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A B S T R A C T   

Human modification of natural landscapes is a key threatening process contributing to the decline of global 
biodiversity. Amphibians are particularly vulnerable to this threat, with over a third of species threatened as a 
direct result. However, some habitat modifications may be less detrimental than others, with some species known 
to successfully thrive in certain artificial habitats while others undergo further declines. Yet, recognizing how 
amphibians respond to different habitat modifications remains limited, particularly on a global scale. Herein, we 
examine the known artificial habitat associations of amphibian species globally, demonstrating artificial habitat 
use is dependent on their conservation status, life history, taxonomic order, and geographical location. 
Approximately one-third of all amphibians were found to use artificial habitats, including nearly half of all non- 
threatened and one-sixth of threatened species, with usage decreasing as conservation status increased. 
Terrestrial, generalist, and caecilian species were much more likely to use artificial habitats. Non-threatened 
species were more likely to utilize artificial habitats such as aquaculture ponds, pastureland, canals, excava-
tions, urban areas, and rural gardens. Plantations, heavily degraded former forests, and wastewater treatment 
areas contained a greater proportion of threatened species, particularly in Afrotropical, Indomalayan, and 
Oceanian regions. Countries with the most amphibians utilizing artificial habitats were Brazil, Colombia, Peru, 
Madagascar, and Ecuador. However, the greatest number of threatened species using artificial habitats were 
found in Mexico, Madagascar, India, Sri Lanka, and China. We highlight the potential value or threat of each 
artificial habitat type, which may be used to better focus valuable conservation efforts.   

1. Introduction 

A primary threat to global biodiversity is the human modification of 
natural habitats, including direct and indirect impacts associated with 
the loss, degradation, and fragmentation of these systems (Vié et al., 
2009). However, not all habitat modifications are equal and not all 
species are similarly impacted by such changes. Post-modification, these 
artificial habitats can vary in their availability and quality, including 
those in which some aspects of the former natural habitat have been 
preserved (e.g. urban gardens) and those where nearly all habitat fea-
tures are removed (e.g. cities). For example, while severe urbanization 
tends to decrease species richness, moderate urbanization, such as that 
seen in suburban areas can sometimes result in greater species richness 
due to increased habitat heterogeneity (McKinney, 2008). Even 
disturbed areas such as military training sites can harbor a dispropor-
tionally large number of threatened species due to their rich spatio-
temporal heterogeneous habitat mosaics (Warren et al., 2007). 
Susceptibility to land-use changes also varies considerably among 

species and taxonomic groups, with some species successfully exploiting 
artificial habitats to the point where they can persist in these novel 
environments. As artificial habitats continue to expand and replace 
natural habitats, it is imperative to understand how species respond to 
these novel environments and whether they can provide suitable habi-
tats for their persistence. 

Anthropogenic habitat modification is especially detrimental for 
amphibians, impacting nearly two-thirds of all species, and is a leading 
contributor to the decline of the 40% of species currently threatened 
with extinction (Green et al., 2020; Stuart et al., 2008). This sensitivity 
to habitat modifications is partly due to the biphasic life history of most 
amphibians, which require distinct and interconnected habitats for the 
transition of aquatic offspring into terrestrial adults (Becker et al., 2007; 
Cushman, 2006). In addition to direct alteration and loss of habitat, the 
fragmentation of habitats can also threaten the function of amphibian 
populations by limiting juvenile dispersal, colonization of new areas, 
seasonal migration, and disrupting metapopulation dynamics (Cush-
man, 2006; Marsh and Trenham, 2001). Nevertheless, not all species are 
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negatively impacted by land-use changes, with certain habitat modifi-
cations less detrimental than others. On the contrary, some modifica-
tions can sometimes create novel habitats that certain species 
successfully exploit, and which may play an important role in popula-
tion persistence and conservation of declining species (Hamer and 
McDonnell, 2008; Hamer et al., 2012; Valdez et al., 2015; Warren and 
Büttner, 2008). 

