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Abstract: Spatially-explicit land cover land use change (LCLUC) models are becoming
increasingly useful tools for historians and archaeologists. Such kinds of models have been
developed and used by geographers, ecologists and land managers over the last few decades
to carry out prospective scenarios. In this paper, we review historical models to compare
them with prospective models, with the assumption that the ample experience gained in the
development of models of prospective simulation can benefit the development of models
having as their objective the simulation of changes that happened in the past. The review is
divided into three sections: in the first section, we explain the functioning of contemporary
LCLUC models; in the second section, we analyze historical LCLUC models; in the third
section, we compare the former two types of models, and finally, we discuss the contributions
to historical LCLUC models of contemporary LCLUC models.
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1. Introduction

Human activities, such as logging, agriculture or fire management, cause changes in environmental
attributes, including the quality and quantity of available resources, and directly or indirectly have
an influence on the processes of desertification, loss of biodiversity, carbon dioxide emissions to the
atmosphere and climatic change [1,2]. These changes can either be abrupt or subtle [3–5]. Changes
related to agriculture have been constant and with varied intensity since long ago, given that it is known
that the first agricultural civilizations appeared nearly 8000 years B.P., and became a factor of land
cover/land use change (LCLUC) worthy of attention [6]. Several works have recognized that LCLUC
and the intensification of agricultural practices in response to demographic growth can lead to severe
change in local or regional environmental conditions [7,8]. Such intensification of agriculture can lead
to problems for population persistence [1,3,9–11] and even cause the collapse of civilizations [7,12–18].

The information about past LCLUC aids in understanding present changes and their consequences on
the environment. Current research on LCLUC is abundant. LCLUC documents the accelerated loss or
degradation of forest cover in many regions of the world, particularly in the past few decades in tropical
regions [19]. These studies also recognize that human activity is involved in most of these processes
of LCLUC [4,20,21]. Numerous published works based on remote sensing have focused on mapping
changes and assessing the rates of LCLUC [22,23]. Other studies go beyond monitoring changes and
analyze the processes of LCLUC, identifying its driving factors and modeling the change [24,25]. In
particular, spatially-explicit simulation models of LCLUC analyze the relation between changes and the
variables affecting them [26,27] in order to obtain maps of potential change (maps of the probability
of change) and performing space-time simulations for making land cover prospection maps. Models
allow for generating diverse scenarios for testing theories regarding the causes of change. Models also
enable the projection into the future of the expected effects of governmental programs aiming at the
conservation and utilization of resources. These future projections are based on past evidence (recent
past) and allow for adjusting future scenarios [28,29]. For instance, certain models of LCLUC allow for
identifying both the processes of change related to forest management and the biophysical and economic
forces driving such processes [30]. Other models include decision-making by local communities and
the influence of such decisions in land administration [31]. Modeling environmental conditions that
determine processes of change is difficult because of the numerous biophysical, socioeconomic and
cultural variables involved [7,15,17]. These models apply from the scale of individual parcels to that of
large extensions and are used for predicting and explaining both the systems and the effects that human
processes have on these systems [27].

Recently published works simulate the LCLUC that took pace in the remote past, which in the present
paper we designate as historical LCLUC models, in contrast to simulation models for more recent
periods, which we here call contemporary LCLUC models. Some of these publications focus on the
assessment of deforestation rates and the emission of greenhouse gases (GHG) [32–35], while other
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works model the spatial distribution of classes of land cover and land use through time [36,37]. Finally,
a group of models focuses on appropriation activities [7,38–40].

Our goal was to review historical LCLUC models in order to compare them with contemporary
LCLUC models, with the assumption that the ample experience gained in the development of models of
prospective simulation can benefit the development of models having as their objective the simulation of
past changes.

The review is divided into three sections: in the first section, we explain the functioning of
contemporary LCLUC models; in the second section, we analyze historical LCLUC models; in the
third section, we compare the former two types of models, and finally, we discuss the contributions of
historical LCLUC models to contemporary LCLUC models.

2. Contemporary LCLUC Models

During the last few decades, an ample variety of models was developed for the analysis and
prospective simulation of LCLUC for proposing alternative scenarios, for conducting experiments aimed
at understanding changes and for supporting the design of territorial management [41,42].

