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Recent concern over possible ways to sustain ecosystem services has triggered

important research worldwide on ecosystem processes at the landscape scale.

Understanding this complexity of landscape functioning calls for coupled and

spatially-explicit modeling approaches. However, disciplinary boundaries have limited

the number of multi-process studies at the landscape scale, and current progress in

coupling processes at this scale often reveals strong imbalance between biotic and

abiotic processes, depending on the core discipline of the modelers. We propose a

spatially-explicit, unified conceptual framework that allows researchers from different

fields to develop a shared view of agricultural landscapes. In particular, we distinguish

landscape elements that are mobile in space and represent biotic or abiotic objects

(for example water, fauna or flora populations), and elements that are immobile and

represent fixed landscape elements with a given geometry (for example ditch section or

plot). The shared representation of these elements allows setting common objects and

spatio-temporal process boundaries that may otherwise differ between disciplines. We

present guidelines and an assessment of the applicability of this framework to a virtual

landscape system with realistic properties. This framework allows the complex system

to be represented with a limited set of concepts but leaves the possibility to include

current modeling strategies specific to biotic or abiotic disciplines. Future operational

challenges include model design, space and time discretization, and the availability of

both landscape modeling platforms and data.
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INTRODUCTION

The emergence of the ecosystem service concept (Costanza et al., 1997) has ignited interest in
the landscape-oriented disciplines and stressed the need for an integrated view of landscapes. As
emphasized by Termorshuizen and Opdam (2009), landscapes deliver a wide range of “functions”
that can be viewed as “services” when they are valued by humans. According to these authors, the
study of landscape services requires an interdisciplinary approach at the landscape scale. Scientists
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from various disciplines are encouraged to cooperate in
producing a common knowledge base that can be integrated into
multifunctional landscape assessments.

Agricultural landscapes are of primary interest since they
cover about 38% of the global landmass (FAO, 2011). Although
they differ from other landscapes in that they are mainly
managed for food or feed production and under strong influence
of human activities (e.g., crop allocation, plowing, irrigation,
fertilization, ditch digging), agricultural landscapes shelter a large
range of processes, which are either abiotic (e.g., runoff, soil
erosion, sedimentation and transport by air flows) or biotic
(e.g., plant growth, dispersal of organisms, and biodegradation
of pesticides). Each process, whether it is biotic, abiotic or
human, acts at a given spatial and temporal scale and grain,
and the estimation of an ecosystem function is the result of
complex interrelations between a set of biotic, abiotic and human
processes that need to be analyzed.

Natural processes and human activities in agricultural
landscapes have been analyzed within a number of scientific
disciplines such as landscape ecology (Burel and Baudry,
2003; Turner, 2005), catchment hydrology (Grayson et al.,
2002; Schröder, 2006), landscape-scale pedology (Pennock and
Veldkamp, 2006), and landscape agronomy (Verburg and
Overmars, 2009; Benoît et al., 2012). These disciplines are built on
a common “pattern-process” or “structure-function” paradigm,
in which landscape patterns both impact and are impacted
by the processes occurring in landscapes. They also share the
use of spatially explicit models that account for the spatial
variations of biotic or abiotic processes and their interactions
with landscape features at different scales (Beven and Kirkby,
1979; Arnold, 1990; Tilman and Kareiva, 1997; Ovaskainen
and Hanski, 2004). Indeed, spatially explicit modeling tools
are useful for predicting the impact of specific and spatially
distributed landscape management actions (Matthews et al.,
2007). However, while sharing some common paradigms, the
different disciplines have independently developed their own
landscape modeling approaches. Each has considered specific
landscape features and processes, and in turn has developed
specific concepts for representing landscape functioning and to
understand ecosystem services provided by landscapes. However,
spatio-temporal boundaries of the considered processes or
landscape element often differ between disciplines (for example
the plot limits are different whether ecological, agronomical or
pedological processes are considered). This makes it problematic
to couple several abiotic and biotic processes to understand
ecosystem services provided by landscapes.