The impact of land-use change on amphibians varies greatly with 
some artificial habitats able to successfully support their biodiversity 
(Thompson et al., 2016). While amphibians depend on intact habitats, 
some species are able to utilize a wide variety of artificial habitats such 
as pastures, plantations, and agroforestry ecosystems which sometimes 
support diverse amphibian communities (Bhagwat et al., 2008; 
Thompson et al., 2016). Other artificial habitats have the potential to 
serve as refuges of supplementary habitat that sustain populations, 
particularly when in proximity to patches of remaining natural habitat 
(Mazerolle, 2005). More crucially, artificial habitats may be the only 
functional habitat type available for species if there is little to no natural 
habitats remaining, thus providing temporary, albeit suboptimal, areas 
for species persistence (Hamer and McDonnell, 2008; Hamer et al., 
2012). Even heavily disturbed areas can sometimes serve as habitat 
refuges for threatened amphibians, such as industrial sites which may 
inadvertently create permanent interconnected waterbodies (Valdez 
et al., 2015), and military sites that can provide a rich habitat mosaic 
and serve as a protected area (Adams et al., 1998; Warren and Büttner, 
2008). However, despite amphibians commonly observed using artifi-
cial habitats, recognizing how amphibians respond to these modifica-
tions, including the circumstances that allow some species to thrive 
while others decline, remains relatively limited (Trimble and van Aarde, 
2012). 

Identifying the factors influencing how species will respond to 
anthropogenic habitat modification is important for stemming current 
rates of decline and directing conservation prioritization. For example, 
species-specific life-history traits can help determine which species are 
most sensitive to habitat modification (Nowakowski et al., 2017; Pyron, 
2018). The potential for ecological gain may occur for some species that 
are able to tolerate the changed conditions or by chance happen to find 
them favorable while causing the decline or extirpation of species that 
are less suited to the novel habitat (Pyron, 2018). Narrowly distributed 
species that require terrestrial or lotic aquatic habitats have been 
demonstrated to be the most vulnerable to habitat modification, while 
more generalist species are more likely to thrive (Nowakowski et al., 
2017; Rubbo and Kiesecker, 2005). Taxonomic relationships are also 
important when considering the ecological success of species in modi-
fied habitats, with more closely related species exhibiting similar re-
sponses to habitat modification even when located in different regions 
(Nowakowski et al., 2017), and evolutionarily distinct amphibians less 
likely to occur in artificial habitats (Greenberg et al., 2018). However, 
most amphibian studies have been exclusively conducted on frogs (an-
urans) with little consideration of the differing responses to habitat 
modifications for salamanders (Caudata) and caecilians 
(Gymnophiona). 

Understanding how amphibians respond to particular habitat mod-
ifications at a global scale can be challenging given the simultaneous, 
and potentially confounding, processes that are directly related to the 
dynamics of biogeography. In particular, the amphibian community 
present, along with phylogeny, life-history traits, the response of a 
species, and the type of habitat modifications that have occurred, will all 
vary among regional and local geographical areas. This is especially vital 
for amphibians which are the terrestrial vertebrate group with the 
largest number and highest proportion (~25%) of Data Deficient spe-
cies, and are usually overlooked in conservation (Bland et al., 2017; 
González-del-Pliego et al., 2019). Identifying differences in the usage of 
artificial habitat types among regions is important for defining which 
may be of conservation value and which need to be managed differently 
in the future to improve their usability. Additionally, it is also critical for 

identifying which species are likely to decline or persist in these novel 
habitats so that recovery efforts can be prioritized and tailor-made 
conservation programs established. 

The aim of this study was to assess the global use of anthropogen-
ically modified habitats by amphibian species. We first examined the 
characteristics which may influence the likelihood that a particular 
habitat used by an amphibian species was artificial. These factors 
included the IUCN red list status, life history, habitat suitability, taxo-
nomic order, and the total number of habitat types in which a particular 
species occur. We then assessed and compared the total number and 
proportion of threatened amphibians utilizing artificial habitats among 
countries. Lastly, a decision tree was created to determine where con-
servation efforts should be focused by identifying the probability that a 
threatened amphibian will occupy artificial habitats based on several 
target variables, including the specific artificial habitat type, biogeo-
graphical region, and taxonomic order. 

2. Methods 

Data for amphibian species were obtained and freely available from 
the IUCN, version 2020-1 (IUCN, 2020). This information included red- 
list status, life history, taxonomic order (Table 1), as well as the country 
and biogeographical realm where the species is located. Natural and 
artificial habitats were based on the IUCN classification scheme, version 
3.1 (https://www.iucnredlist.org/resources/habitat-classification-sche 
me), with specific artificial habitats classified as terrestrial or aquatic 
(Table 1). The total number of unique natural and artificial habitats 
occupied by each species was used as a general estimation of whether 
they were closer to habitat generalists (more habitats) or specialists 
(fewer habitats). Habitat suitability was also obtained from the IUCN 
and defined by whether the species frequently (suitable) or infrequently 
(marginal) occurs in the particular habitat type of use. For all analyses, 
except the GLMM, we categorized species as either threatened or non- 
threatened (Table 1). All species categorized as extinct, extinct in the 
wild, or with unknown habitats were removed from analyses. 