The National Research Council [27] proposed a classification of the approaches for modeling
LCLUC, which was based on theoretical and empirical considerations, the methods employed and
the type of application. This classification proposes five categories, ranging from the models based
on patterns to the models based on the agents of change, the latter of which are mostly interested in
explaining the processes leading to change. A sixth category includes the hybrid approaches (Table 1).
Framing models of LCLUC within conceptual approaches allow for a better understanding of their
advantages and limitations and for optimizing their application as tools for making prospections and
understanding the processes of change.

Approaches focused on patterns are based on data about patterns of LCLUC and tend to use land
cover maps obtained by means of satellite images, maps of descriptive variables of the environment and
censuses. Generally, these models describe the relation between landscape changes and features based
on an analysis of observed past changes in order to make prospective simulations. Approaches based
on processes, such as economic models, spatially-disaggregated economic models and models based
on agents, are more frequently used in social sciences, being focused on modeling the mechanisms
of change.

In order to better explain these different models, we will briefly describe two models located at the
extremes of this gradient: (1) a model based on patterns [43]; and (2) another model based on agents [44].
Both models have the objective of simulating the processes of deforestation in two different, but nearby
regions located in northern Vietnam. In the first case, Khoi and Murayama [43] classified satellite images
in order to elaborate forest cover maps for the years 1993, 2000 and 2007, which allow for mapping
deforested areas and for estimating rates of change (by means of a Markov matrix) for the periods
1993–2000 and 2000–2007. Concomitantly, the authors built a database on a geographic information
system (GIS) with maps of factors known to be deforestation drivers (i.e., elevation, slope, distance to
roads and distance to human settlements). A neural network was trained for establishing a function
to relate the spatial distribution of deforestation drivers and deforested areas, which, in turn, allows
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the authors to elaborate a map of deforestation propensity in which, for example, the more accessible
areas (near roads and human settlements) or those with moderate slopes have a high propensity for
deforestation. The model simulates deforestation by calculating the expected amount of change for the
period of simulation based on rates of change observed during the previous period and simulates the
transformation of forest areas more predisposed to deforestation. In the first stage, the authors trained
the model using the LCLUC map for 1993–2000 in order to create a prospective map for the year 2007.
After that evaluation, observations for the period 2000–2007 were used for simulating changes for the
years 2014 and 2021. Therefore, the model is completely based on a statistical analysis of patterns of
past change that allow for relating the propensity of change taking into account environmental conditions
(i.e., topography, accessibility, suitability for agriculture).

Table 1. Modeling approaches. Modified from National Research Council [27].

Modeling Approaches Description

1. Machine Learning and
Statistical Models

Generally automatized, software programs recognize and
reproduce the patterns of change. Based on rigorous
statistical methods, use observations of changes in order
to establish space and time relations between change and
drivers.

2. Cellular Integrates maps of land cover and land use suitability, taking
into account the neighborhood effect and information on the
amount of change.

3. Spatially-Disaggregated
Economic Models

Assess the econometric models in a structural and reduced
manner to identify the causal relations having an influence
on the spatial equilibrium of land systems.

4. Sector-Based Economic
Models

Use models of partial or general structural equilibrium in
order to represent the offer and demand of land by economic
sectors within the regions based on general economic and
commercial activity.

5. Agent-Based Models Simulate the heterogeneous decisions and actions of actors
of change that interact on the land surface, which lead to
LCLUC.

6. Hybrid Approach Includes applications combining different approaches in a
single model or modeling frame.

In the case of the agent-based model, Castella et al. [44] organized workshops to which peasants were
invited to participate in role games in which the player has to manage the landscape in order to sustain
his or her virtual families. The decisions made by the players are discussed with participants both
during the game, as well as in interviews conducted afterwards, thus allowing the researchers to define
different management strategies. A computer simulation was run and presented for discussion at the
end of the workshop. The workshop was carried out in localities representing the socio-environmental
diversity of the studied region. In a GIS, the model simulates the decisions of actors (e.g., intensify
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rice cultivation in lowlands or opening new cultivation areas on slopes), taking into account both their
characteristics (i.e., size of the household, number of owned animals, extension of owned lands, etc.) and
the socioeconomic context (i.e., yields, market prices, governmental programs, accessibility, etc.). The
model spatially simulates the LCLUC related to the decisions made by farmers for the period 1990–2001.
The evaluation of the model was based on: (1) the coherence of the amount of simulated change with
that obtained from land cover/land use maps for the years 1995, 1998 and 2001; (2) the coherence of the
landscape metrics at the levels of settlement and of the district; and (3) a “social” validation consisting of
detecting discrepancies between the rules of the model and the opinions of local leaders gathered during
validation workshops.

