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Abstract

Global biodiversity faces severe anthropogenic threats, with alarming extinction rates
projected for the near future. Most of Earth’s diversity remains undescribed, meaning
countless species are doomed to extinction before being documented. Since current
conservation laws typically consider only described species, the lag time in achieving
a representative global biodiversity inventory is a crucial issue impeding effective
conservation. Amphibians, the most endangered vertebrate class, exemplify the chal-
lenge: while the number of threatened species rises, new species descriptions rapidly
increase, and hundreds of candidate species are flagged annually. We analyzed all
anuran species described from 2000 to 2023 across four biodiversity-rich tropical
regions to investigate the time required to describe new frog species. We quantified
the time needed to collect the type series, the number and timing of expeditions, the
lag between collection and publication, and the total time. Additionally, we explored
temporal trends and the effect of selected abiotic variables. The time-lag from the
collection of the first specimen to the formal publication of a frog species description
ranged from 0.4 to 125.7 years (median=7.3, mean=11.3), type series collection
from 0 to 104.9 (median=0.1, mean=4.5), and description and publication from 0.2
to 54.6 (median=4.4, mean=6.8). Alarmingly, the time required to describe new spe-
cies is globally increasing. Thirty-six percent of species were named within five years
of first collection, highlighting the need for continued collecting, biological collections
as reservoirs of undescribed diversity, and calling for specimen revision after expedi-
tions. These results raise concerns about the effectiveness of current taxonomic and
conservation practices addressing the biodiversity crisis. We call for a global effort to
prioritize taxonomic research and discuss taxonomic and conservation approaches.
Under current practices, and given the observed timelines, we will lose the race
against extinction for many species.
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Introduction

Global biodiversity is being assaulted by Global Change. Wildlife populations are
being reduced, contracted, and extirpated; species are becoming extinct at an
unprecedented rate, and entire ecosystems are disappearing before we have the
opportunity to properly document them [1—4]. The loss of a species is irreversible and
its consequences are unpredictable [5]. The highest rates of decline and extinction
are occurring in the tropics, hyper diverse areas where scientific knowledge remains
limited, but which are known to contain high levels of undiscovered and undescribed
diversity [3,6—10].

Species are the fundamental unit to measure biodiversity. Only by recognizing
the actual species richness of a given region can we reliably understand large-scale
ecological and evolutionary trends (e.g., [11]). How many species are on Earth
remain an unresolved question —the Linnean shortfall [12—13], partly because of
incomplete sampling and the lack of robust biodiversity characterization and extrapo-
lation approaches [14—15]. However, there are three aspects of consensus: first, the
largest proportion of biodiversity is comprised by undescribed species [15]; second,
the urgency to discover and describe this diversity has never been greater —naming
species is a first step towards their conservation, and overcoming the Linnean short-
fall is crucial for understanding distributional patterns and, consequently, for reach-
ing effective conservation planning [16—17]; third, we must explore new taxonomic
approaches, as the estimated time required to document the remaining biodiversity
far exceeds what may be available due to ongoing biodiversity threats [18—19].

Traditional taxonomic approaches, largely based on morphology, face significant
challenges in addressing the urgency of the current biodiversity crisis. Integrative tax-
onomy, by integrating multiple lines of evidence, emerged to accommodate and unify
new concepts and methods from various disciplines to ensure the proper descrip-
tion of taxa, maintain taxonomic stability over time, and prevent taxonomic inflation
[18,20]. A “fast-track” taxonomy proposal arose from the pressing need to charac-
terize and describe as much diversity as possible before it disappears, significantly
shortening the description time by deliberately omitting previously collected material,
focusing on essential diagnostic traits, and reducing the most time-consuming parts
of the process (i.e., high-quality images vs. detailed and extensive descriptions,
reducing descriptions vs. enhancing diagnoses) [21-22]. However, considering the
overwhelming number of candidate species awaiting description worldwide (e.g.,
[10,23-32], but see [33]), the global richness estimates [15], and the escalating bio-
diversity crisis, this strategy is likely unable to keep pace with current and projected
extinction rates [34], nor to achieve a representative inventory of global species
within a reasonable time frame [22]. Some authors, not without receiving criticisms,
have attempted the so-called “turbo-taxonomy”, which consists in describing large
numbers of taxa providing minimal information on each species, sometimes even just
a barcoding sequence as the principal basis of species delimitation and diagnosis
(e.g., [35]). While this approach may help overcoming the Linnean shortfall, questions
arise about the usefulness and reliability of such species “descriptions” [36]. Reliance
on mitochondrial DNA or barcodes alone does not provide sufficient evidence for
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robust species delimitation, and it also precludes comparison with already described but unsequenced taxa, increasing
the risk of redundant nomenclature. Although “fast-track” and “turbo” taxonomy are sometimes seen as synonyms [36], we
distinguish them as two different approaches. We consider as “fast-track” those descriptions that, while concise, include
all necessary sections to allow a third party to identify the species without the need for a molecular lab (e.g., [37]), while
“turbo” are those minimalist descriptions that do not (e.g., [35]).

Regardless of the chosen approach, describing a species involves five steps —the five D’s of taxonomy [38]: discovery,
delimitation, diagnosis, description, and specimen determination (although not necessarily by the same person). While
these steps are conceptually linear, in practice, the process is often iterative, with researchers revisiting and redefining
previous steps as new information emerges or as the species boundaries are reassessed. None of these steps can be
achieved without previous field work. Fieldwork is time-consuming and, particularly in tropical regions, can be challenging,
expensive, and logistically complex. To decide whether a lineage merits to be named, data from different lines of evidence
(e.g., morphology, genetics, bioacoustics, ecology) should ideally be gathered, which requires time and cannot always be
achieved within a single field trip. Compiling such evidence, preferably including multiple specimens for the type series,
can be challenging when cryptic, secretive, seasonal, narrowly-distributed species, or those with low population densities
are involved. This is especially true for frogs, where obtaining call recordings —often a source of key diagnostic charac-
ters— can be daunting. Specimens representing populations that clearly merit recognition as distinct species can remain
unstudied on shelves for years [39], which negatively impacts their conservation prospects, as undescribed species are
more vulnerable to extinction [40].

Amphibians are the most endangered vertebrate class worldwide. More than 41% of described species are under
threat, and the number of species at high risk of extinction continues to increase [41]. Threats are ubiquitous throughout
the amphibian tree of life, with habitat loss and degradation (primarily due to deforestation), climate change, and emerg-
ing diseases being the greatest risks to amphibian persistence [41]. There is a geographical bias, with those regions with
greater diversity and lesser available information, i.e., the tropics, being the most affected [3,42,43]. Paradoxically, current
rates of amphibian species description are high (ca. 150 sp. nov./year) and, during the last decade, hundreds of further
candidate species have been flagged globally [10,30—-32]. This indicates that we are still far from overcoming the Linnean
amphibian shortfall, that the number of threatened species has likely been underestimated, and that many species are
facing silent extinction before they are named or even discovered [44].

Here we analyze the type series metadata of all anuran species described since the year 2000 from four tropical
regions, to globally and regionally estimate: (1) how long it takes to describe a frog species since the first type specimen
is collected; (2) how long it takes to get the complete type series for describing a frog species; (3) how long it takes to
describe a frog species since all the type material has been collected; (4) how many field trips are needed to describe
a frog species; (5) whether description times are decreasing or increasing over time; and (6) the abiotic factors that are
related to some frogs being described in a notably shorter time than others, and (7) how these factors have evolved over
time.

Materials and methods

This study did not involve any experiments or direct interaction with live animals. All data analyzed were obtained exclu-
sively from previously published literature. Therefore, ethical approval from an Institutional Animal Care and Use Commit-
tee (IACUC) or other ethics board was not required for this research.

Region selection, data acquisition and curation

We selected four regions across the globe based on two criteria: high frog species richness (i.e.,>300 described species),
and an exponential rate of accumulated frog species descriptions. The regions chosen were Ecuador, India, Madagascar,
and Melanesia. These regions are taxonomically independent and, in principle —and largely in practice— do not share
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taxonomists, which helps control for regional biases in research practices. By selecting geographically scattered regions,
we aim to investigate the time span of the species description process on a global scale, diluting regional biases to obtain
a more accurate timeframe that can be considered globally applicable.

We retrieved the list of described frog species for each region, up to December 2023, from Amphibian Species of the
World (ASW; [45]), filtering by higher taxa (Anura) and country, and retaining only native species (i.e., discarding those intro-
duced). Since Melanesia includes two countries —Indonesia and Papua New Guinea—, and parts of Indonesia extend well
beyond the region, we could not easily obtain the species list from the online database. Therefore, in accordance with the
definition of the Melanesian region provided by Oliver et al. [31], we compiled the species list by selecting “Indonesia-Papua
Region”, “Papua New Guinea”, “Solomon Islands”, and “Fiji” (which also includes smaller nearby islands) in ASW.

To determine the species description lags for a contemporary timeframe, we filtered each regional species-list by year,
retaining only those species described from the year 2000 (included) onward. We decided to exclude data predating
2000 as software and genetic data —assumed to accelerate species discovery, diagnosis, and description— became
widely available and utilized (with regional variability) only in the 21st century. Genetic techniques have become crucial for
describing species, but also for detecting cryptic species and screening regions (and public collections) to unveil over-
looked and cryptic diversity (e.g., [10,30]).

For each species, we retrieved the publication and all collection dates of the type series (holotype and paratypes) from
the original descriptions, excluding additional and referred specimens. We only considered unique collection dates; that
is, if multiple specimens were collected on the same day, we registered only one date. To deal with imprecise dates (e.g.,
5—7 December 2008, February 2007) we used the midpoint date (e.g., 6 December 2008 and 14 February 2007, in the
provided examples).

Lag times

We made several necessary assumptions regarding the species description process, and defined three time periods:
“overall description process”, “collection”, and “description sensu stricto”. We acknowledge that defining these periods and
making these assumptions is an oversimplification, but it is necessary to draw conclusions (see Discussion).

We consider the “overall description process” as the time span between the collection date of the first (i.e., the oldest)
specimen included in the type series and the publication date of the article introducing the new species to the scientific
community. Within this overall process, we differentiate the two other sub-periods, the “collection” and the “description
sensu stricto”.

