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Abstract

Context: The patch-mosaic model (PMM) is the most common way to describe the landscape in
ecological research. Despite this, the gradient model (GM) was proposed as a more accurate
representation of the heterogeneity of landscapes; however, little has been explored on the behavior and
performance of continuous variables and surface-based metrics from GM under different analytical
scenarios.

Objectives: We address the question: which landscape metrics, patch-based or surface-based, best
explain habitat occupancy patterns of six bird species with different ecological preferences?

Methods: We generated detection histories for six bird species in a fragmented Andean landscape from
Colombia. We obtain patch-based metrics from a land cover classification and surface-based metrics
from the principal polar spectral indices (PPSi) to describe the landscape. Finally, we fitted dynamic
occupancy models using variables derived from landscape models and compared their performance
using quasi-AlC for each species.

Results: We obtained 909 detections for the six selected bird species. We found that PPSi and surface-
based metrics were more informative when assessing occupancy patterns for five of the six species
studied. In addition, surface-based metrics allowed to detect interspecific differences between species
beyond an affinity for a particular cover type.

Conclusions: Surface-based metrics can be an alternative for assessing species response to landscape
heterogeneity, particularly those that may be more sensitive to fine-scale changes in vegetation cover.
However, there is no single “best” model to describe the landscape for all cases. PPSi can be very useful
for land cover analysis in landscape ecology studies as an alternative to more popular vegetation indices.

Introduction

Assessing how species, populations, or communities are related to landscape structure is a central issue
in landscape ecology and partly depends on the conceptual model chosen to describe landscape
composition and configuration (Frazier & Kedron, 2017; Lausch et al., 2015; Lindenmayer et al., 2007).
There are different conceptual models to describe landscape structure, although the Patch-Mosaic model
(PMM) (Forman, 1995) is currently, the most popular one (Fardila et al., 2017; Lausch et al., 2015). The
PMM is an expansion of the patch model, which originates from island biogeography theory (Shafer,
1990), and assumes that landscapes are a mosaic of discretely delineated habitat units or homogeneous
areas without internal variation (Forman, 1995). Despite its popularity and acceptance, the PMM model
has been criticized for ignoring or simplifying the continuous nature of environmental gradients (Frazier &
Kedron, 2017; McGarigal et al., 2009). As an alternative, the Gradient Model (GM) has been proposed as a
more adequate way of conceptualizing and analyzing landscape structure capable of capturing more
heterogeneity and overcoming the limitations of the PMM (McGarigal et al., 2009; McGarigal & Cushman,
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2005). Thus, an essential task for landscape ecologists is to elucidate the best approach or model to
describe the landscape structure on which their research is focused.

In the PMM, the surface describing the landscape typically corresponds to a land cover or vegetation
classification (Forman, 1995). Under this model, most metrics available to characterize the landscape
structure focus on analyzing the spatial pattern of the mosaic of habitat patches or landscape elements
(Kupfer,2012; Lausch et al., 2015; Li & Yang, 2015) at three levels: patch, class (several patches of the
same type), and landscape (K. McGarigal, 2002; Lausch et al., 2015). There are many metrics associated
with patch and class level to analyze the spatial pattern of landscape elements. The vast majority of
these metrics have a high degree of correlation and quantify patch area and shape, the number or density
of edges, degree of isolation, and structure of the surrounding matrix (Hesselbarth et al., 2019; K.
McGarigal, 2002; McGarigal & Marks, 1995). Despite this, many of these metrics do not represent specific
aspects of habitat selection by organisms, and they depend on the spatial scale of analysis and the
habitat definition employed (Lausch et al., 2015). Studies of the effects of landscape structure or
dynamics on biodiversity typically use metrics based on the PMM (Fardila et al., 2017), mainly because
they are easy to obtain and interpret, and require less computational power (Lausch et al., 2015).

In contrast, in the GM, the landscape is a continuous tridimensional surface (x, y, z) where the only
discrete unit is the pixel or cell in a raster matrix (McGarigal & Cushman, 2005). The x and y raster
coordinates indicate the spatial or horizontal location of each pixel, while the pixel value indicates the
height (z). If all pixels in the raster have the same value, a homogeneous or flat surface is formed. Studies
analyzing landscape structure under the GM have used raster surfaces describing the amount of plant
biomass or photosynthetic vigor, such as normalized difference vegetation index (NDVI) (McGarigal et al.,
2009) or percent of vegetation cover (Bruton et al., 2015). Unlike the PMM, there are no established
guidelines to represent habitat variation in the landscape because the GM has been less explored (Lausch
et al., 2015; McGarigal et al., 2009; McGarigal & Cushman, 2005). GM landscape metrics, or surface-
based metrics, can be categorized into three major groups according to McGarigal et al. (2009):
amplitude metrics, surface bearing metrics, and spatial metrics. Amplitude metrics quantify the
distribution of height values (i.e, vertical distribution) of the surface (e.g., variability, kurtosis, and
skewness). Surface bearing metrics quantify surface texture based on the Abbott-Firestone curve
obtained from the inversion of the cumulative histogram of surface height distribution. Spatial metrics
measure the horizontal distribution (spatial pattern) of the surface height values.

Analyzing landscape environmental variation using surface metrics has several advantages over patch-
based metrics (McGarigal et al., 2009; McGarigal & Cushman, 2005). For example, surface metrics do not
require delimiting homogeneous areas or defining habitat edges a priori. Instead, each locality within the
landscape is considered a combination of environmental dimensions to which organisms respond,
according to their functional traits, ecological preferences, or niche breadth (McGarigal et al., 2009;
McGarigal & Cushman, 2005). This makes it possible to include all locations within the landscape for
analysis, independent of whether we consider them habitat or surrounding matrix, as well as facilitating
species-centered modeling and interpretation (i.e., exploring habitat preferences for each species and
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analyzing responses to fragmentation of that habitat) (Lausch et al., 2015). On the other hand, surface
metrics imply managing, processing, and storing large amounts of multidimensional spatially explicit
information, that are less intuitive, and still need to be standardized in their use and interpretation
(Lausch et al., 2015). Several of these drawbacks are becoming less problematic. There is now a large
availability of data to analyze landscapes in different environmental dimensions and spatial scales
resulting from remote sensing of the Earth’s surface (e.g., Landsat, Sentinel) (Wang & Gamon, 2019).
Moreover, using available open-source tools for obtaining, visualizing, processing, and analyzing
geographic and remote sensing data has also increased in ecology and conservation sciences (e.g., QGIS,
Google Earth Engine, geodiv package for R) (Kumar & Mutanga, 2018; Rocchini et al., 2017; Smith et al.,
2021).

