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Abstract In this review we examine the past 5 years of land-
scape ecology research examining the effects of both spatial
and thematic resolution on ecological analysis. While spatial
resolution has been a topic of research for many decades, scale
effects from thematic resolution have only recently been stud-
ied. Recent multi-scale analyses have demonstrated that the
effects of thematic resolution on ecological analysis are com-
parable to spatial resolution and both spatial and thematic
resolution interact. Additionally, spatial and thematic resolu-
tion can impact on multi-scale methods that are commonly
used to identify the intrinsic scale—the scale at which ecolog-
ical phenomena interact with the environment. A key aim of
multi-scale analysis in landscape ecology is to characterise the
scale-dependency of ecological processes, however, the inter-
disciplinary nature of landscape ecology means that research
on scale has incorporated methods from a range of disciplines.
These methods and concepts include: 1) multi-scale methods
which characterise the sensitivity of an analysis to the modi-
fiable areal unit problem, 2) spatial statistics for characterising
the scale dependency of landscape patterns and identifying the
optimal scale and 3) ecological theory describing intrinsic
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scales/domains of scales. We conclude by drawing on the
existing literature to describe potential future areas of research
to address the impacts of spatial and thematic resolution. We
suggest further research on the effects of thematic resolution
and conceptualising the scale continuum as multi-dimension-
al. We also identify mechanistic models and spatial statistics
as a promising direction for future research.

Keywords Landscape ecology - Multi-scale - Scale - Spatial
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Introduction

Determining scale-dependencies of ecological responses to
landscape patterns—in particular spatial scale—is a central
question in landscape ecology and has been the focus of re-
search for many decades [1-4]. Ecological processes are
multi-scaled in nature and analysing them at inappropriate
scales can result in the phenomenon remaining undetected
due to a mismatch between the scale of the analysis and the
scale of the ecological processes of interest [3, 5, 6]. This can
potentially result in the derivation of spurious relation-
ships and/or erroneous results [7, 8]. Despite the recog-
nition of the importance of scale, its impacts are not common-
ly addressed, partly due to the difficulties of conducting multi-
scale analysis [9].

There are numerous facets to scale in landscape ecology
that affect the measurement of ecological responses and re-
sponses to management for conservation, two of which are the
focus of this paper—spatial and thematic resolution. The first,
spatial resolution, is probably one of the most studied aspect
of scale research undertaken in the field of landscape ecology
[3, 4, 7], and related disciplines such as conservation biology
[10, 11], spatial sciences [12, 13] and statistics [ 14]. While, the
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second aspect of scale, thematic resolution (also known as
attribute precision [15] or categorical resolution [16]) which
refers to the level of classification detail of the sampling units,
is a relative newcomer to research in landscape ecology. Its
effects on spatial analysis in landscape ecology have only
recently been described in the ecological literature, with the
earliest papers published in 2004 and 2007 [17-19].

In this review we look back on the past 5 years of landscape
ecology research on the role of spatial and thematic resolution
and evaluate the latest findings in light of the many decades of
existing research. We first define spatial and thematic resolu-
tion in the context of an existing paradigm describing the
domains of scale (observation, analysis and intrinsic scale).
Next we summarise the effects of spatial and thematic resolu-
tion on ecological analysis and multi-scale analysis methods.
We then focus on studies from the past 5 years, identi-
fying examples of research that have made progress in
characterising and addressing the effects of spatial and
thematic resolution on ecological analysis. In particular
we focus on studies which examined the effects of both spatial
and thematic resolution. Drawing on these latest finding and
more broadly from research in landscape ecology we conclude
by suggesting future research directions for addressing spatial
and thematic resolution.

Definition and Effects of Spatial and Thematic
Resolution, and Multi-Scale Methods

Dimensions of Scale and Definition of Spatial
and Thematic Resolution

Spatial resolution, often referred to as the grain size, is a prod-
uct of several factors associated with the acquisition and pro-
cessing of spatial data from the field or remote sensing
[20-22]. In remote sensing, spatial resolution is primarily a
product of the pixel size of the sensor or the object-scale for
data produced through geographic object-based image analy-
sis [22-26]. Pre- and post-processing of spatial data, common-
ly used for improving classification and geometric accuracy,
also affects spatial resolution through: removing features be-
low a minimum area (minimum mappable unit) [27, 28], the
application of smoothing filters [29] and the characteristics of
the remote sensing device [30].