In this perspective paper we suggest an explicit conceptual
framework that should help modelers from different disciplines
to build spatially and temporally coherent landscape
representations that link biotic, abiotic and human processes
before implementing their models. The framework is adapted
to spatially-explicit models focusing on the impact of spatial
arrangement of human practices in landscapes. It provides
a generic spatial and functional representation of the main
characteristics and related processes of landscapes. We illustrate
the potential of this framework on an example of agroecosystem
involving several interacting biotic, abiotic and human processes.

Specific questions related to the scientific and technical
application of our conceptual framework are addressed in a final
section.

PRESENTATION OF THE FRAMEWORK

The framework represents the landscape characteristics and
processes with five generic landscape features:

1. Time-variant landscape mosaics, that are composed of
Immobile Landscape Elements (ILE) such as fields, ditches,
soil units, etc. ILE have a fixed position in the landscape,
although their characteristics and spatial extent may change
with time. They are defined by their geometry, which forms
the geometry of the whole landscape, their position, and
a set of properties governing the landscape processes (e.g.,
hydraulic conductivity and habitat attractiveness). ILE have
permanent connections with other ILE, which depend on the
spatial arrangements of the mosaics. The ILE properties are
variable in time because they are influenced by landscape
processes, human activities, and other external conditions.

2. A set of landscape processes that can be either biotic or
abiotic and that may have an explicit spatial dimension
(e.g., water fluxes in a landscape or insect dispersal) or not
(e.g., plant growth). Landscape processes closely interact with
the landscape mosaics because they are influenced by the
geometry, properties and state variables of ILE (e.g., runoff is
influenced by differences in soil infiltration capacity resulting
from the various cultivation techniques used across the fields)
and may change, in turn, the ILE and their connectivity (e.g.,
in the case of dispersal for overwintering insect species for
which forests offer suitable habitats during winter but not
during other seasons).

3. A set of Mobile Landscape Elements (MLE) that represent
bodies of matter (e.g., soil material, water bodies volumes,
biological individuals, or populations) whose position can
vary (they circulate within and between the ILE), and whose
characteristics may change with time according to landscape
processes, human activities, and other external conditions.
Their position and geometry can change with time within the
geographical landscape structure provided by the ILE. The
characteristics of MLE are described by state variables that
can be quite diverse, according to the landscape modeling
literature. They can be quantities, concentrations, volumes, or
the geographical position of any MLE of interest, like insects
or mammals taken as groups or individuals. State variables
of MLE differ from previously defined properties of ILE in
that (i) their variations in time are faster than those of the
properties governing landscape processes (e.g., soil hydraulic
conductivity varies more slowly than soil water level), and (ii)
they can serve as output or input for further evaluation of
landscape services.

4. A set of human activities that may interact with items 1
and 3 above. The impacts of human activities on landscape
mosaics are defined by their location (e.g., a farm territory
for a farmer), the induced modifications of the geometry
or properties of ILE (e.g., building a ditch), and the fluxes
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of elements that they affect. Activities are also prone to
modify the state variables of theMLE (e.g., irrigation increases
soil water content, or pesticides applications decrease insect
abundance). Conversely, the geometry and properties of ILE,
as well as the status of the MLE, greatly affect human
activities (e.g., farmers sow according to soil moisture
and apply pesticide in response to pest abundance). Other
intrinsic factors affecting human activities, such as personal
characteristics of land managers, could be integrated in this
component provided that they exhibit spatial or temporal
heterogeneities.

5. A set of external conditions that depend on processes
taking place outside or at the boundaries of the landscape,
and that affect landscape processes by fixing or modifying
the landscape boundary conditions. Obvious examples of
external conditions are the climatic conditions or biological
infestations to which the landscape is subjected.