All statistical analyses were performed in R version 3.6.1. A binomial 
generalized linear mixed model (GLMM) was developed using the 

Table 1 
Categories of selected IUCN variables that were used in the study.   

Artificial habitat types 

IUCN red list 
status 

Threatened 
status 

Life 
history 

Terrestrial Aquatic 

Data deficient 
Critically 
endangered 
Endangered 
Vulnerable 
Near 
threatened 
Least 
concern 

Threatened 
Non- 
threatened 

Terrestrial 
Aquatic 
Both 

Arable land 
Pastureland 
Plantations 
Rural gardens 
Subtropical/ 
tropical 
heavily 
degraded 
forests 
Urban areas 

Aquaculture 
ponds 
Canals and 
drainage 
channels or 
ditches 
Excavations 
(open) 
Irrigated land 
(including 
irrigation 
channels) 
Karst and other 
human-made 
subterranean 
hydrological 
systems 
Ponds (below 8 
ha) 
Seasonally 
flooded 
agricultural land 
Water storage 
areas (over 8 ha) 
Wastewater 
treatment areas  
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“lme4” package (Bates, 2011) to determine the likelihood that a habitat 
used by an amphibian was artificial. The binomial response variable was 
defined by whether the particular habitat utilized by the species was 
artificial or natural. The categorical predictor variables included the 
IUCN red list status, life history, taxonomic order, along with the suit-
ability of the habitat type for that species. The total number of natural 
and artificial habitats used by the species was also included as a nu-
merical predictor. Since nearly all species used more than one habitat 
type, species was included as a random effect to account for repeated 
measures. This random effect was nested within family to account for 
the similar variances that may exist between evolutionary histories. The 
biogeographical realm was also applied as a random effect to control for 
the differences between regions. The “effects” package was used to 
interpret and plot the predicted probabilities of artificial habitat usage 
(Fox and Hong, 2009). 

A chi-square test for homogeneity of proportions was used to 
determine whether there was a difference between the proportion of 
threatened, non-threatened, and data deficient amphibians that utilize 
artificial habitats. Pairwise comparisons were conducted with a Bon-
ferroni correction (α′ = α / k, where α = significance level and k =
number of pairwise comparisons) to control the familywise error rate 
(Beasley and Schumacker, 1995; MacDonald and Gardner, 2000). This 
was then repeated separately for both artificial aquatic and artificial 
terrestrial habitats. An additional chi-square test for homogeneity of 
proportions was used to compare whether the proportion of specific 
artificial habitat used differed between threatened and non-threatened 
amphibian species, with separate tests for aquatic and terrestrial artifi-
cial habitats. To perform this analysis, we calculated the proportional 
use of each habitat type by counting the number of species that use the 
habitat and dividing by the total sum across all other artificial aquatic 
and terrestrial habitats, respectively. A Bonferroni correction was then 
conducted for all pairwise comparisons. 

Classification and regression trees (CART), hereafter decision trees, 
were created using the “rpart” package (Therneau et al., 2010) to predict 
the threatened status of amphibians that occupy artificial habitats based 
on several target variables. Decision trees are a non-parametric statis-
tical machine learning algorithm that operates by recursive partitioning 
or filtering of the data into subsets based on key input variables of in-
terest, to predict the value of a target variable (Olden et al., 2008). The 
algorithm evaluates all possible splits of the data based on all input 
variables and decides on the best manner in which the data should be 
partitioned. For our decision tree, species data underwent partitioning 
based on three input variables (biogeographical realm, artificial habitat 
type, and taxonomic order), with the response variable being the 
probability of species being classified as threatened. To better target 
conservation efforts, another decision tree was created focusing on 
specific amphibian families instead of taxonomic order. All data defi-
cient species were omitted from theseanalyses. 

3. Results 

A total of 6786 amphibian species were analyzed in the study. Of 
those, 2000 (29.47%) were found in artificial habitats, with 1764 
(25.99%) utilizing terrestrial artificial habitats, and 825 (12.16%) using 
aquatic artificial habitats. Nearly every species used natural habitats, 
except for a small number (9) found exclusively in artificial habitats; 
mainly plantations and degraded forests in the Indomalayan region. For 
species using artificial habitats, the number of artificial habitat types 
used ranged from one to 15, with an average of 2.8 habitats. 