The collection period refers to the fieldwork conducted to gather the entire type series, extending from the collection of
the first specimen to the last. We assume that all type specimens were considered essential for the species description,
which was delayed until the completion of the type series, and that the inclusion of both recently collected and older spec-
imens was not arbitrary. Additionally, we regard the first collected type specimen as the first scientific encounter with the
species (i.e., the moment a researcher truly discovers the species), even if it was not immediately recognized as a new
taxon in the field and this insight occurred years later.

The description sensu stricto is the process encompassing taxon delimitation, diagnosis, description, and determination
(sensu [38]), spanning from the collection of the last specimen of the type series to the publication date. At this point, we
assumed that once the last specimen of the type series was collected, the description sensu stricto started.

To summarize and visualize the three periods, we calculated their durations in years for easier interpretation and
representation. Using the base package in R [46], we obtained central tendency statistics including the mean, trimmed
mean (mean after excluding 10% of extreme values from both ends to reduce the influence of outliers), and median, along
with position statistics such as the minimum and maximum. Using the psych package [47], we then calculated measures
of asymmetry, including skewness (an asymmetry coefficient where positive values indicate a long right tail, meaning
most observations are concentrated below the mean with some high values) and kurtosis (a measure of tail weight and
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peakedness where high values indicate heavy tails and a sharp central peak compared to a normal distribution). Using the
psych package, we also calculated dispersion measures such as the Standard Deviation (S.D.), Median Absolute Devia-
tion (M.A.D.; a robust dispersion measure; calculated as the median of absolute differences from the median, less sen-
sitive to outliers than S.D.), range, and Standard Error (S.E.). We used the ggplot2 package [48] to represent the results
using violin and boxplots. This process was conducted independently for each genus and region, followed by merging the
four regional datasets to obtain global estimates.

Number of field trips and temporal patterns of type specimen collection

To estimate the number of field trips required to collect the entire type series for each species description, we calculated
the time span between the sorted collection dates of the specimens in the type series. We considered as distinct field trips
those collection events separated by more than one month (i.e., 30 days).

To estimate global and regional temporal patterns in the collection of type specimens (i.e., the number of field trips con-
ducted to collect type specimens each month and year), we calculated the number of specimens collected per month and
year, and represented the collection frequencies using heatmaps with the ggplot2 package.

Effect of abiotic variables on the description lags

To understand why certain species were described faster than others, we investigated the effect of several abiotic vari-
ables on the description sensu stricto. We did not analyze the effect of these variables on the overall and collection pro-
cesses, as the values of these variables are typically determined post-collection.

We included three categorical variables: (1) whether genetics were involved in the species description (YES/NO), (2) the
region, and (3) the genus; also, we considered five continuous variables: (1) the number of authors of the description paper,
(2) the number of specimens in the type series, (3) the number of species described in each paper, (4) the number of field
trips required to collect the type series (see above), and (5) the number of species currently recognized in the genus.

Before fitting the models, we ensured that no numerical variable had a correlation greater than 70% with any other to
avoid multicollinearity. For each of the four regions and the global analysis (i.e., combining the four regions into a single
dataset), we fitted generalized linear mixed models (GLMM) using the gimmTMB R package [49]. In the global model,
we included “genus” and “region” as random effects to account for the hierarchical structure of the data. We excluded
“region” in the regional models. All models used a Gaussian family with an “identity” link function. We log-transformed the
response variable to meet or improve the model assumptions.

To further assess the significance of the relationships, we performed an analysis of variance using the Anova() function
from the car R package [50], which allowed us to evaluate the influence of the predictor variables without considering the
factor levels.

We evaluated the model performance using the DHARMa package [51], by obtaining the simulated residuals from the
model to assess the deviation from the expected distribution, uniformity, outliers, and dispersion. Additionally, we fitted null
models (i.e., only including the random effects) and compared these with the empirical models to determine whether the
inclusion of fixed effects in the empirical model, provided a significantly better fit to the data. We conducted this comparison
using anova() from the stats package. Finally, we used the effects package [50] to represent the effects of the variables.

Temporal evolution of variables

For each region and globally, we evaluated the temporal evolution of several variables including the overall description
process, the collection, the description sensu stricto, the number of authors, the number of species described each year,
the number of taxonomic papers published annually, the number of species described in each paper, the number of type
specimens in each species’ type series, the percentage of species described using genetics each year, and the number of
field trips undertaken to collect the type series.
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To analyze the temporal evolution of these variables, we averaged the yearly values for each region and globally (e.g.,
the mean time invested in the collection of type specimens for each species described in 2006). Additionally, we counted
the number of species described each year and the number of those that used genetic data, in order to compute the per-
centage of species descriptions incorporating genetic evidence per year.

We used the ggplot2 package to generate all plots, applying local regressions (LOESS) to fit curves to the data for
visualization purposes. To assess the temporal significance of the aforementioned variables, we calculated p-values using
linear (LM, Im()) or generalized additive models (GAMs, gam()) from the stats package with default parameters [46]. We
selected the best method based on the comparison of their coefficient of determination (R?).

Results
Species described since the year 2000 and lag times

Nine hundred and twenty-four frog species have been described across the four analyzed regions between 2000 and
2023. Melanesia leads with 286 newly described frog species, followed by Madagascar with 215, Ecuador with 213, and
India with 210. This represents an average description rate of ca. 10 new species per region each year. After exclud-
ing unavailable papers and species with unreported collection or publication dates, we analyzed a total of 2,981 unique
collection dates from 896 species; 269 species from Melanesia, 215 from Madagascar, 208 from Ecuador, and 204 from
India (S1 Table and S2 Table).

Thirty-six percent of the analyzed species were described within five years of the collection of the first type specimen,
and ca. 26% of the species between five and ten years of the first collection. The remaining ca. 40% of the species were
described between 10 and 125 years after the first type specimen collection (Fig 1).

The mean and confidence interval for the global overall description process (i.e., from the collection of the first
type-specimen to the paper publication date) is 11.3+0.8 years, with 4.5+0.7 years dedicated to collecting the type series
and 6.8+ 0.5 years focused on the description sensu stricto. However, the distribution is heavily right-skewed, indicating
that while some species experienced long delays, most species were described in a shorter time. This is reflected in the
medians, which are substantially lower: 7.3 years overall, 0.1 years for collection, and 4.4 years for description and publi-
cation (see Fig 2 and Table 1 for central tendency, position, asymmetry, and dispersion statistics).
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Fig 1. Percentage of frog species described since their first collection. Percentage of frog species described as a function of the time elapsed
since the collection of the first specimen.

https://doi.org/10.1371/journal.pone.0323855.9001
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Fig 2. Time lags and trends in anuran amphibian species descriptions. (a) Cumulative number of frog species described over time. (b) Time lags in
the description process. (c) Average description speed per year. Green: description sensu stricto, blue: collection, gray: overall process. The world map
showing country boundaries was obtained from OpenDataSoft (https://public.opendatasoft.com/explore/dataset/world-administrative-boundaries/informa-
tion/) and is licensed under the Open Government Licence v3.0, which is compatible with the Creative Commons Attribution License (CC BY 4.0).
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Table 1. Summary statistics (in years) for each analyzed region across the different subperiods of the species description process. The table
presents the minimum (Min.), mean, standard deviation (S.D.), 10% trimmed mean (Trim. mean), median, median absolute deviation (M.A.D),

maximum (Max.), range, skewness (Skew), kurtosis, standard error (S.E.), and 95% confidence interval for the mean (Interval).

GLOBAL Ecuador India Madagascar Melanesia
Species 896 208 204 215 269
Overall description process
Min. 0.42 0.5 0.42 0.99 0.61
Mean 11.26 11.79 5.77 12.43 14.08
S.D. 12.63 12.58 6.16 10.48 16.18
Trim. mean 8.91 9.43 4.78 11.25 11.01
Median 7.28 6.85 3.87 9.57 8.81
M.A.D 6.59 5.86 3.4 7.84 7.59
Max 125.74 82.95 60.04 110.86 125.74
Range 125.32 82.45 59.62 109.88 125.13
Skew 3.5 2.03 4.08 4.16 3.22
Kurtosis 20.48 5.17 28.75 34.34 15.31
S.E. 0.42 0.87 0.43 0.71 0.99
Interval (95%) 11.26+0.82 11.79+1.71 5.77+0.85 12.43+1.40 14.08+1.93
Description sensu stricto
Min 0.18 0.33 0.18 0.35 0.57
Mean 6.79 5.54 3.88 6.19 10.45
S.D. 7.52 6.8 3.6 4.46 10.3
Trim. Mean 5.33 4.15 3.27 5.56 8.43
Median 4.41 3.35 2.81 5.3 6.92
M.A.D 3.74 2.83 2.37 3.72 6.33
Max 54.62 51.48 23.44 19.91 54.62
Range 54.45 51.14 23.26 19.56 54.05
Skew 2.85 3.27 2.21 1.21 1.96
Kurtosis 10.57 14.09 6.8 0.82 3.93
S.E. 0.25 0.47 0.25 0.3 0.63
Interval (95%) 6.79+0.49 5.54+0.92 3.88+0.49 6.19+0.60 10.45+1.23
Collection
Min 0 0 0 0 0
Mean 4.47 6.25 1.89 6.24 3.64
S.D. 9.93 10.58 5.13 9.96 11.54
Trim. Mean 2.2 3.92 0.75 4.52 0.92
Median 0.08 1.32 0 3.07 0.01
M.A.D 0.12 1.96 0 4.56 0.02
Max 104.93 79.97 55.84 104.67 104.93
Range 104.93 79.97 55.84 104.67 104.93
Skew 4.94 2.84 6.54 5.05 5.51
Kurtosis 35.46 11.73 59.3 43.02 36.14
S.E. 0.33 0.73 0.36 0.68 0.7
Interval (95%) 4.47+£0.65 6.25+1.44 1.89+0.70 6.24+1.33 3.64+1.38
https://doi.org/10.137 1/journal.pone.0323855.t001
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We found significant disparities among regions. India leads in the speed of species descriptions, averaging 5.8+0.9
years of overall process, 1.9+0.7 years for collection, and 3.9+ 0.5 years for description. Ecuador follows with an over-
all process time of 1.8+ 1.7 years, 6.3+ 1.4 years for collection, and 5.5+0.9 years for description. Madagascar closely
trails, with an overall process of 12.4 + 1.4 years, comprising 6.2+ 1.3 years for collection and 6.2+ 0.6 years for descrip-
tion. Finally, the region that takes the longest is Melanesia, with an overall process time of 14.1+1.9 years, including
3.6+ 1.4 years for collection and 10.5+ 1.2 years for description (Fig 2 and Table 1).

