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Methods  We sampled amphibian populations at 16 
sites and measured 15 landscape metrics at five dif-
ferent scales from focal patches. We then modelled 
the association between these metrics and amphibian 
abundance and richness for each scale.
Results  We found positive associations between 
amphibian richness and abundance with Forest Patch 
Density at the 200  m scale, and negative associa-
tions with Urban Total Area and Forest Edge Density 
at 200  m, 500 m and 1000  m scales. Single-species 
models revealed different responses to landscape 
metrics at varying scales, suggesting a differential 
response to landscape’s transformations that could be 
due to species life history traits.
Conclusions  Most amphibian species in these 
regions may be abundant in heterogeneous and frag-
mented landscapes as long as small forest patches 
are present. Nevertheless, large scale changes in 
forest amount and patch size due to fragmentation 
and urbanization could eventually affect some spe-
cies negatively. Other variables at finer scales may 
be important and will depend on species-specific 
requirements.

Keywords  Anurans · Fragmentation · Landscape 
ecology · Landscape metrics · Land use/land cover · 
Scale of effect

Abstract 
Context  Land use change modifies landscapes’ 
original compositions and configurations, which can 
have a positive, negative, or neutral effect on species 
diversity. The direction and magnitude of the effect 
depends on how each species responds to these condi-
tions and can change depending on the scale in which 
it is evaluated.
Objectives  We evaluated the effect of landscape 
composition and configuration on amphibian diver-
sity at multiple scales in two fragmented regions in 
the Sierra Madre del Sur, Oaxaca, Mexico, in order to 
identify the determinant landscape characteristics for 
amphibian species.
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Introduction

Land use change is one of the biggest threats to biodi-
versity worldwide (Bogaert et al. 2011). It is defined 
as the transformation of natural land covers into some 
of anthropic origin, such as plantations or crops, as 
well as the recovery of natural land covers from aban-
doned artificial land uses (Turner and Gardner 2015). 
These transformations change the landscapes’ origi-
nal compositions and configurations, forming a het-
erogeneous mosaic of different land use types with 
variable environmental conditions (McGarigal and 
Cushman 2005). This can have a positive, negative, 
or neutral effect on species diversity (Bogaert et  al. 
2011). For most taxonomic groups, this effect tends 
to be negative, in which land use change causes spe-
cies in communities become locally extinct, changes 
in population structure occur, and functional connec-
tivity and gene flow are lost (Bell and Donnelly 2006; 
Dixo et  al. 2009; García-García and Santos-Moreno 
2013), leading to a substantial decline in biodiversity 
(Pardini et al. 2017).

Amphibians are highly affected by land use change 
because of their specific ecological requirements 
and their need for different habitats during their life 
cycle (Cushman 2006). Amphibian responses to land-
scape transformations have been reported by several 
authors, including positive effects of habitat amount 
(i.e., forest cover; Herrmann et  al. 2005; Almeida-
Gomes et  al. 2019), riparian forest cover (Canessa 
and Parris 2013) and patch size (Cabrera-Guzmán 
and Reynoso 2012) on species richness and func-
tional diversity, as well as negative effects of road 
density (Canessa and Parris 2013), ponds’ insolation 
and shrublands’ degradation (Lescano et al. 2015) on 
species richness. Some authors have also observed 
positive effects of crop diversity and negative effects 
of mean field size on amphibian diversity, which sug-
gest that some species benefit from more heterogene-
ous landscapes (Collins and Fahrig 2017).

Ecological responses to landscape transformations, 
however, depend on the scale on which landscape 
structure is measure, so important species-landscape 
relationships can be missed if landscape structure is 
not measured at the appropriate scale (Wiens 1989; 
Jackson and Fahrig 2015). This is called the scale of 
effect and it refers to the appropriate scale at which 
the ecological response is best predicted by landscape 
structure (Jackson and Fahrig 2012). This particular 

scale ultimately depends on the life history traits of 
the species (e.g., dispersal capacity, Jackson and 
Fahrig 2012), the landscape variables measured, the 
ecological response evaluated and the regional con-
text (Martin and Fahrig 2012; Jackson and Fahrig 
2015; Miguet et al. 2016; Moraga et al. 2019). Since 
for most species the scale of effect is unknown a 
priori, landscape ecologists often measure species-
landscape relationships at a wide range of scales in 
order to determine the one where the effect is strong-
est (McGarigal et al. 2016).