The model of Khoi et al. [43] is hence a model based on data, in which the processes of change were
not used explicitly, but through an analysis focused on drivers of change. To the contrary, the model
of Castella et al. [44] is based on expert knowledge gathered during workshops and interviews and is
focused on modeling the decisions made by the agents of change. In the following sections, we briefly
describe the inputs and the methods for training simulation and validation that are commonly used in
contemporary models.

2.1. Inputs

The inputs of pattern-oriented models are commonly maps of land cover/land use for different
dates, which frequently were derived from remote sensing data and maps describing potential factors
of LCLUC [42].

Typically, such factors are those determining the suitability of the terrain for human activities (i.e.,
elevation, slope, type of soil), accessibility (i.e., distance to roads or other communication means and
distance to human settlements), populational attributes (population density, human activities, social
marginality, etc.) and areas were certain policies apply (i.e., natural protected areas, areas subject to
agricultural foment programs, etc.) [45–47]. Models oriented toward agents generally use information
about decision-making that leads to LCLUC, which is derived from interviews with key actors of such
changes, sometimes being supplemented by cartography and censuses.

2.2. Training or Calibration of the Model

Training or calibration of the model consists of establishing the parameters that control the behavior
of the model. Models oriented toward patterns, which are based on trends observed in the past, usually
obtain such information by the comparison of two maps of LCLU from previous dates [42]. Such
comparisons allow for estimating annual rates of change during the analyzed period, frequently by
means of a Markov matrix. A Markov matrix expresses the proportion of a given land cover that
would be transformed to another land cover type, assuming that the observed trends will remain the
same (stationary process), thus allowing their projection to the future [48]. Furthermore, a statistical
analysis allows for relating factors of change (such as slope or accessibility) to the observed changes.
That relation is established by different methods, such as regression models, weights of evidence [49]
and artificial intelligence [50], among others. The product is a map containing values indicating the
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propensity for change. Numerous variations exist, for example in the amount of change that can be
estimated by means of an external model [51], while the map of potential change can be obtained
through methods enabling the incorporation of expert knowledge in order to depart from modeling
strictly reproducing the patterns of change observed during the previous period [52,53].

In agent-oriented models, calibration consists of determining the rules of the behavior of the agents,
which is generally achieved by means of interviews informing about the criteria used by the actors of
change when making a decision that will affect land use and land cover [44].

2.3. Simulation

In pattern-oriented models, simulation is achieved by modifying the input map so that it displays
LCLUC. The model calculates the amount of change corresponding to the time period used in the
simulation and applies changes to areas according to their value of potential for change. Some models use
cellular automatons in order to reproduce the spatial patterns of LCLUC, while controlling the size and
shape of the simulated change patches [51]. Because agent-oriented models are focused on simulating
processes of change, they are sometimes implemented in virtual landscapes. However, agent-oriented
models are commonly coupled with GIS containing the database of real landscapes to simulate more
realistic patterns of change [44].