In all three periods (i.e., overall, collection, and description) and across all five regions (i.e., four independent regions,
plus global), we obtained high standard deviation values, with values exceeding the mean value in 11 out of 15 cases.
This indicates a significant dispersion of the data around the mean. The median values consistently fell below the mean,
suggesting a skewed distribution. Skewness values were greater than zero in all cases, pointing to positive asymmetry.
Kurtosis values consistently exceeded zero, signaling heavy tails and the presence of more extreme values (outliers) that
would typically occur in a normal distribution. Additionally, the standard error values remained low in all cases, especially
in comparison to the standard deviation, indicating that the obtained mean is a fairly reliable estimate of the population
mean.

Number of field trips and temporal patterns of type specimen collection

Half of the species (476; 53.1%) described between 2000 and 2023 required a single field trip to collect the entire type
series, with an average of eight collected specimens per species. Two trips were required for 20.3% of species, three for
11.7%, and four for 6.1%. The remaining ca. 8% were described on the basis of collections made over between five and
23 field trips.

Considering the four regions, species descriptions between 2000 and 2023 were based on type specimens col-
lected between 1893 and 2023, with the majority collected between 1999 and 2016, with some regional differences
(S1-S5 Fig).

In Melanesia and Ecuador (S4-S5 Fig), type specimen collection was relatively evenly distributed throughout the year
(defined as each month having at least 40% of the number of specimens collected in the peak month). In contrast, Mada-
gascar and India exhibit marked seasonal peaks in collection activity, with certain months showing higher numbers of type
specimens collected than others (S2-S3 Fig).

Effect of abiotic variables on the description lags

Empiric models differed significantly from the null models and presented lower AIC values, indicating that the models
are better than randomness and that the fixed variables have a genuine effect on the data (S3 Table). All models met the
model assumptions, except for Ecuador, where minor violations were observed (S6 Fig). Adding random effects (“genus”
in all cases, and both “genus” and “region” in the global analysis) significantly increased the percentage of variance
explained by the models (S4 Table).

In all regions except Ecuador, the number of authors had a significant effect on species description time, with an
increase in the number of authors associated with a faster description in the global model, Ecuador, and India, and with
slower description times in Madagascar and Melanesia. The number of type specimens did not have a significant effect
in any region. The number of described species within a genus was marginally significant in Madagascar, where richer
genera are associated with faster species descriptions. This variable was not significant in other regions. The number
of field trips significantly influenced the description times in the global model and in India, was marginally significant in
Ecuador and Madagascar, and showed no significant effect in Melanesia. Across all regions, however, an increase in
the number of field trips to collect the type series was associated with shorter description times, perhaps because much
of the work had already been done and only complementary data, such as vocalizations, were needed. The number
of species described per paper was significant in the global model, Ecuador, and Melanesia, but not in Madagascar or
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India. An increase in the number of species per paper was associated with longer description times in all regions except
in Madagascar, where the effect was the opposite (but not significant). Incorporating molecular data was associated
with longer description times in all regions except Madagascar, but this effect was significant only in the global model
and in India (S7 Fig, S4 Table).

Temporal evolution of variables

Globally, the overall description process decreased from 16 years in 2000 to 7.2 years by 2012. However, after 2012,
the description lag increased again, reaching a current value of ca. 11 years (Fig 3). Both collection and description
sensu stricto followed similar declining trends until 2012, after which the description time rose significantly, while collec-
tion time remained stable. Statistical analyses showed that both overall description time and description sensu stricto
varied significantly with the year (p-value,,,: 0.023 and 0.015, respectively), while collection time remained stable
(non-significant).

Ecuador, India, and Melanesia broadly follow the global pattern in the overall description (p-value,,,: 0.01, 0.03, and
n.s., respectively), in the description sensu sticto (p-value,,: 0.01, n.s., and n.s. respectively), and in the collection
processes (n.s.). In contrast, Madagascar shows a considerable increase in both the overall description process and
description sensu stricto (p-value,,,: 0.03 and <0.001, respectively), as well as a moderate, non-significant increase in the
collection time (S8-S11 Fig).

The number of authors contributing to species descriptions has significantly increased globally (p-value,,,:<0.001).

In Ecuador and India, the number rose from ca. two to five authors, where it appears to have plateaued
(p-values,,,:<0.001), while in Madagascar and Melanesia, it continues to rise (p-values,,,: <0.006) (S8-S11 Fig).

The number of taxonomic papers published globally each year increased from ca. 12-23, plateaued until 2020, and
then declined (p-value,,: 0.01). Ecuador, India, and Melanesia follow similar patterns (p-values,,:<0.001,<0.001, and
n.s.). In contrast, Madagascar shows high variability, with an overall mean of ca. five annual papers, with no significant
trend (S8-S11 Fig).

The proportion of taxonomic papers incorporating genetic data has significantly increased globally, reaching 90% by
2022 (p-value,,,,:<0.001). Madagascar shows the earliest widespread usage, with 100% of papers incorporating genetic

GAM*
data since 2004, with few exceptions (p-value_,,,: <0.001). In India, the use of genetics remained low (ca. 25%) until

GAM*
2010, followed by an increase to the current 100% (p-value,,,:<0.001). In Ecuador, usage has increased steadily, cur-
rently exceeding 80% (p-value,,:<0.001). In contrast, Melanesia lags behind, with only ca. 40% of papers incorporating
genetic data (p-value: 0.005) (S8-S11 Fig).

The number of species described annually increased globally from ca. 25-45 until 2010, when it plateaued (p-value,,,:
0.01). Ecuador shows a similar trend, reaching a plateau of ca. 12 species per year by 2018 (p-value,,:<0.001). India
shows a non-significant steady increase until 2012, followed by a decline. Madagascar and Melanesia show great variabil-
ity with an overall non-significant continuous increase without reaching a plateau in Madagascar and an overall decrease
in Melanesia (S8-S11 Fig).

The average number of species described per paper shows a globally non-significant positive trend. Ecuador and Mad-
agascar show similar patterns, while in India and Melanesia, the number increased until ca. 2013, followed by a decline
(S8-S11 Fig).

The number of type specimens in a type series has globally decreased from ca. 20 to fewer than 10 (p-value,,, 0.005).
A similar pattern is observed in Melanesia (p-value ,, 0.003). Ecuador and India show no significant trends. In Madagas-
car, the overall trend is a steady decrease, although some recently described species have reversed that trend (p-value,,,
0.004) (S8-S11 Fig).

The number of field trips required to collect the entire type series globally shows huge dispersion, with an overall stable

trend between 1.5 and 3 field trips required to collect the type series (S8-S11 Fig).
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Fig 3. Temporal evolution of variables in the four analyzed regions. (a) Overall description process (black), collection (blue), and description sensu
stricto (green), (b) number of authors in each species description (mean), (c) number of published taxonomic papers (count), (d) Taxonomic papers that
include genetics (percentage), (e) number of species described each year (count), (f) number of species described in each paper (mean), (g) number of
type specimens in the type series (mean), (h) number of field trips conducted to collect the entire type series (mean).

https://doi.org/10.1371/journal.pone.0323855.9003
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Discussion
Anuran species descriptions amid a biodiversity crisis

Taxonomists have named more than 2.3 million species [52] at a pace of 20,000 species descriptions per year [53]. How-
ever, this represents only a small fraction of the world’s predicted species richness [15]. In the past century, we have come
to realize that our planet is facing a biodiversity crisis, while the majority of species remain undiscovered and undescribed.
Unless we reverse the current trend of threats, we may be among the last generations with the opportunity to explore and
document Earth’s biodiversity [39,54].

Here, we evaluated the time required to describe a frog species with a focus on four megadiverse tropical regions.
Despite being the most endangered class of vertebrates [41], amphibians are being described at remarkably high rates,
and the numerous candidate species flagged worldwide suggest that true amphibian richness —and consequently the
number of threatened species— has been, and remains, underestimated [10,30,32,55].

Our results suggest that the mean description time from the collection of the first type specimen to publication is 11.3
years per species, with 4.5 years dedicated to the type series collection and 6.8 years to the description sensu stricto. We
found similar values across three of the four analyzed regions, with India showing lower values (see Results). Fontaine et
al. [39] found similar “shelf” figures for tetrapods analyzing a random set of species described in 2007. Our results indicate
that, for frogs, the description times are not decreasing at the global level. While continental regions (e.g., India and Ecua-
dor) exhibit a trend of declining description times, insular regions (e.g., Madagascar and Melanesia) show an increase.
This pattern may be explained by the increasing presence and activity of local taxonomists in continental countries, while
in the studied insular regions, taxonomy has historically been led by foreign institutions, which are experiencing a reduc-
tion in the number of specialists [56]. Overall, our estimate of the global pattern is U-shaped, with current description times
being longer than those in 2012 but shorter than those in 2000.

Thirty-six percent of frog species described since 2000 were named within five years of first collection, indicating that a
substantial proportion of recently described species rely on newly collected material. This highlights the magnitude of the
Linnean anuran shortfall and the importance of maintaining active fieldwork and collecting —particularly in poorly known
regions— at a time when logistical, political, and regulatory barriers to collecting and vouchering are increasing. In contrast,
the remaining 64% of species were collected earlier —up to 125 years ago— and described much later. This suggests that
new species are not always recognized as such in the field, or, when they are, their formal description may be delayed
by the limited resources and capacity of (the few) taxonomists to process the sheer volume of undescribed species, or
because other research priorities are often more academically rewarded. It also reflects that targeted sampling aimed at
collecting specific, suspected new species is relatively uncommon. These findings also support the critical role of public
scientific collections as reservoirs of undocumented diversity, while also raising concerns about the limited personnel,
resources, and time available to examine the collected material. Public collections contain a wealth of overlooked speci-
mens (e.g., [57—61]). In fact, as Bebber et al. [62] noticed, a significant percentage of the world’s undescribed species have
already been collected and lodged in museums, but await further scientific investigation and description. In the context of
the current biodiversity crisis, some authors have suggested prioritizing the collection and preservation of as many spec-
imens as possible as testimonies of a vanishing biodiversity, ensuring future generations can describe species that may
already be extinct [39—63]. Collecting efforts are essential for addressing the geographical and taxonomic gaps that still
exist. To maximize their contribution to biodiversity discovery, collecting should be paired with proper specimen processing
(including tissue sampling for genetic analysis) and thorough taxonomic revision to promptly detect candidate species and
prioritize their description. To describe as many species as possible while they still exist, it is essential to reverse decades
of funding cuts to taxonomy. Increased investment would support the creation and maintenance of much-needed taxonomic
positions, expand sampling efforts, and enable thorough scrutiny of both recent and historical collections.