3.1. GLMM 

In general, species were more likely to use natural compared to 
artificial habitats, except for caecilians and species that used a greater 
number of habitat types (Appendix S1). Nevertheless, the probability of 
a species using artificial habitats decreased as their red list status 

increased, with the probability for data deficient species similar to that 
of endangered and critically endangered species (Fig. 1a, Appendix S1). 
The use of artificial habitats was also influenced by life history, with 
terrestrial species more likely to use these habitats compared to those 
which are exclusively aquatic or both (Fig. 1b, Appendix S1). Caecilians 
were much more likely to utilize artificial habitats compared to frogs 
and salamanders (Fig. 1c, Appendix S1). Artificial habitats were also 
much more likely to be utilized as marginal habitat types (Fig. 1d, Ap-
pendix S1). Lastly, amphibian species were more likely to use artificial 
habitat if they used a larger variety of habitat types (i.e. generalists), 
compared to those which used fewer habitat types (i.e. specialists) 
(Fig. 1e, Appendix S1). 

3.2. Habitat usage 

The proportion of non-threatened, threatened, and data deficient 
species that used artificial habitats differed across all (χ2 = 734.93, p <
0.00001), aquatic (χ2 = 514.71, p < 0.00001), and terrestrial (χ2 =

627.85, p < 0.00001) artificial habitats. Non-threatened species 
exploited all artificial habitats (45.30%) more often than both threat-
ened (16.49%) and data deficient species (13.47%), with similar trends 
within artificial aquatic and terrestrial habitats separately (Appendix 
S2). However, a generally smaller proportion of species were found in 
aquatic habitats compared to terrestrial habitats: 21.67% and 40.01% of 
non-threatened amphibians, 4.09% and 14.12% of threatened amphib-
ians, and 2.97% and 12.24% for data deficient species, respectively 
(Appendix S2). 

Threatened and non-threatened species did not differ in their pat-
terns of usage between particular artificial aquatic habitats (χ2 = 16.69, 
p = 0.054), with the most commonly used being ponds below 8 ha, 
canals, ditches, and drainage channels, and irrigated land (Fig. 2a). 
However, there was a significant difference in usage of artificial 
terrestrial habitat types between threatened and non-threatened species 
(χ2 = 107.14, p < 0.001; Fig. 2b), with a higher proportion of threatened 
species found in plantations and subtropical/tropical heavily degraded 
former forests while a higher proportion of non-threatened species were 
observed in rural gardens and urban areas (Fig. 2b). 

Artificial aquatic habitats were generally suitable for both threat-
ened and non-threatened species, particularly aquaculture ponds, ponds 
below 8 ha, and water storage areas (Appendix S3a). However, 
seasonally flooded agricultural lands and wastewater treatment areas 
were mostly marginally suitable for both threatened and non-threatened 
species (Appendix S3a). Artificial terrestrial habitats were less 
frequently suitable, especially for threatened and data deficient species 
(Appendix S3b), except for plantations, rural gardens, and urban areas, 
which were more suitable for both threatened and non-threatened spe-
cies (Appendix S3b). 

3.3. Regional summary 

Overall, artificial habitats were used in 209 countries, with the 
greatest number in Brazil (238), Colombia (217), Peru (132), 
Madagascar (130), and Ecuador (122) (Appendix S4). Threatened spe-
cies using artificial habitats were found in 89 countries, with the greatest 
number in Mexico (41), Madagascar (34), India (22), Sri Lanka (22), and 
China (20) (Fig. 3, Appendix S4). The highest proportion of threatened 
species found in artificial habitats occurred in southern Europe, western 
and eastern Africa, Southern Asia, and the Caribbean (Fig. 3). Specif-
ically, the highest proportion of species using artificial habitats that 
were also threatened were in Sri Lanka (28.95%, N = 22), Cameroon 
(25.33%, N = 19), Dominican Republic (25%, N = 10), India (22.22%, 
N = 22), and Honduras (20.83%, N = 15) (Fig. 3, Appendix S4). 

