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ARTICLE
Inadequate treatment of taxonomic information prevents
replicability of most zoological research
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Abstract: We evaluated the quality of information about taxonomic identiﬁcations in 710 papers published in seven zoological
journals in 2017. We found that only 10.7% of papers cited identiﬁcation methods, 29.2% made available specimen-level material
for later veriﬁcation, and 6.9% indicated taxon concepts applied to studied animals. Only 4.0% provided details about all three
practices, while almost two-thirds provided none. Invertebrate papers were more likely than vertebrate papers to provide
identiﬁcation methods and deposit vouchers, but taxon concepts were rarely provided, and none of the three practices were
common in any category. In short, our data suggest that most zoological research is irreplicable. To address this problem,
journals should require submitted manuscripts to meet the following guidelines: (1) methods used to identify studied taxa must
be stated; (2) literature supporting these identiﬁcations must be cited; (3) taxon concept(s) applied to species-level taxa must be
indicated; (4) specimen-level material should be available for later examination. We argue that research which falls short of these
guidelines is not replicable. We provide recommendations for how authors can better document how studied animals are
identiﬁed and permit others to verify their identiﬁcations, which is necessary for transparent, replicable, and ultimately
scientiﬁc zoological research.
Key words: replicability, taxonomy, vouchers, identiﬁcation methods, taxon concepts, museum collections, zoology, entomology.
Résumé : Nous évaluons la qualité de l’information relative aux identiﬁcations taxonomiques dans 710 articles publiés dans sept
revues zoologiques en 2017. Nous constatons que seulement 10,7 % des articles indiquent les méthodes d’identiﬁcation, 29,2 %
rendent accessibles du matériau de spécimen pour vériﬁcation ultérieure et 6,9 % indiquent les concepts taxonomiques appliqués aux animaux étudiés. Seulement 4,0 % des articles fournissent des détails sur les trois pratiques, alors que près des deux
tiers n’en fournissent aucun. Les articles sur des invertébrés sont plus susceptibles que les articles sur des vertébrés d’indiquer
les méthodes d’identiﬁcation et de fournir des bons de dépôts, mais les concepts taxonomiques sont rarement présentés et
aucune des trois pratiques n’est répandue dans les deux catégories. En somme, nos données indiqueraient que la majorité de la
recherche zoologique ne peut être reproduite. Pour régler ce problème, les revues devraient exiger que les manuscrits soumis
soient conformes aux lignes directrices suivantes : (1) les méthodes employées pour identiﬁer les taxons étudiés doivent être
indiquées, (2) des sources bibliographiques à l’appui des identiﬁcations doivent être fournies, (3) les concepts taxonomiques
appliqués au niveau de l’espèce doivent être indiqués, (4) du matériau de spécimen doit être disponible pour examen ultérieur.
Nous arguons que les travaux de recherche qui ne respectent pas ces lignes directrices ne sont pas reproductibles. Nous
formulons des recommandations pour permettre aux auteurs de mieux documenter l’approche d’identiﬁcation des animaux
étudiés et à d’autres de vériﬁer ces identiﬁcations, ce qui est nécessaire pour des travaux de recherche zoologique transparents,
reproductibles et, ultimement, scientiﬁques. [Traduit par la Rédaction]
Mots-clés : reproductibilité, taxonomie, bons, méthodes d’identiﬁcation, concepts taxonomiques, collections muséales, zoologie,
entomologie.

Introduction
A central principle of scientiﬁc research is that the resulting
data should be replicable. For empirical biological research, data
are normally collected at the level of species, the naming and
identiﬁcation of which is the purview of taxonomy. Indeed,
species-level taxonomic research is what allows biologists to distinguish between species in the ﬁrst place, and represents thus an
essential part of the methods used to collect biological data. It
follows, then, that for biological research to be replicable — that
is, for species identiﬁcations to be repeated — the taxonomic
research which enables those identiﬁcations must be cited. Yet,
this is not routinely done: Packer et al. (2018) recently found that
almost no entomological papers published in 2016 fulﬁlled the

criterion of replicability because the methods used to identify
study animals were so poorly documented.