Tropical regions harbor most of Earth’s terrestrial biodiversity, yet they remain highly threatened and among the least
scientifically understood [64—65]. Large-scale molecular screenings are still relatively rare, but those conducted have
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revealed high numbers (even hundreds) of potential new species—enabled by comparisons with previously sequenced
taxa [10,30,32,55]. Despite growing use of molecular data in species descriptions over the last decades, it has yet to
become a standard practice (see results; [53]). Our results suggest that incorporating molecular data into frog descrip-
tions significantly increases description time in some regions. While adding any procedure to the species descriptions
inherently increases the time required, the increase of time can also be attributed to cryptic species, which may remain
undescribed on shelves for years until identified molecularly. Sequencing type specimens during species descriptions
offers benefits for taxonomy and biodiversity science. DNA-barcodes linked to identified and re-examinable type spec-
imens establish a reliable connection between genetic data and physical vouchers from the outset [66]. This enables
unambiguous specimen assignment to described species often without taxonomic expertise—except in cases of intro-
gression, hybridization, or human error [67]. Therefore, by leveraging new methodologies and increasingly affordable
molecular tools, the widespread use of DNA barcodes to screen collected material should ideally become a standard
practice among taxonomists where feasible, especially in poorly surveyed regions [68]. Genetically characterizing the
collected material and publicly releasing the georeferenced sequences would not only highlight candidate species —
thereby promoting their formal description— but also provide valuable data for other disciplines such as biogeography,
evolutionary biology, and ecology. Such efforts could help reduce the Wallacean shortfall [12] by revealing new localities
(e.g., metabarcoding) and improving our understanding of intraspecific diversity (e.g., macrogenetics; [69]). Although
the ideal species description involves partial sequencing to allow DNA-based identification, genetic comparison, and
phylogenetic contextualization, the use of molecular data is not strictly necessary. We acknowledge that socio-economic
constraints and legal restrictions on specimen or tissue export in many countries unfortunately limit the widespread
implementation of these molecular methods.

Given the number of species still awaiting discovery and description, it is evident that we need more effective solutions
for inventorying and protecting Earth’s amphibian fauna before many species vanish. Over the average 11-year span than
takes to formally describe a frog species since the first specimen is collected, vast areas of currently suitable habitats are
likely to disappear if current rates of habitat destruction continue [70-71].

There is an undeniable urgency to describe as many species as possible. However, speeding up the process of nam-
ing species should not compromise the quality of species hypotheses [22,36]. Adopting streamlined species description
methodologies that concisely focus on essential diagnostic traits without compromising the rigor of species descriptions
(e.g., “fast-track taxonomy” in the sense explained above) and integrating molecular data to support rapid identifications
can improve the efficiency of species discovery and description. Although integrative taxonomy has long been practiced
by many taxonomists, it is in the last decades that taxonomy has truly become multidisciplinary, integrating approaches
and techniques from disciplines such as genetics, biogeography, bioacoustics, morphometry, and osteology (CT scans)
to enhance accuracy and provide more information about species. Overcoming the Linnean shortfall while ignoring the
Wallacean and other shortfalls (see: [72]) makes little sense if the ultimate goal is to conserve species. But how much
complexity is necessary for a species description? Must every shortfall be addressed or every bone be described in the
initial process of description? Certain standards are clearly necessary to ensure taxonomic descriptions remain consistent,
comparable, and facilitate the work of future taxonomists. Although new methods have emerged to disentangle taxonomic
challenges derived from poor descriptions or poorly preserved specimens (e.g., [73]), we still face the consequences of
brief historical descriptions, scattered (or lost) type material, and imprecise type localities, which deter anyone from tack-
ling certain taxonomic decisions [21,74].

Taxonomic data

A foundational task of taxonomy is to compare the variability of target specimens with that of related described species to
assess whether the observed differences justify their recognition as a distinct unit [75]. Another challenge in taxonomy is
that much of the original biological materials used in species descriptions are often scattered across museum collections
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worldwide, making it difficult and expensive to revisit and re-study. Additionally, extensive biodiversity data literature exists,
comprising different sets of information. While genetic data are now centralized and easy to retrieve (e.g., GenBank,

[76]; BOLD, [77]), other crucial data produced during species descriptions are either absent from accessible repositories,
incomplete, or insufficiently standardized, limiting their reuse [53-54].

A previously suggested strategy to enhance data accessibility and thereby accelerate species descriptions, with-
out compromising species hypothesis, is “wikifying” taxonomic data (i.e., cybertaxonomy [21,53,78-80]). The formal
description would continue to follow (unless a better solution is found) established taxonomic procedures (i.e.,
peer-reviewed publications that comply with the International Code of Zoological Nomenclature). However, data
about a species or candidate species would be accessible on a centralized digital platform for immediate down-
load and re-use, contributed by ORCID-identified researchers or drawn from referenced literature. If centralized,
this system would make it easier to find all information about a taxon, substantially shortening the time needed to
compile datasets for species comparisons, and facilitate the continuous updating of species descriptions and data
(e.g., DNA sequences, traits, and distributional data) before, during, or after their formal description. This strategy
would, on one hand, allow species to be described following a (to be defined) minimum standard to ensure reliable
descriptions, with the possibility of later adding information to update them ( [21,53]; and references therein). On
the other hand, it would draw attention to undescribed lineages and raise awareness among colleagues working on,
or possessing information about, the same taxa [21,81,82]. Consequently, it would not be necessary to delay nam-
ing species to provide the most complete description possible. Species and candidate species could be included
in the conservation scheme from the outset, and although the act of naming itself remains static, their descriptions
and biological content could remain dynamic and be updated over time. In addition, this approach could promote
the release of data that, due to their magnitude or nature, are not usually published but are nonetheless valuable
(e.g., morphological measurements of already described species). Since a small number of journals publish most
taxonomic papers, these leading journals —as suggested by Miller et al. [83]— could coordinate with others to
request standardized taxonomic data (e.g., morphometric values, variable labeling, coordinates) and routinely
upload it to digital platforms (see a proposed pilot submission template for taxonomic data: [53]). Once a shared
minimum standard for reliable descriptions and a unified data submission format are established, other journals
and authors could follow the same templates, ensuring consistency across the field. Ultimately, as in many other
fields, Al is expected to play an important role in several aspects of taxonomic practice, most likely contributing to
the acceleration of species descriptions. However, discussing the potential developments of this emerging tool for
taxonomy is beyond the scope of this paper.

Species can be protected through direct conservation efforts by targeting specific species or indirectly by safeguarding
their habitats. Undescribed species are not assessed by the IUCN and are generally excluded from biological inventories
used to prioritize conservation areas. With the current figures of species descriptions, if we must wait until a species is
formally named to protect it, we will lose the race against extinction for many of them. Because of the multiple constraints
that can delay formal naming, taxonomists often describe species that have been identified as such for decades. In some
cases, given the alarming rate of habitat destruction, it happens that by the time a name is finally given, the type locality
has been severely altered or lost (e.g., [84—85]). This highlights a critical gap in conservation: undescribed species consti-
tute the majority of Earth’s biodiversity, but lack formal recognition and, consequently, legal protection, making them more
vulnerable to extinction [40].

Therefore, a major challenge faced by undescribed species is that current conservation legislation is generally (named)
species-centered. Since descriptions are slow and take increasingly longer, many species do not (and will not) have any
form of protection unless they happen to occur within a protected area by chance. Using cybertaxonomy could enable
including undescribed species in the conservation scheme from the outset and/or enhance a region-centered conser-
vation approach (i.e., indirect conservation). In the latter, we propose accounting for species that have been known for
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years but remain unnamed—many of which we have substantial data on (e.g., [37]). These species could be used to
prioritize conservation areas based on species “richness”, aligning with global targets such as the 30 x 30 initiative, which
aims to protect 30% of the planet’s land and oceans by 2030 [86]. This approach would prioritize long-term conservation
efforts by considering a more realistic diversity inventory. To achieve this, we suggest publishing all available information
on undescribed species, such as DNA barcodes and distribution data, to make it available for regional or global studies.
We acknowledge that this approach, in some occasions, could inflate the species inventory of a given area. However,
the worst outcome would be conserving divergent conspecific lineages, which, in any case, represent important genetic
variability that should be preserved.

Taxonomy crisis

Taxonomy is a foundational science. Almost all biological studies take place downstream ( [38,54]). Contradictorily, is an
undervalued biological discipline [63]. Taxonomic papers receive few citations and are often published in low-impact jour-
nals [87—88] threatening the careers of early-career researchers with low citation indices [89—-90]. Additionally, funding for
taxonomy-focused projects is steadily declining [54,78,91,92]. To secure funding and publication in high-impact journals,
these projects often need to be framed within cutting-edge methodologies or broader questions. This can result in using a
sledgehammer to crack a nut, ultimately extending description times.

authors involved in species descriptions has increased exponentially [56,96-98]. Others contend that, despite this author
inflation, not all authors listed in taxonomic papers can be considered taxonomists [94,98]. On a global scale, there is

a regional turnover, with historically leading taxonomic institutions losing taxonomists, while other regions are increas-
ing their numbers [7,56]. Our results confirm that the number of authors involved in frog species descriptions has been
steadily increasing. However, we found a globally significant relationship between the increase in the number of authors
and a reduction in the description time. These results contradict the presumed undesirable effects of author inflation
hypothesis, indicating that task distribution among authors may lead to more efficient species descriptions. However, we
did not find this relationship in all regions, suggesting that such improved efficiency may depend on the particularities of
each research group.