3.4. Decision tree 

Differences in the predicted threatened status of amphibian species 
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were found between orders, habitat type of use, and realm (Fig. 4). The 
species data was initially partitioned into subsets based on order, with 
frogs and caecilians split from salamanders; the latter of which generally 
contained a larger proportion of threatened species (Fig. 4). Among both 
frogs and caecilians, habitats such as artificial ponds less than 8 ha, 
irrigated lands, rural gardens, urban areas, and seasonally flooded 
agricultural land contained mostly non-threatened species (Fig. 4). In 
contrast, plantations, subtropical/tropical heavily degraded former 
forests, and wastewater treatment areas contained a much greater pro-
portion of threatened frog and caecilian species, particularly in Afro-
tropical, Indomalayan and Oceanian regions where nearly a quarter of 
these species were threatened when compared to half as many in Aus-
tralasian, Nearctic, Neotropical, and Palearctic regions (Fig. 4). Among 
salamanders, artificial habitats such as aquaculture ponds, excavations, 
irrigated land, wastewater treatment sites, and urban areas contained 
mostly non-threatened species, while subtropical/tropical heavily 
degraded former forests and plantations were mostly comprised of 
threatened species across all biogeographical realms (Fig. 4). Ponds less 
than 8 ha, canals and ditches, water storage, arable land, pastureland, 

and rural gardens were nearly four times more likely to have threatened 
salamander species in Indomalayan and Neotropical regions compared 
to Nearctic and Palearctic regions; while the latter regions were nearly 
four times more likely to contain threatened salamander species in 
seasonally flooded agriculture than the former regions (Fig. 4). The 
predicted threatened status of an amphibian species was also found to 
differ between amphibian families and particular types of artificial 
habitats (Appendix S5) 

4. Discussion 

Nearly a third of all amphibian species worldwide use artificial 
habitats, including approximately half of all non-threatened species and 
an eighth of threatened species. The likelihood that an artificial habitat 
would be utilized was inversely related to the IUCN red list status, with 
least concern species more likely than critically endangered species. 
Data deficient species utilized artificial habitats as much as endangered 
and critically endangered species, suggesting most are also likely 
threatened, concurring with previous studies (González-del-Pliego et al., 

Fig. 1. The probability that the habitat utilized by an amphibian species was artificial based on the (A) red list status, (B) life history, (C) habitat suitability, (D) 
order, and (E) the total number of habitats used by a species, with 95% confidence intervals. 
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2019; Howard and Bickford, 2014). The total number of habitats used by 
a species precipitously increased the likelihood of their presence in 
artificial habitats. Species considered generalists are typically found in 
diverse habitats due to their greater ability to adapt and exploit 
changing conditions, while habitat specialists, which utilize fewer 
habitats, are evolutionarily better adapted to particular environmental 
conditions and are subsequently much less resilient to even slight 
habitat modifications (Cordier et al., 2021; Nowakowski et al., 2018; 

Pyron, 2018). While our findings indicate that species that are more 
vulnerable to extinction, including habitat specialists and those listed as 
threatened, are less likely to be found in artificial habitats, there is clear 
evidence that artificial habitats are widely used by amphibians and have 
the potential to become more exploitable given appropriate 
management. 

Caecilians were also much more likely to be found in artificial hab-
itats compared to frogs or salamanders. Although habitat modification is 

Fig. 2. The proportion of non-threatened (white) and threatened (black) amphibian species found in each habitat type relative to the total number of all (A) aquatic 
and (B) terrestrial habitats used by a species, respectively. Asterisks represent significant differences between threatened and non-threatened species for particular 
habitat types, p < 0.0001. 

Fig. 3. Threatened species using artificial habitat by total number and proportion, represented by circle size and color, respectively. (Interpretation of the references 
to color are represented on the Figure legend.) 
Map created with Tableau Public 2020.1. 
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thought to be a leading cause of caecilian declines, many agricultural 
and irrigated habitats maintain healthy populations and are considered 
important for caecilian conservation given their structural similarity to 
natural habitats (Gower and Wilkinson, 2005). While their fossorial life 
history may make them less susceptible to human disturbance than other 
amphibians, leading to this overrepresentation in artificial habitats, this 
may also make them less detectable, especially in natural environments, 
thereby inflating their probability of being recorded in artificial habi-
tats. Additionally, while most caecilians with known conservation status 
are considered non-threatened, more than half are data deficient, 
making it difficult to identify the full impact of such disturbances in this 
group (Gower and Wilkinson, 2005). 