Thematic resolution is a property of the ruleset used to
describe a hierarchy of land cover classes, the criteria used
to distinguish them, and the relationship between the classes.
The Anderson classification scheme is a classic example of a
land use/land cover classification hierarchy that has a hierar-
chy of different thematic resolutions [31]. The Anderson clas-
sification scheme contains four resolutions with each finer
resolution class nested within a coarser resolution level class.
For example, residential and industrial are nested within

urban. Within the vegetation sciences thematic resolution
can be considered as the hierarchical relationships between
vegetation classification units where natural taxonomic units
can be grouped, and/or regrouped from individual species,
communities, to biogeographic regions [32]. In continuous
data (i.e. temperature, rainfall) thematic resolution refers to
how accurately environmental variability is measured [33]
(e.g. what is the precision of the units measuring thematic
differences).

Spatial and thematic resolution represent aspects of the
three dimensions of scale [34] or three kinds of scale [2].
The first dimension, the observation/measurement scale, de-
scribes the size, shape, extent and distance between observa-
tional units used to sample a phenomenon. The second dimen-
sion, the analysis/modelling scale refers to the units used to
analyse data and is an aggregate of the spatial units at the
observation scale. When using remote sensing data, the obser-
vation scale is often the pixel size and the units of the analysis
scale are patches in the landscape (or sometimes circular
buffers around point locations), where each patch is composed
of multiple pixels whose values are aggregated (e.g. percent
vegetation cover for each patch).

The final dimension, the intrinsic scale, is the scale at
which ecological phenomena interact with the environment
and is an emergent property of an organism’s response to its
environment, which is measured indirectly at the observation
scale(s) and/or analysis scale(s) [2, 29, 35]. In this paper we
focus primarily on observation scale effects from changing
spatial and thematic resolution in the context of GIS analysis
using data derived from remote sensing. The combination of
GIS analysis with remote sensing data represents one of the
most common ways for representing and analysing data in
landscape ecology [25, 36, 37].

Effects on Ecological Analysis

Multi-scale analyses are often used to test the sensitivity of a
statistical analysis to variations in the spatial units [38, 39]
such as in the case of the assessment of the modifiable areal
unit problem (MAUP) [8] and the related change of support
problem (COSP) [14]. The MAUP view of scale suggests that
statistical relationships derived from areal units with different
boundaries and levels of aggregation can confound the results
of spatial statistical analyses [7, 40]. While the COSP is
broader than the MAUP and refers to the effects of the types,
size and shape of the spatial units used in spatial analysis, e.g.
point, lines, areas and pixels [14, 34].

Changing spatial and thematic resolution have been shown
to affect both the characterisation of landscapes and ecological
analysis such as measuring land cover proportions [41-43],
landscape metrics [19, 44, 45], graph-based connectivity met-
rics [46, 47], change detection [48] and statistical relationships
between the landscape context and species distributions [49,
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50]. Spatial resolution has been demonstrated to affect statis-
tical analysis such as inference about population mean, varia-
tion and statistical significance [43, 51-54].

Along with the effects of spatial and thematic resolution on
analyses of ecological phenomenon that are considered purely
from a statistical point of view or to test the sensitivity of an
analysis to scale, multi-scale analysis with ecological data (i.e.
species abundance, occurrence) are commonly used to identi-
fy intrinsic-scales associated with pattern-process relation-
ships. The relationship of scale with ecological processes is
described by related theories such as scale discontinuities [55,
56], domains of scale [3, 57] and hierarchy theory [20] (see
Nash et al. [56] for a summary).

Multi-Scale Analysis Methods

A common experimental design for assessing scale effects in
landscape ecology is to aggregate pixels or alter the thematic
resolution of one or more land cover maps and quantify
changes to response variables, such as landscape metric values
[6, 58—60]. Another common multi-scale analysis method
used frequently in landscape ecology characterises multi-
scale species-environment relationships by altering the size
of circular buffers/kernel around point locations at
which ecological data is sampled [61-63], while leaving
the spatial or thematic resolution constant. However,
this type of multi-scale analysis is not an explicit focus
of this paper as it does not involve altering the spatial
and/or thematic resolution to identify scale effects (see
[63, 64] for a comprehensive review).