Our results suggest that, since ca. 2010, the number of published frog taxonomical papers, the number of frog spe-
cies described each year, and the number of species described per paper have remained stable. This contrasts with the
growth in scientific productivity, partially driven by advancements in computational power, new and affordable sequenc-
ing technologies, and data analysis software [53,73,99-102]. Unchanged species diagnosis and description procedures
have been flagged as the main cause [21,53]. Moreover, the number of species described per taxonomist has generally
declined. While some authors have attributed this trend to a lack of new species to describe [21,93,96,98], the large
number of candidate species flagged annually and current rates of species descriptions suggest otherwise. This decline
may reflect a growing shortage of taxonomic specialists and an increased participation in taxonomy of researchers from
other fields [94,98,103]. This trend may be further exacerbated by the fact that describing a new species, while inherently
engaging for most biologists, it is little rewarded. As a result, despite not being taxonomists, some researchers venture
into describing one or a few species.

Working in consortiums has been proposed as a strategy to increase the number of species described per article,
thus improving the impact metrics of both articles and journals. While this strategy may increase impact metrics, an issue
remains: who will be the first author? Is it more advantageous for early-career researchers to be the first author of a less-
cited article or to be one among many contributors in a consortium article? Regarding description time, our results suggest
that while an increase in the number of authors is associated with shorter description times at a global scale, a higher the
number of species described per paper (which is expected to increase the impact metric) has the opposite effect, with
more species leading to longer times required to describe each one.
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Study caveats

We had to define two subperiods in the species description process and make oversimplified assumptions to analyze data
and draw general conclusions. First, the oldest collected specimen in the type series may not represent the species’ first sci-
entific encounter, as earlier specimens might have been overlooked (deliberately or not) or stored elsewhere. Even if it was
the first encounter, it might not have been recognized as new in the field. In some cases, collectors are not researchers, and
the collected material is often not examined immediately after fieldwork. Second, a species can be described using only the
holotype (or even part of it). Since not all specimens in the type series are essential for the species description, the process
might not be delayed until their collection. Third, including ancient specimens in the type series of species description was
not always strictly necessary, and their inclusion extended the calculated lag time between the first collection and publication.
Fourth, the description sensu stricto rarely begins immediately after the last type specimen is collected. There are multiple
factors that can delay the description of a species for decades. Lastly, we acknowledge that our figures may contain a level
of error affecting all species in different degrees, which we did not account for: the time span between manuscript submission
and publication. This interval varies depending on the journal and the length of the review process, which can sometimes be
lengthy. For the purpose of this study, we have assumed that this interval is part of the species description.

Supporting information

S1 Fig. Heatmap of global specimen collections. Heatmap showing the distribution of specimen collection events in
the four analyzed regions over time. The x-axis represents the months of the year, while the y-axis represents the years of
collection. The color intensity indicates the number of specimens collected in each time period.

(PDF)

S2 Fig. Heatmap of specimen collections in Madagascar. Heatmap showing the distribution of specimen collection
events in Madagascar over time. The x-axis represents the months of the year, while the y-axis represents the years of
collection. The color intensity indicates the number of specimens collected in each time period.

(PDF)

S3 Fig. Heatmap of specimen collections in India. Heatmap showing the distribution of specimen collection events in
India over time. The x-axis represents the months of the year, while the y-axis represents the years of collection. The color
intensity indicates the number of specimens collected in each time period.

(PDF)

S4 Fig. Heatmap of specimen collections in Melanesia. Heatmap showing the distribution of specimen collection
events in Melanesia over time. The x-axis represents the months of the year, while the y-axis represents the years of col-
lection. The color intensity indicates the number of specimens collected in each time period.

(PDF)

S5 Fig. Heatmap of specimen collections in Ecuador. Heatmap showing the distribution of specimen collection events
in Ecuador over time. The x-axis represents the months of the year, while the y-axis represents the years of collection.
The color intensity indicates the number of specimens collected in each time period.

(PDF)

S6 Fig. Residual diagnostics from the DHARMa R package for the fitted models.
(PDF)

S7 Fig. Significant effect plots of variables on description sensu stricto. Colored boxes differentiate the regions.
Gray =global, Purple =Ecuador, Orange = Madagascar, Green=India, and Blue =Melanesia.
(PDF)

PLOS One | https://doi.org/10.137 1/journal.pone.0323855 January 23, 2026 16/21



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s007

PLO\Sﬁ\\.- One

S8 Fig. Temporal evolution of variables in Ecuador. (a) Overall description process (black), collection (blue), and
description sensu stricto (green), (b) N° of authors in each species description (mean), (¢) Number of published taxonomic
papers (count), (d) Taxonomic papers that include genetics (percentage), (e) N° of species described each year (count),
(F) N° of species described in each paper (mean), (g) N° of type specimens in the type series (mean), (h) N° of field trips
conducted to collect the entire type series (mean).

(PDF)

S9 Fig. Temporal evolution of variables in India. (a) Overall description process (black), collection (blue), and descrip-
tion sensu stricto (green), (b) N° of authors in each species description (mean), (¢) Number of published taxonomic
papers (count), (d) Taxonomic papers that include genetics (percentage), (e) N° of species described each year (count),
(F) N° of species described in each paper (mean), (g) N° of type specimens in the type series (mean), (h) N° of field trips
conducted to collect the entire type series (mean).

(PDF)

S10 Fig. Temporal evolution of variables in Madagascar. (a) Overall description process (black), collection (blue), and
description sensu stricto (green), (b) N° of authors in each species description (mean), (¢) Number of published taxonomic
papers (count), (d) Taxonomic papers that include genetics (percentage), (e) N° of species described each year (count),
(F) N° of species described in each paper (mean), (g) N° of type specimens in the type series (mean), (h) N° of field trips
conducted to collect the entire type series (mean).

(PDF)

S11 Fig. Temporal evolution of variables in Melanesia. (a) Overall description process (black), collection (blue), and
description sensu stricto (green), (b) N° of authors in each species description (mean), (¢) Number of published taxonomic
papers (count), (d) Taxonomic papers that include genetics (percentage), (e) N° of species described each year (count),
(F) N° of species described in each paper (mean), (g) N° of type specimens in the type series (mean), (h) N° of field trips
conducted to collect the entire type series (mean).

(PDF)

S1 Table. Collection and publication dates for each species and region extracted from the literature.
(XLSX)

S2 Table. Lag times of collection (MEX_MIN_YEAR_COLPUB), description sensu stricto (MIN_YEAR_COLPUB)
and overall process (MAX_YEAR_COLPUB) for each species and region. Categorical and numerical variables
used in models are also included.

(XLSX)

S3 Table. Statistical comparison of AIC values between empiric (fixed + random variables) and null (random vari-
ables only) models.
(PDF)

S4 Table. p-values from the GLMM models and evaluation metrics for global and regional analyses.
(PDF)

Acknowledgments

We want to acknowledge colleagues who provided fruitful discussions on this issue in the past years, specially Matthijs

P. van den Burg and Santiago Castroviejo-Fisher. We are grateful to Ernesto Recuero for his critical reading of the manu-
script. We thank the academic editor, Alex Slavenko, as well as Paul Oliver, and one anonymous reviewer for their valu-
able comments and suggestions.

PLOS One | https://doi.org/10.1371/journal.pone.0323855 January 23, 2026 17121



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s012
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s013
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s014
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0323855.s015

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Albert Carné, Alberto Sanchez-Vialas, Ignacio De la Riva.

Data curation: Albert Carné, Alberto Sanchez-Vialas, Claudia Lansac, Miriam Moreno-Orosa.

Formal analysis: Albert Carné.

Investigation: Albert Carné, Alberto Sanchez-Vialas, Claudia Lansac, Miriam Moreno-Orosa, Ignacio De la Riva.
Methodology: Albert Carné, Alberto Sanchez-Vialas, Ignacio De la Riva.

Project administration: Albert Carné.

Supervision: Ignacio De la Riva.

Validation: Albert Carné, Alberto Sanchez-Vialas, Claudia Lansac, Miriam Moreno-Orosa, Ignacio De la Riva.
Visualization: Albert Carné, Claudia Lansac.

Writing — original draft: Albert Carné.

Writing — review & editing: Albert Carné, Alberto Sanchez-Vialas, Claudia Lansac, Miriam Moreno-Orosa, Ignacio De la
Riva.

References
1. Lees AC, Pimm SL. Species, extinct before we know them? Curr Biol. 2015;25(5):R177-80. https://doi.org/10.1016/j.cub.2014.12.017 PMID:
25734261

McCallum ML. Vertebrate biodiversity losses point to a sixth mass extinction. Biodiv Cons. 2015;24(10):2497-519.

Ceballos G, Ehrlich PR, Dirzo R. Biological annihilation via the ongoing sixth mass extinction signaled by vertebrate population losses and
declines. Proc Natl Acad Sci U S A. 2017;114(30):E6089-96. https://doi.org/10.1073/pnas.1704949114 PMID: 28696295

4. Ceballos G, Ehrlich PR. The misunderstood sixth mass extinction. Science. 2018;360(6393):1080—1. https://doi.org/10.1126/science.aau0191
PMID: 29880679

5. Young HS, McCauley DJ, Galetti M, Dirzo R. Patterns, causes, and consequences of anthropocene defaunation. Annu Rev Ecol Evol Syst.
2016;47:333-58.

6. Tracewskit, Butchart SHM, Di Marco M, Ficetola GF, Rondinini C, Symes A, et al. Toward quantification of the impact of 21st-century deforestation
on the extinction risk of terrestrial vertebrates. Conserv Biol. 2016;30(5):1070-9. https://doi.org/10.1111/cobi.12715 PMID: 26991445

7. Prathapan KD, Rajan PD. Advancing Taxonomy in the Global South and completing the Grand Linnaean Enterprise. MT. 2020;1(1). https://doi.
org/10.11646/megataxa.1.1.15

8. Button S, Borzée A. A new multi-metric approach for quantifying global biodiscovery and conservation priorities reveals overlooked hotspots for
amphibians. arXiv. 2023. https://arxiv.org/abs/2308.08829

9. Finn C, Grattarola F, Pincheira-Donoso D. More losers than winners: investigating Anthropocene defaunation through the diversity of population
trends. Biol Rev Camb Philos Soc. 2023;98(5):1732—48. https://doi.org/10.1111/brv.12974 PMID: 37189305

10. Carné A, Vieites DR. A race against extinction: The challenge to overcome the Linnean amphibian shortfall in tropical biodiversity hotspots. Diver-
sity and Distributions. 2024;30(12):1-13.