In this study, we compare the utility of PMM and GM as approaches to describe how bird species perceive
habitats at the landscape scale in a fragmented Andean landscape from Colombia. Specifically, we
address the question: Which landscape metrics, patch-based or surface-based, best explain habitat
occupancy patterns of six bird species with different ecological preferences? We expect surface metrics
generated under the GM to be more informative than traditional binary or proportion variables based on
the PMM regardless of species ecologies. Nonetheless, for habitat specialists, variables based on PMM
may be as informative as those generated under the GM. In addition, considering that there is no
standardized continuous surface representing the landscape analogous to vegetation cover
classification, we tested the effectiveness of polar spectral indices (PPSi) (Moffiet et al., 2010) as an
alternative to more traditional metrics (e.g., NDVI) to represent variation in vegetation cover under the GM.
The vegetation cover type and its variation across the landscape have been related to aspects of bird
ecology such as feeding, dispersal ability, behavior, reproduction, and predation probability (Barlow et al.,
2007; Bélisle et al., 2001; Carrara et al., 2015; Geoffroy et al., 2019; Kennedy et al., 2010; Neuschulz et al.,
2013; Walter et al., 2017). Thus, we expect that species responses to PPSi indices and greenness-based
surface metrics can be interpreted in terms of habitat use preference.

Materials And Methods
Study region

Our study region was located on the eastern side of the Central Cordillera of Colombia, corresponding to a
highly fragmented landscape of the humid tropical biome between 150 and 2500 m elevation (Fig. 1).
This region covers a mixture of sub-Andean humid forest relicts of different sizes, agroecosystems,
shrublands, secondary vegetation in different stages of succession, cattle pastures, and artificialized
soils (IDEAM et al., 2017). Also, this region contains three large artificial water bodies corresponding to
the San Lorenzo, Playas, and Punchina hydroelectric dams.

Bird Sampling

We chose six bird species commonly sighted in the study region with different habitat requirements and

land-use patterns: Formicarius analis, Oncostoma olivaceum, Cercomacroides tyrannina, Ortalis
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columbiana, Troglodytes aedon and Tyrannus melancholicus. We generated detection histories for each
selected bird species by establishing 70 fixed sampling points along 14 transects (1.25 km each)
covering the transition from forest to secondary vegetation or grassland (Fig. 1). A minimum of 215 linear
meters separated each observation point. We visited each sampling point during June and July of 2014
and 2015, recording all visual or auditory detections for 15 minutes within a maximum radius of 100
meters. Bird records were taken by at least four experienced observers, visiting each site for two
consecutive days to obtain four temporal replicates per year. All sampling events were conducted
between 6:00 am, and 10:00 am.

F. analis (Formicariidae) is a medium ground species (body mass: 62.19 g; length: 19 cm) that feeds
mainly on invertebrates found on the forest floor and is distributed in Central and South America. O.
olivaceum (Tyrannidae) is a small insectivorous species (body mass: 6.6 g; length: 9.1 cm) found in
forest understory, secondary vegetation, and shrublands areas; this species is distributed in Panama and
northern Colombia. C. tyrannina (Thamnophilidae) is a small insectivorous species (body mass: 9.34 g;
length: 16 cm) that feeds mainly on invertebrates, and is commonly observed in forests, forest edges, and
secondary vegetation. O. columbiana is a large species endemic to the Andean region of Colombia (body
mass: 600 g; length: 53 cm) that feeds mainly on fruits and seeds. This species is common in its
distribution range and is associated with forest edges, gallery forests, forest clearings, and pastures with
scattered trees; it is occasionally observed in urban and peri-urban areas. 7. aedon is a small species
(body mass: 10.85 g; length: 11.4 cm) that inhabits semi-open areas, forest clearings, peri-urban and
urban areas, and feeds on invertebrates and fruits. Finally, 7. melancholicus is one of the most widely
distributed species in Colombia, inhabiting pastures, grasslands with scattered trees, urban and peri-
urban areas. It is a medium sized species (body mass: 35 g; length: 22 cm) with generalist feeding habits
(mostly invertebrates) that stays high in the canopy. All descriptions were obtained from McMullan et al.
(2011) and Wilman et al. (2014).

Land cover classification and Patch-based metrics

We obtained a mosaic covering the entire study region from 12 scenes of the MSI (Multispectral Imager)
sensor in the Sentinel 2 Earth observation satellite, employing the Sen2Cor and Sen2Three modules of
the free Sentinel Application Platform (SNAP) software (Louis et al., 2016; Main-Knorn et al., 2017). The
combination algorithm gives greater importance to suitable pixels (i.e, no clouds or shadows) from
scenes temporally closer to 2015, using pixels from more distant scenes only if closer scenes had low-
quality information. Using the Sentinel 2 mosaic, the continental, coastal and marine ecosystems map of
Colombia (IDEAM et al., 2017), and a high-resolution aerial photograph, we performed a supervised land
cover classification using the open-source Semi-Automatic Classification Plugin (SCP) for QGIS 3
(Congedo, 2016), identifying five vegetation - land cover types: forest, secondary vegetation, grassland,
water and bare or urban soil (Fig. 2). The obtained Kappa index was 0.82, and the overall supervised
classification accuracy across the landscape was 88.07%, indicating an acceptable performance
(Olofsson et al., 2014) (see supplementary material Table S2).
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We calculated 24 patch-based metrics for each sampling unit focusing on forest cover using the
landscapemetrics package for R (Hesselbarth et al., 2019). Since many of these metrics are strongly
correlated with each other, we retained only those metrics that showed the lowest degree of correlation
(i.e., Pearson r<0.7) with any of the other metrics: total area (Ca), average shape index (Shape), number
of patches (Np), clumpiness index (Clumpy), and mean Euclidean distance to nearest neighbor (Enn). The
Ca and Shape metrics quantify patch area and shape, while Np, Clumpy, and Enn are aggregation
metrics. We implemented circular nested buffers with four different radii (i.e., 70, 130, 270, and 8100
meters) to calculate the metrics and obtain a multiscale average for each sampling point. The equations
and descriptions of each patch-based metric used here are widely described in the scientific literature
(e.g., McGarigal and Marks, 1995).