ILLUSTRATION OF THE FRAMEWORK
APPLICABILITY ON AN AGROECOSYSTEM
EXAMPLE

In what follows, the conceptual framework is tested against
a case study that involves (i) multiple biotic, abiotic and
human processes, (ii) variations in space and time of landscape
conditions, and (iii) several mutual impacts of actions and
feedbacks.

We consider an agricultural landscape located in a
Mediterranean area (43◦ 300N, 3◦ 190E). This landscape
includes a variety of land uses, i.e., vineyards, annual crops,
fallows and woodlands (Sluiter and Jong, 2006), different
landscape infrastructures, i.e., pounds and ditches (Levavasseur
et al., 2015), and a complex soil pattern (Coulouma, 2008).
We focus our study on three landscape services: water erosion
control (especially for the prevention of soil loss by runoff,
as in David et al., 2014), water regulation (water provisioning
for agriculture, see Levavasseur et al., 2012), and enhancement
of remarkable biodiversity (Davies et al., 2008; Herzon and
Helenius, 2008) with the provision of corresponding habitats for
two endangered animal species (the common toad, Bufo bufo
and the damselfly, Calopteryx virgo).

This case study can be conceptualized according to our
framework, as shown in Figures 1, 2. Figure 1 provides an
overview of the whole case study. Its conceptualization includes
(i) a time-variant landscape mosaics composed of six ILE on
which act (ii) three abiotic and biotic landscape processes
associated with (iii) five MLE, all being impacted by (iv) four
human activities and (v) two external conditions. It must be
noted that the first four MLE are those directly related with
the targeted ecosystem services, i.e., soil material for water
erosion control, surface water for water regulation and toads
and damselfly for biodiversity enhancement. We added “plant
material” that strongly interacts with the first four MLE. The
set of properties and state variables of ILE and MLE for this
example can be found in Appendix 1 in Supplementary Material.
It indicates that the same property of a given ILE could be

linked to several MLE through their state variables, for example
the habitat attractiveness of riparian borders that are linked to
toads and damselflies positions, and plant material diversity and
abundance.

Figure 2 shows two snapshots of the case study (located in
time by arrows in Figure 1), i.e., the landscape functioning in
mid-winter (Figure 2A) and in mid-summer (Figure 2B). At
each period, a subset of active MLE (pictogram) embedded in
ILE (mosaic elements) is considered. ILE can circulate from one
element to another, following spatial connections that are defined
according to the landscape processes at play (the plain arrows in
Figures 2A,B). Human activities impacting ILE are represented
with dotted arrows. The detailed processes presented in Figure 2

are described below.
During winter (Figure 2A) the climate is characterized by low

temperatures and large amounts of rainfall. Low temperatures
result in a reduced activity of the fauna and flora (biotic MLE),
while the large amounts of rainfall lead to significant surface
water flow (abiotic MLE). The water flow is initiated by field
overland flow that erodes the topsoil of fields and riparian
borders (ILE), thereby impacting the erosion control service. It
also impacts the water regulation service by going into ponds or
ditches (ILE), and further to a watershed outlet.

Spatial variations of water flow in the agricultural landscape

are driven by a variety of conditions. Field runoff is driven by the
soil infiltration capacity, which is itself modulated by the nature

of soils and the occurrence of tillage operations. In turn, the water

flow in ditches is driven by the slopes and roughness of ditches.
The latter is related to the amount and composition of flora in

the ditch, which can be modified by dredging, mowing, weeding

or burning the ditches.
In summer (Figure 2B), the climate is characterized by small

amounts of rainfall and high temperatures. Small amounts of
rainfall do not induce any water flow (abiotic MLE) while high

temperatures result in significant biotic activity (biotic MLE).

The common toad and the damselfly move away from their
overwintering sites (woodlands) and search for new habitats for
mating and egg-laying (riparian borders).

In summer, spatial variations of toads and damselfly

populations within the agricultural landscape are driven by

several factors. Both organisms may use riparian ditch borders

as corridors for dispersal and as shelters. The damselfly density

and the number of locations occupied by toads increase faster

in areas where plant cover is high, a characteristic linked to

the occurrence of ditch dredging, mowing, weeding or burning.

