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A B S T R A C T

Ecological integrity is a functional property that integrates habitat functions and species information for
maintaining key ecological interactions in predator-prey systems. As a functional property, ecological integrity
can be modeled as a latent concept from observable spatial attributes that measure the ecosystem's capacity to
provide suitable habitat conditions for apex predators. Ecological integrity is a tri-dimensional concept that
stems from “stable”, “concurrent” and “intact” conditions. A theoretical framework and a methodology is pre-
sented here for modeling ecological integrity from observable attributes (as GIS layers) to obtain a spatial re-
presentation of the integrity condition. From a theoretical framework, the ecological integrity concept is ob-
tained with a structural equation modeling approach, where several other latent variables are obtained for
characterizing a hierarchical network of spatial information. Later on, these observable attributes, and several
latent modeled variables are translated into sources of geographic information that can be used to monitor
changes in the natural remnant areas due to human impacts. When examining the direct, indirect and total
effects of habitat loss and fragmentation on ecological integrity, spatial intactness (e.g., the amount of remnant
habitat and connectivity) and stability (resistance in the interaction network and mobile links) are the attributes
more affected by the pathway effects. The balance of the formative parameters obtained for the model supports
the idea that ecosystems that have a high degree of integrity should maintain a high level of stability, self-
organization and naturalness. These attributes are achieved when spatial habitat intactness and species inter-
actions are maintained.

1. Introduction

The human transformation of natural landscapes is still the major
contributing factor for loss and degradation of the complexity and
condition of ecosystems, by promoting habitat fragmentation and spe-
cies loss (Ewers et al., 2010; Jantz et al., 2015; Sih et al., 2000). As
historical natural ecosystems become highly impacted by human ac-
tivities, the capacity for recovering their self-organization and self-
regulation towards stable conditions after impacts is greatly affected by
the ecological integrity of surrounding natural areas. Due to habitat loss
effects, changes in community assemblages and composition lead to a
subsequent loss of species interactions, particularly disrupting functions
at the top of ecological hierarchy (Valiente-Banuet et al., 2015). How-
ever, large carnivores, as top predators, are necessary for maintaining
biodiversity and ecosystem function (Ripple et al., 2014). Habitat loss is
the main process reducing ecological integrity for top predators by
modifying key ecological processes (Haberl et al., 2007) and by pro-
ducing negative effects on their habitats (Ripple et al., 2014; Theobald,
2013).

Ecological integrity is a key concept in natural resource manage-
ment (Brown and Williams, 2016; Thompson, 1999; Tierney et al.,
2009). With landscape transformation targeting remnant natural areas,
ecological integrity is the primary feature that is highly at risk due to
human impacts. Integrity in ecological systems has been defined as “the
capacity of the ecosystem to support and maintain a balanced, in-
tegrated, adaptive biological system having the full range of elements
and processes expected in the natural habitat of a region” (Angermeier
and Karr, 1994; Karr, 1990; Parrish et al., 2003). The lack of ecological
integrity in human transformed landscapes is directly linked to changes
in ecosystem's structure and function, which result in degradation
processes that lead to biodiversity loss (Millenium Ecosystem
Assessment, 2005a,b).

As a theoretical concept, ecological integrity is a latent, complex
variable that stems from the complexity of ecological processes and
from mechanisms that sustain ecological interactions resulting from the
complexity of biodiversity (Farnsworth et al., 2012; Jax, 2010).
Therefore, ecological integrity is a characteristic that emerges from the
interaction of several ecological processes. These provide ecosystems
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with the ability to self-organize and maintain stability while remaining
natural (without human influence). As observed throughout emergent
properties, integrity is best described by characteristics associated with
concepts of sustainability, naturalness, stability (Andreasen et al.,
2001) and self-organization (Jax, 2010). For that reason, ecological
integrity evaluations are increasingly being used for guiding and or-
ganizing ecological monitoring programs (Wurtzebach and Schultz,
2016).

The main goal of this research is to present a set of concepts
translated into spatial information that help to formalize the concept of
ecological integrity for monitoring purposes. With a practical definition
of ecological integrity, a hierarchical analysis framework can be de-
veloped using spatial information as primary source for decision
making (Ferretti and Pomarico, 2013; Imam et al., 2011; Lin et al.,
2009). Therefore, the ecological integrity concept is used here a main
directive to define a set of spatial indicators (manifest and latent) that
support an analysis that help to characterize the potential of remnant
natural landscapes to sustain predator-prey interactions in Mexico. As
observable indicators of ecological integrity, the spatial indicators de-
veloped here serve as a way to summarize and describe the status of
predator and prey species and their habitat. They can serve to diagnose
the current habitat conditions, and to monitor significant changes that
jeopardize the sustainability of viable populations. Spatial indicators of
ecological integrity also serve to create a structure in decision making,
based on hierarchies and networks of relevant information (Saaty and
Shih, 2009).

