Landscape heterogeneity: Concepts, quantification, challenges, and future perspectives

Supplementary Material
To provide an overview of landscape heterogeneity (LH) studies, we compiled the terms most-used by authors to refer to LH, countries, and biomes where LH was measured, spatial and temporal resolution aspects (pixel size, time scale, and number of temporal observations), and the landscape models.
Terms on Landscape Heterogeneity

In total, 93 different terms are used in the reviewed articles to refer to LH and the discussion of the use of each of them is not the scope of our review. The terms most used by the authors are “landscape heterogeneity”, “landscape diversity” and “spatial heterogeneity” (Figure S4). We employ throughout this review the term “landscape heterogeneity”. Although the term “landscape diversity” is broadly used, there is a non-trivial difference to the term “landscape heterogeneity”. Whereas the word “heterogeneity” implies in integration of interactions among different entities, diversity implies divergence, and refers to the range of different things without integration between then (Kolumbus et al., 2016). In the context of landscape ecology, diversity thus indicates a quantity of different landscape elements without addressing the differences in particular. Heterogeneity, conversely to diversity, refers to the expression of the differences between individual elements.

We also do not encourage the use of the term “spatial heterogeneity”, once the word “spatial” is too broad, and can refer for example to the heterogeneity of any element in space (e.g. biological species; Hodapp et al., 2018). Terms that are associated to the word “habitat”, as “habitat heterogeneity”, also do not seems to be accurate, once habitat in ecology takes into account species perception and thus may be more related to functional heterogeneity that represents only one type of LH (see above). “Landscape pattern” and “landscape structure” seems too vague and can refer to other aspects of landscapes, as vegetation only. 
Geographic coverage and biases
Regarding the geographical coverage, non-simulated studies (i.e., studies that did not use simulated landscapes) were mainly concentrated in Europe (50% of sampling locations), North America (19%), and Asia (18.2%), whereas South America, Africa, Oceania, and Central America corresponded together to 13.1% (Figure S5). Most of the Asian landscapes analyzed were concentrated in China (68.4%). US and China, together accounted for 27.7% of the localities studied (Figure S5), being the two countries with the largest number of studies. Almost 70% of the landscapes studied were in North America and Europe (Figure S5), which is also a tendency in other fields of ecology (Martin et al., 2012).
The approximate geographic coordinates and the corresponding biome, according to Olson et al. (2001), of where LH studies were conducted were extracted using Google Earth (google.com/earth). To evaluate if the number of studies were evenly distributed across biomes, we performed a G-test between the number of studies in each biome and the ice-free land area these biomes occupy on Earth.

Landscapes analyzed were mostly from Temperate Broadleaf and Mixed Forests (41.2% of sampling locations), Mediterranean forests - woodlands and scrublands (15.3%), and temperate conifer forests (11.5%); while only 0.1% were mangroves (Figure S6). Conversely, biomes such as deserts and xeric shrublands (20.6% of ice-free land area), tropical and subtropical grasslands, savannas, and shrublands (14.9%), and tropical and subtropical moist broadleaf forests (14.6 %) occupy the largest areas on Earth. The remaining 11 biomes considered by Olson et al. (2001) were represented by 32% of sampled locations. Thus, the number of studies expected considering the area occupied does not necessarily correspond to the number of observed studies per biome (G-test, P<0.05; Figure S6). For example, the number of studies performed in temperate broadleaf and mixed forests (N = 318) is statistically higher than the expected number of studies proportional to its area (73 expected studies; 9.4% of ice-free land area on Earth; Figure S3).

Most of the studied landscapes are located in Europe and North America (Figure S5). This bias of knowledge towards temperate regions has been documented in several ecological research areas, such as ecoacoustics (Scarpelli et al., 2020) and species invasion (Pyšek et al., 2008). Wealthy countries usually investment more in scientific research (Gálvez et al., 2000; Annan, 2003), resulting in greater efforts to investigate their own territories in comparison to countries with less economic resources, which are coincidentally located in tropical regions (Martin et al., 2012). On the other hand, the terrestrial distribution of species has an opposite trend, with increasing biodiversity towards the tropics (Gaston, 2000). In addition to the higher species richness in tropical regions, LH may have greater relevance for maintaining biodiversity and ecosystems functioning in these regions (Arroyo-Rodríguez et al., 2020).

