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A global analysis of habitat fragmentation research in reptiles and amphibians: what have we done so far?
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Habitat change and fragmentation are the primary causes of biodiversity loss worldwide. Recent decades have seen a surge of funding, published papers and citations in the field as these threats to biodiversity continue to rise. However, how research directions and agenda are evolving in this field remains poorly understood. In this study, we examined the current state of research on habitat fragmentation (due to agriculture, logging, fragmentation, urbanisation and roads) pertaining to two of the most threatened vertebrate groups, reptiles and amphibians. We did so by conducting a global scale review of geographical and taxonomical trends on the habitat fragmentation types, associated sampling methods and response variables. Our analyses revealed a number of biases with existing research efforts being focused on three continents (e.g., North America, Europe and Australia) and a surplus of studies measuring species richness and abundance. However, we saw a shift in research agenda towards studies utilising technological advancements including genetic and spatial data analyses. Our findings suggest important associations between sampling methods and prevalent response variables but not with the types of habitat fragmentation. These research agendas are found homogeneously distributed across all continents. Increased research investment with appropriate sampling techniques is crucial in biodiversity hotpots such as the tropics where unprecedented threats to herpetofauna exist.

Introduction

Habitat loss and fragmentation are the predominant causes underlying widespread biodiversity changes in terrestrial ecosystems [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF][START_REF] Newbold | Global effects of land use on local terrestrial biodiversity[END_REF]. These processes may cause population declines by disrupting processes such as dispersal, gene flow, and survival. Over the past 30 years habitat loss and fragmentation have been suggested to have reduced biodiversity by up to 75% in different biomes around the world [START_REF] Haddad | Habitat fragmentation and its lasting impact on Earth's ecosystems[END_REF]. This is mainly due to the clearing of tropical forests, the expansion of agricultural landscapes, the intensification of farmland production, and the expansion of urban areas (FAO and UNEP 2020). The rate of deforestation and corresponding land conversions of natural habitats are happening rapidly and will continue to increase in the future at an accelerated rate, particularly in biodiversity hotspots [START_REF] Deikumah | Biogeographical and taxonomic biases in tropical forest fragmentation research[END_REF][START_REF] Habel | Final countdown for biodiversity hotspots[END_REF]FAO and UNEP 2020).

For this reason, habitat fragmentation has been a central research focus for ecologists and conservationists over the past two decades [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF]. However, habitat fragmentation consists of two different processes: loss of habitat and fragmentation of existing habitat [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF]. The former simply means the removal of habitat, and latter is the transformation of continuous areas into discontinuous patches of a given habitat. In a radical review, [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF] suggested that fragmentation per se, i.e., the breaking up of habitat after controlling for habitat loss, has a weaker or even no effect on biodiversity compared to habitat loss. She further recommended that the effects of these two components should be measured independently [START_REF] Fahrig | Ecological responses to habitat fragmentation per se[END_REF]. Despite being recognised as two different processes, researchers tend not to distinguish between their effects and commonly lump the combined consequences under a single umbrella term "habitat fragmentation" [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF][START_REF] Fahrig | Ecological responses to habitat fragmentation per se[END_REF][START_REF] Lindenmayer | Tackling the habitat fragmentation panchreston[END_REF][START_REF] Riva | Protecting many small patches will maximize biodiversity conservation for most taxa: the SS > SL principle[END_REF]. Nonetheless, fragmentation has been widely recognised in the literature and describes changes that occur in landscapes, including the loss of habitat [START_REF] Hadley | Refocusing habitat fragmentation research using lessons from the last decade[END_REF]. Hence, to avoid imprecise or inconsistent use of terminology and provide a holistic view of the effect of modified landscapes, we suggest the term "habitat fragmentation" to indicate any type of landscape change, both habitat loss and fragmentation throughout the current paper.

One main conundrum is that biodiversity decline does not occur homogeneously everywhere nor among all species [START_REF] Blowes | The geography of biodiversity change in marine and terrestrial assemblages[END_REF]. Moreover, we should expect a global disparity in biodiversity responses to habitat fragmentation across different biomes [START_REF] Newbold | Tropical and Mediterranean biodiversity is disproportionately sensitive to land-use and climate change[END_REF][START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF]. For example, tropical regions are predicted to have higher negative effects of habitat fragmentation than temperate regions. There are two possible reasons: a) higher intensification of land use change in the tropics [START_REF] Barlow | The future of hyperdiverse tropical ecosystems[END_REF], and b) forest animals in the tropics are less likely to cross open areas [START_REF] Lebart | Edge responses of tropical and temperate birds[END_REF]). Furthermore, individual species respond to landscape modification differently; some thrive whereas others decline [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF]. Habitat specialists with broader habitat tolerance and wide-ranging distributions are most likely to benefit from increase landscape heterogeneity and more open and edge habitat [START_REF] Hamer | Amphibian ecology and conservation in the urbanising world: a review[END_REF][START_REF] Newbold | A global model of the response of tropical and sub-tropical forest biodiversity to anthropogenic pressures[END_REF][START_REF] Palmeirim | Herpetofaunal responses to anthropogenic forest habitat modification across the neotropics: insights from partitioning β-diversity[END_REF]. Therefore, appropriate response metrics should be used in measuring the effect of habitat fragmentation on biodiversity depending on the taxa group, biome and scale of study as patterns of richness can sometimes be masked by the abundance of generalist species [START_REF] Riemann | The value of forest fragments for maintaining amphibian diversity in Madagascar[END_REF][START_REF] Palmeirim | Herpetofaunal responses to anthropogenic forest habitat modification across the neotropics: insights from partitioning β-diversity[END_REF].

Previous reviews have identified general patterns and responses of reptile and amphibian populations to habitat modification. They have been largely centred around specific types of habitat fragmentation: land use change [START_REF] Newbold | Tropical and Mediterranean biodiversity is disproportionately sensitive to land-use and climate change[END_REF], logging [START_REF] Sodhi | Southeast Asian biodiversity: an impending disaster[END_REF]), fragmentation per se [START_REF] Fahrig | Ecological responses to habitat fragmentation per se[END_REF], urbanisation [START_REF] Hamer | Amphibian ecology and conservation in the urbanising world: a review[END_REF][START_REF] Mcdonald | Urbanization and Global Trends in Biodiversity and Ecosystem Services[END_REF], fire [START_REF] Driscoll | How fire interacts with habitat loss and fragmentation[END_REF], and roads [START_REF] Rytwinski | Do species life history traits explain population responses to roads? A metaanalysis[END_REF]. Few reviews have, however, attempted a global synthesis of all types of land use changes and even fewer have addressed biases in geographical regions and taxonomical groups (but see [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF] and [START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF]). [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF] synthesised the extant literature and focused on 112 papers on the consequences of habitat fragmentation on reptiles and amphibians published between 1945 and 2006. They found substantial biases across geographic regions, biomes, types of data collected as well as sampling design and effort. However, failure to report basic statistics by many studies prevented them from performing meta-analyses on research conclusions. More recently, a review by [START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF] conducted a meta-analysis based on 94 primary studies on the overall effects of land use changes through time and across the globe. Yet, there has been no comprehensive synthesis on the research patterns and agenda of published literature on habitat fragmentation associated with the recent advances of novel research tools and techniques. Therefore, our review may provide new insights of the evolution and biases in the field over the last decades and provide a basis for future research directions. Knowledge gaps caused by these biases could hamper the development of habitat fragmentation research and the implementation of effective strategies for conservation.

We aim to remedy this by examining research patterns for the two vertebrate classes Amphibia and Reptilia, at a global scale. We chose amphibians and reptiles for several reasons. First, habitat fragmentation research has been dominated by birds and mammals [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF]. Reptiles and amphibians, on the other hand, are under-represented; together, they constitute only 10% of the studies [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF]. Second, high proportions of amphibian and reptile species are threatened globally. To date, more than one third of amphibian (40%) and one in five reptile species (21%) are threatened with extinction [START_REF] Stuart | Status and trends of amphibian declines and extinctions worldwide[END_REF][START_REF] Cox | A global reptile assessment highlights shared conservation needs of tetrapods[END_REF]. Amphibians are known to be susceptible to land transformation as a result of their cryptic nature, habitat requirements, and reduced dispersal ability [START_REF] Green | The ecology of extinction: population fluctuation and decline in amphibians[END_REF][START_REF] Sodhi | Measuring the meltdown: drivers of global amphibian extinction and decline[END_REF][START_REF] Ofori-Boateng | Differences in the Effects of Selective Logging on Amphibian Assemblages in Three West African Forest Types[END_REF][START_REF] Nowakowski | Tropical amphibians in shifting thermal landscapes under land-use and climate change[END_REF]. Although poorly studied (with one in five species classified as data deficient) [START_REF] Böhm | The conservation status of the world's reptiles[END_REF], reptiles face the same threats as those impacting amphibians [START_REF] Gibbons | The Global Decline of Reptiles, Déjà Vu Amphibians: reptile species are declining on a global scale. Six significant threats to reptile populations are habitat loss and degradation, introduced invasive species, environmental pollution, disease, unsustainable use, and global climate change[END_REF][START_REF] Todd | The Global Status of Reptiles and Causes of Their Decline[END_REF][START_REF] Cox | A global reptile assessment highlights shared conservation needs of tetrapods[END_REF]. Reptiles have small distributional ranges with high endemism compared to other vertebrates and as such are likely vulnerable to habitat fragmentation [START_REF] Todd | The Global Status of Reptiles and Causes of Their Decline[END_REF][START_REF] Meiri | Extinct, obscure or imaginary: the lizard species with the smallest ranges[END_REF]. Third, both these groups are poikilotherms whose physiology makes them highly dependent on temperature and precipitation levels. Hence, they are very sensitive to changing thermal landscapes [START_REF] Nowakowski | Tropical amphibians in shifting thermal landscapes under land-use and climate change[END_REF].