Amphibians also respond to landscape transfor-
mations and land use changes at specific scales. For 
example, some authors have found positive relation-
ships between amphibian abundance and the amount 
of wetland within 1  km of ponds, suggesting an 
important effect of landscape context at that scale 
(Sawatzky et al. 2019). Other authors have found that 
the most predictive scales for amphibian diversity to 
landscape transformations relationships are those at 
200  m (Benítez-Fernández 2018), 500  m (Canessa 
and Parris 2013), and between 100 and 1000 m (Her-
rmann et  al. 2005) from focal patches. Some have 
observed variable associations among anuran spe-
cies to agricultural intensity at different scales (Kou-
maris and Fahrig 2016) and different associations to 
environmental and structural variables depending on 
the scale evaluated (Duarte-Ballesteros et  al. 2021). 
These results suggest that we cannot make general 
statements about the impacts and solutions to land-
scape transformations on amphibian diversity, and 
that more studies in different landscapes and contexts 
are necessary to better understand this phenomenon.

The Sierra Madre del Sur (SMS) in Mexico rep-
resents a physiographic unit with high amphibian 
diversity; however, many regions within this unit 
are seriously affected by land use change (Espinosa 
et  al. 2016). As far as known, no studies have been 
conducted to analyze the effect of landscape trans-
formations on amphibians on this unit, nor the scale 
of effect for the species distributed there. Therefore, 
we evaluated the effect of landscape composition 
and configuration on amphibian diversity patterns in 
two regions within SMS. Considering that species-
landscape relationships and scale of effect may be dif-
ferent between species (Koumaris and Fahrig 2016), 
we analyzed these patterns for the whole amphibian 
community and for each individual species. Scale 
of effect could also be different depending on the 
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landscape variables measured (Miguet et  al. 2016). 
We measured 15 landscape metrics related to area, 
edge, shape, aggregation and diversity at five differ-
ent geographic distances of 100  m, 200  m, 500  m, 
1000 m, and 1500 m radii from focal patches, in order 
to impartially explore which structural and com-
positional characteristics of the landscape are most 
important for amphibians and at which scales these 
relationships are strongest. We expected that met-
rics related to forest patch area and aggregation will 
be the most important determinants for the amphib-
ian community and individual species, since habitat 
amount tends to have a positive effect on amphib-
ian diversity (Almeida-Gomes et al. 2019). Also, we 
expected that these metrics will have a greater effect 
on scales between 100 m and 1000 m, since amphib-
ians tend to be small-sized organisms with restricted 

home ranges (Vitt and Caldwell 2014). Although we 
didn’t have a prediction on how any individual spe-
cies will respond, we expected different responses at 
different scales of effect among species.

Methods

Study site

The SMS is a physiographic unit located in southern 
Mexico, represented by a 1200 km-long and 120 km-
wide mountain range arranged in an East-West fash-
ion (Fig. 1). It covers the states of Jalisco, Michoacán, 
Guerrero, Oaxaca and Puebla. The predominant veg-
etation types are coniferous and oak forest, tropical 
and temperate deciduous forest, mesophyllic cloud 

Fig. 1   Land use/cover classes in the studied regions from SMS, Oaxaca, Mexico. Sampled sites are shown, as well as the different 
scales (100, 200, 500, 1000, and 1500 m) in which landscape metrics were measured
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forest, evergreen and subdeciduous tropical forest, 
mixed forest, xerophilous scrubland and grassland 
(Espinosa et al. 2016). We worked in two regions of 
approximately 812 km2 each (Region A and Region 
B) located in the central southern limit of the SMS 
(Fig.  1). These regions cover tropical and temperate 
deciduous forest, coniferous forest, evergreen forest, 
and mixed forest. Both regions were chosen as they 
are severely affected by fragmentation processes and 
land use changes, with large proportions of agricul-
tural crops, pastures for livestock and urban settle-
ments (Fig. 1). All surveys were performed in tropical 
deciduous forest, as these were accessible places to 
survey, as well as the most fragmented land use/cover 
in these regions (Fig. 1).

Sampling design

Land use/cover classification

In order to measure landscape metrics, classified land 
use/cover maps were created for both regions from 
Landsat OLI 8 satellite imagery, obtained from the 
USGS EarthExplorer platform (https://​earth​explo​rer.​
usgs.​gov/). For this, a supervised classification by 
maximum likelihood method was performed (Horn-
ing et  al. 2010), and seven land use/cover classes 
were defined for Region A: (1) Urban settlement, (2) 
Water body, (3) Agriculture, (4) Grassland/Scrub-
land, (5) Temperate deciduous forest, (6) Tropical 
deciduous forest and (7) Coniferous forest; and nine 
classes for Region B: (1) Urban settlement, (2) Water 
body, (3) Agriculture, (4) Grassland/Scrubland, (5) 
Temperate deciduous forest, (6) Tropical deciduous 
forest, (7) Coniferous forest, (8) Evergreen forest, 
and (9) Mixed forest. This classification was based 
on the land use map from the National Commission 
for the Knowledge and Use of Biodiversity (Comisión 
Nacional para el Conocimiento y Uso de la Biodiver-
sidad 2020).