11. Burriel-Carranza B, Tejero-Cicuéndez H, Carné A, Mochales-Riafio G, Talavera A, Al Saadi S. Integrating genomics and biogeography to unravel
the origin of a mountain biota: The case of a reptile endemicity hotspot in Arabia. Syst Biol. 2024. https://doi.org/syae032

12. Lomolino MV, Heaney LR. Conservation biogeography. Frontiers of biogeography: New directions in the geography of nature. Sunderland (MA):
Sinauer; 2004. p. 293-6.

13. Brown JH, Lomolino MV. Biogeography. 2 ed. Sunderland (MA): Sinauer Press; 1998.

14. Mora C, Tittensor DP, Adl S, Simpson AGB, Worm B. How many species are there on Earth and in the ocean? PLoS Biol. 2011;9(8):e1001127.
https://doi.org/10.1371/journal.pbio.1001127 PMID: 21886479

15. Larsen BB, Miller EC, Rhodes MK, Wiens JJ. Inordinate fondness multiplied and redistributed: the number of species on earth and the new pie of
life. Q Rev Biol. 2017;92(3):229-65.

16. Mace GM. The role of taxonomy in species conservation. Philos Trans R Soc Lond B Biol Sci. 2004;359(1444):711-9. https://doi.org/10.1098/
rstb.2003.1454 PMID: 15253356

17. Nori J, Semhan R, Abdala CS, Rojas-Soto O. Filling Linnean shortfalls increases endemicity patterns: conservation and biogeographical implica-
tions for the extreme case of Liolaemus (Liolaemidae, Squamata) species. Zool J Linn Soc. 2022;194(2):592-600.

PLOS One | https://doi.org/10.137 1/journal.pone.0323855 January 23, 2026 18721



https://doi.org/10.1016/j.cub.2014.12.017
http://www.ncbi.nlm.nih.gov/pubmed/25734261
https://doi.org/10.1073/pnas.1704949114
http://www.ncbi.nlm.nih.gov/pubmed/28696295
https://doi.org/10.1126/science.aau0191
http://www.ncbi.nlm.nih.gov/pubmed/29880679
https://doi.org/10.1111/cobi.12715
http://www.ncbi.nlm.nih.gov/pubmed/26991445
https://doi.org/10.11646/megataxa.1.1.15
https://doi.org/10.11646/megataxa.1.1.15
https://arxiv.org/abs/2308.08829
https://doi.org/10.1111/brv.12974
http://www.ncbi.nlm.nih.gov/pubmed/37189305
https://doi.org/syae032
https://doi.org/10.1371/journal.pbio.1001127
http://www.ncbi.nlm.nih.gov/pubmed/21886479
https://doi.org/10.1098/rstb.2003.1454
https://doi.org/10.1098/rstb.2003.1454
http://www.ncbi.nlm.nih.gov/pubmed/15253356

PLO\Sﬁ\\.- One

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

Padial JM, Miralles A, De la Riva |, Vences M. The integrative future of taxonomy. Front Zool. 2010;7:16. https://doi.org/10.1186/1742-9994-7-16
PMID: 20500846

Scheffers BR, Joppa LN, Pimm SL, Laurance WF. What we know and don’t know about Earth’s missing biodiversity. Trends Ecol Evol.
2012;27(9):501-10. https://doi.org/10.1016/j.tree.2012.05.008 PMID: 22784409

Padial JM, Castroviejo-Fisher S, Koehler J, Vila C, Chaparro JC, De la Riva |. Deciphering the products of evolution at the species level: the need
for an integrative taxonomy. Zool Scr. 2009;38(4):431-47.

Riedel A, Sagata K, Suhardjono YR, Tanzler R, Balke M. Integrative taxonomy on the fast track - towards more sustainability in biodiversity
research. Front Zool. 2013;10(1):15. https://doi.org/10.1186/1742-9994-10-15 PMID: 23537182

Vences M. The promise of next-generation taxonomy. MT. 2020;1(1). https://doi.org/10.11646/megataxa.1.1.6

Meegaskumbura M, Bossuyt F, Pethiyagoda R, Manamendra-Arachchi K, Bahir M, Milinkovitch MC, et al. Sri Lanka: an amphibian hot spot. Sci-
ence. 2002;298(5592):379. https://doi.org/10.1126/science.298.5592.379 PMID: 12376694

Fouquet A, Gilles A, Vences M, Marty C, Blanc M, Gemmell NJ. Underestimation of species richness in neotropical frogs revealed by mtDNA analy-
ses. PLoS One. 2007;2(10):e1109. https://doi.org/10.1371/journal.pone.0001109 PMID: 17971872

Clare EL, Lim BK, Fenton MB, Hebert PDN. Neotropical bats: estimating species diversity with DNA barcodes. PLoS One. 2011;6(7):e22648.
https://doi.org/10.1371/journal.pone.0022648 PMID: 21818359

Funk WC, Caminer M, Ron SR. High levels of cryptic species diversity uncovered in Amazonian frogs. Proc Biol Sci. 2012;279(1734):1806—14.
https://doi.org/10.1098/rspb.2011.1653 PMID: 22130600

Mila B, Tavares ES, Mufioz Saldafia A, Karubian J, Smith TB, Baker AJ. A trans-Amazonian screening of mtDNA reveals deep intraspecific
divergence in forest birds and suggests a vast underestimation of species diversity. PLoS One. 2012;7(7):e40541. https://doi.org/10.1371/journal.
pone.0040541 PMID: 22815761

Tanzler R, Sagata K, Surbakti S, Balke M, Riedel A. DNA barcoding for community ecology--how to tackle a hyperdiverse, mostly undescribed
Melanesian fauna. PLoS One. 2012;7(1):e28832. https://doi.org/10.1371/journal.pone.0028832 PMID: 22253699

Veijalainen A, Wahlberg N, Broad GR, Erwin TL, Longino JT, Saaksjarvi IE. Unprecedented ichneumonid parasitoid wasp diversity in tropical for-
ests. Proc Biol Sci. 2012;279(1748):4694-8. https://doi.org/10.1098/rspb.2012.1664 PMID: 23034706

Vacher JP, Chave J, Ficetola FG, Sommeria-Klein G, Tao S, Thébaud C. Large-scale DNA-based survey of frogs in Amazonia suggests a vast
underestimation of species richness and endemism. J Biogeogr. 2020;47(8):1781-91.

Oliver PM, Bower DS, McDonald PJ, Kraus F, Luedtke J, Neam K, et al. Melanesia holds the world’s most diverse and intact insular amphibian
fauna. Commun Biol. 2022;5(1):1182. https://doi.org/10.1038/s42003-022-04105-1 PMID: 36333588

Ferreira F, Oliver P, Kraus F, Glinther R, Richards S, Tjaturadi B. Molecular and acoustic evidence for large-scale underestimation of frog species
diversity on New Guinea. Front Biogeogr. 2025;18:e137988.

Chan KO, Hutter CR, Wood PL, Su Y-C, Brown RM. Gene Flow Increases Phylogenetic Structure and Inflates Cryptic Species Estimations: A Case
Study on Widespread Philippine Puddle Frogs (Occidozyga laevis). Syst Biol. 2021;71(1):40-57. https://doi.org/10.1093/sysbio/syab034 PMID:
33964168

Cowie RH, Bouchet P, Fontaine B. The sixth mass extinction: fact, fiction or speculation?. Biol Rev Camb Philos Soc. 2022;97(2):640-63. https://
doi.org/10.1111/brv.12816 PMID: 35014169

Sharkey MJ, Janzen DH, Hallwachs W, Chapman EG, Smith MA, Dapkey T, et al. Minimalist revision and description of 403 new species in 11
subfamilies of Costa Rican braconid parasitoid wasps, including host records for 219 species. Zookeys. 2021;1013:1-665. https://doi.org/10.3897/
zookeys.1013.55600 PMID: 34512087

Fernandez-Triana JL. Turbo taxonomy approaches: lessons from the past and recommendations for the future based on the experience with Brac-
onidae (Hymenoptera) parasitoid wasps. Zookeys. 2022;1087:199-220. https://doi.org/10.3897/zookeys.1087.76720 PMID: 35585942
Rakotoarison A, Scherz M, Glaw F, Kéhler J, Andreone F, Franzen M. Describing the smaller majority: integrative taxonomy reveals twenty-six new
species of tiny microhylid frogs (genus Stumpffia) from Madagascar. Vertebrate Zoology. 2017;67:271-398.

Favret C. The 5 ‘D’s of Taxonomy: A User’s Guide. The Quarterly Review of Biology. 2024;99(3):131-56. https://doi.org/10.1086/732044

Fontaine B, Perrard A, Bouchet P. 21 years of shelf life between discovery and description of new species. Curr Biol. 2012;22(22):R943-4. https://
doi.org/10.1016/j.cub.2012.10.029 PMID: 23174292

Liu J, Slik F, Zheng S, Lindenmayer DB. Undescribed species have higher extinction risk than known species. Conserv Lett. 2022;15(3):12876.

Luedtke JA, Chanson J, Neam K, Hobin L, Maciel AO, Catenazzi A, et al. Ongoing declines for the world’s amphibians in the face of emerging
threats. Nature. 2023;622(7982):308—14. https://doi.org/10.1038/s41586-023-06578-4 PMID: 37794184

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL, Fischman DL, et al. Status and trends of amphibian declines and extinctions world-
wide. Science. 2004;306(5702):1783-6. https://doi.org/10.1126/science.1103538 PMID: 15486254

Stuart SN, Hoffmann M, Chanson JS, Cox NA, Berridge RJ, Ramani PP, Young BE, editors. Threatened Amphibians of the World. Barcelona,
Spain: Lynx Edicions; Gland, Switzerland: IUCN; Arlington, Virginia, USA: Conservation International; 2008.