Here, we first ask how is the published literature distributed across geographic regions and taxa? Is there a bias in the geographic distribution of species studied compared to known species? It is well known that conservation and research efforts are often concentrated in wealthy and English-speaking countries [START_REF] Fazey | Who does all the research in conservation biology?[END_REF]), but has this bias improved over the years? Second, how are researchers conducting these studies? We assess whether certain sampling methods and response variables are associated to specific types of habitat fragmentation. Over the past decades new tools and techniques are constantly being discovered or developed. Combinations of methodologies are now shedding new light on biodiversity responses and consequences of habitat fragmentation. In particular, genetic techniques are useful in detecting changes in population structure, identifying isolated genetic clusters, and in estimating dispersal [START_REF] Smith | Dispersal responses override density effects on genetic diversity during post-disturbance succession[END_REF]. Similarly, habitat occupancy and modelling can also provide powerful insights into dispersal [START_REF] Driscoll | The trajectory of dispersal research in conservation biology[END_REF]. Remote sensing data are now used in analysing effects of area, edge, and isolation [START_REF] Core | Modeling spatial distribution of amphibian populations: a GIS approach based on habitat matrix permeability[END_REF]. Finally, how are these associations or research agendas distributed across space? We expect to find geographic structure of emerging agendas across the globe. For instance, we predict genetic studies to be located in North America and Europe but also in East Asian countries such as China and Japan as a result of their advancement in genetics [START_REF] Forero | Current needs for human and medical genomics research infrastructure in low and middle income countries[END_REF]. On the other hand, simple biodiversity response indicators which do not require extensive capacity building and application of advanced technologies are likely more used in developing regions of the world [START_REF] Barber | Advancing biodiversity research in developing countries: the need for changing paradigms[END_REF]. These findings are valuable to evaluate and update the global status of our research on the effects of habitat fragmentation on herpetofauna and to suggest recommendations for conservation plans.

Materials and methods

Data collection

We conducted the review according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Fig. 1) [START_REF] Moher | Preferred reporting items for systematic reviews and metaanalyses: the PRISMA statement[END_REF]). We conducted a comprehensive and exhaustive search using Web of Science to review published studies reporting the consequences of habitat fragmentation on amphibians and reptiles. We consulted the database in November 2019 by using two general search strings: (1) Habitat fragmentation AND (frog* OR amphib* OR salamander* OR tadpole*) (2) Habitat fragmentation AND (reptil* OR snake* OR lizard* OR turtle* OR crocodile*). This returned a total of 869 records from search (1) and 795 from search (2), with 1421 unique records remaining after duplicates were removed. We did not include "habitat loss" in our search term as it would only introduce unrelated articles focusing on biodiversity and conservation management instead of methodology and mechanistic approaches.

Throughout, we use the term papers to refer to individual journal article records. Out of the 1421 papers, we were unfortunately not able to locate seven papers from Acta Oecologica, Zoology: Analysis of Complex Systems, Israel Journal of Ecology and Evolution, Western North American Naturalist, Natural Areas Journal, Ecology, and the Herpetological Journal. We screened all articles from the title through the full text to determine whether they met our criteria for inclusion. To be included, studies needed to fulfil several criteria. First, papers needed to be peer-reviewed journal articles containing data collected on reptiles and/or amphibians at the species level (224 articles rejected because no species-specific data was available). Reviews and metastudies (n = 102) were excluded from the data analysis as they may represent duplicates as they are mainly based on data sets from other papers, but these form an integral part of our discussion. Furthermore, papers which do not provide data on contemporary time scales such as long-term (> 10, 000 years ago) changes on the paleo-spatial patterns (n = 59) were excluded. Because the effects of fragmentation per se have been measured inconsistently by many authors and have not been differentiated from habitat removal [START_REF] Fahrig | Effects of habitat fragmentation on biodiversity[END_REF], we consider any recent anthropogenic habitat degradation, and modification at patch or/and landscape scales during the Holocene as an effect of habitat fragmentation. Only papers which examined direct or indirect effects of habitat fragmentation were included in our analysis, regardless of the magnitude and direction. Papers which did not mention specific types of habitat fragmentation as the focus of their study (n = 338) were excluded.

Geographical and taxonomical distribution

Using the selected papers, we compiled a taxonomic and geographical database for each paper: (a) GPS or georeferenced location of the study site; (b) the focal group investigated (amphibian and/or reptile); (c) taxonomic groups (order, family, genus).

We listed the overall number of species studied covered by selected papers in each continent and compared them to the total number of currently described species. We obtained total described species of both reptiles and amphibians from the following sources: ReptileDatabase [START_REF] Uetz | The Reptile Database[END_REF] and AmphibiaWeb (AmphibiaWeb 2021). Then, we calculated the proportions of species covered by the selected papers compared to total number of described species for each continent. We did not update species nomenclature from selected papers as the mismatches from these potentially outdated taxonomies would be insignificant in our analyses. 

Categorisation of papers

Each paper is classified into three main types of data collected: forms of habitat fragmentation, sampling methods, and response variables (Online Appendix 1). A paper can be classified into one or multiple categories in each type of data. The types of data and their following categories were:

Forms of habitat fragmentation

We recorded different types of habitat fragmentation from the selection of studies: (1) "Fragmentation" (includes patch isolation, edge and area effects); (2) "Agriculture" (includes any form of commercial and subsistence farming such as monocultures, plantations, and livestock farming); (3) "Logging" (e.g., agroforestry and silviculture); (4) "Mining" (presence of mining activities); (5) "Urbanisation" (includes presence of cities, towns or villages and parks created for recreational purposes); (6) "Road" (includes any vehicle roadway such as railways and highways) and ( 7) "Other types of habitat fragmentation" (e.g., fire, river dams, ditches, diseases, desertification etc.). Many studies deal with more than one type of habitat fragmentation. However, we made sure the selection for fragmentation forms is mainly based on the focus and wordings in the methodology section.

Sampling methods

We report trends in the design and sampling methods among the compiled studies over the last three decades. Due to the substantial variability in the level of sample design information reported by different studies, we narrowed them down into six general categories representing common sampling methods. Common methods used in estimating herpetofauna diversity (e.g., visual transect surveys, acoustic monitoring and trapping methods) were not included in the analyses due to their omnipresence in the data. The categories are:

(1) "Genetics" studies documented any use of codominant markers (i.e., allozymes and microsatellites), dominant markers [i.e., DNA sequences, random amplified polymorphic DNA (RAPDs) and amplified fragment length polymorphism (AFLPs)] to analyse genetic variability and gene diversity respectively. (2) "Direct tracking methods" studies measured potential dispersal distances or species movement patterns by means of radio telemetry, mark-recapture methods, or fluorescent powder tracking. (3) "Aerial photographs" studies reported the use of aerial photographs while (4) "GIS/Satellite image" studies described the use of satellite imagery and land cover data (i.e., Landsat) and GIS programs (e.g., QGIS and ArcGIS, etc.) in analysing spatial variables. (5) "Experimental" studies involved predictions tested through empirical studies, regardless if they occur naturally or artificially; in a natural or a captive environment. (6) "Prediction/simulation models" studies made use of techniques such as ecological niche models, habitat suitability (i.e., occurrence and occupancy models) and simulations for probability of survival and population connectivity.

Response variables

To further conceptualise how the effects of habitat fragmentation are measured, we assigned 12 biodiversity or ecological response variables. We recorded the type of data that was used in all selected studies: (1) "Species richness or diversity" which are measures of species richness, evenness or diversity (such as the Shannon-Wiener index) (Colwell 2009); (2) "Functional richness or species guilds" describes diversity indices based on functional traits (such as body size, reproductive modes, microhabitat association or taxonomic groups); (3) "Presence/absence" or species occupancy; (4) "Population" includes an estimation of population size or density (only when measured specifically in the paper). It includes genetic variation and divergence within and between populations; (5) "Abundance" or counts of individuals for comparison between habitat fragmentation type or species; (6) "Dispersal" takes into account any displacement or movement and can include indirect measurements of dispersal using genetic techniques; (7) "Breeding sites" which measures available breeding or reproduction sites; (8) "Fitness measure" are records of any physiological, ecological or behavioural changes; (9) "Interspecific interaction" depicts any interaction between species including competition and predation; (10) "Extinction or colonisation rate" counts the number of population extinctions or colonisations within a time period; (11) "Microhabitat preference" includes any direct observation made on an individual's surrounding environmental features (substrate type, perch height, vegetation type, distance to cover etc.); ( 12) "Generalist or specialist comparison" involves any comparison made between generalist and specialist species. Generalists are able to thrive in various environments whereas specialists occupy a much narrower niche; (13) "Other response variables" can include road kill mortality counts, infection rate of diseases, injury, or any effect from introduced animals and a variety of other responses.