In order to assess accuracy of land use/cover clas-
sifications, we used high-resolution images from 
Google Earth Pro (Hu et al. 2013; Google Earth v.7 
2020) and National Commission for the Knowledge 
and Use of Biodiversity’s land use map (Comisión 
Nacional para el Conocimiento y Uso de la Biodi-
versidad 2020) as reference images (Horning et  al. 
2010). These images were used to calculate the num-
ber of pixels classified correctly or incorrectly to a 

given class in the classification maps; with these, 
confusion matrices were created. With the confu-
sion matrices, we calculated: total accuracy, producer 
accuracy, user accuracy and the Kappa index (Cohen 
1960). Total accuracy represents a percentage of the 
overall correctly classified pixels. Producer accuracy 
is the probability that a pixel in a given class was 
classified correctly, and user accuracy is the prob-
ability that a pixel predicted to be in a certain class is 
really in that class (Horning et al. 2010). The kappa 
index measures the agreement between classifica-
tion and truth-values and ranges between 0 (with no 
agreement) and 1 (perfect agreement) (Cohen 1960). 
Image processing, classification and accuracy assess-
ment were performed with software ENVI 5.3 (Exelis 
Visual Information Solutions v. 5.3 2020).

Amphibian surveys

Amphibian richness and abundance data were 
obtained from May to September 2019. Three 
11-days field trips were performed and, in each field 
trip, 16 sites were visited across both regions (8 sites 
per region; Fig.  1). In each region, four sites were 
chosen in conserved forested areas and four sites in 
degraded areas (i.e., grassland/scrubland or agricul-
ture classes) (Fig.  1). All surveys in conserved for-
ested areas were performed in tropical deciduous for-
est class. We avoided sampling in other forest types 
as these aren’t proportionally present in both regions 
evaluated and because these weren’t accessible for us. 
All sites were more than 500 m apart, and at least one 
water body (e.g., pond or stream) was present at each 
site. Night surveys were carried out by visual encoun-
ter surveys (VES) using two different sampling units: 
(1) 50 m x 2 m rectangular transects, and (2) 500 m 
x 4 m rectangular transects, as these are standardized 
methods used in herpetology that allowed us to com-
pare amphibian diversity on different land uses/covers 
(Aguirre-León 2014). We sampled 1.50–2 h in each 
50 m x 2 m transect, and 0.75–1 h in each 500 m x 4 
transect. Two 50 m x 2 m transects and one 500 m x 
4 m transect were performed at each site. Total sam-
pling effort for conserved and degrades sites is pre-
sented in Supplementary Information 1, Appendix 1, 
Table S1.

Each amphibian captured was identified to the spe-
cies level, and relative abundance for each species 
was calculated as the number of individuals observed 

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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in each transect relative to the total of amphibians 
recorded. Amphibian abundance data obtained by 
the two sampling units were summed to be used in 
further analysis. A specimen’s reference collection 
was obtained, which was deposited in the Herpetol-
ogy Collection of the Museo de Zoología “Alfonso 
L. Herrera” at the Facultad de Ciencias of the Uni-
versidad Nacional Autónoma de México. The col-
lection permit used was FAUT-0317 issued to the 
corresponding author of this paper. A total of 208 
amphibian specimens were collected, with no more 
than two specimens per species per site collected to 
prevent over-collecting. All species observed are not 
cited in any CITES appendix, and all are classified as 
least concerned in the IUCN Red List (IUCN 2021).

We calculated Jackknife indices and species accu-
mulation curves for conserved and degraded areas, 
as well as for the two regions evaluated in order to 
determine the completeness of the amphibian survey 
(Magurran and McGill 2011). We also calculated the 
proportion of species found as Sobs/(a/b), where a is 
the rate of increase of new species, b is a parameter 
related to the shape of the curve, and S is the num-
ber of species observed (Jiménez-Valverde and Hortal 
2003). These analyzes were performed with the soft-
ware EstimateS 9.1.0 (Colwell 2013) and STATIS-
TICA 8.0 (Weiß 2007).