The tendency not to cite taxonomic research has negative consequences not only for the replicability of biological research in
general (Meier 2017; Packer et al. 2018), but also for taxonomic
research itself, due to the importance assigned to citation metrics
(Valdecasas et al. 2000; Agnarsson and Kuntner 2007). One seemingly simple solution is to properly cite the original species descriptions (Seifert et al. 2008; Bininda-Emonds 2011); although it is
convention to list the author of a species name along with its
scientiﬁc binomen, these types of citations do not normally make
it into the list of references, and are not tracked by citation metrics as a result (Seifert et al. 2008; Packer et al. 2018). However,
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many original species descriptions are too vague to provide much
useful information about the study species and may even be
wrong due to subsequent improvements in taxonomic understanding. On the other hand, recent revisionary taxonomic works
arguably do a much better job of communicating the intended
meanings of species names, such that citing them accomplishes
two things: ﬁrst, it credits the taxonomic research that makes it
possible to recognize species in the ﬁrst place; second, it serves as
documentation of the methods used to identify the study animals,
thereby ensuring replicability (Meier 2017; Packer et al. 2018).
Both Meier (2017) and Packer et al. (2018) argued that, for research to be replicable, the methods used to identify study animals should be reported in the “Materials and methods (or
Methods)” sections of papers. Indeed, any identiﬁcation of an organism is itself an hypothesis, and support for this hypothesis can
only be veriﬁed by other researchers if the methods used to perform identiﬁcations are provided, and the specimens themselves
made available through vouchering. Voucher specimens in turn
permit replicability by enabling identiﬁcations to be veriﬁed by
future researchers, and are particularly important in cases where
the taxonomy of a group changes. A third piece of information,
the taxon concept, communicates the intended meaning of a species name itself. Taxon concepts are hypothesis-based deﬁnitions
of taxa, which can be tested and reﬁned as necessary and which
are updated whenever taxonomic revisions are published (Meier
2017). The accepted meaning of a taxon name therefore changes
through time, such that a recent taxonomic revision of the group
to which a named species belongs typically provides the most-upto-date deﬁnition of that species name. Thus, providing identiﬁcation methods, depositing voucher specimens, and citing taxon
concepts are three important ways in which biological research
can be made replicable, and therefore scientiﬁc (Meier 2017;
Packer et al. 2018) — but each of the three is infrequently done
(Bortolus 2008; Frewin 2015; Turney et al. 2015; Packer et al. 2018).
In fact, in their survey of 567 entomological research papers,
Packer et al. (2018) found that details about any one of these three
practices were provided in a minority of cases: only 28.7% detailed
identiﬁcation methods, 23.6% indicated that voucher specimens
were deposited, and 8.5% of papers cited taxon concepts. They also
provided baseline data for a variety of other practices related to
the reporting of taxonomic methods in entomological research
and presented a number of recommendations for journals in the
interest of improving these practices. These recommendations
have since been adopted at least in part by the journal African
Zoology (Simon 2018) and are in the process of being implemented
by the journals of the Royal Entomological Society.
To investigate how zoological research fares in terms of handling taxonomic information, we conducted a survey of zoological
journals similar to that of Packer et al. (2018). We approached this
question with the same general guiding questions as Packer et al.
(2018):
(1) Are basic taxonomic details provided? These include use of
scientiﬁc binomials, species authorities, citation of classiﬁcation
schemes, etc.
(2) Are taxonomic methods provided? In particular, are identiﬁcation methods and (or) identifying personnel indicated?
(3) Are taxonomic identiﬁcations veriﬁable? This is achieved
through vouchered material (e.g., specimens, tissues, DNA sequences), explicit taxon concepts, sources of already identiﬁed
(e.g., cultured) material, etc.
(4) How is taxonomic literature recognized? In particular, are
taxonomic works cited in the list of references?
