Assessing bird habitat occupancy from gradient-based landscape metrics and polar spectral indices in the Colombian Andean region
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Supplementary Information 1

Accuracy of supervised land cover classification.
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). We used 454 control points to assess the accuracy of the land cover classification procedure following the recommendation from Olofsson et al., (2014). From the area-based error matrix the obtained Kappa index was 0.82 and the overall supervised classification accuracy across the landscape was 88.07%, indicating an acceptable performance (above 80%).

Table S1. Area-based error matrix. Wi = mapped area proportion of class i.
	Classified / reference
	Water
	Forest
	Secondary vegetation
	Grassland
	Bare / urban soil
	Area (m2)
	Wi

	Water
	0.0091
	0
	0
	0
	0.0003
	23364100
	0.0094

	Forest
	0
	0.3753
	0.0399
	0
	0
	1030844200
	0.4153

	Secondary vegetation
	0
	0.0202
	0.1795
	0.0135
	0
	529121600
	0.2131

	Grassland
	0
	0
	0.0328
	0.2877
	0
	795527600
	0.3205

	Bare / urban soil
	0.0019
	0.0049
	0.0019
	0.0039
	0.0291
	103591100
	0.0417

	Total
	0.0111
	0.4004
	0.2542
	0.305
	0.0294
	-
	-



Table S2. Accuracy statistics. Total precision = 88.07%; Overall Kappa = 0.82. Area unit = m2.
	
	Water
	Forest
	Secondary vegetation
	Grassland
	Bare / urban soil

	Unbiased area estimates 95% CI
	6742053
	58060632
	75011465
	50326421
	14455335

	Producer's accuracy [%]
	82.4629
	93.7445
	70.6203
	94.3136
	99.0299

	User's accuracy [%]
	96.9697
	90.3846
	84.2105
	89.7638
	69.7674

	Kappa hat
	0.9694
	0.8396
	0.7883
	0.8527
	0.6885





Polar principal spectral indices (PPSi) calculation.
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. This transformation was based on a principal component analysis using the correlation matrix of nine spectral reflectance bands in the Sentinel 2 mosaic image (i.e., B2-B8, B11, and B12). We constructed a scatter plot with the first two principal components to map the pixels’ distribution classified in each vegetation cover (Figure SM 1). In this scatter plot, pixels classified as forest cover were located at the bottom, while sites classified as bare or urbanized soil were at the top, showing a gradient of vegetation types in the Cartesian space delimited by the principal components. The upper and lower edges represent the spectral limits of the ground cover and project two oblique imaginary lines that converge at a point of zero spectral brightness (i.e., zero reflectance) called apparent spectral focus and visually determined with coordinates SF1: -6000 and SF2: 500 in this case (Fig S1).
The apparent spectral focus provides new axes of variation (Moffiet et al., 2010). The angular distance between the two lines that determine the maximum and minimum edges of the point cloud represents the variation in vegetation between coverages (PPSG). The radial distance between the spectral focus and the maximum value in the first principal component represents the variation in the image’s brightness level (PPSB). When projecting the third principal component, the elevation angle measured from the same apparent spectral focus, obtained in the plane formed by the brightness and vegetation, represents the variation in humidity or water bodies’ presence (PPSW). These axes of variation of vegetation (PPSG), spectral brightness (PPSB), and humidity (PPSW) were then calculated as:

PPSG = 
PPSB = 
PPSW =  

Where, PC1, PC2, and PC3 are the first three principal components obtained from the nine spectral bands of the Sentinel 2 scene. SF1 and SF2 are the spectral focus coordinates in the plane formed by PC1 and PC2 (Moffiet et al., 2010).

[image: Interfaz de usuario gráfica, Gráfico, Gráfico de dispersión
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[bookmark: _Ref98951216]Fig S1. A: Projection of the apparent spectral focus (SF1, SF2) from principal component analysis of the nine Sentinel 2 bands (i.e., B2 ~B8, B11, and B12). B, C, and D: Comparison between Brightness (PPSB), Greenness (PPSG), and Wetness (PPSW) indices. The values of PPSG, PPSB, and PPSW are standardized.

Candidate models for 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 (Ψ) and the date and sampling time as detection covariates (p). We proposed 42 candidate occupancy models avoiding models with correlated covariates or with more than three covariates (except global model) to avoid problems of model convergence and interpretation of results (Table S 3). As our main objective was to compare the metrics derived from the PMM and GM landscape models, we did not include models combining patch-based and surface-based variables, except for the global model.