Landscape metrics

For each site, 15 landscape metrics were measured at 
five different scales, defined by the area of five con-
centric circles with radii of 100  m, 200  m, 500  m, 
1000  m, and 1500  m from sampled sites (Fig.  1). 
Landscape metrics were measured with the software 
FragStats (McGarigal and Marks 1995; Supplemen-
tary Information 1, Appendix 1, Table S2). Although 
no studies have evaluated amphibian dispersal move-
ments for the species observed in these regions, some 
studies elsewhere suggest that dispersal movements 
for some similar species range from 37 up to ~ 1000 m 
(Semlitsch and Bodie 2003; Tozetti and Toledo 2005; 
Heemeyer 2011; Horan 2011; Heemeyer and Lan-
noo 2012; Peterson et  al. 2013; Henrique and Grant 
2019; Arreortúa-Martínez 2020; DeVore et al. 2021; 
Covarrubias et al. 2022), therefore we chose a maxi-
mum radius of 1500 m. Since there could be greater 
measurement error at smaller scales when resolu-
tion is low (Miguet et  al. 2016) a minimum radius 

of 100 m was chosen due to the spatial resolution of 
Landsat 8 OLI images (i.e., 30 m).

Metrics were calculated separately for tropical 
deciduous forest, agriculture, grassland/scrubland, 
urban settlement, and water body classes. Metrics 
for temperate deciduous forest and coniferous forest 
classes obtained zero values for all sites at all scales, 
so they were discarded from further analyses. Metrics  
for evergreen forest and mixed forest classes obtained 
zero values for all sites at the 100 m, 200 m and 500 m 
scales and for all but three sites at the 1000 m and  
1500 m scales. For the three sites where these forest 
types were actually present, we combined their area 
with the one of the tropical deciduous forest class 
and calculated the landscape metrics for this com- 
bined forest class, since these two forest types could 
potentially provide habitat amount for some amphib-
ian species (Urbina-Cardona et al. 2006; Wells 2007; 
Crump 2015; Suazo-Ortuño et  al. 2015; Schneider-
Maunourya et  al. 2016; Ramírez-González 2016; 
Luna-Gómez et  al. 2017; IUCN 2021; Mata-Silva 
et  al. 2021; Naturalista 2021; See Supplementary 
Information 1, Appendix  1, Table  S3). Contagion 
index and diversity metrics were calculated using 
data from all land use/cover classes. All metrics cal-
culated are presented in Supplementary Information 
2, Table S1.

Because model results can be affected by colline-
arity among predictor variables, we performed Spear-
man correlation analyses between landscape metrics 
measured at each scale, using the correlation_finder 
function in the R package ntbox (Osorio-Olvera et al. 
2020) to choose the metrics in each scale that were 
least correlated under a threshold of 0.80. Only those 
metrics that were not correlated across all scales were 
used to make the models comparable. Water body 
Total Area was not correlated with other metrics, 
however, it obtained zero values for all sites at three 
scales (i.e., 100, 200 and 500 m), so it was discarded 
from further analyzes. This left a set of seven pre-
dictor variables that were used in the models: Urban 
Total Area, Forest Total Area, Agriculture Total Area, 
Contagion index, Forest Edge Density, Forest Patch 
Density and Patch Richness. Here, “Forest” refers to 
“Tropical deciduous forest” as all metrics were cal-
culated for this forest type class or for the combined 
forest class as explained above. These metrics were 
standardized to obtain values between 0 and 1, since 
they had different units (Martin et al. 2016).
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Generalized additive models

Generalized additive models were performed to ana-
lyze possible associations between landscape metrics 
and amphibian richness, amphibian abundance and 
individual species abundance, as these allow greater 
flexibility in the modeling process by including lin-
ear and non-linear terms (Wood 2017). Because we 
had no hypothesis about the linearity of these rela-
tionships, we adjusted each of the seven metrics with 
thin plate regression splines with a maximum of eight 
basis dimensions, to avoid high complexity (Wood 
2017). Because our dependent variables consist of 
species and individual counts, our data primarily fit 
a Poisson distribution; however, because there was 
overdispersion in the data, we decided to fit a nega-
tive binomial distribution with a log link function 
(Quinn and Keough 2002). All models were made 
with the gam function of the mgcv package version 
1.8–36 in R (Wood 2021). For the response variables, 
we fit amphibian richness, amphibian abundance, and 
abundance of each species separately.

