), recreation and
tourism (C3) and nutrient cycling (S3).
Regulating services are mostly water
related (amount & quality), but also
including air, climate and soils. Figure 3
also highlights that many potentially
important feedbacks via ESSs were not
addressed at all, including all major
categories – provisioning (anorganic,
biochemical) – regulating (pest control,
natural hazards) – cultural (heritage,
spiritual) – supporting (biodiversity,
soil formation). The social sub-systems
addressed in the studies mainly refer to
population and economy, as these two
sub-systems are the most likely to be
modelled explicitly, whereas Politics /
Figure 4. Feedbacks from the environment
Planning and Culture are often only
component via land use to the social compoimplicitly included in scenario configunent. The colours code the number of times a
rations.
feedback has been observed in the reviewed
case studies (white: no feedback; dark: highest
5
P1 - food; P2 -number
fresh water
and retention; P3 – wood, fiber & fuel; P4 - Inorganic resources; P5 - bioofstorage
feedbacks).

chemical & medicinal resources; P6 - genetic materials; P7 - ornamental species; R1 - air quality regulation; R2 climate regulation; R3 - water quantity; R4 - water quality; R5 - Soil retention & erosion protection; R6 - natural
hazard mitigation; R7 - biological regulation & pest control; C1 - cultural heritage; C2 - spiritual & artistic inspiration; C3 - tourism and recreation; C4 – aesthetic; C5 - science & education; S1 - biodiversity & nursery; S2 - soil
formation; S3 - Nutrient Cycling
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Technologies are mainly present in the form of agricultural practises such as fertiliser use
and irrigation, either simulated in process models or via regression coefficients, in either
case influenced by crop yields, soil fertility or both. In turn, technologies influence the
yield expectations, revenues and land-use decisions of agents or other units of decisionmaking. Note that the categories e.g. Politics / Planning or Economy do represent a wide
variety of different pathways, scales and economic sectors, depending on the major purpose, location and spatio-temporal scale of the study.
Finally, land use can directly link the environment and the social components. The majority
of the modelling studies represent those feedbacks by addressing Economy or Population
(Figure 4). This is again due to the fact that Economy and Population are the social subsystems that are most likely to be included dynamically rather than as scenario constraints.
Thus, only a few studies consider effects on Policy / Planning, technological or cultural
effects. The most important changes in land use considered are the changes of location and
of the extent of land use. Land use intensity as well is included in a large fraction of the
studies.
4.