Generally, Ca expresses the average area, in hectares, of all forest patches within the assessed radii and
is equivalent to the habitat amount according to Fahrig (2013), assuming forest cover as a proxy for
habitat of forest specialist species. The average Shapeindex expresses the ratio between perimeter and
area of the forest patches located within the assessed radii. The shape index shows low values for
regular-shaped patches (i.e, quadrangular). The number of patches, Np, is one of the simplest ways to
quantify fragmentation per sein a landscape; highly fragmented landscapes have many patches. Clumpy
indicates the aggregation degree of forest patches and ranges from - 1: maximum disaggregation to 1:
maximum aggregation. Finally, Enn measures the average edge-to-edge distance to the nearest neighbor
of the same class, in this case, forest. We expect Ca, Clumpy and Ennto be important for habitat
specialists such as Formicarius analis, Oncostoma olivaceumn and Cercomacroides tyrannina, whereas
the number of patches and clumpy to be informative for generalist species such as Tyrannus
melancholicus and Ortalis columbiana.

Land cover gradient representation and Surface-based metrics

We obtained the polar principal spectral indices (PPSi) from the polar transformation of the Sentinel 2
mosaic spectral bands for the study region, adapting the methodology developed by Moffiet et al. (2010)
for ETM +and TM sensor scenes from the Landsat mission (see supplementary material Fig. S1). The
PPSi indices decompose the land cover variation into three orthogonal dimensions: greenness (PPSG),
brightness (PPSB), and wetness (PPSW), similar to the Tasseled Cap indices (Kauth & Thomas, 1976).
With PPSi indices, it is possible to differentiate the variation in land cover between sites associated with
changes in the vegetation itself (i.e., type of cover, amount of foliage, proportion of vegetation) from the
variation associated with spectral brightness or the presence of water, unlike unidimensional indices such
as NDVI (Moffiet et al., 2010). The PPSG index represents the most significant variation among the
vegetation cover types classified for the study region, separating forest and secondary vegetation from
pasture and bare or urbanized soil areas. Therefore, using the PPSB index in conjunction with the PPSG
index is necessary to separate forest and secondary vegetation cover. Thus, sites or pixels with high
PPSG values will have high PPSB values if they correspond to secondary vegetation and low PPSB
values if they correspond to a forest (see supplementary material Fig. S1). Combining these three indices
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allows describing land cover through continuous variables that accurately represent the vegetation
gradient present in a region based on information derived from remote sensing (Fig. 2).

We calculated 11 surface metrics for each sampling unit based on the PPSG greenness index using the
geodiv package for R (Smith et al., 2021). We calculated surface metrics by implementing circular buffers
with the same radii used to calculate patch-based metrics (i.e., 70, 130, 270, and 8100 meters) to obtain a
multiscale average per sampling point. Then, we retained five metrics that showed a lower degree of
correlation with each other (i.e, Pearson r<0.7): average roughness (Sa), surface asymmetry (Ssk),
surface kurtosis (Sku), surface area ratio (Sdr), and summit density (Sds). Sa, Ssk and Sku are amplitude
metrics quantifying the variability and statistical distribution in the surface values (i.e, vertical
distribution) without considering the spatial arrangement, location, or distribution of the peaks and
valleys formed by the surface values (i.e, horizontal distribution). Sdrand Sds are spatial metrics, i.e,
they consider both vertical and horizontal distribution of surface values.

In this case, Sa measures the absolute deviation of the PPSG values from the mean within each radius
and can be interpreted as the vegetation cover variation; high Sa values indicate high heterogeneity in
vegetation cover. Sa increased in sites composed of contrasting vegetation cover in our study area, such
as forest-grassland edge zones with forest fragments of various sizes surrounded by different cover
types. Ssk measures the skewness, and Sku measures the kurtosis of the distribution of PPSG values, so
they are interpreted as complementary measures of dominance. Low Ssk values indicate dominance of
high greenness values (i.e, forest or secondary vegetation), and high Sku values are interpreted as high
dominance of greenness values around the mean, i.e, there is a low probability of obtaining values far
from the mean. Sku is not a directional metric, so it does not indicate the dominant greenness value
specifically in each locality. Sku may increase in relatively homogeneous sites around the average
greenness value, which may be low or high. In our study area, Sku correlates moderately with greenness
(PPSG;r=0.48, p<0.001), summit density (Sds, r=0.48, p<0.001) and forest area cover (Ca; r=0.46, p <
0.001), indicating that higher Sku values tends to occur in forest or secondary vegetation areas
predominantly.

The area surface ratio, Sdr, measures the ratio between the observed surface area and the area of a flat
surface with the exact x,y dimensions, so it increases with increasing local variability in slopes; Sdris an
indicator of the amount and magnitude of vegetation cover contrasts or edges. Sds measures the number
of local peaks of greenness per area and is therefore related to the number of pixels/sites with high
greenness values (forests and secondary vegetation) and their spatial distribution. Sds can be interpreted
as an indicator of forest fragmentation since the density of greenness peaks (i.e, localities with high
PPSG values) corresponds to forest or secondary vegetation cover patches.

Species occupancy analysis

We fit dynamic occupancy models (Kéry & Royle, 2021; MacKenzie et al., 2003) for the six selected bird
species using metrics from the PPM and GM landscape models as occupancy covariates (W) and the

date and sampling time as detection covariates (p). No covariates were used to predict colonization (y) or
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extinction (g), assuming little or no variation in the dynamics governing the individual’s distribution of the
species of interest over this period (i.e, one year) (Betancur et al., 2020). We used the colext function in
the unmarked package for R software to fit all models (Fiske & Chandler, 2011). First, we built a global
model for each species with all selected landscape metrics plus altitude to test the general model fit and
diagnose the presence of overdispersion with the mb.gof.test function from the AICcmodavg package.
We tested the goodness-of-fit of the global models by comparing the observed chi-square statistic with
the reference distribution generated by 999 simulations. We evaluated overdispersion by calculating the
variance inflation factor (¢”). Global model is theoretically the best-fitting model because all candidate
models are special cases of the global model, so we can compute from it an unambiguous ¢” to
diagnose the presence of overdispersion (Burnhan & Anderson, 2002).