For the modeling process, we first fit full models 
with all independent variables at each scale. With 
these, we used the dredge function of the MuMin 
package in R (Barton 2012), which constructs mod-
els with all possible combinations of predictor vari-
ables and then compares them using the second-
order Akaike information criterion (AICc), which is 
more informative when sample size is small (Akaike 
1973; Burnham and Anderson 2002). Those with a 
ΔAICc < 2 were considered the best models (Burn-
ham and Anderson 2002). Then, values of AIC 
weights were calculated for each model to determine 
the relative importance of each variable at each scale 
(Wagenmakers and Farrell 2004). Relative impor-
tance for a particular variable was defined as the sum 
of the AIC weight of all models where that variable 
was included (Rusch et al. 2011; Martin et al. 2016). 
The AIC weight can be interpreted as the probabil-
ity that a variable will be included in the best models 
(Rusch et al. 2011).

In order to determine at which scales the selected 
landscape variables are more predictive for amphib-
ian richness and abundance, full models (one for 
amphibian richness and one for total amphibian abun-
dance) were fit using the two most supported predic-
tors for each scale (for a total of 10 predictors for 
each full model), then the dredge function was used 

to obtain models with all possible combinations of 
predictor variables. Similarly, the resulting models 
were ordered by ΔAICc, and AIC weight was calcu-
lated for each. The relative importance of each scale 
was calculated by summing the AIC weight of all 
models where the variables of a particular scale were 
included. All models were performed with the soft-
ware R 3.5.0 (R Core Team 2018).

Results

Land use/cover map classification accuracy

A total accuracy of 93.43% was obtained for Region 
A and 95.31% for Region B. In addition, the Kappa 
index had a value of 0.91 for Region A and 0.94 
for Region B, which represents excellent accuracy 
according to Monserud and Leemans (1992). How-
ever, some classes had lower producer and user 
accuracy values, which translates as omission and 
commission errors in the classification. For Region 
A, the largest classification errors were for “Agricul-
ture” and “Grassland/Scrubland” classes, while, for 
Region B, the largest classification errors were for 
the “Agriculture” class (Supplementary Information 
1, Appendix 1, Tables S4 and S5, Regions A and B, 
respectively).

Amphibian richness and abundance

We observed a total of 1922 individuals belonging 
to eight families, 13 genera and 18 species, consider-
ing the two sampling units evaluated. We found sig-
nificant differences for richness (χ2 = 167.14, df = 47, 
P < 0.0001) and abundance (χ2 = 3356.70, df = 47, 
P < 0.0001) between sampled points by Chi-Square 
tests. Seventeen species were observed in conserved 
forested areas and 16 species in degraded areas. Also, 
for Region A, a total of 16 species were observed, 
while for Region B, 17 species were observed. The 
species accumulation curves indicate a reasonably 
comprehensive sampling effort, as the curves reached 
a shallow slope but did not quite asymptote (Sup-
plementary Information 1, Appendix  2, Figure S1). 
Richness estimators for both conserved forested areas 
and degraded areas, as well as the whole Region A 
and B, indicate that more species could be observed 
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as less than 90% of species have been found (Supple-
mentary Information 1, Appendix 1, Table S6).

Landscape metrics effects on amphibian richness and 
abundance

We found a positive linear relationship between 
amphibian richness and abundance and Forest Patch 
Density, and a negative linear relationship with both 
Urban Total Area and Forest Edge Density, for the 
200  m scale (Fig.  2). These metrics were chosen in 
the best model (Table 1 and Supplementary Informa-
tion 1, Appendix 1, Table S7), however, only Urban 
Total Area and Forest Patch Density had a relative 
importance value greater than 0.70 (Supplementary 
Information 1, Appendix  2, Figure S2). At other 
scales, no metric showed a statistically supported 
positive or negative relationship with amphibian rich-
ness and abundance, as they were not chosen in the 
best model (Table 1 and Supplementary Information 
1, Appendix 1, Table S7) and all variables had a rela-
tive importance value less than 0.5 (Supplementary 

Information 1, Appendix 2, Figure S2). The most pre-
dictive scale for both amphibian richness and abun-
dance was the 200 m scale with an AIC weight value 
of 0.91 and 0.89, respectively; other scales were not 
considered good predictors since they had relative 
importance values of ~ 0.5 or less (Supplementary 
Information 1, Appendix 2, Figure S3). At the 200 m 
scale, the most important metric for both dependent 
variables was Urban Total Area.