DISCUSSION AND CONCLUSIONS

Our analysis shows that the land use community started to represent a range of categories
of feedback loops in their models. Various representations of social sub-systems such as
households, economic sectors (or the economic reasoning of simulated decision-making)
are exchanging information with sub-systems of the environment such as crops/vegetation,
hydrology or soils. The term feedback (loop) is not at all limited to 1:1 relationships regarding the flow of information between the two conceptual main components, but is also
comprising 1:n and m:1 relationships. For example, detailed agent-based models sending
various classes of information to their biophysical environment (expansion of farm, plant
crop x in location y, irrigation with technology u; settle in zone w), “expect” and receive
only crop yield levels and distances from the environment component, estimated without
any changing weather or soil conditions. The reverse has also been found, i.e. reporting
detailed environmental dynamics to “average” decision-makers.
While the majority of studies focus on rural areas and agricultural production, environmental feedbacks from weather, hydrologic and soil conditions are rarely included. As a consequence, decisions simulated for land use transitions like deforestation, which are involving
rapid changes in carbon, water and nutrient status of soils, might on the one hand be biased
or even spurious. A similar conclusion holds for urban models, in which residents decide
upon their location choice with only limited feedbacks of the environment regarding changing living conditions due to human-made restructuring the city. On the other hand, many
cellular automata, system dynamics and regression models still provide only “average” land
use and management decisions as input for their environment components. Thus, the internal representation of complexity, processes and TYPE 2 feedbacks built into social and
environment components is also influencing the amount and categories of TYPE 1 feedbacks between the components (see examples in the previous paragraph). Although many
socio-environmental models seem to be developed by multi-disciplinary teams, the old
divide between social science and economy vs. natural science and geography and the
approaches they preferably use, is also at least partly reflected in the categories of implemented feedbacks. Another example for deficits is including different levels of decisionmaking in agent-based models or cellular automata. Among others, this encompasses aspects like spatial planning or real-estate developers for urban regions or regional authorities
controlling agricultural practices. On one hand it is expected that additional components
and feedback loops better explain the complexity of land systems and add more realism to
simulations, but on the other hand more feedbacks also require additional data or assumptions and introduce more degrees of freedom and new uncertainties.
Although not always explicitly reported, annual decision-making seems to be a common
scheme in most of the 28 studies, triggering cascades and feedbacks both within the components (TYPE 2) and information exchange with the environment components (TYPE 1).
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Time lags, occurring for example if intra-annual decisions are required, are treated in different ways. Firstly, predefined land-management strategies are executed between feedback
events, even if (process) models of high temporal resolution (monthly, daily) are used to
represent environmental components (e.g. the DAYCENT model employed by Priess et al.
2007, 2010). Second, Berger (2001) seems to use a higher frequency of feedbacks between
decision-making and the availability of irrigation water (monthly). A third option to bridge
temporal gaps makes use of capabilities of environmental models like DAYCENT (Parton
et al. 1998; also employed in Priess et al. 2007, 2010) or SWAT (Arnold and Fohrer, 2005)
to simulate certain intra-annual land-management decisions like irrigation or fertilisation,
triggered by environmental feedbacks, such as soil water status. In the latter case, decisionmaking and the corresponding feedback loop is partly shifted from the social to the environment component (e.g. in Priess et al. 2010). Water availability and water management/use can also be used to analyse how feedbacks are working across spatial scales. For
example Liu et al. (2008) employ a whole suite of models in the SAHRA framework to
bridge spatial scales, addressing three levels to transport water management information
from the regional scale to the pixel. Others like e.g. Berger (2001), Costanza et al. (2002)
or Priess et al. (2010) aggregate water availability from the pixel to the (sub-) catchment
scale, at which the information is passed to the simulated water managers/users. Water
users decide to irrigate their farm-pixels either based on water rights and crop type (combined agent-based model/cellular automata of Berger 2001), or agricultural pixels based on
a multi-criteria suitability assessment and crop type (in the PLM model of Costanza et al.
2002 or in the SITE model of Priess et al. 2010).
To date, only a limited degree of real-world complexity is captured by including feedback
loops in current models of land systems. While the model developers’ selection of TYPE 1
(and TYPE 2) feedbacks to capture the complexity and characterise the dynamics of land
systems is mostly motivated by the objectives of the study (e.g. research questions directed
towards prediction or process understanding; decision support with or without stakeholder
involvement), it is less clear why specific feedbacks are neglected. Important feedbacks we
expected to be addressed (based on the focus of the study) were not implemented, e.g.
agricultural land use has been studied without (direct or indirect) feedback from soils or
weather (dry or wet conditions) or urban development has been analysed without considering effects of spatial planning. Furthermore, in some studies it was difficult to identify
feedbacks between the different components, because the verbal description of the processes involved left (too) much room for interpretation. The deficits identified may be related
either to limited know-ledge or process understanding, or data constraints, or to the scientific concepts / perspectives of the model developers differing from our expectations, or to
limitations of the state of the art, or simply to the limited amount of time and resources
available for model development. However, ex-post analyses like this review always bare
the risk of partly misinterpreting the objectives of modelling studies or model structures,
thus over- or underestimating scientific progress or limitations.
As previous work on land use drivers has shown (Angelsen and Kaimowitz 1999; Geist
and Lambin 2002), the systematic analysis and classification of elements of land systems
has contributed considerably to the progress of the evolving land-use science, and particularly the development of (predictive) models as argued by Loveland et al. (2003). In a similar manner, we expect that the systematic analysis of feedback mechanisms in existing
models contributes to identify recent advances and limitations in land-use modelling and
ultimately our insights into the dynamics of real-world socio-environmental systems. We
consider this review as a first step, as we could only briefly address feedbacks across spatial and temporal scales, while the techniques how different feedbacks have been implemented could not be tackled at all. Additionally, more models need to be analysed to identify successful simulation strategies (Parker et al., 2008). Other types of feedbacks e.g. between different land systems need to be analysed as argued by Liu et al. (2007), contributing to advance the representation and understanding of complex systems.
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