Exclusively terrestrial species were more likely to be found in arti-
ficial habitats than exclusively aquatic species or those found in both. 
This may be a reflection of the dependence of a majority of amphibians 
on terrestrial habitats, particularly forests (Stuart et al., 2008). While 
artificial habitats used by amphibians were generally categorized as 
marginally suitable, there was a smaller percentage of terrestrial habi-
tats considered suitable compared to aquatic habitats. This disparity 
may allude to the poor quality of modified terrestrial habitats and sug-
gests that the presence of species in these areas is likely due to the 
absence of more suitable artificial habitat types. Indeed, while non- 
threatened amphibians were twice as likely to be found in terrestrial 
habitats compared to aquatic artificial habitats, threatened species were 
three and half times more likely to utilize terrestrial artificial habitats. 
Unsurprisingly, threatened species were more often found in heavily 
degraded forests and plantations than all other artificial terrestrial 
habitats combined, reflective of the 40% of forest-dwelling amphibians 
globally that are currently threatened (Stuart et al., 2008; Vié et al., 
2009). This is cause for concern, given that forest-dependent species are 
less able to survive in artificial habitats (Thompson et al., 2016), 
particularly evolutionary-distinct species that are disproportionally lost 

when forests are modified (Greenberg et al., 2018). 
The value of other artificial habitats varied considerably and was 

dependent on both taxonomic order and biogeographical region. For 
example, two-thirds of all salamanders in artificial ponds, water storage, 
arable land, and rural gardens were threatened within the Indomalayan 
and Neotropical regions, which was 10 times greater than frogs and 
caecilians; while four times as many frogs and caecilians than sala-
manders were threatened in these habitats within Nearctic and Pale-
arctic regions. Threatened frog and caecilian species were also up to 
three times more likely to use degraded forests, plantations, and 
wastewater treatment areas than any other artificial habitat. However, 
nearly a quarter of frogs and caecilians in these three artificial habitats 
were threatened in Afrotropical, Indomalayan, and Oceanian regions; 
twice more than any other region. Although the reasons for these intra- 
regional differences are beyond the scope of this study, it suggests that 
similar habitat modifications result in vastly different outcomes for 
affected species. This may be due to differences in the suitability of 
similar habitat conversions among regions, in conjunction with differ-
ences in the ability of species to cope with these changes based on life- 
history parameters that make them more or less adaptable. 

In contrast, the greatest number of non-threatened species regardless 
of phylogeny or region were found in rural gardens and urban areas, 
whose homogenized communities are likely composed of common and 
disturbance-tolerant species that are better able to colonize and exploit 
these artificial habitats (Brand and Snodgrass, 2010; Hamer and 
McDonnell, 2008; Thompson et al., 2016). Other habitats harboring 
nearly exclusively non-threatened amphibians, were aquaculture ponds, 
excavations, and irrigated land. Aquaculture ponds have been consid-
ered important for amphibian conservation as they can support high 
levels of biodiversity (Kloskowski, 2010), while excavations in indus-
trialized sites have been found to be serve as a habitat refuge, especially 
in areas lacking natural permanent and interconnected waterbodies 

Fig. 4. Decision tree analysis determining the probability of a threatened amphibian species using an artificial habitat. Nodes represent taxonomic order, biogeo-
graphical realm, and artificial habitat type. Habitats are colored blue for aquatic habitats and green for terrestrial habitats, leaf nodes are colored darker red for a 
high probability of being threatened and darker blue for a lower probability of being threatened. Artificial aquatic habitats include water storage areas (over 8 ha), 
ponds (below 8 ha), aquaculture ponds, excavations (open), wastewater treatment areas, irrigated land (includes irrigation channels), seasonally flooded agricultural 
land, canals and drainage channels or ditches, karst and other subterranean hydrological systems (human-made). Artificial terrestrial habitats include arable land, 
pastureland, plantations, rural gardens, urban areas, and subtropical/tropical heavily degraded forest. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
Created with creately.com 
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(Valdez et al., 2015). Meanwhile, irrigated lands, such as rice fields, can 
also serve as suitable replacement habitats for species originally occu-
pying wetlands (Fujioka and Lane, 1997; Maltchik et al., 2011), with 
many former wetland breeders becoming exclusively rice paddy 
breeders (Borzée et al., 2018). This illustrates that the ability of artificial 
habitats to continue to support amphibian species is not only dependent 
on the species types present but on the number of resources that remain 
within the landscape once modifications have occurred. While some 
habitat modifications are likely to be the direct cause of species 
becoming threatened, as they can no longer be exploited, other types of 
modifications may act as a buffer and indeed prevent species from 
becoming threatened as they remain highly exploitable. 