Single-species abundance models showed that 
only five species had strong relationships with 
some of the landscape metrics at the 200 m scale. 
These were Agalychnis dacnicolor with a positive 
linear relationship with Forest Patch Density and a 
negative linear relationship with Urban Total Area; 
Eleutherodactylus pipilans with a positive linear 
relationship with Forest Patch Density and Patch 
Richness, and a negative linear relationship with 
Urban Total Area; and Hypopachus ustus, Lepto-
dactylus melanonotus and Rhinella horribilis with 
non-linear negative relationships with Urban Total 
Area (Fig.  3). Interestingly, some species showed 

Fig. 2   Generalized additive model (GAM) plots showing par-
tial effects of selected landscape metrics on amphibian richness 
and abundance from studied regions in SMS, Oaxaca, Mexico. 
Only metrics chosen in the best model at the 200 m scale are 

plotted. Tick marks on the y- and x-axis are observed data 
points. Grey points represent partial residuals. The y-axis rep-
resents the partial effect of each variable. Shaded areas indicate 
95% confidence intervals
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relationships with some landscape metrics at the 
500 m and 1000 m scales, despite no associations 
found with any of the landscape metrics at these 
or other scales when considering amphibian rich-
ness and abundance as a whole. At the 500 m scale, 
these species were Lithobates forreri with a nega-
tive linear relationship with Forest Edge Density, 
and Rhinella horribilis with a non-linear negative 
relationship with Urban Total Area and a linear 
negative relationship with Forest Edge Density 
(Supplementary Information 1, Appendix  2, Fig-
ure S4). At the 1000  m scale, these species were 
Eleutherodactylus pipilans with a positive linear 
relationship with Patch Richness, and Rhinella 
horribilis with a non-linear negative relationship 
with Forest Edge Density (Supplementary Infor-
mation 1, Appendix 2, Figure S5). Species did not 
show relationships with landscape metrics at other 
scales, and while some presented apparent asso-
ciations, confidence intervals were too large to be 
considered robust models.

Discussion

The results of this study showed that a positive lin-
ear relationship exists between amphibian richness 
and abundance with Forest Patch Density, partially 
supporting our prediction that metrics related to for-
est area and aggregation are the most important 
determinants for the amphibian community and 
individual species. This metric measures the aggre-
gation of forest patches (i.e., habitat available) in a 
landscape, although higher values can also be inter-
preted as a more fragmented landscape (i.e., more 
smaller patches; McGarigal and Marks 1995). Since 
few amphibian species presented a negative relation-
ship with Forest Edge Density, which suggest a nega-
tive effect of fragmentation, the relationship observed 
could mean that most amphibians species in these 
regions may be abundant in a heterogeneous and frag-
mented landscape as long as small forest patches are 
present. Some authors have found that amphibians 
can be abundant in agricultural landscapes with high 

Table 1   Generalized additive models between amphibian richness and landscape metrics for all five scales

Only models with a ΔAICc < 2 are shown. The best model with the lowest AICc for each scale is in bold
Abbreviation for landscape metrics are: AREAG Agriculture Total Area, AREAF  Forest Total Area, AREAU  Urban Total Area, CON-
TAG​  Contagion index, EDF  Forest Edge Density, PDF Forest Patch Density, PR  Patch Richness

Scale (Intercept) AREAG AREAF AREAU CONTAG​ EDF PDF PR df logLik AICc ΔAICc AIC weight

100 1.30 2 −114.23 232.73 0.00 0.64 
100 1.28 + 3 −113.69 233.92 1.19 0.36
200 0.91 + + + 5 −107.58 226.58 0.00 0.18 
200 0.92 + + + 5 −107.70 226.83 0.24 0.16
200 1.05 + + 4 −109.02 226.98 0.40 0.15
200 0.96 + + + 5 −107.82 227.07 0.49 0.14
200 0.80 + + + + 6 −106.60 227.24 0.66 0.13
200 0.84 + + + + 6 −106.86 227.76 1.18 0.10
200 1.00 + + + 5 −108.38 228.18 1.60 0.08
200 0.85 + + + + 6 −107.15 228.36 1.77 0.07
500 1.30 2 −114.23 232.73 0.00 0.47 
500 1.26 + 3 −113.37 233.28 0.56 0.36
500 1.30 + 3 −114.08 234.70 1.97 0.18
1000 1.30 2 −114.23 232.73 0.00 0.55 
1000 1.29 + 3 −113.93 234.40 1.67 0.24
1000 1.29 + 3 −114.02 234.59 1.86 0.22
1500 1.30 2 −114.23 232.73 0.00 1.00 
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crop diversity and small sized forest elements inter-
spersed through these landscapes, which could poten-
tially provide habitat for many amphibian species 
(Mendenhall et al. 2014; Collins and Fahrig 2017).