Data analysis

All statistical analyses were conducted in the open source statistical software package R 4.1.0 (R Core Team 2021). To gain a broad insight into our understanding of the complexity of habitat fragmentation we applied a Multiple Correspondence Analysis (MCA) [START_REF] Roux | Geometric Data Analysis: From Correspondence Analysis to Structured Data Analysis[END_REF] and Hierarchical Clustering on Principle Components (HCPC) [START_REF] Ward | Hierarchical grouping to optimize an objective function[END_REF] to investigate potential interactions between forms of habitat fragmentation, sampling methods and response variables. MCA is ideal for investigation of datasets with multiple categorical variables and exploration of unbiased relationships between these variables.

We first separate the dataset into papers concerning amphibians or reptiles. The MCA was performed using the MCA function from FactoMineR package of R version 3.1 [START_REF] Lê | FactoMineR: an R package for multivariate analysis[END_REF]). To identify subgroups (cluster) of similar papers within our dataset, we performed cluster analysis on our MCA results using HCPC. The cluster results are then visualised in factor map and dendrogram for easier interpretation using factoextra package. This allows us to identify categorical variables which have the highest effect within each cluster. Statistical analyses were considered significant at α = 0.05, while a p between 0.10 and 0.05 was considered as a tendency. The p-value is less than 5% when one category is significantly linked to other categories. The V tests show whether the category is overexpressed (positive values) or under-expressed (negative values) in the cluster [START_REF] Lebart | Edge responses of tropical and temperate birds[END_REF].

Results from the literature review were also analysed with VOSviewer, freeware for constructing and visualising bibliometric networks (http:// www. vosvi ewer. com/). The program uses clustering techniques to analyse co-authors, co-occurrence of keywords, citations, or co-citations (van Eck and Waltman 2014). First, we analyse co-authorships of countries to provide a geographical representation of groups of authors in various countries over the past 30 years. Each circle represents an author's country and the size represents the collaboration frequency with other countries. The lines between the nodes represent the collaboration networks between the countries while the thickness of the lines indicates the collaboration intensities between them. Lastly, to complement the MCA and HCPC, we used VOSviewer to analyse a clustering solution of categories at an aggregate level. Aggregate clustering is a meta-clustering method to improve the robustness of clustering and does not require a priori information about the number of clusters. In this case, instead of author's keywords, we used the co-occurrence of categories associated to each selected paper as input to run the software.

Results

Geographical and taxonomical distribution

We identified a total of 698 papers published between January 1991 and November 2019 reporting consequences of habitat fragmentations corresponding to our selection criteria (Fig. 1). The complete list of studies included (hereafter termed "selected papers") is available in Online Appendix 2. The distribution of these selected papers between focal groups and among continents was non-homogeneous (Fig. 2). Selected papers reviewed were predominantly studies which were conducted in North America 310 (44%) and Europe 131 (19%), but also from Oceania 104 (15%), South America 85 (12%), Asia 37 (5%) and Africa 31 (5%). For co-authorships between countries based on VOSviewer, the minimum document number of a country was set as 5 and a total of 21 and 14 countries met the threshold for amphibians and reptiles respectively (Fig. 3). For amphibians, countries in the American continent such as United States of America or USA (178 articles), Brazil (38 articles) and Canada (35 articles) have the largest research weight (Fig. 3a). Authors from the USA have the largest international cooperation network, followed by Brazil. Australia and other European countries such as Germany, France and England also have high collaboration relationships with other countries. In contrast, reptile studies were mainly concentrated around two countries: the USA (139 articles) and Australia (86 articles) (Fig. 3b). No other country from the rest of the world has more than 20 articles. While both the USA and Australia have the largest collaboration networks, Canada, Spain and Mexico are also highly cooperative with authors from other countries.

Overall, over half of all selected papers included only amphibians (376 papers; 54%), whilst 276 papers (39%) included only reptiles and 46 papers (7%) assessed both reptiles and amphibians. In relation to species richness, we identified 1490 amphibian species and 1199 reptile species across all papers; among which 141 taxa were not identified to species level but were still included in our analyses as taxonomic units analogous to species (Online Appendix 2). Among these species, more than half of the studied amphibians were found in South America (537; 38%) and North America (328; 23%), followed by Africa (297; 21%), Asia (137; 10%), Europe (77; 5%), and Oceania (51; 3%). Half of the reptile species studied were from North America (302; 25%) and Africa (278; 23%), with the other half consisting of species from Oceania (276; 23%), South America (200; 17%), Europe (76; 6%), and Asia (67; 6%).

When compared to the known species richness in the world, large portions of European species are studied while species from other continents were severely under-represented (Fig. 2). The proportions of amphibian species represented in papers were the highest in Europe (73%), while the proportions are much lower for Africa (23%), North America (23%), South America (18%), Oceania (7%) and Asia (6%) (Fig. 2a). Among reptiles, Europe represents again the highest proportion of studied species (27%), followed by Oceania (18%), Africa (12%), North America (11%) and South America (8.9%) (Fig. 2b). In contrast, of all Asian reptile species, only a mere 1.73% were included in the selected papers. The species coverage in our selected papers does not seem optimistic. Amphibians and reptiles each have only six families with more than half of the species covered (including three reptilian families containing one species in total). Meanwhile, 23 and 25 families remain fully neglected for amphibians and reptiles respectively (Figs. 45).

Categorisation of papers

Multiple correspondence analysis provided important insights into underlying patterns in our data allowing us to visualise the relationship between forms of habitat fragmentation (Median = 1 [1][2][3][4]), sampling methods (Median = 1 [0-5]) and response variables (Median = 2 [1][2][3][4][5][6]). Percentage of variance (or eigenvalues) from MCA output represents the contribution of each dimension in explaining the observed patterns. The top ten new dimensions identified by MCA explained a total of 61.64% and 61.16% of the total variance Fig. 2 Map of study locations for a amphibians and b reptiles with each circle representing the study location of papers included in the review. The colour scale of the continents ranging from 0 -0.9 indicates the proportions of amphibian and reptile species represented in the reviewed papers when compared to known species in the world (obtained from AmphibiaWeb and ReptileDatabase): a Europe (0.73), Africa (0.23), North America (0.23), South America (0.18), Oceania (0.07) and Asia (0.06) and b Europe (0.27), Oceania (0.18), Africa (0.12), North America (0.11), South America (0.09) and Asia (0.02) for amphibians and reptiles respectively. The two dimensions with the highest variance percentages explained were found in the first (Dim1, 12.55%) and second (Dim2, 9.13%) dimensions in amphibians (Online Appendix 3-4). Genetics (sampling method; 13.73%) and population (response variable; 12.39%) contributed the most to Dim1, together with species richness (response variable;10.41%) and dispersal (response variable; 9.20%). For Dim2, experimental (sampling method; 14.38%) was the dominant variable, the rest was determined by GIS/Satellite images (sampling method; 9.71%), fitness measure (response variable; 9.12%) and urbanisation (form of fragmentation; 8.94%). For reptiles, the two dimensions explaining the most variation were the first (Dim1, 11.34%) and second (Dim2, 8.28%) dimensions (Online Appendix 3-4). The variables contributing the most to Dim1 were species richness (response variable; 15.51%), abundance (response variable; 10.11%), presence/absence (response variable; 6.97%) and genetics (sampling method; 6.39%). On the other hand, Dim2 was determined by interspecific interaction (response variable; 13.49%), genetics (12.79%), experimental methods (sampling method; 11.21%) and fitness measure (response variable; 10.94%). The contribution of each category to the definition of the dimensions is reported in Online Appendix 3. The categories identified in the MCA dimensions are subsequently used for building the distance matrix in the clustering analysis. The colour represents the different cluster groups each category belongs to. Abbreviations for the categories in forms of habitat change: fragmentation (FGM), agriculture (AGR), Logging (LOG), Mining (MIN), Urbanisation (URB), road (RD), other habitat fragmentation (OHC); sampling methods: genetics (GEN), direct tracking method (DTM), aerial photographs (APT), GIS/ Satellite images (GIS), experimental (EXP), prediction/ simulation models (PSM) and response variables: species richness/ diversity (SPR), functional richness/ species guild (FCR), presence/ absence (PAS), population (POP), abundance (ABD), dispersal (DSP), breeding sites (BRD), fitness measure (FIT), interspecific interaction (INT),extinction/ colonisation rate (ECR), microhabitat preference (MHP), comparison between generalist and specialist (CGS), other response varialbes (ORV) (see also Online Appendix 1). Maps are created in VOSviewer

The HCPC analysis identified three clusters of variables for amphibians and reptiles (Online Appendix 5-6). The output of the HCPC analysis is reported in Online Appendix 7. V test represent the influence of variables in the cluster composition. In general, three clusters for both amphibians and reptiles appeared to be uniquely similar by definition of categories (Fig. 6). For amphibians, cluster 1 was defined by studies on species richness (p < 0.05, V test = 14.30) and presence/absence (p < 0.05, V test = 13.42), while cluster 2 was determined by experimental studies (p < 0.05, V test = 10.95) and fitness measures (p < 0.05, V test = 9.77). Cluster 3 was defined by genetics (p < 0.05, V test = 18.44) and Fig. 4 Species coverage for each taxonomic family in selected papers of amphibians. The numbers on each row indicate the total number of species known in its respective family (obtained from AmphibiaWeb 2021) population studies (p < 0.05, V test = 17.73) (Online Appendix 7). Abundance and functional richness were also unique to cluster 1; other response variables and direct tracking methods were important to cluster 2 and dispersal was present in cluster 3 even though these variables are less expressed (Fig. 6a).