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Our primary objective for this survey was to determine whether
the results of Packer et al. (2018) are descriptive of zoological
research in general, as opposed to just entomological research in
particular. Recognizing that standard practices may differ according to study animal (e.g., vertebrate or invertebrate), we also took
advantage of the opportunity to compare between papers that
focused on different taxonomic groups contained within our sample of zoological journals.

Materials and methods
We surveyed all papers published in 2017 in seven zoological
journals: Canadian Journal of Zoology (CJZ), Comparative Biochemistry
and Physiology B (CBPB), Integrative and Comparative Biology (ICB),
Journal of Animal Ecology (JAE), Journal of Experimental Zoology B
(JEZB), Journal of Zoology (JZ), and Zoological Journal of the Linnean
Society (ZJLS). These journals were selected to represent a range of
disciplines in zoological research: three have a general scope (CJZ,
ICB, JZ), whereas the remaining four represent physiology and
biochemistry (CBPB), behaviour, ecology, and evolution (JAE), developmental biology (JEZB), and systematics and taxonomy (ZJLS).
We intentionally selected journals with a range of impact factors
(2016 values: 1.347–4.474) and from a range of subdisciplines to
allow for a broad representation of zoology as a whole.
Data were collected by S.J. and S.K.M. (hereafter “evaluators”)
from CBPB, JAE, JEZB, and JZ. To avoid potentially confounding
effects of different journals being assessed by different evaluators,
we divided papers according to issue: odd-numbered issues were
assessed by S.J., even-numbered issues by S.K.M. (or volumes, in
the case of CBPB). To ensure consistency between evaluators, all
papers published in CJZ were ﬁrst scored by both, and the resulting data compared and discussed, to arrive at a consensus as to
how to score each criterion in the remaining journals. The exception to this procedure was that ICB and ZJLS were scored entirely
by S.K.M.
We excluded from our data set corrigenda, errata, announcements, or front and back matter. From each remaining paper, we
collected data on 22 variables relating to the treatment of taxonomic information, such as whether or not identiﬁcation methods were indicated, whether or not voucher specimens were
deposited, and whether or not taxon concepts were cited (all variables are listed in Supplementary Table S1,1 which also provides
details on how these variables were evaluated). We considered
only species-level and subspecies-level taxa. We also restricted the
study to papers about animal taxa, and thus excluded any papers
that were primarily about plants, bacteria, or protozoans. We
assessed all parts of each paper, including titles, abstracts, main
text, acknowledgments, supplementary information, and data
sets stored in online repositories in our search for data relating to
our variables. We also recorded more-nuanced observations not
otherwise captured by the assessed variables (observations about
sampling methodology, factors which may cast doubt on identiﬁcations, etc.).
To assess differences in adherence to the three main criteria
(identiﬁcation methods, voucher specimens, taxon concepts), we
performed 2 tests of independence using the “chisq.test” function in the R package “stats” (R Core Team 2018). Chi-square tests
were used to compare our results to those of Packer et al. (2018),
and to assess any potential differences between papers that focused on different taxonomic groups. For the latter set of comparisons, we divided the full sample into four groups according to
focal species: arthropods, non-arthropod invertebrates, ﬁsh (deﬁned as Actinopterygii and non-tetrapod Sarcopterygii), and
tetrapods. For these comparisons, we excluded any papers that
dealt with animals from more than one of these groups. For com-
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Fig. 1. Sankey diagram showing the number of papers that were
assessed. Flow widths are proportional to the number of papers.
Diagram created using SankeyMATIC.com. Journal abbreviations are
Canadian Journal of Zoology (CJZ), Comparative Biochemistry and Physiology B
(CBPB), Integrative and Comparative Biology (ICB), Journal of Animal Ecology
(JAE), Journal of Experimental Zoology B (JEZB), Journal of Zoology (JZ), and
Zoological Journal of the Linnean Society (ZJLS). Colour version online.