Other artificial habitats with potential value, particularly for frogs 
and caecilians, included aquatic habitats such as ponds, canals and 
ditches, karst, water storage; and terrestrial habitats such as arable land, 
pastureland, and seasonally flooded agricultural lands. Artificial aquatic 
habitats such as stormwater ponds, watersheds, water tanks, fountains, 
farm ponds, irrigation channels, quarries, drainage ditches, pastures, 
and seasonally flooded agricultural land are particularly valuable in 
areas where former wetlands have been lost, providing suitable sites for 
breeding, as well as facilitating movement throughout the landscape 
(Brand and Snodgrass, 2010; Caballero-Díaz et al., 2020; Cordier et al., 
2021; Curado et al., 2011; Ferreira and Beja, 2013; Hamer et al., 2012; 
Knutson et al., 2004; Le Viol et al., 2012; Mazerolle, 2005; Pulsford 
et al., 2018; Ruhí et al., 2012). Additionally, karst and other artificial 
subterranean hydrological systems are vital for species that are exclu-
sively restricted to these habitats and have been shown to have the ca-
pacity to be biodiversity hotspots harboring large concentrations of 
endemic species (Luo et al., 2016). However, these habitats contain 
mostly non-threatened species more resilient to habitat changes (Now-
akowski et al., 2018; Pyron, 2018), with many species having likely been 
extirpated from these areas post-modification. 

The countries that recorded the greatest number of amphibians uti-
lizing artificial habitats were Brazil, Colombia, Peru, Madagascar, and 
Ecuador. This is expected given that these are not only the top four 
countries (besides Madagascar, at number 12) containing the most 
amphibian species, but also have extremely high rates of deforestation 
(Vié et al., 2009). The top five countries with the most threatened spe-
cies using artificial habitats were Mexico, Madagascar, India, Sri Lanka, 
and China; yet these are ranked second, tenth, ninth, fourteenth, and 
sixth in the total number of threatened species they contain, respec-
tively. The incongruency may be due to their lack of sufficiently pro-
tected natural areas, considering that Mexico, Madagascar, and India 
contain the greatest number of amphibian species whose ranges do not 
fall within protected areas (Nori et al., 2015). Meanwhile, geographical 
areas with the highest proportion of threatened species using artificial 
habitats included western and eastern Africa, southern Asia, and the 
Caribbean; particularly the countries of Cameroon, Dominican Republic, 
and Honduras. This is concerning, given the high degree of endemism 
and the high occurrence of evolutionarily distinct species in these areas 
(Safi et al., 2013). Identifying the areas with high proportions of 
endemic and threatened species utilizing artificial habitats is therefore 
critical in prioritizing conservation efforts in these areas so that further 
declines can be minimized or prevented. 

This study suggests that amphibians can persist, and possibly even 
thrive in converted landscapes and that some may be of conservation 
value by serving as refuges for threatened species. In some circum-
stances, traditionally-managed landscapes or low-intensity farming in 
the absence of heavy machinery and chemical pollutants may passively 
allow for their use by amphibian species by providing the resources 
required for their persistence (Cordier et al., 2021; Hartel et al., 2010; 
Manenti et al., 2013). However, human-dominated landscapes also have 
the potential to be actively managed to increase their conservation value 
(Kremen and Merenlender, 2018). For example, the formation of land-
scape mosaics from ecosystem-based forest management, agroforestry, 
silvopastoral systems, green urban spaces, pond-scapes, and diversified 

farming are some strategies that can integrate and connect artificial 
habitats with natural habitats and maintain biodiversity (Arntzen et al., 
2017; Kremen and Merenlender, 2018; Niemeier et al., 2020; Swartz and 
Miller, 2019). Nevertheless, the best approach is context-dependent, and 
evidence-based research and experimental trials can help to determine 
the potential value of artificial habitats within particular landscapes 
(Kremen and Merenlender, 2018; Semlitsch et al., 2009; Valdez et al., 
2019), along with modern approaches that can help identify preferred 
habitat management schemes across disjunct habitat networks (Scroggie 
et al., 2019). 