Similarly, most articles focused on temperate biomes (Figure S6), whereas geographical knowledge gaps were evident in tropical and subtropical regions, comprising forests, savannas, grasslands, and shrublands. Despite the high levels of species richness and endemism in tropical biomes, they also suffer from intense deforestation, and are considered priority areas for biodiversity conservation worldwide (Buchanan et al., 2011). Therefore, increasing efforts to improve scientific knowledge in the tropics is of extreme importance given the current scenario of biodiversity loss (Lindenmayer et al., 2018).
Extent, scale, and resolution
Articles that used multiscale approaches corresponded to 23% of the 661 articles analyzed. They employed either regular (61.1%; 404 out 661) or irregular (38.9%; 257 out 661) polygons as landscape analysis units. Among the articles that used irregular polygons, 35.8% (92 out 257) of them used municipalities, watershed, or reserves as boundaries. The mean size of regular polygons used as circular buffers was 1180 m-radii ± 2069 S.D. (N = 614; Figure S7) and the average edge of square polygons was 6832 m ± 14,001 S.D. (N = 139; Figure S8). Such wide variation in the scales of regular polygons may reflect the variation in the extent of studies from local to global, as well as the large range of body mass and area of occurrence of the studied organisms. The large range of variation in scale and extent demands different mapping resolution and different levels of detail. Thus, as expected, mapping resolution also varied. The most used value of pixel size was 30 m-edge (28.9%), with the larger pixel size used being 43.709 m-edge (Figure S9). In addition to pixel size, the number of classes employed also varied where the mean number of classes used was 11 ± 11 S.D. (N = 683 as some studies used more than one map; Figure S10).
Temporal landscape heterogeneity
Landscapes are dynamic, therefore are heterogeneous in a spatio-temporal perspective (Li & Reynolds, 1995). As ecological processes may range from days to centuries (as lifetime spans of organisms vary greatly) the temporal scale of LH may also vary (Risser, 1987). Accordingly, 21% of the articles analyzed considered temporal changes when defining LH, stating that LH includes spatial and temporal variations in landscape properties (Deutschewitz et al., 2003; Wang et al., 2017).

Temporal LH was used to investigate the influence of crop rotation in agricultural regions and the effects of these changes on species assemblages (Bertrand et al., 2016), the effects of forest regeneration and species richness (Marull et al., 2015), the effects of fires over different periods of time (Viedma et al., 2009), and the effects of different economic cycles (Pereira et al., 2017).

The mean number of temporal observations (i.e., number of different mappings that represent each period) was 9 ± 24.2 (n = 139), ranging from 2 to 221, and the temporal breadth spanned from 1750 to 2054 (Figure S11). Maps of a remote past, as those of the 18th century, were generated based on landscape modelling or based on historical maps, while maps for future periods were generated based on landscape modelling. The temporal scale of most studies was two years (27%), followed by four years (16.2%) and three years (14.2%), and only about 13% of studies represented long-term assessments (≥10 years). Even though defining a long-term study is debatable since time periods differ according to the study’s goal, prolonged investigations are required to determine ecological responses to drivers of ecosystem change and to better understand complex ecosystem processes (Lindenmayer et al., 2012). Finally, 94.3% of studies that investigated temporal LH analyzed the period after the 1990s, coinciding with the emergence of an ecological approach in landscape ecology (Turner et al., 2001).
Landscape models
The landscape models were considered to be either (1) heterogeneous mosaic, in which landscapes are formed by patches of different land cover classes, with no variation within land cover classes; (2) binary, which uses only two land cover classes (patches are generally considered as “habitat” or “non-habitat”); and (3) continuous model, in which landscapes are represented by the pixel value that may assume any continuous value (McGarigal et al. 2009).

Heterogeneous mosaics were the most employed landscape model (85.3%), followed by continuous (12.8%) and binary models (1.9%). Arguably, the application of remote sensing tools and data on ecological research has contributed to address the effects of environmental changes on biodiversity over large spatio-temporal scales (Pettorelli et al., 2014). Land-cover mapping relying on categorical classes became the reference to describe environmental changes over large scales. As most maps are based on classified satellite imagery, an increase in the availability of remote sensing products likely promoted the use of heterogeneous mosaics in observational studies (Yu et al., 2014). In fact, the use of satellite imagery associated to large-scale biodiversity datasets has been encouraged to improve the understanding of the effects of LH on natural and managed ecosystems (Fahrig et al., 2011). 