We modeled the detection parameter for each species while holding occupancy, colonization, and
extinction constant. We then modeled the occupancy parameter using the top-ranked detection sub-
model and holding colonization and extinction constant. We built a set of 42 candidate models for the
occupancy parameter avoiding models with correlated covariates or with more than three covariates to
avoid problems of model convergence and interpretation of results (see supplementary material Table
S3). Our main objective was to compare the metrics derived from the PMM and GM landscape models, so
we did not include models combining patch-based and surface-based variables, except for the global
model. Models were evaluated according to the quasi-AlC criterion (QAIC), calculated using the global
model variance inflation factor. Selecting the best models from the QAIC and ¢” allows considering the
overdispersion in the calculation of the model parameter standard errors caused by possible lack of
independence in the predictors or species detection histories (Richards, 2008). We ranked models using
AQAICc and considered that models with AQAICc < 2 had the strongest support (see supplementary
material Table S4). For the final selection, we excluded models with poor explanatory power or
uninformative variables, i.e, variables whose confidence interval included zero (Arnold, 2010). Finally, we
assessed the goodness-of-fit of the final models for each species using the mb.gof.test function on the
AlCcmodavg package. With the final models for each species, we made inferences about the covariates’
effects and the direction of the relationships.

Results

We obtained 909 detections for the six selected bird species based on 25.5 effective hours of sampling
(i.e, 15 minutes x 70 sites x 8 replicates). Ortalis columbiana had the highest number of detections and
naive occupancy (W,,.i.= 0.66), while Troglodytes aedon had the lowest number of detections (Table 1).
The detections varied from 1.5% (Tyranus melancholicus) to 43% (Cercomacroides tyraninna) of all
detections between the two sampling years. We obtained a single final top-ranked dynamic occupancy
model for each bird species after our selection procedure and removal of models with uninformative
covariables. According to goodness-of-fit tests, the final top-ranked models for each species performed
well (Table 2). According to the top-ranked models, the occupancy probabilities of the assessed bird
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species were primarily associated with continuous variables and surface-based metrics, except for O.
columbiana (Table 2).

Table 1

The number of detections per year and sampling sites with at
least one detection for the six selected bird species. W naive is the
observed proportion of sites occupied (i.e., without considering
imperfect detectability).

Species 2014 2015 Total W naive
Formicarius analis 63 65 128 0.47
Oncostoma olivaceum 66 91 157 0.53
Cercomacroides tyrannina 41 18 59 0.37
Ortalis columbiana 178 213 391 0.66
Troglodytes aedon 20 23 43 0.16
Tyrannus melancholicus 65 66 131 0.53

Occupancy models revealed that bird species respond to different landscape features related to
vegetation cover variability, distribution, and isolation (Table 2, Fig. 3). O. olivaceum, T. aedon and T.
melancholicus were associated with surface-based metrics measuring variability or dominance in
greenness values. Occupancy probability of O. olivaceum was positively related to the kurtosis of the
greenness surface (Sku) and negatively related to altitude. Occupancy for this species is highest (¥ >
0.75) around Sku values greater than 3.5 and altitude less than 750 m asl. This means that O. olivaceum
prefers low elevation locations with little variation in greenness values. The occupancy probability of T.
aedon was determined by variability in greenness values (Sa), increasing in areas where variability is high
(Sa>0.1). Occupancy probability of 7. melancholicusincreased at sites with low greenness (PPSG) and
high brightness (PPSB) values, indicating a preference for sites composed of grasslands and bare soils
(i.e., open habitats).
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Table 2

Top-ranked occupancy models for the six bird species analyzed. Sa: average roughness, Ssk: surface
asymmetry, Sku: surface kurtosis, Sdr. surface area ratio, Sds: summit density, ppsg: principal polar
spectral greenness index, ppsb: principal polar spectral brightness index, Alt. altitude, np: number of

forest patches.

Bird species Top Parameter Covariate Coefficient Lower Upper Goodness

Model Cl Cl of fit
Formicarius Ysds)p Vv sds 1.48 0.43 2.51 X2 =
analis (Date) 51.84,p=

el)yl) p Date 0.57 025 0.88  0.08
Oncostoma Y(sku - Y sku 1.09 0.30 1.88 X2 =
olivaceum Altg p S) 39.40,p=

e() y( Y Alt -0.98 -1.63 -0.33 0.38
Cercomacroides Y(sd)p WV sdr -1.67 -3.01 033 2=
tyraninna (Datez 32.24,p=

e()v() p Date 0.58 022 093  0.49
Ortalis Y(Alt + y Alt 2.52 1.32 3.71 X2 =50.1,
columbiana np) p

(Datez Y np 1.97 052 343 p=0.08

e() v()

Date 0.36 0.12 0.59

Troglodytes Y(sa) p Y sa 1.68 0.58 2.79 X2 =
aedon (e ) 40.05,p=

vO) 0.28
Tyrannus Y(-pps Y ppsg -3.82 628 -1.35 2=
melancholicus +ppsb ? 42.40,p =

SDate) U] ppsb 2.42 0.68 4.16 0.22
e() Y()
p Date 0.58 0.29 0.87

F. analis and C. tyrannina were associated with surface-based metrics related to the spatial distribution of
greenness values (Table 2, Fig. 3). The occupancy probability of . analis was positively associated with
summit density (Sds), indicating a habitat use preference for localities dominated by high greenness
values, i.e., continuous, or little fragmented forest vegetation. According to the top-ranked model, the
occupancy probability of £ analisincreased (V¥ >0.75) in localities surrounded by the greatest amount of
forest in our study area (Sds>0.05). The occupancy probability of C. tyrannina increased in sites with low
surface-area ratio values (Sdr), indicating a preference for areas with no abrupt changes in greenness, i.e,
sites with continuous cover and away from forest edges.