[bookmark: _Ref98950041]Table S3. Candidate models for occupancy analysis.
	Model name
	Equation

	m.GLOBAL
	Ψ(Alt + ca + shape + clumpy + enn + np + PPSG + PPSB + sa + sku + ssk + sdr + sds) p (Date + Hour) ε(.) γ(.)

	m.NULL
	Ψ(.) p (.) ε(.) γ(.)

	m.alt
	Ψ(Alt) p (Date / Hour / .) ε(.) γ(.)

	m.GM
	Ψ(PPSG + PPSB + sa + sku + ssk + sdr + sds) p (Date / Hour / .) ε(.) γ(.)

	m.PMM
	Ψ(ca + shape + clumpy + enn + np) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg
	Ψ(PPSG) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsb
	Ψ(PPSB) p (Date / Hour / .) ε(.) γ(.)

	gm.sa
	Ψ(sa) p (Date / Hour / .) ε(.) γ(.)

	gm.sku
	Ψ(sku) p (Date / Hour / .) ε(.) γ(.)

	gm.ssk
	Ψ(ssk) p (Date / Hour / .) ε(.) γ(.)

	gm.sdr
	Ψ(sdr) p (Date / Hour / .) ε(.) γ(.)

	gm.sds
	Ψ(sds) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.b
	Ψ(PPSG + PPSB) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.sa
	Ψ(PPSG + sa) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.sku
	Ψ(PPSG + sku) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.ssk
	Ψ(PPSG + ssk) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.sdr
	Ψ(PPSG + sdr) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsg.alt
	Ψ(Alt + PPSG) p (Date / Hour / .) ε(.) γ(.)

	gm.ppsb.alt
	Ψ(Alt + PPSB) p (Date / Hour / .) ε(.) γ(.)

	gm.sa.alt
	Ψ(Alt + sa) p (Date / Hour / .) ε(.) γ(.)

	gm.sku.alt
	Ψ(Alt + sku) p (Date / Hour / .) ε(.) γ(.)

	gm.sku.alt
	Ψ(Alt + ssk) p (Date / Hour / .) ε(.) γ(.)

	gm.sdr.alt
	Ψ(Alt + sdr) p (Date / Hour / .) ε(.) γ(.)

	gm.sds.alt
	Ψ(Alt + sds) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca
	Ψ(ca) p (Date / Hour / .) ε(.) γ(.)

	pmm.shape
	Ψ(shape) p (Date / Hour / .) ε(.) γ(.)

	pmm.clumpy
	Ψ(clumpy) p (Date / Hour / .) ε(.) γ(.)

	pmm.enn
	Ψ(enn) p (Date / Hour / .) ε(.) γ(.)

	pmm.np
	Ψ(np) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.sh
	Ψ(ca + shape) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.cl
	Ψ(ca + clumpy) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.enn
	Ψ(ca + enn) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.np
	Ψ(ca + np) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.alt
	Ψ(ca + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.shape.alt
	Ψ(shape + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.clumpy.alt
	Ψ(clumpy + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.enn.alt
	Ψ(enn + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.np.alt
	Ψ(np + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.sh.alt
	Ψ(ca + shape + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.cl.alt
	Ψ(ca + clumpy + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.enn.alt
	Ψ(ca + enn + Alt) p (Date / Hour / .) ε(.) γ(.)

	pmm.ca.np.alt
	Ψ(ca + np + Alt) p (Date / Hour / .) ε(.) γ(.)




Best occupancy models for each bird species.
From the candidate model set, we ranked models using ΔQAICc and considered that models with ΔQAICc < 2 had the strongest support. We obtain the confidence set on the best model given the data and model set using confset function on the AICcmodavg package (Table S4). Confidence set was determined by summing the model Akaike weights of the ranked models until 0.9 (method = 'raw') (Burnhan & Anderson, 2002). For the final selection, we excluded models with poor explanatory power or uninformative variables, i.e., variables whose confidence interval included zero (Arnold, 2010). 

