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[DA-030] GIS&T and Landscape Ecology
Abstract

Landscape ecology is a transdisciplinary science dedicated to the study of the interactions
among landscape heterogeneity, humans, and natural system. Since its inception in the
mid-20th Century, landscape ecology has been strongly intertwined with spatial
technologies, from aerial photography to modern space-borne sensors. Satellite-based
remote sensing is among the primary data sources for contemporary landscape ecology
analysis, while geographic information systems provide tools to analyze the spatial
configurations of satellite derived classifications, simulate landscapes and species
distributions, quantify landscape change, and elucidate the reciprocal relationship between
spatial patterns and ecological processes. Additionally, global navigation satellite systems,
such as GPS, Galileo, and GLONASS, augment these datasets and may be used for data
collection to aid landscape ecology research. Emerging geospatial technologies, such as
unoccupied aerial systems and micro- and nanosatellites, also have a role to play in
landscape ecology.
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1. Definitions

Landscape Ecology: The scientific study of the reciprocal relationship of spatial patterns
and ecological processes, the resulting landscape heterogeneity, and changes thereof over
time.

Landscape: A heterogenous land area of variable size comprised of interacting
ecosystems.

Pattern: The spatial configuration of landscape elements, such as patches, corridors, and
mosaics.

Process: Ecological function, such as net primary productivity, energy fluxes, and
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biogeochemical cycling, which both influence and are influenced by spatial patterns of
landscape elements.

Scale: In ecology, the resolution (dimension) at which ecological processes operate. Often
defined based on grain (i.e. minimum resolution of the data) and extent (i.e. size of area
under consideration).

 

2. Introduction and Background

A landscape is a mosaic of varying land use and land cover types, and an interactive
expression of environmental gradients and disturbance regimes, both natural and
anthropogenic. It is fraught with complexities that transcend spatial and temporal scales.
Landscape ecology is a transdisciplinary science that attempts to understand how the
heterogeneity in a landscape affects ecological function and biodiversity (Forman and
Godron 1986; Turner 2005; Wu and Hobbs 2007). Stated another way, landscape ecology
examines the reciprocal relationships between landscape patterns and ecological functions
at a variety of spatial and temporal scales (Figure 1). In contrast to traditional approaches
to ecology, landscape ecology incorporates both socioeconomic factors and biophysical
parameters in the analysis of landscape heterogeneity. Thus, landscape ecology is well
positioned to address many contemporary environmental issues, from habitat
fragmentation and land use planning to wildlife management and environmental
conservation (Hobbs 1997).

 

Figure 1. Landscape ecology is predicated on the reciprocal relationship between the
spatial patterns and ecological processes across a landscape. Source: authors.

Landscape ecology emerged in Europe in the mid- 20th century when the German
biogeographer Carl Troll (1939) applied the term "Landschaftökologie" to describe the
study of vegetation/environment interactions using aerial photography. By the early 1980s,
practitioners outlined four disciplinary foci for landscape ecology: The development and
dynamics of spatial heterogeneity; spatial and temporal fluxes across heterogeneous
landscapes; influences of spatial heterogeneity on abiotic and biotic processes; and
management of spatial heterogeneity (Risser et al. 1984; Turner 1989). Collectively, these
foci have been studied through the lens of scale, landscape structure, and landscape
dynamics, emphasizing the effect of spatial patterns on ecological processes (Forman and
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Godron 1986; Turner 1989; Forman 1995; Anderson 2008). Subsequently, landscape
ecology has drawn from both the biophysical and socioeconomic sciences to explore a
range of topics, such as habitat fragmentation and loss (Wu 2013a), ecosystem services in
heterogenous and dynamic landscapes (Englund 2017), landscape histories and land
use/land cover change (Tappeiner et al. 2021), landscape sustainability and resilience (Wu
2013b; Opdam et al. 2018; Liao 2020), and landscape management (Turner et al. 2002).
Additionally, landscape ecology involves innovative techniques to model and analyze
landscape patterns (McGarigal 2014).