While we demonstrate that some artificial habitats can be of con-
servation value, they are not a substitute for natural habitats, and their 
value is dependent on how closely they mimic natural conditions. It 
must also be noted that the IUCN habitat suitability categories used in 
the study are a proxy and based on the frequency of occurrence of a 
species within a habitat, which may not accurately reflect its true value. 
Indeed, the presence of species in an artificial habitat does not neces-
sarily mean it is biologically relevant. It is possible that spill over from 
surrounding areas has resulted in their presence or that some species are 
forced into these areas as no remnants of their former habitats remain. 
As such, many species in artificial habitats may currently be undergoing 
an extinction debt and may eventually be lost (Semlitsch et al., 2017). 
Further, it is likely that the availability of artificial habitat differs widely 
between species in a manner dependent on their distribution, with some 
possessing ranges that do not intersect with any modified areas at all. 
This could account for the lack of presence of some species in any arti-
ficial habitats. However, this study demonstrates clear differences be-
tween artificial habitat types, and future research efforts should focus on 
those that are used by a greater number of species, particularly threat-
ened species, to determine whether they are indeed suitable. Moreover, 
as there were clear differences between amphibian families and specific 
types of artificial habitats, phylogenetic comparative analyses should be 
conducted to test for clustering of artificial habitats within phylogenetic 
lineages and possibly reconstruct pre-adaptation traits to particular 
artificial habitats within certain clades. Additionally, artificial habitats 
are highly variable relative to their degree of modification, which must 
be considered for future conservation studies. Lastly, conservation 
projects should nevertheless be cautious since the presence of an 
amphibian species that did not previously occupy an area may alter 
trophic chains and be detrimental to other non-targeted species. Of 
course, the use of artificial habitats as a conservation tool, alongside the 
creation of protected areas, will only be successful by managing 
threatening processes, particularly contaminants, invasive species, and 
infectious diseases, which are more likely encountered in modified 
landscapes. 

Given the current and likely increasing number of amphibian species 
in artificial habitats, it is imperative to determine the value of artificial 
habitat types and the degree to which species rely on them. Identifying 
and conserving features of artificial habitats that allow for species 
persistence, and applying this knowledge to improve the usability of 
other modified areas currently lacking in these features, maybe critical 
for stemming current rates of amphibian decline, particularly as the last 
remnants of natural habitat continue to be modified and lost. Further, by 
understanding the potential value of each artificial habitat type and the 
relationship between habitat use and threatened status, it may be 
possible to predict which species will experience declines if alterations 
to their habitats occur, thereby allowing fast-paced investment into 
mitigating their decline and facilitating their recovery. Pinpointing 
artificial habitats and locations where additional conservation efforts 
are required will also be especially important for the nearly 1400 data 
deficient species that are most likely threatened in these habitats, as well 
as the growing number of species that will be forced into human- 
modified habitats in the future. 
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Niemeier, S., Müller, J., Struck, U., Rödel, M.-O., 2020. Superfrogs in the city: 150 year 
impact of urbanization and agriculture on the European Common Frog. Glob. Chang. 
Biol. 26, 6729–6741. https://doi.org/10.1111/gcb.15337. 

Nori, J., Lemes, P., Urbina-Cardona, N., Baldo, D., Lescano, J., Loyola, R., 2015. 
Amphibian conservation, land-use changes and protected areas: a global overview. 
Biol. Conserv. 191, 374. 

Nowakowski, A.J., Thompson, M.E., Donnelly, M.A., Todd, B.D., 2017. Amphibian 
sensitivity to habitat modification is associated with population trends and species 
traits. Glob. Ecol. Biogeogr. 26, 700–712. 

Nowakowski, A.J., Frishkoff, L.O., Thompson, M.E., Smith, T.M., Todd, B.D., 2018. 
Phylogenetic homogenization of amphibian assemblages in human-altered habitats 
across the globe. Proc. Natl. Acad. Sci. 115, E3454–E3462. 

Olden, J.D., Lawler, J.J., Poff, N.L., 2008. Machine learning methods without tears: a 
primer for ecologists. Q. Rev. Biol. 83, 171–193. 

Pulsford, S.A., Barton, P.S., Driscoll, D.A., Kay, G.M., Lindenmayer, D.B., 2018. Reptiles 
and frogs use most land cover types as habitat in a fine-grained agricultural 
landscape. Austral Ecol. 43, 502–513. 

Pyron, R.A., 2018. Global amphibian declines have winners and losers. Proc. Natl. Acad. 
Sci. 115, 3739–3741. 

Rubbo, M.J., Kiesecker, J.M., 2005. Amphibian breeding distribution in an urbanized 
landscape. Conserv. Biol. 19, 504–511. 

Ruhí, A., Sebastian, O.S., Feo, C., Franch, M., Gascón, S., Richter-Boix, À., Boix, D., 
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