2.4. Model Assessment

Models oriented toward patterns of change are usually assessed based on the evaluation of the spatial
coincidence between a real, observed map and a simulated map. To that end, land cover/land use maps
of a minimum of three different times are commonly used, calibrating the model for the first two dates
in order to obtain a simulated map for the third date. The model is assessed by estimation of the degree
of similarity between the simulated and the real maps. Because the majority of the landscape does not
display changes, such similarity can be very high, even for mediocre models [54], so it is recommended
to focus the evaluation on changes (real v.s. simulated changes). The evaluation is generally centered
on assessing spatial coincidence between simulated and real changes by means of several indexes, such
as the Kappa index [55], the index of fuzzy coincidence [56] and other indexes of coincidence that can
be used at several resolutions, thus allowing for a certain tolerance regarding coincidence [44,57]. Some
authors propose the use of other indexes, for example indexes of landscape fragmentation [58]. The
evaluation can either focus on maps of propensity to change by means of an analysis of the receptive
operational characteristic (ROC) or be centered on the differences in the potential for change [47].
Agent-oriented models having prospective LCLUC maps as their output can be assessed by the same
methods used for maps resulting from process-oriented models. However, because different processes
can lead to similar landscapes and because the main goal of agent-oriented models is modeling the
processes of change, their evaluation focuses on the agent’s rules for decision-making [44]. It is worth
noting that prospective models exhibit often a poor predictive power [59], due to the non-stationarity of
LCLUC processes and to the fact that the factors of change used in the model do not control the patterns
of changes strictly.
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3. Historical LCLUC Models

Hayashida [60] identifies three main motivations for the historical modeling of LCLUC: (1) a growing
interest for the processes of historical landscape change; (2) the recognition of human beings as a part
of the history of the landscape; and (3) the advent of restoration ecology aiming at restoring degraded
ecosystems based on historical references. Other researchers focus on changes in those properties of the
land surface that are associated with LCLUC and alter the climate through the modulation of exchanges
of energy and gases with the atmosphere. These authors report that carbon dioxide and methane
emissions due to human activities during time periods of hundreds of years have a strong influence
on present problems, such as climatic change [61,62]. According to Williams’ historical review [63],
deforestation is the most important transformer of land cover due to the extension of the geographic
surface it has modified during thousands of years. Recent works show that the inhabitants of Europe
during the late Neolithic period, or New Stone Age (4500–4000 years B.C.), as well as the civilizations
of North America and other parts of the world were already conformed as sedentary societies with a
diversified economy and had a significant impact on native vegetation. It is estimated that the world’s
extension of pre-agriculture forests was of 61.51 million km2, of which 15.51 million km2 were lost prior
to about 1500 A.D. The historical LCLUC models are relatively scarce and were mostly developed during
the past two decades in several parts of the world, mainly in China, the USA, Europe and South America
(Figure 1 [7,34,37,39,62–70]). Historical models of change have distinct disciplinary origins and use
different space-time scales. As seen in Figure 2, some studies cover study areas of a few hundreds of
km2, while others have continental or global scales; likewise, some studies have a span of a few hundreds
of years, while others comprise tens of thousands of years.

We identified three large groups of models according to their modalities. The first group includes
pattern-oriented models having as their goal the evaluation of atmospheric alterations due to LCLUC
and their possible effect on climatic change and global warming. These models are based on the
elaboration of a series of maps at the regional or global scale representing the patterns of greenhouse
effect gas (GHG) emissions. Emissions of GHG are estimated based on maps of populational density
and vegetation, which allow for evaluating the probable extension of deforestation and of emitted
GHG [61,71–75].

The second group, with less numerous contributions, includes agent-oriented models attempting
to understand the socio-environmental processes and their relation to LCLUC [7,15,39,40,64,76,77].
In general terms, the study areas of these models are small, ranging from a couple to hundreds of
square kilometers. Most of these models use archaeological inputs and have as their goals either the
reconstruction of the behavior of past civilizations or attempting to find explanations for their sudden
collapse [18].

Finally, the third group of contributions is based on a hybrid modeling allowing for obtaining patterns
of change taking into account social and biophysical variables combined with historical, archaeological,
archaeozoological, archaeobotanical or paleoecological records, among others. Modeling is focused
on patterns of landscape change, emphasizing the realistic simulation of the spatial distribution of the
elements of the landscape [37,65,78]. In some cases, these models simulate the interaction between the
processes of change and ecosystem degradation processes, such as soil erosion [79]. Some similarities
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Figure 1. Spatial distribution of the reviewed historical LCLUC models. References: 1. [7];
2. [66]; 3. [65]; 4.[67]; 5.[68]; 6.[39]; 7.[64]; 8.[34]; 9.[62]; 10. [69]; 11.[70]; 12. [37]; [63]
The last study includes all of Europe (shown as the shaded area in the map).

between models within each group became evident (Figure 2 [7,32–35,37,39,62–67,69–72,75,80–83]).
Models made for estimating GHG emissions mostly use small scales, given that such estimates do not
require much detail and are more useful when they provide global information or are used as inputs for
climatic models. The time periods covered by these models depends on the database used as a reference
of LCLUC and are generally of hundreds or thousands of years (e.g., 6000 years B.P. to present).