For reptiles, cluster 1 was represented by species richness (p < 0.05, V test = 14.26), abundance (p < 0.05, V test = 11.22) and presence absence (p < 0.05, V test = 8.55) papers, whereas cluster 2 was determined by papers on fitness measures (p < 0.05, V test = 10.99), direct tracking methods (p < 0.05, V test = 8.64) and interspecific interaction (p < 0.05, V Fig. 5 Species coverage for each taxonomic family in selected papers of reptiles. The numbers on each row indicate the total number of species known in its respective family (obtained from ReptileDatabase) test = 7.86), and cluster 3 was defined by genetics (p < 0.05, V test = 12.79), population (p < 0.05, V test = 9.95) and prediction/simulation models (p < 0.05, V test = 7.68) papers (Online Appendix 7). Although slightly less expressed in the clusters, papers using comparisons between generalist and specialist species and papers on functional richness were also unique to cluster 1; experimental methods and other response variables were heavily present in cluster 2, while dispersal studies were distinct to cluster 3 (Fig. 6b).

Results from VOSviewer categories of both amphibians and reptiles appear to be similar to each other (Fig. 3c,d). The clustering of the categories in the co-occurrence network maps confirms what we observed in the HCPC results (Fig. 6). In addition to geographical representation of study locations in (1), the corresponding clusters of selected papers are also mapped in Figs. 7 and8 to investigate the spatial grouping patterns for the three clusters (see Online Appendix 8-9 for geographical representation for each category). We also plotted the temporal trend in Online Appendix 10 and 11. Overall, the three clusters are distributed homogeneously across the globe, but concentrated in the USA, Europe and south eastern Australia. Cluster 1 papers were found to be the most predominant cluster in amphibians (57% papers) across all continents (see Online Appendix 12; Fig. 7). When Fig. 7 Map of the individual selected papers belonging to each cluster groups (Dark green = 1, Bright green = 2, Bright yellow = 3) for amphibians, with each circle representing the study location. The colour scale of the continents ranging from 0 to 0.9 indicates the proportions of amphibian species represented in the reviewed papers when compared to known species in the world (obtained from AmphibiaWeb) compared to other clusters, studies from this cluster are often conducted in Afrotropics, particularly Madagascar (100% papers), central (Costa Rica (60% papers) and Mexico (92% papers) and south America (80% papers) (Online Appendix 12,Figs. 7,8). On the other hand, cluster 2 papers appear to be more prevalent for reptile studies compared to amphibian studies, with a higher number of studies conducted across North America (65 to 51) and Australia (22 to 2) (Figs. 7,8). Lastly, a vast majority of cluster 3 papers were located in North America and Europe (both contributing to 79% of the papers) for Fig. 8 Map of the individual selected papers belonging to each cluster groups (Dark red=1, Orange=2, Dark yellow=3) for reptiles, with each circle representing the study location. The colour scale of the continents ranging from 0.0 -0.9 indicates the proportions of reptile species represented in the reviewed papers when compared to known species in the world (obtained from ReptileDatabase).

amphibians and North America and Australia (both contributing to 84% of the papers) for reptiles (Online Appendix 12,Figs. 7,8). Publications from this cluster started to gain popularity from 2005 onwards, following similar increasing trends as cluster 2 (Online Appendix 10-11). Overall, except for cluster 1 in South America, most of the clusters in Asia and Africa appear to experience very little or no increase in publications over the years (Online Appendix 10-11).

Discussion

Our review found no improvement in the geographical and taxonomic bias in habitat fragmentation studies for both reptiles and amphibians compared to earlier studies [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF]). Yet, our study has made an effective contribution towards identifying major spatial gaps in habitat fragmentation studies over the past three decades (updating reviews such as [START_REF] Cushman | Effects of habitat loss and fragmentation on amphibians: a review and prospectus[END_REF][START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF])). In particular, we found an overall increase in the number of studies measuring species richness and abundance throughout the years while population-level and genetics studies are still lacking in developing countries. Here, we discuss the issues of ( 1) biogeographical bias, (2) the extent and focus of habitat fragmentation research and (3) the limitations and knowledge gaps in habitat fragmentation research in herpetology and provide recommendations for future research.

Biogeographical bias

Geographic bias in research papers

Given the research effort in relatively wealthy countries [START_REF] Holmgren | Science on the rise in developing countries[END_REF][START_REF] Fazey | Who does all the research in conservation biology?[END_REF] it is not surprising that more than half the papers concern North America and Europe, where there is strong prevalence of herpetological research. This pattern is also evident in other taxonomic groups and biological areas including invasion biology [START_REF] Pyšek | Geographical and taxonomic biases in invasion ecology[END_REF], biodiversity conservation [START_REF] Trimble | Geographical and taxonomic biases in research on biodiversity in humanmodified landscapes[END_REF][START_REF] Christie | The challenge of biased evidence in conservation[END_REF], and habitat fragmentation [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF]. The USA alone contributed more than a third of the publications in terms of both authors and location of study [START_REF] Fazey | Who does all the research in conservation biology?[END_REF][START_REF] Melles | Diversity of practitioners publishing in five leading international journals of applied ecology and conservation biology, 1987-2015 relative to global biodiversity hotspots[END_REF]. English speaking countries including the USA, the United Kingdom, and Australia have dominated research output over the last 30 years [START_REF] Melles | Diversity of practitioners publishing in five leading international journals of applied ecology and conservation biology, 1987-2015 relative to global biodiversity hotspots[END_REF]). These patterns were reflected in the collaboration network maps generated by VOSviewer (Fig. 3). Similar hotspots found between who does the research (Fig. 3) and the study locations (Fig. 2) suggest that authors tend not to move much and only to study ecosystems near to where they are based [START_REF] Meyer | Global priorities for an effective information basis of biodiversity distributions[END_REF]. One reason for this bias is the distance to field sites accentuated by the costs and time of travelling.

However, the near absence of studies from many parts of the world that are currently under extreme pressures of habitat loss and degradation are of great concern [START_REF] Habel | Final countdown for biodiversity hotspots[END_REF]. We feel that the level of threat associated with habitat fragmentation in these continents is not proportional to the level of research attention required. Naturally biodiverse but less economically developed Southeast Asian and sub-Saharan countries will suffer greatest diversity losses in the next century [START_REF] Newbold | Global effects of land use on local terrestrial biodiversity[END_REF]. If this persists at the current rate, biodiverse areas will likely disappear before new discoveries in those hotspots are made [START_REF] Moura | Shortfalls and opportunities in terrestrial vertebrate species discovery[END_REF]. Although conversely our study found that among other developing countries Brazil is currently conducting relatively more in-country amphibian studies and collaboration with other countries. However, how much of this information reaches decision makers and practitioners remains unknown. This is largely due to the lack of intermediary evidence bridges [START_REF] Kadykalo | Bridging research and practice in conservation[END_REF]). These intermediaries identify evidence summaries based on research and priorities and distribute them to practitioners, facilitating exchange of knowledge between and among researchers and practitioners [START_REF] Holderegger | Conservation genetics: linking science with practice[END_REF][START_REF] Kadykalo | Bridging research and practice in conservation[END_REF].

Geographic bias in focal groups

Congruent to results reported in [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF], studies on amphibians were more abundant than studies on reptiles. Over the past years, there has been a strong focus on amphibian population declines. This was catalysed by the emergence of chytridiomycosis and global decline of amphibians [START_REF] Fisher | Chytrid fungi and global amphibian declines[END_REF]. Amphibians, and predominantly frogs, are the principal focus of herpetological research, with the highest allocation of resources and the highest publication rates [START_REF] Ferronato | An assessment of funding and publication rates in herpetology[END_REF]. Another reason for this bias may be that amphibians serve as valuable indicators of environmental stress and degradation owing to their aquatic and terrestrial lifestyle and permeable skin [START_REF] Green | The ecology of extinction: population fluctuation and decline in amphibians[END_REF]. These attributes make them extremely sensitive to changes in temperature and precipitation as well as pollution [START_REF] Sodhi | Measuring the meltdown: drivers of global amphibian extinction and decline[END_REF]. Lizards, also susceptible to temperature changes, however, are characterised by a high degree of endemism, restricted geographic ranges, late maturity, a long life-span and are thus very susceptible to population declines [START_REF] Todd | The Global Status of Reptiles and Causes of Their Decline[END_REF][START_REF] Meiri | Extinct, obscure or imaginary: the lizard species with the smallest ranges[END_REF]. Certain groups of reptiles, such as worm lizards and blind snakes lead cryptic and solitary lives in contrast to the large breeding aggregations and choruses of, for example, frogs. Such characteristics make them difficult for researchers to study as they require large amount of search effort for little data [START_REF] Thompson | Sampling Rare or Elusive Species: Concepts, Designs, and Techniques for Estimating Population Parameters[END_REF].