1.1. Ecological integrity and spatial decision support systems

A spatial decision support system (SDSS) for top predators and their
habitat conservation in the remnant landscape of Mexico is the goal for
ecological integrity evaluations. A SDSS based on ecological integrity
must combine spatial information, multicriteria decision analysis and
optimizing models (Rushton, 2001), assuming that transformation of
the natural landscape in the form of habitat loss and fragmentation
directly affects the attributes and processes associated with naturalness,
stability and self-organization in ecosystems. Ecological integrity be-
comes a practical concept for implementing a SDSS when the elements
that shape the self-identity characteristics of the concept are clearly
defined, and has a practical meaning when the concept of integrity is
linked to human impacts.

In order to develop a practical definition for a SDSS, the ecological
integrity concept is first associated with a set of emergent properties,
which are notions derived from the knowledge gained from analyses of
the pattern and processes of biodiversity (Geneletti, 2008). Ecological
integrity is considered here as a functional property that integrates
habitat functions and the spatial requirements for species, that maintain
key ecological interactions in predator-prey systems. The main concept
is derived from a collection of several sub-concepts which formalize the
procedure of data mining and knowledge discovery when exploring
direct and indirect relationships among concepts and observed vari-
ables represented as geographic indicators. Then, a practical definition
of ecological integrity is primarily sustained by spatial information, and
a theoretical model help to establish a plausible ecological hypothesis
on how ecosystems are impacted by human transformation. In addition,
ecological integrity concepts are connected and interact with other
information levels, forming an entire ecological hierarchy. Therefore,
both vertical and horizontal connection among concepts and manifest
variables come into play to define emergent properties (Jorgensen and
Nielsen, 2013) that can be used in an ecological hierarchy framework
for decision making (Lin et al., 2009).

Once an operational definition is available, an evaluation and
monitoring system of the integrity of predator-prey interactions and
their habitat can be implemented. The evaluation system is constructed
around spatial indicators that measure changes in ecological integrity
attributes by monitoring landscape changes, and by describing the

effects that habitat loss and fragmentation may exert on ecosystem
properties that sustain viable populations of apex predators. Spatial
information regarding complex interaction of apex predators and their
habitat, along with mapped effects of habitat loss and fragmentation on
mammalian apex predators is used as a surrogate for ecological in-
tegrity manifestations.

For a practical definition, structural equation modeling (SEM) is
used here as the main methodological approach for describing and
monitoring ecological integrity. SEM in natural systems is a methodo-
logical framework that has been previously used to analyze latent
variables in complex relationships (Grace et al., 2010; Grace and Bollen,
2008). As a latent variable, ecological integrity has been modeled with
SEM using habitat functions (Capmourteres and Anand, 2016); for
evaluating agricultural impacts on aquatic biological integrity and
health (Riseng et al., 2011; Sanchez et al., 2015); for evaluating habitat
loss effects on ecological processes (Altamirano et al., 2016); soil
ecology mapping (Angelini et al., 2016; Eisenhauer et al., 2015) pat-
terns of species occurrence (Joseph et al., 2015); and for deriving en-
vironmental indicators for conservation strategies (Santibáñez-Andrade
et al., 2015). Here, an approach suitable for a spatial analysis context is
developed based on SEM. The methods rely on a framework that in-
tegrates the use of SEM and geographic information systems (GIS) as a
way to model ecological integrity as a spatial latent variable. In addi-
tion, the SEM provides a framework for implementing an analysis to
confirm the presence of latent variables from the interaction among
spatial indicators of ecological integrity. The additional information
derived from SEM is also useful for evaluation purposes when emerges
from the theory that supports the formalization of the proposed eco-
logical integrity concept. Later on, the set of spatial information derived
from the modeling framework can be integrated into the spatial deci-
sion support system (SDSS) where is presented as a tool for monitoring
changes in the ecological integrity condition for the remnant natural
landscape.

2. Methods

The methods used for building an ecological integrity model in-
clude: (a) spatial analysis to produce several spatial indicators, and (b)
structural equation modeling for establishing a hypothetical link be-
tween structure and function in ecosystems, based on the interaction of
the spatial variables used for defining several concepts. The indicators
used as manifest variables of ecological integrity are obtained via car-
tographic models and spatial analysis. Later on, SEM is conducted with
several diagnostic procedures that are used to produce and discuss la-
tent variables as measures of ecological integrity. Finally, confirmatory
analysis is implemented and supported by the implementation of a SEM
based on ecological processes.

Furthermore, SEM estimates the values of latent variables that are
not observable, which are often referred as hypothesis variables. The
latent variables and their relationships provide additional information
that is used also as indicators of ecological integrity. This is useful for
exploring the quantitative spatial representation of ecological integrity,
especially when it is represented using qualitative reasoning (Nuttle
et al., 2009). Here, ecological knowledge regarding integrity is directly
derived from data describing information variables, which influence
and depend on the hypothesis variables. Therefore, the main goal for
the SEM framework is to obtain a theoretically based and statistically
valid model for ecological integrity.

2.1. Spatial analysis for manifest variables

The analysis framework for ecological integrity is theoretically
based on species interaction information and evaluates the integrity of a
landscape based on the interplay of predator-prey systems (or the lack
thereof). The interaction networks (in this case, predator-prey interac-
tions for 239 mammal species) are evaluated for all extant top predators
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