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Fig. 2. Basic taxonomic information given in papers in each journal.
(a) Are species authorities given? (Descriptions were considered cited only
when listed among a paper’s references.) (b) Is an existing classiﬁcation
system cited?

parisons exhibiting signiﬁcant differences, we performed post hoc
analyses using the R package “chisq.posthoc.test” (Ebert 2019). This
package computes Bonferroni-corrected p values for the analysis of
standardized residuals (Beasley and Schumacher 1995).

Results
In total, we assessed 710 papers, the largest number from JAE
(144) and the smallest from JEZB (52). Our handling of these papers
is summarized in Fig. 1. Eighty-eight papers did not involve research that might be replicated (review articles, opinion pieces,
theory papers, editorials, etc.; about two-thirds of these, or 59,
were published in ICB) and 8 papers focused on plants, protists, or
bacteria; these 96 papers were excluded from all metrics. Of the
remaining 614 papers, 45 did not involve actual examination of
animals or animal traces (meta-analyses, methods papers, studies
using existing datasets) and were excluded from metrics relating
to identiﬁcation methods, specimen vouchering, and so on. Another 51 papers consisted of species-level taxonomic revisions,
and in 45 of these, all studied species were subject to revision;
because the identiﬁcation of species is the explicit objective of
these 45 papers, we excluded them from the sample when calculating metrics for species identiﬁcation and vouchering (given
that such information is either included by default as part of the
research, or is otherwise required by the International Code of
Zoological List of symbols; ICZN 1999). Results for all assessed
variables are summarized in Supplementary Table S2.1
Basic taxonomic information
The number of focal species ranged from 1 to 924. In four cases,
it was not possible to determine the exact number of species being
studied due to the manner in which data were summarized (e.g.,
animals grouped by habitat and (or) higher taxon without species
actually being listed). Single-species papers represented both the
median and the mode, making up 60.8% of assessed literature (see
Supplementary Table S2);1 this ﬁgure was noticeably higher in
CBPB (90.1%) and lower in ZJLS (19.2%), reﬂecting the experimental
and systematic focus, respectively, of these journals.
Of the 588 papers in which scientiﬁc names were mentioned,
44.6% indicated species authorities (referred to as authorship by

the ICZN, but we use the former term to avoid confusion with the
authors of the papers being assessed). This value ranges considerably among journals, from 3.9% in ICB to 99.1% in CJZ (Fig. 2a).
Four journals have guidelines directing authors to include authorities: CJZ, JAE, JEZB and ZJLS. However, the proportion of papers
that did so is higher-than-average only in CJZ (99.1%) and ZJLS
(91.7%). In contrast, a mean of only 18.2% of papers met these
guidelines in the other two journals.
Classiﬁcation schemes were given or cited in 22.4% of papers;
the systematics-focused ZJLS was a clear outlier in this regard,
with this information given or cited in 93% of papers (compared
with a mean of 8.1% of papers in each of the other journals; Fig. 2b).
Identiﬁcation methods
With the 45 species-level taxonomic revisions removed from
the sample (the resulting set hereafter called non-taxonomic papers), only 7.4% overtly stated the methods used to identify all
study animals, ranging from 0% (JEZB) to 18.2% (ZJLS) (Fig. 3a). In an
additional 2.7% of papers, identiﬁcation methods were implied by
the nature of the data — i.e., long-term data sets compiled by
named experts, identiﬁed specimens from museum collections,
or fossil specimens (inferred as identiﬁed using morphology). A
further 0.6% were studies of species boundaries, in which case the
methods clearly outlined how specimens were assigned to species. Thus, identiﬁcations are reproducible based on the methods
outlined in only 10.7% of papers. Three papers (0.6%) stated methods used to identify only some of the focal species.