Taxonomic bias

We found a heightened geographical bias in the taxonomic coverage of studies. Given the sheer number of selected papers investigated, it is not surprising that the continents of North and South America cover more than half of the amphibian species studied whereas North America and Africa cover almost half of the reptile species studied. This trend broadly mirrors the geographic distribution pattern of the global described species in both these taxa (AmphibiaWeb 2021; [START_REF] Uetz | The Reptile Database[END_REF]. While a large proportion of the known European and North American families such as Alytidae and Ambystomatidae have been investigated (Fig. 4), species from other continents remain severely under-represented. Yet, the European continent represents only 2% of the described species globally. This high research intensity bias in low biodiverse regions of the world has been noted previously [START_REF] Fazey | Who does all the research in conservation biology?[END_REF]. In general, reptiles and amphibians have been disproportionately poorly studied in the tropics and in developing areas despite that these areas show among the highest rates of deforestation and a corresponding rise in the number of threatened species [START_REF] Böhm | The conservation status of the world's reptiles[END_REF][START_REF] Deikumah | Biogeographical and taxonomic biases in tropical forest fragmentation research[END_REF]. These biodiverse areas largely consist of threatened species having restricted home ranges [START_REF] Meiri | Extinct, obscure or imaginary: the lizard species with the smallest ranges[END_REF]. Even though we observed a great fraction of the species investigated in the Afrotropics [START_REF] Vallan | Effects of anthropogenic environmental changes on amphibian diversity in the rain forests of Eastern Madagascar[END_REF][START_REF] Hillers | Effects of forest fragmentation and habitat degradation on West African leaf-litter frogs[END_REF][START_REF] Ofori-Boateng | Differences in the Effects of Selective Logging on Amphibian Assemblages in Three West African Forest Types[END_REF][START_REF] Riemann | The value of forest fragments for maintaining amphibian diversity in Madagascar[END_REF][START_REF] Blumgart | Herpetological diversity across intact and modified habitats of Nosy Komba Island, Madagascar[END_REF], especially Madagascar (see Mantellidae and Opluridae in Fig. 4), it seems insufficient when considering that an estimated 3.94 million hectares of forest area of the continent was cleared yearly over the last century (FAO and UNEP 2020). Further, biodiverse hotspots such as the neotropical regions and Indo-Malayan tropics have the highest chances of new species of amphibians and reptiles being discovered [START_REF] Moura | Shortfalls and opportunities in terrestrial vertebrate species discovery[END_REF].

Being herpetofauna diversity hotspots, countries in South America and Asia are indeed understudied. Although Brazil has a high number of amphibian studies, less than one percent of known reptile species was studied in both continents (Fig. 2). A number of factors contribute to this lack of representation. First, there is an overwhelming number of new species being discovered every year in these hotspots [START_REF] Moura | Geographical and socioeconomic determinants of species discovery trends in a biodiversity hotspot[END_REF][START_REF] Moura | Shortfalls and opportunities in terrestrial vertebrate species discovery[END_REF]. Furthermore, newly discovered species tend to belong to more secretive groups such as burrowing snakes, worm lizards and caecilians [START_REF] Colli | In the depths of obscurity: Knowledge gaps and extinction risk of Brazilian worm lizards (Squamata, Amphisbaenidae)[END_REF]). Yet, these fossorial organisms are clearly neglected in fragmentation studies (see Fig. 45) with researchers focusing on well-known taxonomic groups [START_REF] Böhm | The conservation status of the world's reptiles[END_REF]). On a positive note, despite having the country (Australia) with the highest reptile diversity [START_REF] Uetz | The Reptile Database[END_REF], Oceania represented a fair coverage of reptile diversity compared to other continents. Since 2001, there has been an increase of fragmentation studies in Australia (e.g., [START_REF] Brown | The influence of habitat disturbance on reptiles in a Box-Ironbark eucalypt forest of south-eastern Australia[END_REF][START_REF] Nally | Reptiles and habitat fragmentation in the box-ironbark forests of central Victoria, Australia: predictions, compositional change and faunal nestedness[END_REF][START_REF] Hazell | Use of farm dams as frog habitat in an Australian agricultural landscape: factors affecting species richness and distribution[END_REF] and there is a continuing increase in research output [START_REF] Melles | Diversity of practitioners publishing in five leading international journals of applied ecology and conservation biology, 1987-2015 relative to global biodiversity hotspots[END_REF], contributing 85 out of 89 reviewed studies in Oceania over the last 30 years.

Extent and focus of research

Our findings showed important associations between methods and response metrics but not different forms of habitat fragmentation. This either suggests that researchers were not favouring any sampling method and response variable for evaluating the effects of certain habitat fragmentation or this pattern may occur due to a relatively even split of papers dealing with different forms or combinations of habitat fragmentation in the clusters. In general, species richness or diversity appears to explain most of the variation in our data (see Online Appendix 4). While species richness remains a popular diversity metric employed in conservation biology (Online Appendix 12; also see [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF], we also found an increasing trend in the use of genetic techniques for habitat fragmentation studies. More specifically in recent years, molecular genetics have become popular and are often studied together with population connectivity to capture species responses to habitat fragmentation (see Online Appendix 4) [START_REF] Keyghobadi | The genetic implications of habitat fragmentation for animals[END_REF]. The HCPC approach identified three main clusters of research fields which will be referred to as research agendas from here onwards. Contrary to our expectation, we did not find a global spatial pattern of research agendas, but instead a rather homogeneous distribution of papers, possibly due to the lack of selected studies which are found in developing countries outside USA, Europe and Australia (Figs. 7,8). This nevertheless indicates that different sampling methods are shared and used between leading herpetological experts from different countries and that there are continuing collaborations between countries, particularly in North America and Europe.

Below, we describe the research agendas and their corresponding categories (Fig. 6) that have contributed significantly to the study of habitat fragmentation for the past 30 years: (a) Agenda 1: Measures of direct individual species responses, (b) Agenda 2: Physiological and movement ecology, and (c) Agenda 3: Technology advancement in conservation research.

Agenda 1: Measures of direct individual species responses

We found that the majority of studies around the globe evaluated patterns of assemblage richness, species presence/absence, and abundance (Figs. 7,8). These simple patterns of richness, diversity and abundance are the most common responses measured because they provide a good indication of species response to habitat fragmentation and are easy to calculate [START_REF] Colwell | Biodiversity: concepts, patterns, and measurement[END_REF]. Although species richness does not consider abundance or biomass but treats each species as of equal importance to diversity, species evenness weighs each species by its relative abundance (Hill 1972). Further, composite measures like species diversity indices (e.g., Simpson's 1/D or Shannon's H) combine both richness and evenness in a single measure [START_REF] Colwell | Biodiversity: concepts, patterns, and measurement[END_REF], preventing biases in results. However, directly measuring these species responses might not be ecologically relevant as they fail to account for patterns in species assemblage turnover. In fact, few selected papers (38 out of 697) in our study have attempted to categorise species into meaningful functional groups or guilds, despite that the categorisation of ecological functions such as habitat preference, taxonomic family, reproductive mode, and body size can be easily done (but see [START_REF] Knutson | Effects of Landscape Composition and Wetland Fragmentation on Frog and Toad Abundance and Species Richness in Iowa and Wisconsin[END_REF][START_REF] Peltzer | Diversity of anurans across agricultural ponds in Argentina[END_REF][START_REF] Moreira | Does organic agriculture benefit anuran diversity in rice fields?[END_REF]. [START_REF] Knutson | Effects of Landscape Composition and Wetland Fragmentation on Frog and Toad Abundance and Species Richness in Iowa and Wisconsin[END_REF] was the first in our selected papers to group species with similar life-history characteristics into guilds and to examine their responses to landscape features. They observed negative associations between urban land use and anuran guilds. Analyses of guilds or functional groups can reveal contradictory results (but not always, see [START_REF] Moreira | Does organic agriculture benefit anuran diversity in rice fields?[END_REF]. For example, the species richness of anurans in logged areas of West Africa is found to be as high as in primary habitat [START_REF] Ernst | Diversity erosion beyond the species level: dramatic loss of functional diversity after selective logging in two tropical amphibian communities[END_REF]). Yet, analyses of functional groups indicated significantly higher diversity in primary forest communities [START_REF] Ernst | Diversity erosion beyond the species level: dramatic loss of functional diversity after selective logging in two tropical amphibian communities[END_REF]. Similar differences were also observed for species with varying degrees of niche overlaps, habitat specialists, and for different continents [START_REF] Ernst | Diversity erosion beyond the species level: dramatic loss of functional diversity after selective logging in two tropical amphibian communities[END_REF][START_REF] Seshadri | Effects of Historical Selective Logging on Anuran Communities in a Wet Evergreen Forest, South India[END_REF]). These results underline that species richness alone is a poor indicator of the functional value of species in the ecosystem as the relationships between functional diversity and species richness are inconsistent and can sometimes be redundant (functional diversity remains constant if assemblages are functionally similar; [START_REF] Riemann | Functional diversity in a fragmented landscape -Habitat alterations affect functional trait composition of frog assemblages in Madagascar[END_REF][START_REF] Palmeirim | Herpetofaunal responses to anthropogenic forest habitat modification across the neotropics: insights from partitioning β-diversity[END_REF][START_REF] Silva | Habitat Quality, Not Patch Size, Modulates Lizard Responses to Habitat Loss and Fragmentation in the Southwestern Amazon[END_REF]. The results of some species richness studies may consequently provide misleading inferences regarding consequences of habitat fragmentation and conservation management [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF].