Finally, O. columbiana was associated with a patch-based metric measuring the degree of forest cover
fragmentation or subdivision. The occupancy probability of O. columbiana was best explained by altitude
and the number of forest patches (np). The model obtained indicated that this species prefers sites above
1000 m and highly fragmented forest cover.
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Discussion

The gradient model (GM) was proposed as a more accurate representation of the natural heterogeneity of
landscapes; however, little has been explored on the behavior and performance of continuous variables
and surface metrics under different analytical scenarios (Kedron et al., 2018; McGarigal et al., 2009). Our
work advanced this topic by using metrics related to GM to analyze occupancy patterns of six bird
species with different ecological requirements compared to traditional patch model metrics (PMM). We
found that polar principal spectral indices (PPSi) and surface-based metrics were informative when
assessing occupancy patterns in response to landscape land cover structure for most of the species
studied. The increasing availability of spatially explicit data (i.e., remote sensing) opens the possibilities
of using these variables and the GM in many landscape applications.

Our analysis showed that occupancy models fitted with GM covariates had better performance for five of
the six bird species analyzed. Only the Colombian chachalaca, O. columbiana, was positively related to
the number of forest patches (np), a PMM covariate, indicating a preference for highly fragmented
landscapes. Although summit density (Sds) is a surface metric that can be interpreted as a measure of
fragmentation, neither this nor any other GM — based metric adequately represented the information
contained in the np metric. Studies explicitly comparing the performance of both PMM and GM models
have generally concluded that it is necessary to adopt a pluralistic view in landscape analysis
(Lindenmayer et al., 2007), deriving variables or metrics from different landscape models, as the
performance of these depends on the behavior or habitat use of species and the characteristics of the
landscape under study (Bruton et al., 2015; Price et al., 2009; Salgueiro et al., 2018). For example,
Salgueiro et al. (2018) found that the GM performs better in describing the landscape for specialist bird
species, which may be more sensitive to slight variations in landscape characteristics. Price et al. (2009)
found that savanna bird species in Australia that take advantage of different vegetation cover types for
foraging or nesting fit the GM better, while species that nest in dense vegetation areas exclusively fit the
PMM model better.

To ensure an adequate description of the landscape with both PMM and GM, we must obtain a surface
representing habitat composition (e.g., vegetation covers, NDVI, % vegetation cover, PPSi) and then
estimate landscape metrics describing their vertical and horizontal variation (e.g., patch-based or surface-
based metrics) (Frazier & Kedron, 2017; McGarigal & Cushman, 2005). Selecting surface and landscape
metrics should be based on knowledge of the habitat requirements and behavior of the species assessed
(Schindler et al., 2015); however, we rarely have relevant information on these aspects of species ecology,
especially in the tropics. Because of this, a cost-efficient alternative is to use vegetation cover as a
indicator for habitat and obtain diverse metrics to quantify variability pattern expecting that some of
these metrics or a combination of them will be informative for most species (Frazier & Kedron, 2017).
Considering that in our analysis the landscape metrics derived under either landscape model come from
the same base information (i.e., Sentinel 2 imagery) and represent the same landscape characteristics
(i.e., vegetation cover), the difference in the occupancy models performance and the conclusions that can
be drawn from them are interesting. This means that the limitation of the patch-based landscape metrics
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for most of the species analyzed may not necessarily be due to vegetation cover being a poor indicator of
the habitat characteristics to which species respond but to the loss of information associated with its
discretization, homogenization, and simplification (McGarigal et al., 2009; McGarigal & Cushman, 2005).
In this sense, using polar spectral principal indices (PPSi) as an indicator of vegetation or land cover in
combination with surface metrics can improve our understanding of the biodiversity patterns at the
landscape scale, especially in highly heterogeneous landscapes such as the ones included in this study
and highly frequent for tropical latitudes.

The polar principal spectral indices (PPSi) have two significant advantages over other and more popular
forms of describing vegetation cover in a continuous format, such as percent tree cover or normalized
difference vegetation index (NDVI) (Moffiet et al., 2010). First, from an information standpoint, PPSi
indices are more sensitive to slight differences in vegetation cover composition among sites, even among
those classified with equal cover in the patch model (Moffiet et al., 2010; Ramdani et al., 2019). Second,
the greenness index (PPSG) directly quantifies aspects associated with vegetation and allows
differentiating cover types, making it possible to interpret surface metrics in terms of variability,
dominance, or contrast in vegetation cover types (Moffiet et al., 2010). This last point is crucial
considering that one of the most significant limitations to the GM popularization has been how
unintuitive surface-based metrics are compared to patch-based metrics, as many of these originated to
evaluate manufactured surfaces with a focus on quality control in the industrial field (Abbot & Firestone,
1933; Kedron et al., 2018; McGarigal et al., 2009).

According to Kedron et al. (2018), there are no natural analogs between surface-based metrics and patch-
based metrics, so the focus should be directed at conceptualizing surface-based metrics and not using
them as indicators of patch-based metrics. Incorporating natural history observations and relating them
to surface-based metrics might be an innovative way to provide interpretation to these metrics. Using
surface-based metrics to describe the vertical and horizontal variation of PPSi indices in the landscape
ecology field can help us understand and communicate the results obtained using terminology, ideas, and
concepts more familiar to most researchers currently using the PMM and discrete land cover maps.
Additionally, including site values of greenness (PPSG) or brightness (PPSB) and surface-based metrics
in analytical models can help us to estimate whether species respond to the presence of a cover type at a
site and whether they depend on the existing cover at surrounding sites (i.e., local landscape).