In comparison, agent-based models are limited to the use of large scales, given that they simulate the
behavior of individuals or a group of individuals. Due to the complexity of the systems that are to be
modeled (involving social processes), these models predominantly focus on short periods of time. The
majority of the agent-based models are centered on modeling changes associated with early civilizations
for which sufficient archaeological records are available for elaborating the model.

The hybrid models are scarce and can be quite flexible regarding their space and time scales, because
they represent a compromise between pattern and process-focused models.

3.1. Objectives

We found a diversity of objectives for historical modeling: estimation of GHG emissions derived
from the development of agricultural areas [32,34,84]; knowing the agricultural production potential
of areas in prehistoric times [7] and or representing socioeconomic processes during the onset of
agriculture; analyzing the relation between land management and the processes of soil erosion and
deposition [79]; reconstructing human activities, both at small and large scales, such as sedentarism,
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herding and hunting-gathering [17,64,70,76,77]; and modeling both the origins of sedentary life and of
the first urban settlements, as the associated environmental impacts [40].

Figure 2. Spatial and temporal scales of the reviewed historical LCLUC models. The three
groups of models tend to be associated with different scales. References: 1. [7]; 2. [66]; 3.
[75]; 4. [65]; 5. [67]; 6. [71]; 7. [80]; 8. [72]; 9. [39]; 10.[81]; 11. [33]; 12. [35]; 13. [64];
14. [34]; 15.[62]; 16. [82]; 17. [32]; 18.[69]; 19. [70]; 20. [83]; 21. [63]; 22.[37].

3.2. Inputs

The inputs of historical models of LCLUC contain a limited amount of information compared to
those used by contemporary models, thus forcing modelers to recur to different disciplines, such as
archaeology, paleoecology, palynology, paleontology, history and anthropology, in order to obtain the
needed information. For example, palynology can be used for evaluating agricultural areas through
the analysis of fossil pollen records [69] and the paleoecological and paleoenvironmental records
that enable knowing which animals and plants were domesticated in the settled territories [7]. As a
consequence, historical modeling studies are mostly interdisciplinary. Obtaining as much information
as possible about past records allows establishing settlement patterns, possible land and resource uses
and cultural practices, thus determining probable areas of LCLUC. In general, the main input is the
archaeological record for generating the rules or norms defining the processes and patterns of the
agricultural consumption of the population, as well as the interaction between them and the physical
environment [7,37,40]. Archeology can also provide information about past forms of water management
and social norms [77]. Another possible input is the historical record and the historical literature
containing dependable information regarding past events, although the coverage of the past of these
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inputs is limited in time [65]. Certain studies include attributes of the population dynamics, such
as demographic pressure, competition for resources and carrying capacity obtained from historical
records [85].

Because geological processes require thousands of years to drastically change, it is possible to use
present geological and topographical information [14]. Other present time inputs that have been used
are satellite images, orthophotos, soil maps and unconsolidated sediment maps and geomorphologic
maps [34,80]. Occasionally, in studies of recent time periods (a few hundreds of years) or when
pollen records do not indicate plant associations different from the present, it is possible to use present
vegetation type maps [7,66,86].

Databases with information about past LCLUC derived from modeling are also available and can be
incorporated into simulation models [32,72,74]. One of these databases is the History Database of the
Global Environment (HYDE) [71] covering the past 300 years [33,35,82]. HYDE was developed in
order to test and validate a global environmental model and is based on historical population estimates
and the distribution of croplands. Populational data were obtained from the Atlas of World Population
History [87]. Data in HYDE are presented at a five-minute resolution and include 14 vegetation types.
The database divides the world into 19 groups, each one with several subregions [71].