Although not substantially greater than the agendas 2 and 3, the measure of individual species responses has always been popular across the globe but also increasingly popular in the tropical and subtropical regions (e.g., South America and Africa; Online Appendix 10-11). For example, a research team led by Mark-Oliver Roedel from Germany has conducted numerous studies on Afrotropical amphibian communities [START_REF] Hillers | Effects of forest fragmentation and habitat degradation on West African leaf-litter frogs[END_REF][START_REF] Ofori-Boateng | Differences in the Effects of Selective Logging on Amphibian Assemblages in Three West African Forest Types[END_REF][START_REF] Riemann | Functional diversity in a fragmented landscape -Habitat alterations affect functional trait composition of frog assemblages in Madagascar[END_REF]. Due to the higher biodiversity and species rarity in these regions compared to temperate areas, it is reasonable to expect a greater level of sampling effort in patterns of species richness, abundance, and guild assemblage to obtain comparisons of diversity with sufficient statistical power across different land use changes [START_REF] Gardner | Paradox, presumption and pitfalls in conservation biology: the importance of habitat change for amphibians and reptiles[END_REF]). Access to highly specific expertise and most up to date methods and technology may not be available in these regions, and as such, study designs are limited to multispecies survey addressing simple patterns of diversity and species assemblages [START_REF] Hetu | Genomics for All: International Open Science Genomics Projects and Capacity Building in the Developing World[END_REF]). Unfortunately at the same time, these forest biomes holding the highest richness and abundance of amphibians and reptiles have showed consistent negative responses to land use changes [START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF].

Agenda 2: physiological and movement ecology

We did not observe a strong association between occupancy and dispersal in our study. Perhaps this is because only a few papers investigated dispersal via habitat occupancy compared to the overwhelming proportions of papers examining the presence of species in response to habitat fragmentation in research agenda 1. Similarly, few studies measure dispersal with direct tracking methods, with the majority that discussed dispersal being based on indirect inferences, such as genetic divergence (see Fig. 3c, d;[START_REF] Driscoll | The trajectory of dispersal research in conservation biology[END_REF]. Genetic approaches can be effective in situations where more direct approaches are not possible [START_REF] Lowe | What can genetics tell us about population connectivity?[END_REF]. For instance, using microsatellites and mitochondrial DNA, [START_REF] Buckland | High risks of losing genetic diversity in an endemic Mauritian gecko: implications for conservation[END_REF] found no migration occurring between isolated subpopulations of a forest day gecko (Phelsuma guimbeaui) in a fragmented forest and predicted a dramatic decrease in survival and allelic diversity in the next 50 years if no migration occurs [START_REF] Buckland | High risks of losing genetic diversity in an endemic Mauritian gecko: implications for conservation[END_REF]. In some cases, molecular markers also allow direct dispersal studies by assigning individuals to their parents or population of origin [START_REF] Manel | Assignment methods: matching biological questions with appropriate techniques[END_REF]. However, there are limitations on when these techniques can be applied. Assignment tests require appropriate choices of molecular markers and sampling design to permit quantification of indices of dispersal [START_REF] Broquet | Molecular estimation of dispersal for ecology and population genetics[END_REF][START_REF] Lowe | What can genetics tell us about population connectivity?[END_REF]. Parent-offspring analysis is constrained by the uncertainty in assessing whether offspring dispersal is completed at the time of sampling and sample size [START_REF] Broquet | Molecular estimation of dispersal for ecology and population genetics[END_REF]. Genetic tools may thus be best applied in combination with direct approaches because they contain complementary information [START_REF] Lowe | What can genetics tell us about population connectivity?[END_REF][START_REF] Safner | Combining demography and genetic analysis to assess the population structure of an amphibian in a human-dominated landscape[END_REF][START_REF] Smith | Dispersal responses override density effects on genetic diversity during post-disturbance succession[END_REF].

Traditional approaches in habitat fragmentation research like radiotracking or capture-mark-recapture of animals can be effective in evaluating dispersal and ecological connectivity between populations. For example, based on mark-recapture data over a nine year period, facultative dispersal rates in an endangered amphibian (Bombina variegata) were found to be sex biased and relatively low from resulting patch loss [START_REF] Cayuela | Demographic response to patch destruction in a spatially structured amphibian population[END_REF]). In our case, direct tracking methods are more commonly and effectively used in examining the impacts of habitat modification on changes in ecology directly relating to fitness (Fig. 6): home ranges (Price-Rees et al. 2013), foraging grounds [START_REF] Macdonald | Home ranges of East Pacific green turtles Chelonia mydas in a highly urbanized temperate foraging ground[END_REF] and survival rates [START_REF] Breininger | Habitat fragmentation effects on annual survival of the federally protected eastern indigo snake: indigo snake survival[END_REF]). Yet, such routine movements associated with resource exploitation do not reflect the biological reality and evolutionary consequences of how organisms change as landscape changes [START_REF] Van Dyck | Dispersal behaviour in fragmented landscapes: routine or special movements?[END_REF]. Instead, directed behavioural movements affecting dispersal processes (emigration, displacement or immigration) are crucial in determining the functional connectivity between populations in a fragmented landscape [START_REF] Bonte | Costs of dispersal[END_REF]. In one study, spotted salamanders Ambystoma maculatum tracked with fluorescent powder exhibited strong edge mediated behaviour when dispersing across borders between forest and field habitats and can perceive forest habitats from some distance [START_REF] Pittman | Habitat type and distance to edge affect movement behavior of juvenile pondbreeding salamanders[END_REF]. Knowing such behaviour rules can improve predictions of the effects of habitat configuration on survival and dispersal. However, ongoing conversion of natural ecosystems to human modified land cover increases the need to consider various cover types that may be permeable to animal movements. As such, experimental approaches can be effective in examining the effect of matrix type on species movements as seen in our results (Fig. 6) [START_REF] Rothermel | An Experimental investigation of landscape resistance of forest versus old-field habitats to emigrating juvenile amphibians[END_REF][START_REF] Mazerolle | Landscape resistance to frog movements[END_REF]. For example, researchers conducted experimental releases of post-metamorphic individuals of forest amphibians into different substrates and mapped the movements of paths and performance [START_REF] Cline | Movement in the matrix: substrates and distance-to-forest edge affect postmetamorphic movements of a forest amphibian[END_REF]. They showed that non-forest matrices with lower structural complexity influence the ability of frogs to travel across open cover and to orient themselves towards the forest from distances greater than 40-55 m. Therefore, it is inaccurate to assume matrix permeability to be uniform across all open-matrix types, particularly in amphibians (Cline andHunter 2014, 2016).

In addition, the ability to move and disperse is highly dependent on the range of external environments and internal physiological limits [START_REF] Bonte | Costs of dispersal[END_REF], especially in reptiles and amphibians [START_REF] Nowakowski | Tropical amphibians in shifting thermal landscapes under land-use and climate change[END_REF]). The study of physiological effects on movement was seen throughout our selected studies (Fig. 6). For example, higher temperatures and lower soil moisture in open habitats could increase evaporative water loss in salamanders [START_REF] Rothermel | An Experimental investigation of landscape resistance of forest versus old-field habitats to emigrating juvenile amphibians[END_REF]. Other tests including interaction effects between landscape configuration and physiological constraints (e.g., dehydration rate [START_REF] Rothermel | An Experimental investigation of landscape resistance of forest versus old-field habitats to emigrating juvenile amphibians[END_REF][START_REF] Watling | Desiccation resistance explains amphibian distributions in a fragmented tropical forest landscape[END_REF]; body size [START_REF] Doherty | Animal movement varies with resource availability, landscape configuration and body size: a conceptual model and empirical example[END_REF]) can be useful to better understand fitness and population persistence. We argue here that multidisciplinary projects examining movement physiology, behaviour and environmental constraints in addition to measuring distance moved are needed to progress this field.