Out of the 42 papers that overtly stated any identiﬁcation methods, 23 (54.8%) relied on morphology, of which 9 supplemented
morphology with other methods as follows: 3 used DNA, 3 consulted experts without specifying the methods the experts used,
1 used a combination of ecological data and cuticular hydroPublished by NRC Research Press
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Fig. 3. Identiﬁcation methods and related information given in papers
in each journal. (a) Is the method of identiﬁcation mentioned? (“implicit/
evident” refers to papers in which identiﬁcation methods were not
explicitly stated but were relatively unambiguous, such as studies
relying on identiﬁed specimens found in museums, or studies of
species boundaries; “in part” refers to papers in which methods were
provided for only some of the studied taxa.) (b) Is/are species-level taxon
concept(s) given? (“nearly” refers to papers in which taxon concepts
might be implied or relatively unambiguous; see text.) (c) Were focal
taxa obtained from a pre-existing stock culture? If so, then is the source
given and is the culture maintained? (In some cases, studied animals
were from populations for which ongoing maintenance is very likely,
such as zoos or breeding programs.)
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cations entirely from experts, one (2.4%) used a combination
of DNA and experts, two (4.8%) based identiﬁcations on photographs, and one (2.4%) based identiﬁcations on scat samples.
When consultation with experts was reported, the experts were
always named.
Of the 524 non-taxonomic papers that involved identiﬁed animals,
49 (9.4%) were partly or entirely based upon material obtained from
pre-existing stock cultures, managed breeding populations, or commercial suppliers, ranging from 0% (ZJLS) to 32.9% (CBPB) (Fig. 3c). The
source of the culture was clearly indicated in 40 of these (72.7%),
only 1 of which indicated whether or not the culture was maintained beyond the study — thus, only 1 made it clear that identiﬁcations can be validated with reference to that culture. In some
cases, however, we noted that the ongoing maintenance of the
source population was very likely or implied, for example, in the
case of zoos and breeding programs for endangered species. When
these 15 papers are treated as having explicitly stated that stock is
maintained, the proportion of studies using cultured material
that provide the necessary information to verify the identity of
those cultures is only 29.1%.
Information about the taxon concept applied to identiﬁed material was provided in 36 papers (6.9%) excluding those that consisted of species-level taxonomic studies (Fig. 3b). In a further nine
(1.7%), taxon concepts may have been implied, in that a revisionary work or genetic study was cited at some point in the paper but
not in reference to specimen identiﬁcations. Two more focused on
fossil taxa, for which the taxon concept is arguably unambiguous
in that it applies only to known and usually numbered museum
specimens (as opposed to an indeterminate number of extant
conspeciﬁcs). Together, this gives a total of 47 papers (9.0%) from
which it was possible to glean any information about taxon concepts at all. Meanwhile, of the 51 species-level taxonomic papers,
12 stated the species concept that was used to decide species limits, usually as part of the materials and methods.
Vouchers
Specimens were vouchered in only 12.6% of non-taxonomic papers, with ZJSL once again a clear outlier at 69% (compared with a
mean of 6.2% of papers in each of the other journals; Fig. 4a).
Author guidelines for ZJSL and CJZ encourage vouchering, but
despite the fact that authors are “urged” to deposit voucher specimens by the latter, only 4.7% of CJZ papers indicate that this was
done. When vouchers were deposited, voucher repositories were
always named, and the vouchered specimens were likely to be
easily found (i.e., by way of specimen data and (or) accession numbers) in a large majority (75.8%) of these 66 cases.
Of the 134 papers that used molecular sequence data, 85% included accession numbers from public databases (Fig. 4b). This
practice is recommended in author guidelines by CBPB, JEZB, JZ,
and ICB, but this did not apparently impact compliance: sequences were accessioned in 84.2% of applicable papers published
in those journals, compared with 85.7% in the other three.
Given that it may be more difﬁcult, costly, illegal, or even impossible to voucher some specimens, especially if large or endangered, we also assessed the proportion of papers which provided
any information that might allow either specimens or specimenlevel materials to be re-examined. Thus, the proportion of papers
that either deposited voucher specimens, accessioned molecular sequence data, or used specimens from stock cultures or captive or
managed populations for which a source is indicated — hereafter,
collectively called “specimen-level material” — was 29.2% (Fig. 4c).