2.1 Scale

Key to understanding pattern and process is scale (Levin 1992). In ecology, scale refers to
the resolution at which ecological observations are recorded. In landscape ecology,
investigators consider both the spatial scale (or geographic extent) and temporal scale (or
time period under investigation). Broad- or coarse-scale refer to a relatively large area (or
time period), while fine-scale refers to a relatively small area (or time period). For example,
research that analyzes vegetation dynamics across several states or a region may be
referred to as broad-scale, whereas research on the dynamics within an abandoned
agricultural field may be referred to as fine-scale.  Likewise, a study that consists of daily
observations is fine-scaled relative to a study of decadal observations. So, it is crucial in
study design for investigators to carefully consider the potential role of scale.

Another tenet is that processes important to ecological function at one spatial scale may
not be detectable or important at another. For instance, the processes that affect the
distribution of individual trees within a habitat patch (e.g. biotic factors such as competition
or abiotic factors like soil nutrient content) may differ from the processes responsible for
the distribution of forest types across a landscape (e.g. climatic and geologic factors). There
is no single scale that is applicable for all analyses, thus care should be taken to ensure the
appropriate scale is selected to address a specific question. Additionally, multiple scales of
study may be required to address a question, as is the case when processes operating at
one spatial or temporal scale are linked to or affected by processes at other spatial and
temporal scales (known as hierarchy within the landscape ecology literature (e.g. Klijn
1994; see Figure 2).

https://www.ucgis.org
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Figure 2: Both spatial and temporal scales are important in landscape ecology. Processes
important at one spatial scale may be unimportant at another scale. Nonetheless, many
ecological problems require multiple scales of study and the processes operating at one
spatial or temporal scale may be linked to processes at work at other spatial and temporal
scale. Image adapted from Urban et al. (1987) and Gergel unpublished lecture slides.
Source: authors. Image adapted from Urban et al. (1987) and Gergel unpublished lecture
slides.

 

2.2 Landscape Structure

Prior to the advent of landscape ecology, researchers would often analyze a relatively
homogeneous area and results were extrapolated for a larger area under consideration.
However, as noted by Monica Turner and colleagues (1995), a founding principle of
landscape ecology is that one spatial configuration of a landscape will affect ecological
processes in a manner different from another spatial configuration. In other words,
landscape ecology is not only interested in how much there is of a particular environmental
element (e.g. habitat type), but also the spatial arrangement of those elements.
Additionally, landscapes are the product of a suite of biophysical and socioeconomic
processes that act upon them. Indeed, another key facet of landscape ecology, which is a
distinction from other traditional ecological approaches, is recognition of the role that
humans, in conjunction with natural processes, have played in shaping the structure of
landscapes.

Landscape ecologists have developed a number of metrics to quantify landscape structure
and to relate these spatial patterns to ecological processes (for a complete discussion, see
McGarigal et al. 2012 and Frazier 2019). There are two elements fundamental to this
framework: 1) the habitat patch, (i.e. a relatively homogenous unit that differ from their
surroundings), and 2) landscape mosaics, i.e. a series of patches and corridors (connecting
patches) across a landscape (see Forman 1995). Landscape metrics are designed to
quantify both landscape composition (e.g. presence, proportions, and variety of landscape
classes) and spatial configurations of landscape elements (e,g, spatial arrangements and

https://www.ucgis.org
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distributions of landscape classes) at both the patch and landscape levels. Such metrics are
then used to predict ecological processes. For instance, patch area and edge metrics are
often related to species diversity and abundance, whereas connectivity metrics may serve
as surrogates for dispersal and other ecological flows through a landscape.