The attractiveness of ponds for mating depends on water flow

reaching the pond in the previous year.
The functioning of the agricultural landscape is thus

characterized by several interactions between biotic and abiotic
processes and human activities (Figure 2C). Three of them can

be cited as examples:

(i) seed dispersal in winter, due to surface runoff, increases the
density of standing plants in the ditches, which will further
affect ditch roughness and subsequently limit water flow;

(ii) water flow in winter induces topsoil erosion in fields that
may settle by sedimentation in the neighboring ditches and
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FIGURE 1 | Classification of time-variant landscape mosaics composed of six immobile landscape elements (ILE) on which act (i) three biotic and four

abiotic landscape processes associated with (ii) six mobile landscape elements (MLE), all being impacted by (iii) four human activities and (iv) two

external conditions.

thereby decrease their cross-sectional area, which in turn
may increase topsoil erosion in the vicinity of ditch banks,
due to overflow of the ditches;

(iii) plant growth in summer influences ditch roughness, which
will limit water flow in winter and, beyond a given threshold
of rainfall intensity, will induce damaging overflows that
will make the farmers more active in weeding, dredging,
mowing or burning their ditches, which will in turn limit
plant growth.

FURTHER CAPACITIES OF THE
FRAMEWORK

Our conceptual framework allows us to represent a complex
landscape functioning that includes biotic, abiotic processes
and human activity, with a limited number of concepts (ILE
and MLE with their associated properties and state variables,
respectively). It is the first step of a modeling approach that
would take into account the whole complexity described above
with a balanced and common representation of biotic, abiotic
and human processes that act in this agricultural landscape.
The consideration of ILE and MLE in this framework allows
a subsequent implementation following an object-oriented
programming strategy, i.e., objects defined by classes, and classes
inheriting attributes and implementation from pre-existing
classes called base classes.

Another added value of this approach is that biotic and abiotic
processes are seen through a common framework that is spatially
explicit, and sufficiently non-restrictive to withstand retroactions
between processes. This approach differs from the current two

ways of coupling multiple processes in landscape models that are
found in the literature:

(i) an unbalanced representation of biotic, abiotic processes and
human activities, due to the core discipline of the modelers
(Freeman et al., 2001; Gibbins et al., 2001; Nathan et al.,
2011; Pazos et al., 2013), which results in representing
one-sided relations only and neglecting possible
feedbacks;

(ii) a balanced but oversimplified representation of the systems,
using metamodels for example (Harrison et al., 2014). The
latter approach was based on a resolution and an extent not
able to cope with landscape mosaics of human practices, and
therefore cannot simulate emerging properties of the system
at landscape level.

A third advantage of our framework is that it matches the
current landscape modeling strategies that have been followed
by the different disciplines. For example, the framework could
challenge our old representations of processes through physical
or ecological models. In the example described above, the state
variables of biotic populations could be modeled as continuous
quantities following mass conservation laws (an Eulerian
representation) whereas state variables of abiotic matters could
be modeled as discrete elements by adopting an object-oriented
view (a Lagrangian representation).

FUTURE CHALLENGES

Developing and assessing the applicability of this framework is
the first step toward integrating landscape modeling approaches.
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FIGURE 2 | Spatial organization of ILE and MLE during winter (A) and summer (B), with processes indicated by arrows, and positive and negative

interactions between processes and between human activities and processes (C). The spatial variability at a given time is represented through variations in

state variables attached to MLE (represented by the size of pictogram in A,B), and variations in landscape properties attached to ILE (differences in colors and

patterns).

A full implementation of the framework will require five
important challenges to be met.