A second source is the Anthropogenic Land Cover Change database covering the time period from
800–1992 A.D., accompanied by high-resolution maps from the Center for Sustainability and the
Global Environment (SAGE) compiled by Pongratz et al. [32]. According to these authors [32], the
database is a tool for studies of global change emphasizing estimates of GHG emission; also including
demographic and plant cover estimates. It combines satellite information and specific algorithms
rendering multi-temporal world maps for the past 300 years [34,81].

Finally, a research group focusing on the relationships between soil, vegetation and atmosphere
produced a database from a model that simulates prehistoric and pre-industrial LCLUC [33]. This
database contains maps of agriculture, herding, climate and soil properties in Europe at a continental
scale, covering the time period from 1000 B.C.–1850 A.D.

Other models of LCLUC occasionally use as input the outputs of other models explaining the behavior
of populations. For example, Patterson et al. [85] use the model of Aoki et al. [88] that simulates the
interactions in the Neolithic between populations of hunter gatherers and farmers.

3.3. Training and Simulation

Modelers of past LCLUC apply several methodologies. The models that are focused on making
estimates of worldwide croplands relate population density and the expected land use derived from the
activities of the population. In the cases of HYDE and ALCC, the estimation assumes a linear relation
between population and the surface area of croplands. However, Kaplan et al. [33] use a non-linear
relation between populations and cropped areas, adopt parameters of technological development and
intensification (Industrial Revolution), include wood extraction and account for fallow periods and
shifting agriculture. Although the three datasets used the same population estimates as a proxy, they
exhibit different reconstruction results due to differences in the methodology. Yan et al. [89] pin point
that uncertainties of the reconstructions constitute an issue that needs to be addressed.
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In turn, these models can be used as input for models estimating emission to the atmosphere and
sequestration of GHG [35,68,83,90,91]. Some models simulate carbon flux between natural vegetation,
crops, soil and atmosphere, taking into account the changes in land cover and time series, temperature,
precipitation and atmospheric concentration of CO2 [33,63,78,82]. These models use present data. For
instance, Kaplan et al. [35] use the soil map of the Harmonized World Soil Database, and Olofsson
and Kickler (2007) [33] use vegetation indexes derived from satellite images in order to estimate the net
primary production of different types of vegetation.

Simulations focused on historical LCLUC patterns use statistical methods for making simulations
more robust; for example, Kolmogorov’s chains or goodness of fit tests are used for calibrating input
maps [37,65,79,92]. Examples are the three sub-models used for the distribution of agriculture in the
Yiluo Valley in northern China: (1) the land use need sub-model estimating the total area of cropland
needed for supplying the human population of the region for the different time periods modeled; (2) the
residential area sub-model that generates a map of the potential distribution of the human population
based on the analysis and distribution of archaeological sites in relation to environmental variables by
means of the Kolmogorov goodness of fit test; and (3) the land use allocation sub-model that distributes
the surface of croplands determined by Sub-model 1 around archaeological sites taking into account
the map of potential distribution from Sub-model 2. These simulations are made for different dates at
1000-year intervals beginning in 8000 B.P. and until the present, thus accounting for the antiquity of
the archaeological sites and the estimates of population [37]. Camacho et al. [93] adopt a retrospective
approach for elaborating maps of the distribution of irrigated and rainfed agriculture in the years 1572,
1752 and 1855–1861, based on a land use map for 1957 and censual data of the surface of irrigated and
rainfed agriculture. For that purpose, the authors elaborated suitability maps using multi-criteria analysis
based on invariable through time criteria, such as slope, elevation and distance to irrigation channels and
settlements. Each criterion is weighted based on the results of a coincidence analysis of criteria and
uses from the 1957 land use map. Coincidence was evaluated by means of the Pearson’s correlation
coefficient and Cramer’s V correlation.