2.3 Landscape Dynamics

The dynamics of spatial heterogeneity is another of the key foci of landscape ecologists. A
landscape will have compositional and configurational attributes at a specific time.
However, these characteristics and associated processes fluctuate with time because of
natural variability and anthropogenic agents (Rhemtulla and Mladenoff 2007).  For
example, land conversion alters the structure of spatial heterogeneity, leading to habitat
fragmentation or homogenization, either of which will have important consequences for
ecological function and species richness. Similarly, natural disturbance regimes, such as
periodic fire or drought can alter landscape structure and function at both spatial and
temporal scales that differ from anthropogenic changes, but that nonetheless alter
ecological functions. Indeed, research has shown that past events, whether natural or
anthropogenic, can have persistent effects on an ecosystem over long periods of time.
Therefore, landscape ecologists analyze landscape history and employ simulation models
that attempt to predict future patterns. As such, landscape ecology can play an important
role in both ecological restoration by determining past landscape histories and conservation
through identification susceptible habitats.

 

3. GIS&T in Landscape Ecology

Given the spatial focus of landscape ecology, GIS&T has played an integral part in
advancing the discipline since its inception. Indeed, Troll’s earliest “Landschaftökologie”
used the most advanced geospatial technologies of his time: aerial photography. As
modern landscape ecology developed in the early 1980s, it became clear that satellite-
based remote sensing would play an integral role in quantifying landscape patterns and
dynamics to elucidate the relationships between spatial patterns and ecological processes
(Groom et al. 2006; Shao and Wu 2008). Indeed, remote sensing technologies remain one
of the primary data sources for landscape analysis (Hay et al. 2001; Newton et al. 2009; Yu
et al. 2019). In general, remote sensing technologies in landscape ecology have been used
to develop land cover classifications from which additional analysis is conducted.

The issue can be exacerbated, though, because land cover classifications may be
subjective based on the classification schemas, number of classes, and even source
datasets selected (Figure 3; see also Franklin et al. 2015). Understanding accuracy and the
uncertainty associated with such thematic classifications is paramount. Given the inherent
limitations associated with such classifications, the risk of propagating errors in subsequent
landscape analysis is high without due diligence (Shao and Wu 2008).). Scaling and
resolution issues associated with the classification of satellite imagery must be analyzed,
especially in relationship to the modifiable areal unit problem (MAUP) (Hay et al. 2001).
Research has shown, for instance, that thematic resolution can change the number of
classes represented and resulting spatial patterns on categorical maps, which can influence
the landscape metrics (Buyantuyev and Wu 2007).

https://gistbok.ucgis.org/bok-topics/problems-scale-and-zoning
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Figure 3A and 3B. Classified remotely sensed imagery is an important data source for
landscape ecology analysis. However, errors in classification, resolution of the source data,
and different classification methodologies and schemas used can influence the analysis.
Here, two classified images of the same area, from the same time-period, and using the
same classification schema are shown. However, the classifications were based on different
source imagery and classification methods. 3A. utilized 1 m NAIP imagery, heads-up
digitizing, image segmentation, and manual classification, while 3B. is reclassified National
Land Cover Database data derived from 30 M Landsat data (Dewitz 2019). Source: authors.

 

Nonetheless, such derived datasets are integrated into geographic information systems
(GIS) for further analysis. Indeed, the key role of GIS in landscape ecology research has
long been recognized (Yu et al. 2019), and is perhaps best exemplified by the number of
landscape metrics or indices that have been developed to quantify landscape patterns
using GIS. Such indices measure characteristics of individual patches, classes (i.e. patch
types), and/or the entire landscape. Compositional metrics include richness, evenness, and
diversity measurements of individual patches or classes, while configurational elements
may quantify patch size, shape, and density and isolation/proximity and connectivity of
landscape elements. Again, though, the quality of the output is dependent on the accuracy
of the input datasets. By quantifying such landscape characteristics in conjunction with
other ecological properties, landscape ecologists may better understand the reciprocal
relationship between landscape pattern and ecological processes. 

Historically, these metrics were designed to quantify patterns in categorical maps
(McGarigal et al. 2012). More recently, though, landscape metrics have been developed to
quantify continuous (i.e. numerical values representing gradients (McGarigal 2009)) rather
than discrete patterns across landscape and that consider the three-dimensional nature of
landscape elements (Stupariu et al. 2017).