Although a negative linear relationship between 
amphibian richness and abundance with Forest Edge 
Density was observed in the most supported mod-
els at the 200 m scale, this variable presented a low 
relative importance value, which suggest that most 

amphibian species in these regions could be tolerat-
ing or benefiting from a mix of land uses. This could 
probably explain why one species (Eleutherodactylus 
pipilans) had a positive relationship with Patch Rich-
ness. Although, forest patch edges can be uninhabita-
ble for many specialist species (Urbina-Cardona et al. 
2006), some generalists may benefit if edges between 
two land cover types provide greater structural com-
plexity and number of microhabitats (Knutson et  al. 

Fig. 3   Generalized additive model (GAM) plots showing par-
tial effects of selected landscape metrics on Agalychnis dacni-
color, Eleutherodactylus pipilans, Hypopachus ustus, Lepto-
dactylus melanonotus and Rhinella horribilis abundance at the 
200  m scale from studied regions in SMS, Oaxaca, México. 
Only plots with metrics that were chosen in the best model at 

200  m scale and with an importance value greater than 0.70 
are presented. Tick marks on the y- and x-axis are observed 
data points. Grey points represent partial residuals. The y-axis 
represents the partial effect of each variable. Shaded areas indi-
cate 95% confidence intervals
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1999), which could be the case in our study. Two 
species (Rhinella horribilis and Lithobates forreri), 
however, had a strong negative relationship with For-
est Edge Density, but only at the 500 m and 1000 m 
scales. This could probably mean that large scale 
changes in forest amount and patch size due to an 
increase in fragmentation, could negatively affect 
the abundance for some species, as habitat amount is 
crucial for most amphibian species (Almeida-Gomes 
et al. 2019). Long-term monitoring is needed to clar-
ify this relationship in order to explore changes in 
abundance as well as landscape changes.

Amphibian richness and abundance had a strong 
negative relationship with Urban Total Area at several 
scales, a variable that we did not consider in our pre-
dictions. We were able to observe a linear decrease in 
amphibian diversity as human area, either towns, cit-
ies, or roads, increased. Other studies have shown that 
when urban settlements are established, there is a loss 
of natural covers, changes in the physical and chemi-
cal properties of water bodies, and production of air 
pollution, making some amphibian species go extinct 
at these sites as they fail to withstand such degraded 
conditions (Knutson et  al. 1999; Canessa and Parris 
2013; Treglia et  al. 2018). Roads, in turn, increase 
mortality of adult individuals by vehicle collision 
(Pinto et al. 2020) and cause excessive noise, which 
prevents females of some species from hearing the 
males’ calls (Simmons and Narins 2018). Urban Total 
Area was the landscape metric with the highest rela-
tive importance value in the best models, so it appears 
to be one of the greatest determinants of amphibian 
richness and abundance in these regions.

Single-species models revealed different responses 
of some species to landscape metrics at varying 
scales, which could be due to differences in their life 
history traits (García-Llamas et al. 2019; See Supple-
mentary Information 1, Appendix  1, Table  S3). For 
example, Agalychnis dacnicolor positive response to 
Forest Patch Density could be due to the species need 
for water bodies and stand vegetation for reproduction 
(Wells 2007; Suazo-Ortuño et  al. 2015). Eleuthero-
dactylus pipilans positive response to Patch Rich-
ness could be due to the species resistance to land 
degradation and its reproductive mode, that allow it 
to reproduce without the need of water bodies (Wells 
2007; IUCN 2021). All species responded negatively 
to Urban Total Area, despite most species being able 
to survive in degraded lands (See Supplementary 

Information 1, Appendix 1, Table S3). Since urban-
ized areas produce changes in the physical and chemi-
cal properties of water bodies (Canessa and Parris 
2013), most species can be affected as they may need 
these water bodies for reproduction (See Supplemen-
tary Information 1, Appendix  1, Table  S3). Consid-
ering these results, we suggest that species-specific 
studies including life history traits must be considered 
when analyzing landscape transformations effects on 
biodiversity.