In parallel to the ecological literature focusing on ecologi-
cal pattern-process scale effects, the spatial sciences and, in
particular the geostatistics/spatial statistics literature, have also
addressed scale issues, but more from the perspective of quan-
tifying the scale dependence of observed landscape patterns
and finding the optimal spatial scale for mapping [35, 65-67].
These methods address the relationship between the sampling
unit (observation scale) and the feature being measured (i.c.
the relationship between a tree and a 30 x 30 m pixel used to
sample tree density) by factoring-in the spatial structure of the
landscape such as clustering and directionality [67]. In ecolo-
gy these methods have also been used to measure the statisti-
cal property of the spatial pattern of the landscape for
assessing the relationship between spatial patterns and pro-
cesses [67—609]. These techniques are also commonly used to
address the COSP associated with mapping continuous spatial
data (i.e. temperature, soil PH) with point data. Spectral de-
composition techniques including wavelet analysis [70] and
eigenvector approaches [71] represent another suite of statis-
tical techniques that has been applied to ecological analysis to
determine the key spatial scales at which underlying ecologi-
cal processes act on species.
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Recent Progress (Post-2010) in Research
on the Effects of Spatial and Thematic Resolution
on Ecological Analysis

Our review found that in the past 5 years (2010-2015)
there has continued to be more research on spatial reso-
lution than thematic resolution, with the number of pub-
lications on spatial resolution rising, while the number of
publications on thematic resolution having stayed con-
stant with an average of 6.8 publications per year, com-
pared to 113.2 for spatial resolution (identified with a
Scopus keyword search on 16/12/2015 (thematic or spa-
tial resolution and (“scaling” OR “multi-scale”))). A re-
cent study that reviewed all the studies published in
landscape ecology using remote sensing data in 2007
found only 6 % of articles addressed the impact of the-
matic resolution [25]. A keyword search examining stud-
ies that had assessed both aspects of resolution (“spatial
resolution AND thematic resolution”) identified a total of
only 15 publications in the past 5 years (some of which
were not ecological studies), indicating very little focus
on dealing with both aspects of scale simultaneously.

In the past 5 years there have been a number of publications
further developing the ‘theory of scale’ in the context of
ecological analysis [56, 57, 72] that are relevant to un-
derstanding and interpreting the effects of spatial and
thematic resolution on ecological analyses. They build
on existing theories that consider ecological phenomena
to interact with or perceive the environment at relatively
isolated, distinct scales or intrinsic scales defined by
specific pattern-process relationships. For example, in-
fluences on foraging movement operate at fine-scales
and movement for dispersal operates at coarser scales
[73]. These theories suggest that along the scale continuum
there are segments/domains which are invariant to scale and
then transition zones or discontinuities at scales where it is not
sensible to measure patterns [56, 57]. It is within the context of
these broader ecological concepts that the effects of spatial
and thematic resolution are often addressed with multi-scale
analysis in landscape ecology.

While it has been recognised for some time that spa-
tial and thematic resolution impact on the measurement
of ecological responses [17-19, 53, 54, 74], only recent-
ly have studies looked at both of these factors together.
Several studies have compared the effects of using ex-
planatory variables with a range of thematic and spatial
resolutions in species distribution modelling and showed
that they have a large effect on predictive accuracy [75,
76]. In particular Liang et al. [77] modelled three the-
matic and six spatial resolutions and assessed individual
effects and interactions. They showed that both thematic
and spatial resolutions affected model-based predictions
of tree species distribution.
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For multi-scale analysis of landscape metrics, previous
studies, before 2010, have tested multiple scale-
dependent factors such as extent and spatial resolution
[6, 58, 78], but only recently have studies explicitly test-
ed interactions and effect sizes statistically [77, 79].
Studies examining the effects of scale on the calculation
of landscape metrics using analysis of variance have
shown statistically that factors interact [79, 80]. This
means that not only do spatial and thematic resolution
have main effects, but that the level of one will affect the
level of another. Thus, studies that consider a single fac-
tor in isolation (e.g. pixel size) may produce different
results when other factors are fixed at different levels.