McDonald PJ, Brown RM, Kraus F, Bowles P, Arifin U, Eliades SJ, et al. Cryptic extinction risk in a western Pacific lizard radiation. Biodivers Con-
serv. 2022;31(8-9):2045-62. https://doi.org/10.1007/s10531-022-02412-x PMID: 35633848

PLOS One | https://doi.org/10.1371/journal.pone.0323855 January 23, 2026 19/21



https://doi.org/10.1186/1742-9994-7-16
http://www.ncbi.nlm.nih.gov/pubmed/20500846
https://doi.org/10.1016/j.tree.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22784409
https://doi.org/10.1186/1742-9994-10-15
http://www.ncbi.nlm.nih.gov/pubmed/23537182
https://doi.org/10.11646/megataxa.1.1.6
https://doi.org/10.1126/science.298.5592.379
http://www.ncbi.nlm.nih.gov/pubmed/12376694
https://doi.org/10.1371/journal.pone.0001109
http://www.ncbi.nlm.nih.gov/pubmed/17971872
https://doi.org/10.1371/journal.pone.0022648
http://www.ncbi.nlm.nih.gov/pubmed/21818359
https://doi.org/10.1098/rspb.2011.1653
http://www.ncbi.nlm.nih.gov/pubmed/22130600
https://doi.org/10.1371/journal.pone.0040541
https://doi.org/10.1371/journal.pone.0040541
http://www.ncbi.nlm.nih.gov/pubmed/22815761
https://doi.org/10.1371/journal.pone.0028832
http://www.ncbi.nlm.nih.gov/pubmed/22253699
https://doi.org/10.1098/rspb.2012.1664
http://www.ncbi.nlm.nih.gov/pubmed/23034706
https://doi.org/10.1038/s42003-022-04105-1
http://www.ncbi.nlm.nih.gov/pubmed/36333588
https://doi.org/10.1093/sysbio/syab034
http://www.ncbi.nlm.nih.gov/pubmed/33964168
https://doi.org/10.1111/brv.12816
https://doi.org/10.1111/brv.12816
http://www.ncbi.nlm.nih.gov/pubmed/35014169
https://doi.org/10.3897/zookeys.1013.55600
https://doi.org/10.3897/zookeys.1013.55600
http://www.ncbi.nlm.nih.gov/pubmed/34512087
https://doi.org/10.3897/zookeys.1087.76720
http://www.ncbi.nlm.nih.gov/pubmed/35585942
https://doi.org/10.1086/732044
https://doi.org/10.1016/j.cub.2012.10.029
https://doi.org/10.1016/j.cub.2012.10.029
http://www.ncbi.nlm.nih.gov/pubmed/23174292
https://doi.org/10.1038/s41586-023-06578-4
http://www.ncbi.nlm.nih.gov/pubmed/37794184
https://doi.org/10.1126/science.1103538
http://www.ncbi.nlm.nih.gov/pubmed/15486254
https://doi.org/10.1007/s10531-022-02412-x
http://www.ncbi.nlm.nih.gov/pubmed/35633848

PLO\Sﬁ\\.- One

45.

46.
47.
48.
49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Frost DR. Amphibian Species of the World: An Online Reference. 2024. [Cited 2024 December 12]. https://amphibiansoftheworld.amnh.org/index.
php
R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing; 2024.

Revelle W. Psych: Procedures for psychological, psychometric, and personality research. Evanston, lllinois: Northwestern University; 2024.
Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York; 2016.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, et al. gimmTMB balances speed and flexibility among packages
for zero-inflated generalized linear mixed modeling. The R Journal. 2017;9(2):378—400.

Fox J, Weisberg S. An R companion to applied regression. 3rd ed. Thousand Oaks (CA): Sage; 2019.

Hartig F. DHARMa: Residual diagnostics for hierarchical (multi-level/mixed) regression models. 2024. https://CRAN.R-project.org/
package=DHARMa

Banki O, Roskov Y, Déring M, Ower G, Hernandez Robles DR, Plata Corredor CA, et al. Catalogue of Life; Catalogue of Life. 2024. [Cited 2024
December 12]. https://doi.org/10.48580/dgbqz

Miralles A, Bruy T, Wolcott K, Scherz MD, Begerow D, Beszteri B, et al. Repositories for taxonomic data: where we are and what is missing. Syst
Biol. 2020;69(6):1231-53. https://doi.org/10.1093/sysbio/syaa026 PMID: 32298457

Wheeler QD, Raven PH, Wilson EO. Taxonomy: impediment or expedient?. Science. 2004;303(5656):285. https://doi.org/10.1126/sci-
ence.303.5656.285 PMID: 14726557

Jaramillo AF, De La Riva |, Guayasamin JM, Chaparro JC, Gagliardi-Urrutia G, Gutiérrez RC, et al. Vastly underestimated species richness of Ama-
zonian salamanders (Plethodontidae: Bolitoglossa) and implications about plethodontid diversification. Mol Phylogenet Evol. 2020;149:106841.
https://doi.org/10.1016/j.ympev.2020.106841 PMID: 32305511

Costello MJ, May RM, Stork NE. Can we name Earth’s species before they go extinct?. Science. 2013;339(6118):413-6. https://doi.org/10.1126/
science.1230318 PMID: 23349283

Sanchez-Vialas A, Calvo-Revuelta M, Castroviejo-Fisher S, De la Riva I. Synopsis of the amphibians of Equatorial Guinea based upon the authors’
field work and Spanish natural history collections. Proc Calif Acad Sci. 2020;66:137-230.

Sanchez-Vialas A, Calvo-Revuelta M, Riva IDL. Synopsis of the terrestrial Reptiles of Equatorial Guinea. Zootaxa. 2022;5202(1):1-197. https://doi.
org/10.11646/zootaxa.5202.1.1 PMID: 37045011

Sanchez-Vialas A, Copete-Mosquera LA, Calvo-Revuelta M. Contributions to the amphibians and reptiles of Myanmar: insights from the Leon-
ardo Fea legacy housed at the Museo Nacional de Ciencias Naturales of Madrid. Zootaxa. 2024;5457(1):1-64. https://doi.org/10.11646/zoot-
axa.5457.1.1 PMID: 39646953

Brown RM, Calvo-Revuelta M, Goyes Vallejos J, Sanchez-Vialas A, De la Riva I. On the second (or, rather, the first) specimen of the recently
described Calliophis salitan (Squamata: Elapidae), with the first report of the species from Mindanao Island, southern Philippines. Herpetology
notes. 2021;14:1027-35.

Lépez-Estrada EK, Sanchez-Vialas A, Manzanilla J, Pifango C, Ruiz JL, Garcia-Paris M. An overview of the taxonomy and geographic distribution
of Venezuelan Epicauta (Coleoptera: Meloidae). Ann Zool. 2022;72(1):9-47.

Bebber DP, Carine MA, Wood JRI, Wortley AH, Harris DJ, Prance GT, et al. Herbaria are a major frontier for species discovery. Proc Natl Acad Sci
U S A. 2010;107(51):22169-71. https://doi.org/10.1073/pnas.1011841108 PMID: 21135225

Engel MS, Ceriaco LM, Daniel GM, Dellapé PM, Lébl I, Marinov M. The taxonomic impediment: a shortage of taxonomists, not the lack of technical
approaches. Zool J Linn Soc. 2021;193(2):381-7.

Moura MR, Jetz W. Shortfalls and opportunities in terrestrial vertebrate species discovery. Nat Ecol Evol. 2021;5(5):631-9. https://doi.org/10.1038/
s41559-021-01411-5 PMID: 33753900

Smid J. Geographic and taxonomic biases in the vertebrate tree of life. J Biogeogr. 2022;49(12):2120-9.

Buckner JC, Sanders RC, Faircloth BC, Chakrabarty P. The critical importance of vouchers in genomics. Elife. 2021;10:€68264. https://doi.
org/10.7554/eL ife.68264 PMID: 34061026

Carné A, Vieites DR, van den Burg MP. In Vouchers We (Hope to) Trust: Unveiling Hidden Errors in GenBank’s Tetrapod Taxonomic Foundations.
Mol Ecol. 2025;34(13):e17812. https://doi.org/10.1111/mec.17812 PMID: 40458985

Padial JM, De La Riva I. Integrative taxonomists should use and produce DNA barcodes. Zootaxa. 2007;1586(1). https://doi.org/10.11646/
zootaxa.1586.1.7

Blanchet S, Prunier JG, De Kort H. Time to go bigger: emerging patterns in macrogenetics. Trends Genet. 2017;33(9):579-80. https://doi.
org/10.1016/j.tig.2017.06.007 PMID: 28720482

Vieilledent G, Grinand C, Rakotomalala FA, Ranaivosoa R, Rakotoarijaona JR, Allnutt TF. Combining global tree cover loss data with historical
national forest cover maps to look at six decades of deforestation and forest fragmentation in Madagascar. Biol Conserv. 2018;222:189-97.
Silva Junior CHL, Pesséa ACM, Carvalho NS, Reis JBC, Anderson LO, Aragao LEOC. The Brazilian Amazon deforestation rate in 2020 is the
greatest of the decade. Nat Ecol Evol. 2021;5(2):144-5. https://doi.org/10.1038/s41559-020-01368-x PMID: 33349655

Hortal J, de Bello F, Diniz-Filho JAF, Lewinsohn TM, Lobo JM, Ladle RJ. Seven shortfalls that beset large-scale knowledge of biodiversity. Annu
Rev Ecol Evol Syst. 2015;46(1):523—49.

PLOS One | https://doi.org/10.1371/journal.pone.0323855 January 23, 2026 20/ 21



https://amphibiansoftheworld.amnh.org/index.php
https://amphibiansoftheworld.amnh.org/index.php
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.48580/dgbqz
https://doi.org/10.1093/sysbio/syaa026
http://www.ncbi.nlm.nih.gov/pubmed/32298457
https://doi.org/10.1126/science.303.5656.285
https://doi.org/10.1126/science.303.5656.285
http://www.ncbi.nlm.nih.gov/pubmed/14726557
https://doi.org/10.1016/j.ympev.2020.106841
http://www.ncbi.nlm.nih.gov/pubmed/32305511
https://doi.org/10.1126/science.1230318
https://doi.org/10.1126/science.1230318
http://www.ncbi.nlm.nih.gov/pubmed/23349283
https://doi.org/10.11646/zootaxa.5202.1.1
https://doi.org/10.11646/zootaxa.5202.1.1
http://www.ncbi.nlm.nih.gov/pubmed/37045011
https://doi.org/10.11646/zootaxa.5457.1.1
https://doi.org/10.11646/zootaxa.5457.1.1
http://www.ncbi.nlm.nih.gov/pubmed/39646953
https://doi.org/10.1073/pnas.1011841108
http://www.ncbi.nlm.nih.gov/pubmed/21135225
https://doi.org/10.1038/s41559-021-01411-5
https://doi.org/10.1038/s41559-021-01411-5
http://www.ncbi.nlm.nih.gov/pubmed/33753900
https://doi.org/10.7554/eLife.68264
https://doi.org/10.7554/eLife.68264
http://www.ncbi.nlm.nih.gov/pubmed/34061026
https://doi.org/10.1111/mec.17812
http://www.ncbi.nlm.nih.gov/pubmed/40458985
https://doi.org/10.11646/zootaxa.1586.1.7
https://doi.org/10.11646/zootaxa.1586.1.7
https://doi.org/10.1016/j.tig.2017.06.007
https://doi.org/10.1016/j.tig.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28720482
https://doi.org/10.1038/s41559-020-01368-x
http://www.ncbi.nlm.nih.gov/pubmed/33349655

PLO\Sﬁ\\.- One

73.