Most associations between amphibian species and 
landscape metrics were observed at the 200 m scale, 
and some were observed at the 500 m and 1000  m 
scales, which support our prediction that metrics will 
have a greater effect on scales between 100 m and 
1000 m. It is likely that no relationship was observed 
at the largest scale (i.e., 1500  m) because most 
amphibian species possess small home ranges (e.g., 
0.0003–0.03  ha, Vitt and Caldwell 2014; 1.92  ha, 
Incilius spiculatus, Arreortúa-Martínez 2020) and 
perform short daily movements (e.g., 37  m, Incilius 
spiculatus, Arreortúa-Martínez 2020), so species are 
probably responding to landscape elements within 
their home ranges (Jackson and Fahrig 2012). For 
the 100 m scale, there was large measurement error 
due to the Landsat resolution images used (i.e., 30 m; 
Miguet et al. 2016) that didn’t allow models to reflect 
possible relationships between amphibians and land-
scape elements. It is important to mention that the 
different scales evaluated here, are actually different 
extents for the same grain (i.e., resolution; Turner and 
Gardner 2015), so we were only analyzing at which 
extents species-landscape relationships are strongest. 
Changing grain could potentially help us analyze if 
other landscape elements too small for our satellite 
images to identify, like small ponds (Ribeiro et  al. 
2019) or linear strips of vegetation (Biaggini and 
Corti 2015; Hansen et  al. 2019), are also important 
for amphibian diversity in these regions.

Some other local variables could also be impor-
tant for amphibian species in these regions. Some 
authors have found that relative humidity, canopy 
cover, understory density, leaf litter depth, percentage 
of bare soil, among other variables, explained part 
of the amphibian taxonomic and functional diversity 
patterns in some fragmented landscapes (Urbina-
Cardona et al. 2006; Ribeiro et al. 2017). Mendenhall 
et  al. (2014) found that countryside forest elements 
that are often too small for most remote sensing 
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techniques to identify, contribute to approximately 
95% of available habitat for forest-dependent amphib-
ians. This could probably explain why the other 12 
species in the community did not show associations 
with selected landscape metrics at any scale as some 
may be responding more to environmental conditions 
at finer scales than the ones considered here. For this 
reason, we recommend using high-resolution satellite 
imagery and measuring explanatory variables at finer 
scales to better discern the specific conditions that 
are necessary for each species (Schindler et al. 2013; 
Treglia et al. 2018).

Most amphibian species observed in our regions 
are distributed in various forest types in addition to 
tropical deciduous forests (see Supplementary Infor-
mation 1, Appendix  1, Table  S3). Since we didn’t 
performed surveys in other forest types and met-
rics couldn’t be calculated, our models are probably 
showing just one part of the species true response to 
landscape transformations (i.e., their response for one 
part of their distribution), as they may respond dif-
ferently depending on the regional context (Miguet 
et  al. 2016). However, analyzing species-landscape 
relationships along several forest types, should incor-
porate the measurement of other important local cli-
matic and structural variables, such as temperature, 
relative humidity, canopy cover or leaf litter depth, as 
these can change drastically between forest types and 
could explain part of the species abundance variation 
(Urbina-Cardona et  al. 2006; Ribeiro et  al. 2017). 
An empirical study that compares species-landscape 
relationships between forest types could be a nice 
contribution that may help us determine if the species 
responses to landscape transformations and its scale 
of effect could change along their distribution, which 
may help us propose specific conservation measures.

Implications for conservation.
The results of our study showed that most 

amphibians species in these regions may be abun-
dant in heterogeneous and fragmented landscapes as 
long as small forest patches are present. Neverthe-
less, large scale changes in forest amount and patch 
size due to an increase in fragmentation and urbani-
zation, could eventually affect some species abun-
dance in these regions, as habitat amount is cru-
cial for most amphibian species (Almeida-Gomes 
et  al. 2019). Since species responded differently 
to landscape transformations at different scales, 
conservation and management measures should 

be species-specific, although some generalization 
could be made. For example, a high density of rela-
tively small forest patches (e.g., 1–5  ha) may help 
in the protection and conservation of most amphib-
ian species in these regions, especially if these are 
interspersed along other land uses. Conserving 
small, interconnected forest patches may be a real-
istic way to maintain suitable habitats for many spe-
cies, as has been observed and proposed by other 
authors (Ribeiro et  al. 2017; Lindenmayer 2019; 
Wintle et  al. 2019), as it simultaneously permits 
the development of economic activities for people 
living in these regions. Since landscape transforma-
tion effects on amphibian richness and abundance 
typically occur at small spatial scales, management 
measures should also contemplate other impor-
tant environmental and structural variables at finer 
scales, such as high-quality water bodies. Future 
multi-scale studies should be conducted to further 
understand amphibian-environmental interactions in 
these complex Oaxacan regions of southern Mexico.
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