We expected patch related variables to be informative for bird species with forest affinity. On the other
hand, all forest-dependent species responded mainly to surface-based metrics, i.e., the occupancy of
these species in each location depends on both the vegetation cover of the site and the surrounding cover
in the local landscape. In general, these species responded negatively to increased variability in cover (i.e.,
surface roughness [sa]), preferring areas dominated by high greenness values (i.e., high values of kurtosis
[sku] and skewness [skk], and low values of surface-area ratio [sdr). This indicates that forest species are
sensitive to subtle changes in vegetation cover, which are not quantified under the patch model, and may
be related to low tolerances to habitat conditions modified by habitat degradation or edge effects, i.e.,
lower niche breadth relative to the dimensions represented in vegetation covers. This is characteristic of
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the forests found in the study area, that have been disturbed in a variety of ways, resulting in a
heterogeneous mixture of secondary forests that are currently under protection. The relationships found
may also be related to a low capacity for movement or dispersion, impeding the search for and attaining
resources in variable environments. For example, F. analis — a terrestrial antbird — and C. tyrannina — an
understory antbird — that both occasionally follow army ants, may require good quality vegetation with a
rich understory to move (Hilty & Brown, 2001).

We expected surface-based metrics to be more informative for generalist bird species associated with a
variety of habitats. This was the case of Tyrannus melancholicus where both polar indices were
informative, but not the case for Troglodytes aedon and Ortalis columbiana. T. melancholicus was found
to associate with open habitats, nonetheless, other studies have found that this can be an artifact of
detection bias (Ruiz-Gutiérrez et al., 2010). T. aedon, a species associated to human settlements did not
exhibit any preferences for a specific cover type, which is consistent with the idea that most of the
landscape is perturbed and suitable for the persistence of this species. Finally, occupancy of O.
columbiana was predicted by a patch-based metric indicating preference for fragmented forests.
Considering these results, we adopt the view of Lindenmayer et al., 2007 supporting a pluralistic view that
recognizes the importance of both continuous and categorical variables in the analysis of landscape
variation.

Although at a broad level the assessed species could be classified as forest-specialists or generalists,
with a preference for areas with little woody vegetation, the GM allowed us to detect interspecific
differences for the understanding of their ecology and conservation. For example, forest species such as
O. olivaceum, C. tyrannina and F. analis were related to different variability metrics and spatial
distribution of greenness values. O. olivaceum occupancy was positively related to skewness (Sku),
meaning preference for sites (or local landscapes) highly dominated by forest and secondary vegetation.
C. tyrannina was inversely related to surface - area ratio (Sdr), indicating preference for areas with
continuous forest cover away from edges, and F. analis was positively associated with summit density
(Sds), meaning preference for sites with a low fragmentation degree. Detecting these types of differences
can mean progress in proposing specific conservation measures for a particular species or understanding
co-occurrence patterns between species beyond an affinity for a particular cover type (Abdel Moniem &
Holland, 2013).

Finally, our results suggest that using ecologically relevant environmental surfaces for species combined
with surface-based metrics that quantify vertical and horizontal variability can generate enough
information to characterize ecologically diverse species’ responses, particularly those that may be more
sensitive to fine-scale changes in vegetation cover. Gradient-based landscape metrics were more
informative than patch-based metrics for characterizing the occupancy patterns of most bird species
assessed; however, the idea that there is no single “best” model to describe the landscape for all cases or
all species persists (Lindenmayer et al., 2007). The GM offers a great opportunity to take advantage of all
the high spatial, temporal, and spectral resolution data from remote sensing without losing information
due to the simplification or reduction of the categorical classifications of land cover. Therefore, efforts
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should be made to obtain ecologically informative continuous variables and characterize surface-based
metrics’ behavior. In this sense, the polar principal spectral indices (PPS) can be very useful as a starting
point for land cover characterization, taking advantage of a large amount of information from remote
sensing and helping to popularize the GM by allowing its interpretation in the traditional terms and
concepts generated from the PPM and the use of categorized vegetation cover maps.

Declarations

Acknowledgments

We thank the Vertebrate Ecology and Evolution research group of the University of Antioquia and the
Wildlife Ecology and Conservation Research Group of the National University of Colombia for their
valuable support. Special thanks to Sirley Andrea Diaz, Andrés Guillermo Chinome, Ana Cristina
Fernandez, and Juan Fernando Quintero for the discussion spaces that helped enrich this research.

Funding

This work was supported by the Ministry of Science, Technology, and Innovation of Colombia
(Minciencias) through the National Program for the Promotion of Researcher Training [Grant number
647]. Field work was funded by ISAGEN S.A. and the Universidad de Antioquia (UdeA) under the inter-
institutional project 47/146.

Competing interests

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Author contributions

Conceptualization: CO, JZ, JB, AM, RM; Data collection and curation: JB, AM; Funding Acquisition: CO, JZ,
JP; Methodology: CO, JZ, JR, RM; Analysis: CO; Supervision: JZ, JP; Writing, review and editing: CO, JZ, JR,
AM, RM

Data availability

The datasets generated during and/or analyzed during the current study are available from
supplementary material 2.

References

1. Abbot, E. J., & Firestone, F. A. (1933). Specifying surface quality. Mechanical Engineering, 55(9), 569-
572.

Page 14/22



10.

11.

12.

13.

14.

15.

16.

. Abdel Moniem, H. E. M., & Holland, J. D. (2013). Habitat connectivity for pollinator beetles using

surface metrics. Landscape Ecology, 28(7), 1251-1267. https://doi.org/10.1007/s10980-013-9886-9

. Amold, T. W. (2010). Uninformative Parameters and Model Selection Using Akaike's Information

Criterion. Journal of Wildlife Management, 74(6), 1175-1178. https://doi.org/10.2193/2009-367

. Barlow, J., Mestre, L. A. M., Gardner, T. A, & Peres, C. A. (2007). The value of primary, secondary and

plantation forests for Amazonian birds. Biological Conservation, 736(2), 212-231.
https://doi.org/10.1016/j.biocon.2006.11.021

. Bélisle, M., Desbochers, A., & Fortin, M. J. (2001). Influence of forest cover on the movements of

forest birds: A homing experiment. Ecology, 82(7), 1893—1904. https://doi.org/10.1890/0012-
9658(2001)082[1893:10FCOT]2.0.CO;2

. Betancur, J., Moralez-Rozo, A, & Parra, J. L. (2020). Occupancy of the Sooty ant - tanager (Habia

gutturalis) and White - mantled barbet ( Capito hypoleucus ) in fragmented forests of the Central
Andes in Colombia. Orinitologia Colombiana, 18.