Regarding continuous models, 38% (32 out of 84) of the articles were also interested in methodological approaches. This may indicate an increasing interest in the development and improvement of continuous models to address biodiversity changes at large scales. Finally, from the articles using binary models, 46.1% (6 out of 13) were interested in simulation approaches, which often simplify landscapes into habitat and non-habitat categories to model biological parameters such as behavioral responses (Nonaka & Holme, 2007; Romero et al., 2009), population models (Stoddard, 2010), and metacommunity models (Ryberg & Fitzgerald, 2016).
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Figure S1. Alluvial diagram showing the relationship among the landscape heterogeneity perspective (structural, functional, or not informed by the authors) and the level of organization of biological variables studied (community or population). In this analysis we removed studies that used non-biological response variables.
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Figure S2. Frequency of scopes present in the articles investigated (right panel) and frequency in which dependent variables were used in studies that measured landscape heterogeneity (left panel).
[image: image3.emf]
Fig. S3. Alluvial diagram showing the relationships among extent, scale, and taxa in the reviewed articles. In this analysis we removed studies that omitted the scale and that used non-biological response variables. Examples of arbitrary scale are watersheds and ownerships. 
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Figure S4. Word cloud based on terms used by authors to refer to landscape heterogeneity. The size of the terms is indicative of the frequency they were used.
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Figure S5. Geographical distribution of the articles addressing landscape heterogeneity. Shades of gray indicate countries where landscape heterogeneity was measured, while white indicates countries where no study was performed and black indicates countries in which the maximum number of studies has been reached (98; US). The 15 countries with the higher number of sampling locations are represented in the bar plot in the lower left corner and the numbers of sampling locations in each continent are in the lower right corner.
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Figure S6. Number of studies performed in each biome (light gray bars) and the expected number of studies in relation to the area of each biome (orange bars; contingency table of G-test).
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Figure S7. Frequency of the radius of circular buffers used as landscape analysis unities.
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Figure S8. Frequency of the edge of square buffers used as landscape analysis unities.
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Figure S9. Frequency of the edge of pixels used in mappings
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Figure S10. Frequency of the number of mapping classes.
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Figure S11. Time scale of studies that measured temporal heterogeneity. Each horizontal bar represents a study with the year it began and ended (x-axis). The histogram shows the number of observations in studies that measured temporal heterogeneity. Mappings for future years and those based on remote past (e.g. XVIII century) were elaborated based on simulations.
Table S1. Definitions of compositional landscape heterogeneity provided by the authors (left column) and the references used to cite these definitions (right column). Numbers in parenthesis indicate the number of articles that used each definition.

	Definitions of compositional heterogeneity 
	References

	Proportion of land cover types (14)
	Concepción et al. 2008; Fahrig et al. 2011; Li and Reynolds 1994; Miguet et al. 2013

	Proportion and number of land cover types (10)
	Fahrig et al. 2011; Fahrig and Nuttle 2005; Gustafson 1998; Herzog et al. 2001; Li and Reynolds 1993; Li and Reynolds 1994; Li and Reynolds 1995; Riitters et al. 1995

	Heterogeneity of land cover types (10)
	Concepción et al. 2008; Duelli 1997; Fahrig and Nuttle 2005; Fahrig et al. 2011; Gustafson 1998; Perović et al. 2015

	Number of land cover types (3)
	–

	Number and area of land cover types (3)
	Fahrig et al. 2011; O’Neill et al. 1988; Trani and Giles 1999; Turner 2005

	Heterogeneity and proportion of land cover types (2)
	Fahrig et al. 2011; Gustafson 1998; Li and Reynolds 1995; Turner 2005

	Number and area of land cover types and influence of land cover types on the natural ecosystem (1)
	–

	Presence of patches of semi-natural and agricultural habitats (1)
	Fahrig et al. 2011

	Non-spatial attributes of a landscape (1)
	–

	Number of patches (1)
	–


Table S2. Definitions of configurational landscape heterogeneity provided by the authors (left column) and the references used to cite these definitions (right column). Numbers in parenthesis indicate the number of articles that used each definition.

	Definitions of configurational heterogeneity
	References

	Heterogeneity in spatial arrangement of land cover types (29)
	Concepción et al. 2008; Duelli 1997; Fahrig et al. 2011; Fahrig and Nuttle 2005; Gustafson 1998; Jaeger 2000; Li and Reynolds 1993; Li and Reynolds 1995; Miguet et al. 2013; O’Neill et al. 1988; Trani and Giles 1999; Turner 2005

	Heterogeneity in spatial arrangement of land cover types and patch shape (3)
	Fahrig et al. 2011; Li and Reynolds 1994

	Heterogeneity in spatial arrangement of land cover types and type of edge (2)
	Li and Reynolds 1994

	Spatial arrangement of land cover types, type of edge, and patch shape (1)
	Li and Reynolds 1995

	Heterogeneity in spatial arrangement of land cover types, number of land cover types, and size of patches (1)
	Fahrig et al. 2011; Perović et al. 2015

	Heterogeneity in spatial arrangement of land cover types, number and size of patches (1)
	Duelli 1997; Fahrig et al. 2011


	Heterogeneity in spatial arrangement of land cover types, number, size and compaction of patches, and occurrence of edges (1)
	Herzog et al. 2001; Li and Reynolds 1994; Riitters et al. 1995

	Number, size, and complexity of patches and connectivity (1)
	–

	Size and distribution of patches (1)
	–

	Number, size, and shape of patches (1)
	Concepción et al. 2008; Duelli 1997

	Structural connectivity (1)
	–

	Edge density (1)
	–

	Edge length (1)
	–

	Grain size of land cover types (1)
	Fahrig et al. 2011
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