In addition to the recognition that thematic and spa-
tial resolution interact, affecting predictive modelling
and the derivation of landscape metrics, they also affect
other forms of multi-scale analysis. Ecological studies
characterising an intrinsic scale infer that differences in
correlation coefficients are related to the response of an
ecological phenomenon to particular scales, and scales
where there are high correlation coefficient values rep-
resents intrinsic scales [62, 81]. In most cases these
forms of multi-scale analysis involve assessing the ef-
fects of analysis scale by changing the size of circular
buffers around point locations at which ecological data
are sampled for testing multi-scale species-environment
relationships [64, 82, 83]. However, a recent study by
Kendall et al. [50] using this multi-scale buffer analysis
method showed that patterns of r* values for a range of
buffer sizes changed with thematic resolution and spatial
resolution (defined by the minimum mappable unit).
Additionally, Lechner et al. [29] using synthetic analysis
showed that the highest r* values may incorrectly iden-
tify intrinsic scales identified with multi-scale buffer
analyses as a result of changes in pixel size and apply-
ing a smoothing filter (which also reduces spatial
resolution).

The recent studies described above have utilised relatively
simple multi-scale analyses methods (often equivalent to a
sensitivity analysis) for examining the effects of spatial and
thematic resolution. While using spatial statistics for examin-
ing spatial resolution are very common in ecology [84-86],
we only know of one example where these methods have been
used to address the effects of thematic resolution [87]. Vicente
et al. [87] provides an example of the use of spatial autocor-
relation analysis (using Moran’s / and Geary’s C) and statisti-
cal clustering to identify scales of spatial patterning of envi-
ronmental factors for a range of thematic and spatial
resolutions.

The differences between the types of multi-scale analyses
that have been used in landscape ecology are nuanced and
include a range of sometimes contradictory aims. The inter-
disciplinary nature of landscape ecology means that research

on scale has incorporated methods from remote sensing, spa-
tial statistics and ecological theory, with the objective of
characterising the sensitivity of an analysis to scale
(MAUP), address scale effects by identifying scale-
dependence and optimal scales, and explaining scale effects
in terms of ecological processes by their intrinsic scales/
domains of scale (Fig. 1).

One of the key aims in the discipline of landscape
ecology, which unites much of the research, is to char-
acterise the scale-dependency of ecological processes.
Figure 2a, b, ¢ and d describe a classic conceptual dia-
gram of the scale continuum [e.g. 9] which underpin
scale theory in ecology. Although commonly the scale
continuum is conceptualised for a single scale, it is in
fact multi-dimensional and needs to be re-conceptualised
as multi-dimensional, as studies identified in this review
have shown, both thematic and spatial resolution interact
and cannot be considered in isolation (Fig. 2e).
Furthermore, each environmental variable used in an eco-
logical analysis may be represented by multiple spatial
datasets with a range of observation scales [64, 72],
which each could be represented by multiple scale
dimensions.

Thus, there is a need for a better understanding of the link
between ecological scale theories, such as conceptualised in
Fig. 2e, with multi-scale spatial analysis methods. Currently,
there is no substantive difference in type of analysis conducted
for studies testing for the presence of the MAUP (which indi-
cate an analysis is not robust and perhaps spurious), to studies
characterising the intrinsic scale. Crucial to deepening the un-
derstanding of the multiple dimensions of scale, is more re-
search on the effects of thematic resolution and the combined
effects of thematic and spatial resolution. Many studies com-
paring the influence of thematic resolution versus spatial

Ecological processes vary
with scale

Ecological scale /
domains of scale

/ intrinsic scale

Aims: Identify scale
dependent patterns
Disciplines: Ecology (esp.
Landscape ecology)

Spurious analysis result

from the aggregation of Identifying the optimal

spatial units Optlmal z:eler%dsec:clz

Aims: Identification of Modifiable plxel slze / .p

séale affacts areallunit Scale Aims: Incorporate the
spatial structure of

Disciplines: Spatial problem depend- landscape patterns using

sciences, ecology and ence spatial statistics

social sciences c :
Disciplines: Spatial

statistics

Fig. 1 Three different kinds of treatment of scale and the corresponding
methods employed in landscape ecology that originate from a number of
different disciplines, with a range of objectives. The bottom two circles in
the Venn diagram are purposefully positioned closer together to reflect the
fact that they represent very similar concepts and are often treated in the
same way. Future solutions to scale may lie in integrating these different
methods and concepts
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Fig. 2 Panels a—d describe a common conceptualisation of the scale
continuum in landscape ecology based on the relationship between
scale (in this case spatial or thematic resolution) on the x—axis and
ecological metric values on the y-axis such as population viability, abun-
dance and species richness. Scale (a—d) is conceptualised as having a
number of domains identified by segments along the scale continuum

resolution show that thematic resolution has as a great, or
greater influence on the results of ecological analyses than
spatial resolution. For example, a recent study by Cushman
and Landguth [33] assessing the impact of thematic resolu-
tion, pixel size and focal window size on landscape genetic
analysis found that thematic resolution had the largest effect.
Additionally, the relationship between studies assessing intrin-
sic scale and spatial statistics (i.e. geostatistical) methods are
unclear, especially for thematic resolution which has received
little attention in the ecological literature.