Model Design Challenge
Our conceptual framework should be considered as an initial
step toward the integration of landscape modeling approaches.
It leaves open a wide range of modeling options that should
be addressed by the modeler. The test example presented here
illustrates the types of choices that must be made to model an
agricultural landscape with a given set of objectives in mind. The
identification and selection of landscape processes, ILE and their
properties, external conditions, MLE and their state variables,
and interrelations will likely differ according to the modelers’
objectives and must be clearly defined and justified. Moreover,
the numerical complexity and cost of a full coupling of processes,
as well as the search for parsimony must be considered. A wide
range of studies have simulated complex human-environment
interactions that are highly constrained by the spatial and
temporal scales chosen in the agent-based platforms, as for
example grid base space segmentation and regular time steps
(Parker et al., 2003; Matthews, 2006; Caron-Lormier et al.,
2009; Schreinemachers and Berger, 2011). There is also a strong

unbalance between the considered processes, depending on the
core disciplines of the modelers, such as sociology for agent-
based models, ecology (Gibbins et al., 2001; Vinatier et al.,
2012) or hydrology (Thomas et al., 2014). Moreover, hierarchical
models are rarely considered to simulate landscape processes
acting at different spatio-temporal scales.

Computational Challenge
Given the complexity discussed above, it becomes clear that
landscape scientists alone cannot translate the present conceptual
framework into operational landscape models. We advocate the
emergence of landscape modeling platforms (see Sklar, 2007;
Verburg and Overmars, 2009; Fabre et al., 2010; Grignard et al.,
2013) that will enable an individual scientist involved in the study
of a specific landscape process to model its interaction with other
landscape processes without being an expert in all landscape
disciplines and without being an expert programmer.

Space-Time Challenge
How space and time are discretized will greatly affect the
model behavior. Discretization in space should basically account
for the geometry of ILE that is considered important for a
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given landscape process. However, it may be necessary in some
instances to represent the variability of properties within the
ILE and to discretize them. This can arise when the ILE
heterogeneities in the landscape are very large or when the sole
segmentation of ILE leads to too abrupt spatial variations in
state variables, generating numerical instabilities in the modeling
approaches. Similarly, the properties of time discretization
reflect the choices made to account for the dynamics of
landscape mosaics and the impact of human activities. Whatever
the selected discretization, down or upscaling geostatistical
procedures for transferring information between irregularly
shaped space-time cells should be developed to ensure the
appropriate flow of information within the system.

Data Challenge
The implementation of the proposed conceptual framework in
real landscape situations may require a substantial amount of
data. Landscape sciences have accumulated a huge repository
of knowledge on landscape processes and their interrelations.
Despite this, data requirements will remain important, and there
is a need for long-term experiments and monitoring at the
landscape level, as is currently performed in long-term socio-
ecological research platforms, “zone ateliers” and SOERE (Mauz
et al., 2012). Beside, landscape modelers require the development
of spatial data infrastructures providing basic spatial data for
landscapemodeling (e.g., digital elevationmodels, land usemaps,
etc.) in order to define important landscape elements of the study
region and estimate their properties.

Knowledge Challenge
Although this paper insists on the necessity to develop a
pluridisciplinary framework for modeling landscape services, it is
also important to stress that the definition of landscape processes
and MLE, as well as their relation to ILE, suffers from knowledge
gaps. This is particularly true for the conceptual representation

of biotic processes in landscapes, whose study is more recent

than that of abiotic processes. Contrasting paradigms based
on dispersal or niche concepts have been proposed to explain
metacommunity assemblages, but there is a need to test these
paradigms against empirical data generated from a large number
of case studies (Logue et al., 2011).

We are also faced with a lack of generic laws that are needed to
model the link between human activities (including agricultural
practices) and the properties of the ILE. We need to develop
conceptual frameworks that are more accurate than those
prevailing in comparative studies of agricultural landscapes,
which use broad classes of agricultural systems such as organic
and conventional systems (e.g., reviews in Bengtsson et al., 2005;
Letourneau and Bothwell, 2008; Garratt et al., 2011).
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