. Bruton, M. J., Maron, M., Levin, N., & McAlpine, C. A. (2015). Testing the relevance of binary, mosaic

and continuous landscape conceptualisations to reptiles in regenerating dryland landscapes.
Landscape Ecology, 30(4), 715-728. https://doi.org/10.1007/s10980-015-0157-9

. Burnhan, K. P, & Anderson, D. R. (2002). Model Selection and Multimodel Inference. In K. P. Burnham

& D. R. Anderson (Eds.), Springer. Springer New York. https://doi.org/10.1007/b97636

. Carrara, E., Arroyo-Rodriguez, V., Vega-Rivera, J. H., Schondube, J. E., de Freitas, S. M., & Fahrig, L.

(2015). Impact of landscape composition and configuration on forest specialist and generalist bird
species in the fragmented Lacandona rainforest, Mexico. Biological Conservation, 784, 117-126.
https://doi.org/10.1016/j.biocon.2015.01.014

Congedo, L. (2016). Semi-Automatic Classification Plugin Documentation. Release 6.0.1.1.
https://doi.org/10.13140/RG.2.2.29474.02242/1

Fahrig, L. (2013). Rethinking patch size and isolation effects: The habitat amount hypothesis.
Journal of Biogeography, 40(9), 1649-1663. https://doi.org/10.1111/jbi.12130

Fardila, D., Kelly, L. T., Moore, J. L., & McCarthy, M. A. (2017). A systematic review reveals changes in
where and how we have studied habitat loss and fragmentation over 20 years. Biological
Conservation, 212(September 2016), 130—138. https://doi.org/10.1016/j.biocon.2017.04.031

Forman, R. T. (1995). Land Mosaics: The Ecology of Landscapes and Regions. Cambridge University
Press.

Frazier, A. E., & Kedron, P. (2017). Landscape Metrics: Past Progress and Future Directions. Current
Landscape Ecology Reports, 2(3), 63-72. https://doi.org/10.1007/s40823-017-0026-0

Geoffroy, C., Fiola, M. L., Bélisle, M., & Villard, M. A. (2019). Functional connectivity in forest birds:
evidence for species-specificity and anisotropy. Landscape Ecology, 34(6), 1363-1377.
https://doi.org/10.1007/s10980-019-00849-0

Hesselbarth, M. H. K., Sciaini, M., With, K. A., Wiegand, K., & Nowosad, J. (2019). Landscapemetrics :

an open-source R tool to calculate landscape metrics. Ecography, 1-10.
Page 15/22



17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

https://doi.org/10.1111/ecog.04617
Hilty, S., & Brown, W. (2001). Guia de las Aves de Colombia (1st ed.). Princeton University Press.

IDEAM, 1., 1AVH, S., & IIAR I. (2017). Mapa Ecosistemas Continentales, Costeros y Marinos de
Colombia. IDEAM Bogota DC, Colombia.

K. McGarigal. (2002). Landscape pattern metrics. Encyclopedia of Environmetrics, 27(3), 1.
https://doi.org/10.1002/9780470057339.val006.pub?2

Kauth, R. J., & Thomas, G. S. (1976). The tasselled cap—a graphic description of the spectral-
temporal development of agricultural crops as seen by LANDSAT. LARS Symposia, 759, 4B-41-4B -
51.

Kedron, P. J., Frazier, A. E., Ovando-Montejo, G. A., & Wang, J. (2018). Surface metrics for landscape
ecology: a comparison of landscape models across ecoregions and scales. Landscape Ecology,
33(9), 1489-1504. https://doi.org/10.1007/s10980-018-0685-1

Kennedy, C. M., Marra, P. P, Fagan, W. F, & Neel, M. C. (2010). Landscape matrix and species traits
mediate responses of Neotropical resident birds to forest fragmentation in Jamaica. Ecological
Monographs, 80(4), 651-669. https://doi.org/10.1890/09-0904.1

Kéry, M., & Royle, J. A. (2021). Applied Hierarchical Modeling in Ecology: Analysis of Distribution,
Abundance and Species Richness in R and BUGS. Elsevier. https://doi.org/10.1016/C2015-0-04070-9

Kumar, L., & Mutanga, 0. (2018). Google Earth Engine applications since inception: Usage, trends,
and potential. Remote Sensing, 70(10), 1-15. https://doi.org/10.3390/rs10101509

Kupfer, J. A. (2012). Landscape ecology and biogeography: Rethinking landscape metrics in a post-
FRAGSTATS landscape. Progress in Physical Geography, 36(3), 400-420.
https://doi.org/10.1177/0309133312439594

Lausch, A,, Blaschke, T., Haase, D., Herzog, F,, Syrbe, R. U., Tischendorf, L., & Walz, U. (2015).
Understanding and quantifying landscape structure - A review on relevant process characteristics,
data models and landscape metrics. Ecological Modelling, 295(November 2018), 31-41.
https://doi.org/10.1016/j.ecolmodel.2014.08.018

Li, S., & Yang, B. (2015). Introducing a new method for assessing spatially explicit processes of
landscape fragmentation. Ecological Indicators, 56, 116—124.
https://doi.org/10.1016/j.ecolind.2015.03.031

Lindenmayer, D. B., Fischer, J., & Hobbs, R. (2007). The need for pluralism in landscape models: a
reply to Dunn and Majer. Oikos, 776(8), 1419-1421. https://doi.org/10.1111/j.2007.0030-
1299.16133.x

Louis, J., Debaecker, V., Pflug, B., Main-Knorn, M., Bieniarz, J., Mueller-Wilm, U., Cadau, E., & Gascon, F.
(2016). Sentinel-2 SEN2COR: L2A processor for users. Proceedings of the Living Planet Symposium,
Prague, Czech Republic, 9-13.

MacKenzie, D. I, Nichols, J. D., Hines, J. E., Knutson, M. G., & Franklin, A. B. (2003). Estimating site
occupancy, colonization, and local extinction when a species is detected imperfectly. Ecology, 84(8),

2200-2207. https://doi.org/10.1890/02-3090
Page 16/22



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Main-Knorn, M., Pflug, B., Louis, J., Debaecker, V., Miiller-Wilm, U., & Gascon, F. (2017). Sen2Cor for
Sentinel-2. Image and Signal Processing for Remote Sensing XXIll, 70427, 1042704.