Future Research Directions

Common approaches to multi-scale analyses of spatial and
thematic resolution that simply aggregate spatial data to iden-
tify relationships between ecological metrics and scale can be
a blunt instrument for understanding scale-dependent ecolog-
ical responses. One aspect that limits understanding of spatial
and thematic resolution is a lack of integration of ecological
processes into scale-dependent models. Scale-dependent rela-
tionships emerge from a myriad of ecological process
operating at different scales [56, 64, 67] and generalisa-
tions about scale should consider these processes more
explicitly. While, spatial statistics can be used to mea-
sure the statistical property of spatial patterns for mul-
tiple spatial predictors at multiple scales in order to identify
the appropriate predictor to model the relationship between
species’ distributions and environmental variables [67].
Consequently, we suggest two ways forward for future re-
search in this area: 1) utilising mechanistic models for
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(blue lines) at which the metric of interest is relatively constant.
Commonly multi-scale analyses only consider a single aspect of scale
(e.g. spatial or thematic resolution) at a time. In panel (e) we have repre-
sented the interaction of different aspects of scale as a two-dimensional
surface where black lines across the surface represent analyses based on a
single scale dimension (a, b, ¢, d)

capturing ecological processes [72, 88] and 2) integrating eco-
logical theory/models with spatial statistics [87].

Using mechanistic models multi-scale processes can be
captured explicitly by representing how organisms interact
with landscape features at different scales. For example, spe-
cies’ foraging movements operate at finer spatial scales to
dispersal and migratory movements and respond to different
habitat components at each scales [89]. These phenomena can
be accounted for by simultaneously modelling movement for
foraging and dispersal processes that are explicitly represented
by movement interactions with fine and coarse levels of spa-
tial and thematic data aggregation respectively [73, 90]. The
key advantage of using a more mechanistic approach is being
explicit about the multi-scaled ecological processes that drive
emergent scale-dependent ecological patterns and thereby al-
low for a more generalisable understanding of scale.

Recent advances in mechanistic and hierarchical statistical
approaches will help to parameterise and develop these
models from data [91]. However, approaches such as this will
also require more explicit multi-scale characterisation of land-
scape features, which in part can be provided by multi-scale
object-based image analysis methods with fine-scale spatial
data to minimize the artificial boundaries associated with the
pixels at multiple spatial resolutions [92].

While some ecological processes can be explicitly
characterised with mechanistic models, an alternative approach
or an approach to be used in parallel, is to characterise ecolog-
ical patterns by their spatial structure using spatial statistics.
Rather than explicitly representing landscape features and eco-
logical processes using mechanistic methods as described
above, spatial statistics can be used to summarise complex



Curr Landscape Ecol Rep (2016) 1:98-105

103

multi-scale relationships. These methods need to be developed
to test multiple aspects of scale in a single analysis and aspects
of scale that have received little attention such as thematic
resolution. Vicente et al. [87] provides a promising example,
how spatial autocorrelation analyses characterising multiple
environmental factors—at a range of spatial and thematic res-
olutions—can be used to build predictors for ecological models
(see [87, 93]). Such frameworks can potentially also incorpo-
rate data from mechanistic models as inputs into their analysis.

Conclusions

In the past 5 years there has been progress in addressing spa-
tial and thematic resolution in landscape ecology, however,
research on thematic resolution has lagged, even though its
impacts are comparable to spatial resolution. Furthermore,
research on the interactions between thematic and spatial res-
olution demonstrates that scale is even more complex than
previously acknowledged and multi-dimensional. There are
numerous methods for addressing scale issues arising from a
range of disciplines that intersect with landscape ecology
which require further consideration and definition. Studies
which combine methods that explicitly account for the
multi-dimensional nature of spatial and thematic resolution,
using mechanistic models and/or spatial statistics represent a
promising area of future research.
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