The agent-based models use local scales, so that they can be focused on the process of LCLUC. The
interactions between the agents and the landscape (LCLUC) and between agents (e.g., reproduction and
commercial exchange) are modeled. If the model is spatially explicit, it is possible to map environmental
changes. The obtained information is largely qualitative; however, it is possible to generate descriptive
statistics data [15,39,94]. For example, the model of agents of Axtell et al. [7] recreates demographic
growth and the collapse of a settlement of the Anasazi civilization in Long House Valley during the
time period from 800 A.D.–1300 A.D. by means of multiagent decision-making rules. The model
simulates activities along the life cycle of virtual households (agents), such as productive activities,
consumption and social interactions, like marriage and trade. The model’s functioning is based on
rules and parameters, the rules prescribing the creation and location of new households, i.e., a new
household is created when the daughter reaches 15 years of age, and its location is defined by suitability
for agriculture and the proximity to sources of water. Some of the parameters used include the nutritional
requirements of individuals and their life expectancies. These rules and parameters were obtained from
archaeological and paleoenvironmental records. The model takes into account the climatic variability
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observed in dendroclimatic, pollen, geomorphological and archaeological records. Finally, the model
simulates the evolution of the landscape (i.e., distribution patterns of settlements and croplands).

Regarding hybrid models, these contain both qualitative and quantitative information allowing for
mediating between agent-based modeling (processes) and pattern-based modeling. For example, the
model landform-evolution (CYBEROSION) simulates the interactions between humans, domestic and
wild animals, vegetation and erosion in prehistoric communities. The model allows for evaluating the
vulnerability of the landscape to anthropic processes, such as, for example the increment of erosion rates
at higher anthropic pressure. Agents are used for interactions between basic processes, such as food
acquisition [95]. Another example of a hybrid model is that of Poska et al. [69], who model the changes
between four categories of land cover/land use by means of Markov chains and fossil pollen records from
between 600 B.C. and 1940 B.C. The authors deduce the percentage of cover corresponding to certain
amounts of pollen by a comparison with modern analogs.

3.4. Validation

The evaluation of spatially-explicit simulation models allows for knowing both the degree of
confidence of the obtained maps and the performance of the model. The validation of contemporary
models is mainly based on the spatial coincidence between the map of the distribution of the elements
from the real landscape and the simulated map. Obviously, this approach is impossible to use for
simulations of the past, given that such a distribution is insufficiently known. Maybe for that reason,
models for the historical simulation of LCLUC are, in general, not subjected to validation tests.

Some ways of evaluating historical models were focused on comparing the distribution of the actual
archaeological sites with the predicted occupation [7,94]. For that purpose, occupation sites are modeled
using as input a part of the location of archaeological sites, the remaining such sites being compared to
the sites predicted by the model, thus allowing for assessing if the model underestimates or overestimates
the amount of sites [76]. In such cases, the pattern of change is not evaluated. Another possibility is
comparing past areas of change in relation to present ones [65]. For instance, Yu et al. [37] model the
expansion of croplands from 8000 B.P. until the present and measure the coincidence between the last
simulated map and a present map by means of the Kappa index. Poska et al. [69] compared proportions
of land cover derived from fossil pollen records, historical maps and simulated maps. In the case of
models in which GHG emissions are estimated, it is also common to extend the simulation until the
present time and the generation of scenarios with and without anthropic disturbances. This form of
validation can only be applied to models that differentiate between natural cycles and human actions [83].

Model assessment is important to evaluate the quality of the information obtained from the model
and should be focused on the objective of model. For example, if the model aims at reconstructing a
landscape, the spatial coincidence between simulated and true elements is important. However, if the
model aims at evaluating landscape transformation or GHG emission, the evaluation of the simulated
proportion of different land covers is sufficient. Ideally, data used for model calibration and assessment
are independent.
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4. Discussion

The objectives of contemporary models are to improve the understanding of the interactions between
LCLUC and a diversity of environmental or social processes, to make prospections under different
scenarios and to support decision-making processes. Likewise, the historical models of LCLUC are
an aid in the understanding of the configuration of historical landscapes and in the testing of hypotheses
regarding past changes. In particular, historical models are useful for recovering degraded ecosystems
by using the conditions derived from historical references [27,60]. Therefore, the goal of both the
contemporary and the historical models is finding more sustainable systems of land use.

There is an ample range of approaches, software and methods for contemporary models. As shown
in our review, historical models are few in comparison to contemporary models; however, the former
use an ample diversity of approaches and methods. Such diversity may be confusing when trying
to choose the appropriate approach and method for the desired goals and the available inputs. In the
case of contemporary models, reviews and methodological assessments exist that provide guidelines for
choosing the models [27,42,47]. For instance, pattern-based models are more appropriate for problem
identification, because, despite lacking structural details about the process, they are needed for evaluating
the effects of change, are easy to apply and can provide valuable descriptions, projections of patterns
and trends. Approaches based on economic and structural agents provide the means for exploring the
interactions within the human-environment system, as well as for assessing the consequences of policies
and decisions made regarding land uses and their probable effects [27].