74.
75.
76.
77.

78.

79.

80.

81.
82,

83.

84.

85.

86.

87.

88.
89.
90.

91.

92.

93.
94,

95.
96.

97.

98.

99.
100.

101.

102.

103.

Rancilhac L, Bruy T, Scherz MD, Pereira EA, Preick M, Straube N. Target-enriched DNA sequencing from historical type material enables a partial
revision of the Madagascar giant stream frogs (genus Mantidactylus). Journal of Natural History. 2020;54(1-4):87—-118.

Godfray HCJ. Challenges for taxonomy. Nature. 2002;417(6884):17—9. https://doi.org/10.1038/417017a PMID: 11986643
Mayr E. Principles of systematic zoology. McGraw-Hill. 1969.
Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW. GenBank. Nucleic Acids Research. 2010;38:46-51.

Ratnasingham S, Hebert PDN. bold: The Barcode of Life Data System. Mol Ecol Notes. 2007;7(3):355—-64. https://doi.org/10.1111/j.1471-
8286.2007.01678.x PMID: 18784790

Godfray HCJ, Clark BR, Kitching IJ, Mayo SJ, Scoble MJ. The web and the structure of taxonomy. Syst Biol. 2007;56(6):943-55. https://doi.
org/10.1080/10635150701777521 PMID: 18066929

Mietchen D, Hagedorn G, Forstner KU, Kubke MF, Koltzenburg C, Hahnel M, et al. Wikis in scholarly publishing*. ISU. 2011;31(1-2):53-9. https://
doi.org/10.3233/isu-2011-0621

Maddison DR, Guralnick R, Hill A, Reysenbach A-L, McDade LA. Ramping up biodiversity discovery via online quantum contributions. Trends
Ecol Evol. 2012;27(2):72—7. https://doi.org/10.1016/j.tree.2011.10.010 PMID: 22118809

Godfray HCJ Jr. Linnaeus in the information age. Nature. 2007;446(7133):259-60. https://doi.org/10.1038/446259a PMID: 17361160

Wheeler QD, Knapp S, Stevenson DW, Stevenson J, Blum SD, Boom BM. Mapping the biosphere: exploring species to understand the origin,
organization and sustainability of biodiversity. Syst Biodivers. 2012;10(1):1-20.

Miller J, Dikow T, Agosti D, Sautter G, Catapano T, Penev L, et al. From taxonomic literature to cybertaxonomic content. BMC Biol. 2012;10:87.
https://doi.org/10.1186/1741-7007-10-87 PMID: 23114078

Barratt CD, Lawson LP, Bittencourt-Silva GB, Doggart N, Morgan-Brown T, Nagel P. A new, narrowly distributed, and critically endangered species
of spiny-throated reed frog (Anura: Hyperoliidae) from a highly threatened coastal forest reserve in Tanzania. Herpetol J. 2017;27(1):13-24.

Vences M, Kéhler J, Scherz MD, Hutter CR, Maheritafika HMR, Rafanoharana JM, et al. Four new species of forest-dwelling mantellid frogs from
Madagascar allied to Gephyromantis moseri. Spixiana. 2024;46(2):297-319.

Dinerstein E, Vynne C, Sala E, Joshi AR, Fernando S, Lovejoy TE, et al. A Global Deal For Nature: Guiding principles, milestones, and targets.
Sci Adv. 2019;5(4):eaaw2869. https://doi.org/10.1126/sciadv.aaw2869 PMID: 31016243

Agnarsson |, Kuntner M. Taxonomy in a changing world: seeking solutions for a science in crisis. Syst Biol. 2007;56(3):531-9. https://doi.
org/10.1080/10635150701424546 PMID: 17562477

Drew LW. Are We Losing the Science of Taxonomy? BioScience. 2011;61(12):942—6. https://doi.org/10.1525/bio.2011.61.12.4
Krell F-T. Why impact factors don’t work for taxonomy. Nature. 2002;415(6875):957. https://doi.org/10.1038/415957a PMID: 11875540

Walter DE, Winterton S. Keys and the crisis in taxonomy: extinction or reinvention?. Annu Rev Entomol. 2007;52:193—-208. https://doi.
org/10.1146/annurev.ento.51.110104.151054 PMID: 16913830

Britz R, Hundsdorfer A, Fritz U. Funding, training, permits—the three big challenges of taxonomy. MT. 2020;1(1). https://doi.org/10.11646/
megataxa.1.1.10

Lobl I, Klausnitzer B, Hartmann M, Krell F-T. The silent extinction of species and taxonomists—An appeal to science policymakers and legislators.
Diversity. 2023;15(10):1053. https://doi.org/10.3390/d15101053

Tancoigne E, Dubois A. Taxonomy: no decline, but inertia. Cladistics. 2013;29(5):567—-70. https://doi.org/10.1111/cla.12019 PMID: 34809402

de Carvalho MR, Ebach MC, Williams DM, Nihei SS, Trefaut Rodrigues M, Grant T, et al. Does counting species count as taxonomy? On misrep-
resenting systematics, yet again. Cladistics. 2014;30(3):322-9. https://doi.org/10.1111/cla.12045 PMID: 34788970

Bradford-Grieve J. Is there a taxonomic crisis? NZSR. 2023;73(3-4):83-6. https://doi.org/10.26686/nzsr.v73i3-4.8532

Joppa LN, Roberts DL, Pimm SL. The population ecology and social behaviour of taxonomists. Trends Ecol Evol. 2011;26(11):551-3. https://doi.
org/10.1016/j.tree.2011.07.010 PMID: 21862170

Bacher S. Still not enough taxonomists: reply to Joppa et al. Trends Ecol Evol. 2012;27(2):65-6; author reply 66. https://doi.org/10.1016/].
tree.2011.11.003 PMID: 22138045

Bebber DP, Wood JRI, Barker C, Scotland RW. Author inflation masks global capacity for species discovery in flowering plants. New Phytol.
2014;201(2):700-6. https://doi.org/10.1111/nph.12522 PMID: 24107079

Wetterstrand K. DNA sequencing costs. [Cited 2024 November 26]. www.genome.gov/sequencingcostsdata

Vences M, Miralles A, Brouillet S, Ducasse J, Fedosov A, Kharchev V. iTaxoTools 0.1: Kickstarting a specimen-based software toolkit for taxono-
mists. Megataxa. 2021;6:77-92.

Puillandre N, Brouillet S, Achaz G. ASAP: assemble species by automatic partitioning. Mol Ecol Resour. 2021;21(2):609-20. https://doi.
org/10.1111/1755-0998.13281 PMID: 33058550

Ramirez JL, Valdivia P, Rosas-Puchuri U, Valdivia NL. SPdel: A pipeline to compare and visualize species delimitation methods for single-locus
datasets. Mol Ecol Resour. 2023;23(8):1959-65. https://doi.org/10.1111/1755-0998.13864 PMID: 37702121

Tancoigne E, Ollivier G. Evaluating the progress and needs of taxonomy since the Convention on Biological Diversity: going beyond the rate of
species description. Aust Syst Bot. 2017;30(4):326—-36.

PLOS One | https://doi.org/10.1371/journal.pone.0323855 January 23, 2026 21/21



https://doi.org/10.1038/417017a
http://www.ncbi.nlm.nih.gov/pubmed/11986643
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1111/j.1471-8286.2007.01678.x
http://www.ncbi.nlm.nih.gov/pubmed/18784790
https://doi.org/10.1080/10635150701777521
https://doi.org/10.1080/10635150701777521
http://www.ncbi.nlm.nih.gov/pubmed/18066929
https://doi.org/10.3233/isu-2011-0621
https://doi.org/10.3233/isu-2011-0621
https://doi.org/10.1016/j.tree.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22118809
https://doi.org/10.1038/446259a
http://www.ncbi.nlm.nih.gov/pubmed/17361160
https://doi.org/10.1186/1741-7007-10-87
http://www.ncbi.nlm.nih.gov/pubmed/23114078
https://doi.org/10.1126/sciadv.aaw2869
http://www.ncbi.nlm.nih.gov/pubmed/31016243
https://doi.org/10.1080/10635150701424546
https://doi.org/10.1080/10635150701424546
http://www.ncbi.nlm.nih.gov/pubmed/17562477
https://doi.org/10.1525/bio.2011.61.12.4
https://doi.org/10.1038/415957a
http://www.ncbi.nlm.nih.gov/pubmed/11875540
https://doi.org/10.1146/annurev.ento.51.110104.151054
https://doi.org/10.1146/annurev.ento.51.110104.151054
http://www.ncbi.nlm.nih.gov/pubmed/16913830
https://doi.org/10.11646/megataxa.1.1.10
https://doi.org/10.11646/megataxa.1.1.10
https://doi.org/10.3390/d15101053
https://doi.org/10.1111/cla.12019
http://www.ncbi.nlm.nih.gov/pubmed/34809402
https://doi.org/10.1111/cla.12045
http://www.ncbi.nlm.nih.gov/pubmed/34788970
https://doi.org/10.26686/nzsr.v73i3-4.8532
https://doi.org/10.1016/j.tree.2011.07.010
https://doi.org/10.1016/j.tree.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21862170
https://doi.org/10.1016/j.tree.2011.11.003
https://doi.org/10.1016/j.tree.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22138045
https://doi.org/10.1111/nph.12522
http://www.ncbi.nlm.nih.gov/pubmed/24107079
www.genome.gov/sequencingcostsdata
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1111/1755-0998.13281
http://www.ncbi.nlm.nih.gov/pubmed/33058550
https://doi.org/10.1111/1755-0998.13864
http://www.ncbi.nlm.nih.gov/pubmed/37702121