Our results indicate a high bias of agenda 2 papers represented among developed countries, with a strong focus on reptiles compared to amphibians [START_REF] Sj | Spatial ecology of bluetongue lizards (Tiliqua spp.) in the Australian wet-dry tropics[END_REF]Doherty et al. 2019) (Online Appendix 12, Figs. 7, 8). The adoption of direct tracking as well as genetic methods can be cost prohibitive in developing and poorer regions. However, cheaper and simpler methods to track individuals are increasing [START_REF] Mennill | Field test of an affordable, portable, wireless microphone array for spatial monitoring of animal ecology and behaviour[END_REF]Cline andHunter 2014, 2016). Although existing application might not be ideal for reptiles and amphibians, new technologies for tagging and tracking small vertebrates are being developed including acoustic surveys and improved genetic methods [START_REF] Broquet | Molecular estimation of dispersal for ecology and population genetics[END_REF][START_REF] Mennill | Field test of an affordable, portable, wireless microphone array for spatial monitoring of animal ecology and behaviour[END_REF][START_REF] Marques | Estimating animal population density using passive acoustics[END_REF]. While there are many improvements needed to obtain better quality dispersal data studies on movement ecology, reptiles and amphibians still only account for a mere 2.2% of the studies on dispersal when compared to plants and invertebrates which comprised over half of the studies based on a systematic review [START_REF] Driscoll | The trajectory of dispersal research in conservation biology[END_REF]. Thus, we urge more studies to be conducted on these lesser-known taxa, especially in biodiverse regions. Given the limited dispersal in amphibians and reptiles, having a deeper understanding on their dispersal can be critical for the effective management and conservation of populations and metapopulations [START_REF] Smith | Dispersal and the metapopulation paradigm in amphibian ecology and conservation: are all amphibian populations metapopulations?[END_REF].

Agenda 3: technology advancement in conservation research

While community level approaches such as responses in species richness, occupancy, and abundance measure biodiversity response to habitat fragmentation, they are limited in inference because they do not reflect patterns of fitness across environmental gradients and landscape patterns. Instead, genetic structure at the population level can offer a higher resolution of species responses [START_REF] Manel | Ten years of landscape genetics[END_REF]. For instance, genetic erosion heavily affects the rate of species loss in many amphibian species [START_REF] Allentoft | Global amphibian declines, loss of genetic diversity and fitness: a review[END_REF][START_REF] Rivera-Ortíz | Habitat fragmentation and genetic variability of tetrapod populations[END_REF]. Over the past decades we have seen a rapid increase in studies applying genetic analysis to assess the effects of habitat fragmentation [START_REF] Keyghobadi | The genetic implications of habitat fragmentation for animals[END_REF], reflecting the strength of these approaches. This growth is mostly evident in North America and Europe (but also Oceania for reptiles) (Online Appendix 10-11). The availability of different genetic markers has been increasing, from microsatellites in the 1990s then shifting towards genotyping by sequencing (NGS) technologies that enable rapid genome-wide development [START_REF] Allendorf | Genomics and the future of conservation genetics[END_REF][START_REF] Monteiro | Everything you always wanted to know about gene flow in tropical landscapes (but were afraid to ask)[END_REF]. However, the study of population structure alone can lead to misleading results as environmental changes to species dynamics are not considered. The resistance imposed by landscape features on the dispersal of animals can ultimately shape gene flow and genetic structure [START_REF] Bani | Ecological connectivity assessment in a strongly structured fire salamander (Salamandra salamandra) population[END_REF][START_REF] Pilliod | Effects of changing climate on aquatic habitat and connectivity for remnant populations of a wide-ranging frog species in an arid landscape[END_REF][START_REF] Monteiro | Everything you always wanted to know about gene flow in tropical landscapes (but were afraid to ask)[END_REF].

To understand this, researchers combine genetic, land cover and climate variables to study the gene flow patterns across heterogeneous and fragmented landscapes [START_REF] Manel | Ten years of landscape genetics[END_REF]. Spatial analyses can be a powerful tool for monitoring biodiversity by quantifying environmental and landscape parameters. The growing interest in both landcover data and the rapid development of computer processing power prompted the development of new prediction methods, primarily in spatial models [START_REF] Core | Modeling spatial distribution of amphibian populations: a GIS approach based on habitat matrix permeability[END_REF], ecological niche modelling (Urbina-Cardona and Loyola 2008; [START_REF] Tan | A present and future assessment of the effectiveness of existing reserves in preserving three critically endangered freshwater turtles in Southeast Asia and South Asia[END_REF], and landscape connectivity [START_REF] Cushman | Landscape genetics and limiting factors[END_REF][START_REF] Ashrafzadeh | Effects of climate change on habitat and connectivity for populations of a vulnerable, endemic salamander in Iran[END_REF]. In some cases, niche models are useful in assessing the effectiveness of protected areas for endangered species (Urbina-Cardona and Loyola 2008; [START_REF] Tan | A present and future assessment of the effectiveness of existing reserves in preserving three critically endangered freshwater turtles in Southeast Asia and South Asia[END_REF].

The integration of genetic data in ecological niche models for recognising possible dispersal movements between populations were observed in our study (Fig. 3c,d), especially in reptiles (Fig. 6b). The hallmark of landscape genetics is the ability to estimate functional connectivity among populations and offer empirical approach of adaptive genetic variation in real landscapes to detect environmental factors driving evolutionary adaptation. The most common approach of landscape genetics is determining whether effective distances as determined by the presence of suitable habitat between populations, better predict genetic distances than do Euclidean distances (assuming spatially homogeneous landscape). However, straight-line geographic distance does not normally reflect true patterns of dispersal as landscape barriers or facilitators in a heterogeneous landscape could strongly affect gene flow [START_REF] Emel | A decade of amphibian population genetic studies: synthesis and recommendations[END_REF][START_REF] Fenderson | Spatiotemporal landscape genetics: investigating ecology and evolution through space and time[END_REF]. Therefore, in these cases, ecological distances or landscape resistance can often explain a greater deal of genetic variation between fragmented populations [START_REF] Cushman | Effects of habitat loss and fragmentation on amphibians: a review and prospectus[END_REF][START_REF] Bani | Ecological connectivity assessment in a strongly structured fire salamander (Salamandra salamandra) population[END_REF]. Using a combination of habitat suitability modelling (e.g., Maxent, [START_REF] Phillips | Opening the black box: an open-source release of Maxent[END_REF], multiple least-cost paths (LCPs) [START_REF] Adriaensen | The application of 'least-cost' modelling as a functional landscape model[END_REF] and the more recent circuit theory analysis [START_REF] Mcrae | Using circuit theory to model connectivity in ecology, evolution, and conservation[END_REF] to investigate landscape resistance can be highly effective predicting potential pathways along which dispersal may occur, hence informing conservation management [START_REF] Emel | A decade of amphibian population genetic studies: synthesis and recommendations[END_REF][START_REF] Bani | Ecological connectivity assessment in a strongly structured fire salamander (Salamandra salamandra) population[END_REF][START_REF] Pilliod | Effects of changing climate on aquatic habitat and connectivity for remnant populations of a wide-ranging frog species in an arid landscape[END_REF]. To date, landscape genetics has been shown to be particularly useful in studying organisms with complex life histories [START_REF] Emel | A decade of amphibian population genetic studies: synthesis and recommendations[END_REF][START_REF] Shaffer | Conservation genetics and genomics of amphibians and reptiles[END_REF]). Yet, the applications of landscape genetics have been limited to contemporary patterns using modern genetic data. Few studies have benefitted from the inclusion of temporal genetic data [START_REF] Fenderson | Spatiotemporal landscape genetics: investigating ecology and evolution through space and time[END_REF]. For example, historical DNA samples and heterochronous analyses could allow us to explore how anthropogenic impacts have affected past genetic diversity and population dynamics [START_REF] Pacioni | Genetic diversity loss in a biodiversity hotspot: ancient DNA quantifies genetic decline and former connectivity in a critically endangered marsupial[END_REF] and identify areas of future suitability of endangered animals in face of climate change [START_REF] Nogués-Bravo | Amplified plant turnover in response to climate change forecast by Late Quaternary records[END_REF]. The possibility to investigate migration through spatiotemporal population connectivity can greatly improve the prediction of species responses under future landscape and climate change scenarios [START_REF] Fenderson | Spatiotemporal landscape genetics: investigating ecology and evolution through space and time[END_REF].