McGarigal, K., & Cushman, S. A. (2005). The gradient concept of landscape structure. Issues and
Perspectives in Landscape Ecology, 112-119. https://doi.org/10.1017/CB09780511614415.013

McGarigal, K., & Marks, B. J. (1995). FRAGSTATS: Spatial pattern analysis program for quantifying
landscape structure. In General Technical Report. PNW-GTR-351.

McGarigal, K., Tagil, S., & Cushman, S. A. (2009). Surface metrics: An alternative to patch metrics for
the quantification of landscape structure. Landscape Ecology, 24(3), 433-450.
https://doi.org/10.1007/s10980-009-9327-y

McMullan, M., Donegan, T. M., & Quevedo, A. (2011). Guia de Campo de las Aves de Colombia.
ProAves.

Moffiet, T., Armston, J. D., & Mengersen, K. (2010). Motivation, development and validation of a new
spectral greenness index: A spectral dimension related to foliage projective cover. ISPRS Journal of
Photogrammetry and Remote Sensing, 65(1), 26—41. https://doi.org/10.1016/j.isprsjprs.2009.08.002

Neuschulz, E. L., Brown, M., & Farwig, N. (2013). Frequent bird movements across a highly
fragmented landscape: The role of species traits and forest matrix. Animal Conservation, 76(2), 170-
179. https://doi.org/10.1111/j.1469-1795.2012.00582.x

Olofsson, P, Foody, G. M., Herold, M., Stehman, S. V., Woodcock, C. E., & Wulder, M. A. (2014). Good
practices for estimating area and assessing accuracy of land change. Remote Sensing of
Environment, 748, 42-57. https://doi.org/10.1016/j.rse.2014.02.015

Price, B., McAlpineg, C. A, Kutt, A. S, Phinn, S. R,, Pullar, D. V,, & Ludwig, J. A. (2009). Continuum or
discrete patch landscape models for savanna birds? Towards a pluralistic approach. Ecography,
32(5), 745-756. https://doi.org/10.1111/j.1600-0587.2009.05670.x

Ramdani, F., Rahman, S., & Giri, C. (2019). Principal polar spectral indices for mapping mangroves
forest in South East Asia: study case Indonesia. International Journal of Digital Earth, 72(10), 1103—
1117. https://doi.org/10.1080/17538947.2018.1454516

Richards, S. A. (2008). Dealing with overdispersed count data in applied ecology. Journal of Applied
Ecology, 45(1), 218-227. https://doi.org/10.1111/j.1365-2664.2007.01377 .x

Rocchini, D., Petras, V., Petrasova, A., Horning, N., Furtkevicova, L., Neteler, M., Leutner, B., & Wegmann,
M. (2017). Open data and open source for remote sensing training in ecology. Ecological Informatics,
40(April), 57-61. https://doi.org/10.1016/j.ecoinf.2017.05.004

Ruiz-Gutiérrez, V., Zipkin, E. F,, & Dhondt, A. A. (2010). Occupancy dynamics in a tropical bird
community: unexpectedly high forest use by birds classified as non-forest species. Journal of
Applied Ecology, 47(3), 621-630. https://doi.org/10.1111/j.1365-2664.2010.01811.x

Salgueiro, P. A, Mira, A, Rabaga, J. E,, Silva, C., Eufrazio, S., Medinas, D., Manghi, G., Silva, B., &
Santos, S. M. (2018). Thinking outside the patch: a multi-species comparison of conceptual models
from real-world landscapes. Landscape Ecology, 33(3), 353—370. https://doi.org/10.1007/s10980-
017-0603-y

Page 17/22



45. Schindler, S., von Wehrden, H., Poirazidis, K., Hochachka, W. M., Wrbka, T., & Kati, V. (2015).
Performance of methods to select landscape metrics for modelling species richness. Ecological
Modelling, 295, 107-112. https://doi.org/10.1016/j.ecolmodel.2014.05.012

46. Shafer, C. L. (1990). Nature reserves: island theory and conservation practice. Smithsonian Institution
Press.

47. Smith, A. C., Dahlin, K. M., Record, S., Costanza, J. K., Wilson, A. M., & Zarnetske, P. L. (2021). The
geodiv r package: Tools for calculating gradient surface metrics. Methods in Ecology and Evolution,
20217(June), 1-7. https://doi.org/10.1111/2041-210X.13677

48. Walter, S. T., Browne, L., Freile, J., Olivo, J., Gonzalez, M., & Karubian, J. (2017). Landscape-level tree
cover predicts species richness of large-bodied frugivorous birds in forest fragments. Biotropica,
49(6), 838—847. https://doi.org/10.1111/btp.12469

49. Wang, R, & Gamon, J. A. (2019). Remote sensing of terrestrial plant biodiversity. Remote Sensing of
Environment, 237(June), 111218. https://doi.org/10.1016/j.rse.2019.111218

50. Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M. M., & Jetz, W. (2014). EltonTraits
1.0: Species-level foraging attributes of the world’s birds and mammals. Ecology, 95(7), 2027-2027.
https://doi.org/10.1890/13-1917.1

Figures

Page 18/22



© Bird Sampling Point

Figure 1

Study region with bird sampling points location covering forest to grassland transition on the eastern side
of the Central Cordillera of Colombia. a: San Lorenzo dam; b: Punchina dam.
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Figure 2

Landscape land cover representation under PMM and GM. Upper blocks: Distribution of the five land
cover classes obtained by semiautomatic classification procedure. Middle blocks: False color image
composite from brightness, greenness, and wetness polar. Lower blocks: Spatial distribution of greenness
polar principal spectral index (i.e., PPSG).
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Figure 3

Occupancy probabilities of assessed birds in response to landscape metrics. Sa: average roughness, Ssk:
surface asymmetry, Sku: surface kurtosis, Sdr. surface area ratio, Sds: summit density, ppsg: principal
polar spectral greenness index, ppsb: principal polar spectral brightness index, A/t altitude, np: number of
forest patches.
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