Contemporary models can contribute to historical models, mostly in terms of methodology;
nevertheless, certain considerations must be taken into account regarding the particularities of the
inputs available for historical models. Inputs are radically different for both types of models: while
contemporary models depend on land use maps of the complete study area, censual and demographic
data and interviews, the inputs available for historical models are limited. Historical models mainly
use archaeological, anthropological and paleoenvironmental inputs, which are exposed to subjective and
sometimes erred interpretations, such as the estimation of the potential population density or of the
distribution of past civilizations [96,97].

Due to its nature, the historical record does not provide detailed temporal and spatial information;
for example, the pollen record provides no precise temporal information, because usually only some
strata are dated, the remaining dates being inferred by interpolation [69]. Likewise, pollen data allow
for estimating the proportions of plant covers, but it is difficult to establish the represented area and the
spatial distribution of plant communities. Similar limitations are present in the archaeological records,
dating being subject to the availability of artifacts, such as pottery and pigments. Furthermore, parts
of the record are frequently lost for a long time, either because of looting, deliberate destruction of
cultural features, erosion or deposition [79]. Records about the past are generally scarce, which is
further relevant when attempting to use part of the inputs for training the model and another part for
validating it [65,76]. Another limitation for modeling is that socio-environmental processes can change
in short periods of time [98,99]. According to our review, most historical models are focused on the
reconstruction of past landscapes at certain date, but do not dynamically simulate the processes of
change through time. There is a trend for contemporary models to simulate LCLUC processes in a
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more realistic way, for instance by means of simulating vegetation succession and agricultural cycles,
thus enabling the simulation of environmental processes, such as soil erosion, fire, landslides, forest
degradation or desertification. Contemporary models applied to cases from the past allow for testing
hypothesis about the conditions that may have favored processes of environmental degradation. LCLUC
models may acquire the behavior of a complex system, as in dynamic cultural interactions and climatic
changes [100–103].

5. Conclusions

(1) We identified three large groups of historical models of LCLUC: pattern-based models, agent-based
models and hybrid models.

(2) The historical LCLUC models could benefit from the vast experience accumulated by contemporary
modeling of LCLUC; however, the inputs required for historical modeling are drastically different
and have limitations. Because of the scarceness and characteristics of the inputs used, historical
models cannot be totally based on data (data driven), but must rather be largely based either on
expert knowledge or on hybrid approaches.

(3) Most models of past LCLUC aim at reconstructing the landscape for a given date rather than at
making simulations between dates. This means that historical models are not dynamic through time.
Recently, historical simulation has been oriented towards more realistic models of the processes of
LCLUC, which allows for better understanding problems, such as environmental deterioration. It is
likely that some historical models of LCLUC will adopt that same trend.

(4) Depending on the objective of modeling and inputs, an appropriate modeling approach should be
chosen. Agent-based models are preferred when modeling decision-making; pattern-based models
are suggested when models aim at reconstructing past landscapes or simulating LCLUC changes.

(5) The quantity and quality of inputs directly determines the performance of the model and limits
the possibilities for its evaluation. Awareness must be kept about the fact that modeling is an
exercise of the simplification of reality and that results must be interpreted cautiously. However,
model assessment, which is a common practice in contemporary models, should be adopted in past
modeling and adapted to the modeling objectives.

Historical models of LCLUC spatially and temporally represent human use of land and land
management practices (agriculture, forestry, animal husbandry), thus providing new approaches for
archaeological investigation that allow for the simulation of past civilizations by interrelating the
variables of a dynamic complex system or by simulating the interaction of different land management
practices. Additionally, historical models of LCLUC aid in reconstructing the history of the environment
(environmental history and historical ecology), providing information about the landscape (ecology and
geography), while facilitating the spatial referencing of historical studies. Historical simulation is thus a
new tool for the spatial analysis of historical processes, for both social and environmental sciences.
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