Population genetic and niche modelling studies for both taxa are rarely found in developing regions of the world, especially in Asia and Africa (Figs. 7,8). Even though conservation priorities are concentrated in these biodiverse regions, invaluable highly specific expertise such as conservation genetics and other contemporary methodologies might not be readily available due to lack of funding and infrastructure [START_REF] Hetu | Genomics for All: International Open Science Genomics Projects and Capacity Building in the Developing World[END_REF]). Thus, we encourage collaborations with the poorer countries initiated by foreign service providers from developed countries. Contrary to expectations, very few studies on conservation genetics were found in China and Japan despite their vast advances in genetic techniques. Fortunately, China has made substantial progress in the last 20 years in understanding human genetic history and interpreting genetic studies of human diseases [START_REF] Forero | Current needs for human and medical genomics research infrastructure in low and middle income countries[END_REF] as well as biodiversity conservation [START_REF] Wang | Biodiversity conservation in China: a review of recent studies and practices[END_REF]), yet the same cannot be said for conservation genetics on reptiles and amphibians (Figs. 7,8), but see [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF] and [START_REF] Hu | Spatial patterns and conservation of genetic and phylogenetic diversity of wildlife in China[END_REF].

Limitations and knowledge gaps

(1) The forms of habitat fragmentation which we categorised may not reflect the ecological impact in the real world as interactions between different habitat fragmentation forms were not accounted for. Although each of these forms of habitat fragmentation possesses serious environmental consequences, their combination could have severe synergistic impacts [START_REF] Blaustein | Complexity in conservation: lessons from the global decline of amphibian populations[END_REF]. For example, a fragmented landscape is not just reduced and isolated, but subject to other anthropogenic disturbances such as hunting, fire, invasive species, and pollution [START_REF] Laurance | Environmental synergisms and extinctions of tropical species[END_REF][START_REF] Lazzari | Traits influence reptile responses to fire in a fragmented agricultural landscape[END_REF]. Altered climatic conditions and emerging pathogens such as batrachochytrids can also interact with each other, and other threats [START_REF] Fisher | Chytrid fungi and global amphibian declines[END_REF]. The use of habitat suitability models based on climatic scenarios, combined with hydrological and urbanisation models, are effective in detecting best to worst case scenarios and local extinctions, as shown for the spotted marsh frog (Limnodynastes tasmaniensis) [START_REF] Wilson | Impacts of climate change and urban development on the spotted marsh frog (Limnodynastes tasmaniensis)[END_REF]).

(2) We acknowledge the bias of scientific research introduced from the limitation of search term to English-speaking literature on the geographic distribution of the papers we sampled [START_REF] Konno | Ignoring non-English-language studies may bias ecological meta-analyses[END_REF][START_REF] Angulo | Non-English languages enrich scientific knowledge: the example of economic costs of biological invasions[END_REF]. In Latin American journals for example, we found a number of papers published in Spanish, but unfortunately, they did not fit the criteria of our selection (see Online Appendix 2). Conservation studies written in languages other than English are often published in local journals which do not normally go through international peer review. (3) The homogeneous distribution of the research agendas across geographical regions in our study may be explained by the lack of studies found in South America, Asia and Africa, preventing us to see a potentially dichotomous spatial pattern among the clusters. However, this reflects the current state of research and the challenges faced in less developed countries.

(4) Our study did not investigate whether habitat fragmentation has led to an improved or decreased biotic response. Predicting species response to habitat modification has been reviewed countless times [START_REF] Rytwinski | Do species life history traits explain population responses to roads? A metaanalysis[END_REF][START_REF] Driscoll | The trajectory of dispersal research in conservation biology[END_REF][START_REF] Doherty | Reptile responses to anthropogenic habitat modification: a global meta-analysis[END_REF][START_REF] Newbold | Tropical and Mediterranean biodiversity is disproportionately sensitive to land-use and climate change[END_REF][START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF]). Yet, these reviews often yield little or no general patterns [START_REF] Doherty | Reptile responses to anthropogenic habitat modification: a global meta-analysis[END_REF][START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF]. Response variables or traits measured are often found to be poor predictors of the impacts of habitat fragmentation. There are two possible explanations for this discrepancy. First, the strength and direction of the responses differs between species, ecophysiological groups [START_REF] Rothermel | An Experimental investigation of landscape resistance of forest versus old-field habitats to emigrating juvenile amphibians[END_REF], and phylogenetic or functional groups [START_REF] Mazerolle | Landscape resistance to frog movements[END_REF][START_REF] Nowakowski | Tropical amphibians in shifting thermal landscapes under land-use and climate change[END_REF]. Second, responses in animals to different types of disturbance may be specific to the ecosystem where they live. Different biogeographic regions or biomes have different characteristics affecting local species [START_REF] Lebart | Edge responses of tropical and temperate birds[END_REF][START_REF] Blowes | The geography of biodiversity change in marine and terrestrial assemblages[END_REF][START_REF] Newbold | Tropical and Mediterranean biodiversity is disproportionately sensitive to land-use and climate change[END_REF][START_REF] Cordier | A global assessment of amphibian and reptile responses to land-use changes[END_REF].

Conclusions and recommendations

(1) Our results underline promising research fields and geographic areas and may serve as a guideline or starting point for future habitat fragmentation studies. We suspect similar paradigms of geographic and thematic patterns to occur in other taxonomic groups.

(2) Although studies dealing with habitat fragmentation impacts on mammals and birds are already widely recognised [START_REF] Fan | A systematic review reveals changes in where and how we have studied habitat loss and fragmentation over 20years[END_REF], research on reptiles and amphibians has been lacking. We argue that amphibians and reptiles need more attention as they are equally or more threatened but highly neglected [START_REF] Rytwinski | Do species life history traits explain population responses to roads? A metaanalysis[END_REF][START_REF] Ferronato | An assessment of funding and publication rates in herpetology[END_REF][START_REF] Cox | A global reptile assessment highlights shared conservation needs of tetrapods[END_REF]).

(3) Greater investment is required for studies in tropical and subtropical areas [START_REF] Segovia | Who studies where? Boosting tropical conservation research where it is most needed[END_REF], especially within the Asian continent. These areas are currently experiencing the highest rates of habitat loss [START_REF] Mcdonald | Urbanization and Global Trends in Biodiversity and Ecosystem Services[END_REF]. Tropical specialists are further restricted to smaller geographic range sizes according to Rapoport's rule which states that there is a positive latitudinal correlation with range size [START_REF] Stevens | The latitudinal gradient in geographical range: how so many species coexist in the tropics[END_REF]) (at least for amphibians in the Northern hemisphere where there is higher temperature and precipitation seasonality; [START_REF] Whitton | Understanding global patterns in amphibian geographic range size: does Rapoport rule?[END_REF]. Having a small range size is often associated with negative responses to habitat modification [START_REF] Doherty | Reptile responses to anthropogenic habitat modification: a global meta-analysis[END_REF]. Thus, more effort is needed in developing countries where the crisis is greatest and there is lack of funding and strong language barriers [START_REF] Fazey | Who does all the research in conservation biology?[END_REF]. There is an urgent need to better integrate studies published in languages other than English with the broader international literature. Useful integration actions include training of local conservation biologists and promoting partnerships and research visits in these regions may have greater conservation consequences to understand global patterns of habitat modification [START_REF] Meyer | Global priorities for an effective information basis of biodiversity distributions[END_REF]. Doing so will help remediate the sampling bias towards temperate generalists and will shed light on the fate of tropical specialists. (4) We encourage improved access to intermediary evidence-based conservation data [START_REF] Kadykalo | Bridging research and practice in conservation[END_REF]. Even when well-established genetic and genomic analyses have been proven to be promising area in herpetological conservation [START_REF] Shaffer | Conservation genetics and genomics of amphibians and reptiles[END_REF], there is a general lack of the transfer of knowledge between scientists and practitioners [START_REF] Holderegger | Conservation genetics: linking science with practice[END_REF]. As practitioners are generally interested in species monitoring and the evaluation of success of connectivity measures, an establishment of scientist-practitioner community to facilitate a platform for international exchange would help tremendously in future conservation planning and management [START_REF] Holderegger | Conservation genetics: linking science with practice[END_REF]). ( 5) Although different study designs and landscape measures have different strengths and limitations depending on the study objectives, we suggest reporting basic data to describe the effect of habitat fragmentation using standardised sampling methods, indices, and design [START_REF] Holderegger | Conservation genetics: linking science with practice[END_REF]. The results will allow future meta-analyses to be performed. (6) Incorporate remote sensing data, whenever possible, in studies involving habitat change and fragmentation. The use of niche modelling techniques combined with high resolution remote sensing has been instrumental in detecting potentially fragmented populations. With advances in landscape genomics, we are now able to examine the correla-tion between environmental factors and genomic data in natural populations [START_REF] Manel | Ten years of landscape genetics[END_REF][START_REF] Shaffer | Conservation genetics and genomics of amphibians and reptiles[END_REF]. Adopting such tools would be valuable in understanding how habitat amounts and configurations affect dispersal, survival, and population dynamics as well as the impacts of anthropogenic changes such as climate change [START_REF] Shaffer | Conservation genetics and genomics of amphibians and reptiles[END_REF].
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 6 Fig. 6 Percentage contribution of the categories contributing to the uniqueness of each cluster in amphibians (Dark green = 1, Bright green = 2, Bright yellow = 3) and reptiles (Dark red = 1, Orange = 2, Dark yellow = 3) based on the Cla/Mod results of HCPC (see Online Appendix 7). Abbreviations for the categories can be found in Fig. 3 and in Online Appendix 1
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