[bookmark: _Ref98946001]Table S4. 90% Confidence set on the best model given the data and model set. *Final model selected.
	Species
	Model name
	K
	QAICc
	ΔQAICc
	QAICc Wt
	C-hat

	Formicarius analis
	gm.sds*
	7
	298.25
	0
	0.51
	1.45

	
	gm.sds.alt
	8
	300.79
	2.54
	0.14
	

	
	gm.sa.alt
	8
	302.04
	3.79
	0.08
	

	
	gm.sa
	7
	302.3
	4.05
	0.07
	

	
	gm.ppsg.sa
	8
	303.94
	5.69
	0.03
	

	
	m.GM
	13
	304.91
	6.66
	0.02
	

	
	gm.ppsg
	7
	304.99
	6.74
	0.02
	

	
	m.NULL
	6
	305.43
	7.19
	0.01
	

	
	gm.ppsb
	7
	306.19
	7.94
	0.01
	

	
	gm.sku
	7
	306.2
	7.95
	0.01
	

	
	gm.ppsg.b
	8
	306.91
	8.67
	0.01
	

	
	gm.ssk
	7
	307
	8.75
	0.01
	

	Oncostoma olivaceum
	gm.sku.alt*
	7
	453.19
	0
	0.68
	1.05

	
	gm.sa.alt
	7
	457.2
	4.01
	0.09
	

	
	pmm.shape.alt
	7
	458.1
	4.91
	0.06
	

	
	gm.ppsg.alt
	7
	460.37
	7.19
	0.02
	

	
	gm.sds.alt
	7
	460.46
	7.27
	0.02
	

	
	pmm.ca.sh.alt
	8
	460.53
	7.34
	0.02
	

	
	m.alt
	6
	460.54
	7.36
	0.02
	

	Cercomacroides tyraninna
	gm.sdr*
	7
	255.97
	0
	0.31
	1.14

	
	pmm.ca.enn.alt
	9
	256.36
	0.38
	0.25
	

	
	gm.sdr.alt
	8
	257.69
	1.72
	0.13
	

	
	gm.ppsg.sdr
	8
	258.31
	2.33
	0.1
	

	
	pmm.clumpy
	7
	261.68
	5.71
	0.02
	

	
	pmm.ca
	7
	261.91
	5.94
	0.02
	

	
	m.PMM
	11
	262.22
	6.25
	0.01
	

	
	pmm.ca.cl
	8
	262.59
	6.62
	0.01
	

	
	pmm.ca.alt
	8
	262.68
	6.7
	0.01
	

	
	m.NULL
	6
	262.73
	6.76
	0.01
	

	
	m.alt
	7
	262.87
	6.9
	0.01
	

	
	gm.sku.alt
	8
	263
	7.03
	0.01
	

	
	gm.sku.alt
	8
	263.46
	7.48
	0.01
	

	
	pmm.ca.np
	8
	263.55
	7.57
	0.01
	

	Ortalis columbiana
	pmm.np.alt*
	8
	409.47
	0
	0.57
	1.37

	
	pmm.ca.np.alt
	9
	411.88
	2.41
	0.17
	

	
	pmm.clumpy.alt
	8
	414.72
	5.25
	0.04
	

	
	m.alt
	7
	415.07
	5.59
	0.03
	

	
	pmm.ca.alt
	8
	415.47
	5.99
	0.03
	

	
	gm.ppsg.alt
	8
	416.12
	6.64
	0.02
	

	
	pmm.ca.cl.alt
	9
	416.38
	6.9
	0.02
	

	
	gm.sa.alt
	8
	416.53
	7.06
	0.02
	

	Troglodytes aedon
	gm.sa*
	6
	133.46
	0
	0.56
	1.16

	
	gm.ppsg.sa
	7
	135.66
	2.2
	0.19
	

	
	gm.sa.alt
	7
	135.92
	2.46
	0.16
	

	Tyrannus melancholicus
	gm.ppsg.b*
	8
	363.7
	0
	0.71
	1.18

	
	pmm.np.alt
	8
	369.17
	5.47
	0.05
	

	
	gm.ppsg.sa
	8
	369.18
	5.48
	0.05
	

	
	gm.sa.alt
	8
	370.32
	6.62
	0.03
	

	
	gm.sds
	7
	370.38
	6.68
	0.03
	

	
	gm.sa
	7
	370.44
	6.74
	0.02
	

	
	pmm.np
	7
	371.17
	7.47
	0.02
	

	
	pmm.ca.np.alt
	9
	371.43
	7.73
	0.01
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