LiDAR and digital photogrammetry have also proven useful in landscape ecology. LiDAR, for
instance, can be used to characterize landscape elements such as canopy cover
(Wasserman et al. 2019) and vertical habitat structure to estimate animal species diversity
(Simonson et al. 2014). Similarly, structure from motion (SfM), a photogrammetric
technique that develops dense 3D point clouds from a sequence of 2D images, also shows
promise as a relatively low-cost method to characterize landscape and habitat structure
(Cunliffe et al. 2016).

https://gistbok.ucgis.org/bok-topics/2020-quarter-02/landscape-metrics
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Other uses of GIS&T in landscape ecology includes development of species distribution
models (SDMs) to predict habitat suitability based on a range of environmental variables
(Sofaer et al. 2019); assessments of landscape-level habitat vulnerability to climate change
(Comer et al. 2019); and the incorporation of machine learning techniques, such as random
forest, neural networks, and deep learning, to uncover complex ecological patterns (see
Stupariu et al. 2021 for a review). Additionally, since quantification of spatial patterns is
fundamental to landscape ecology, the use of a variety of spatial statistics, in addition to
traditional landscape metrics, is important. Measurements of spatial autocorrelation are
particularly important to assess the spatial heterogeneity of ecological data across space
and along environmental gradients (Fortin 1999). Positive spatial autocorrelation, for
instance, may reflect various biotic factors, such as habitat preference and conspecific
attraction (Guélat and Kéry 2018), whereas negative spatial autocorrelation may reflect
competition (Marthur 2015) or a disturbance event (Biswas et al. 2017). However, spatial
autocorrelation indices are scale dependent and scale effects in spatial analysis must be
considered (Qi and Wu 1996).

Global navigation satellite systems (GNSS), such as GPS, Galileo, and GLONASS,
technologies have also been utilized in landscape ecology studies (e.g. Zavala and Zavala
1993; Kitron 1998). For instance, GNSS receivers and associated software can be used to
augment aerial and satellite based measurements used for landscape studies or directly
used to obtain point, line, or polygon features for incorporation in landscape studies (Farina
1998). Moreover, researchers can track animals with GNNS receivers to obtain accurate
locational information on the movement of various animals in the landscape (e.g.
Tomkiewicz et al. 2010).

Emerging geospatial technologies (Fagin et al. 2020), such as unoccupied aerial systems
(UAS), on-demand micro- and nanosatellites, and ground-based sensors (Crowley and
Cardille 2020), also may play a role. While remotely sensed data have long been valuable
sources of information for mapping and understanding landscape patterns, the relatively
coarse spatial and temporal resolution of traditional remotely sensed datasets may not
adequately capture certain ecological patterns and processes, such as microhabitat, fine-
scale disturbance, subtle phenological changes, successional rates, and various biophysical
parameters (Wulder et al. 2004). While some of these limitations have been addressed with
newer generation higher resolution sensors, cost constraints and data availability have
limited their utility for many researchers (Anderson and Gaston 2013; Loarie et al. 2007).
UAS and ground-based sensors are emerging geospatial technologies that may address
some of these limitations by providing a relatively inexpensive, on-demand, fine spatial and
temporal resolution remote sensing platform (Anderson and Gaston 2013; Christie et al.
2016).

 

4. The Future of GIS&T in Landscape Ecology

Landscape ecology is still a relatively new and emerging discipline in North America. Within
little over four decades, though, it has gone from an obscure subdiscipline of ecology to an
important field with concepts that permeate ecological and geographic research.
Landscape ecological research is now conducted over a range of scales in terrestrial
landscapes and, even, in aquatic habitats.  Advances in space-borne technology, such as
global navigation satellite systems (GNSS) and new remote sensors with both high spatial
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and temporal resolution are contributing to advances in the field. New models, backed by
powerful computing power, are adding to our understanding of landscape complexity.
Lastly, in the face of global environmental change, landscape ecology has an important role
to play in advancing our knowledge about the causes and consequences of these changes
across a range of scales and systems. Coupled with GIS&T, landscape ecology will continue
to play an important role in understanding, quantifying, predicting landscape heterogeneity
and the ecological and socio-economic consequences thereof.  
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