carbons, 1 examined scats for one species plus DNA for all species,
and 1 used both vocalizations and DNA. A total of nine papers
(21.4%) explicitly relied only on DNA for identiﬁcations, but only
three of those papers included accession numbers for the sequences that were generated. Six papers (14.3%) obtained identiﬁ-

Comparison with earlier survey
Comparisons between surveys are in Fig. 5; we note here only
the results that differ signiﬁcantly. The proportion of papers that
stated identiﬁcation methods (10.7%) was signiﬁcantly lower than
Published by NRC Research Press
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Fig. 4. Voucher specimens and other specimen-level material indicated
in papers in each journal. (a) Are some or all specimens accessible or
vouchered? (“indet.” refers to papers for which it is impossible to
determine whether or not all specimens were vouchered.) (b) Are
molecular sequence data accessioned? (c) Is at least some specimen-level
material available? (i.e., vouchers, molecular sequence data, or
ongoing stock cultures.)

the same proportion of papers in the earlier survey (28.7%) of ento2
= 37.354, p < 0.0001). The
mological papers by Packer et al. (2018) (关1兴
proportion of papers that deposited vouchers (12.6%) was also signif2
= 18.225,
icantly lower than in the earlier survey (23.6%) (关1兴
p < 0.0001). The proportion that stated identiﬁcation methods,
made available specimen-level material, and gave or cited a taxon
concept (thus satisfying all three criteria at least in part) was
signiﬁcantly higher in this survey (4.0%) than in the earlier one
2
= 5.8276, p < 0.0158), although we note that this propor(1.8%) (关1兴
tion is more inclusive in the present survey (i.e., any specimenlevel material) than in the earlier one (i.e., voucher specimens
only).
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Fig. 5. Comparison between the present survey and an earlier survey
of entomological research by Packer et al. (2018). Numbers of papers
that provided information on one or more of the three main criteria
permitting replicability of taxonomic identiﬁcations are indicated. For
the present survey, the number of papers providing “at least some
material” includes any that indicate voucher specimens, molecular
sequence data, or ongoing stock cultures. Signiﬁcant differences are
indicated by asterisks (*); see text. (Note that the total number of papers
to which each criterion was considered applicable varies in the 2018
survey; see table footnotes in Packer et al. 2018.) Colour version online.

Comparison among taxonomic groups
A total of 589 papers were assigned to four groups according to
focal taxon: tetrapods, ﬁsh, non-arthropod invertebrates, and
arthropods. Of these, 55 did not involve the actual examination of
animals or animal traces, and 33 were species-level taxonomic
revisions. Comparisons among groups for the three main criteria
for replicability are in Figs. 6a–6d; we note here only the results
that differ signiﬁcantly. The proportion of papers that stated iden2
= 10.997,
tiﬁcation methods differed signiﬁcantly among groups (关3兴
p = 0.0117), with papers that dealt with ﬁsh stating identiﬁcation
methods signiﬁcantly less often (2.3%; adjusted p = 0.0467) than
did papers on other groups (arthropods 17.0%, other invertebrates
11.8%, tetrapods 10.5%) (Fig. 6a). Vouchering differed signiﬁcantly
2
= 20.846, p = 0.0006), with arthropod papers
among groups (关3兴
indicating that voucher specimens were deposited signiﬁcantly
more often (21.7%; adjusted p = 0.0202) compared with papers that
dealt with other groups (other invertebrates 21.6%, tetrapods
10.5%, ﬁsh 4.6%) (Fig. 6b). With the requirement for vouchering
relaxed to include any specimen-level material, the proportion of
papers indicating the availability of such material remained sig2
= 14.946, p < 0.0001). This
niﬁcantly different among groups (关3兴
practice was signiﬁcantly more common in papers on arthropods
(46.2%; adjusted p = 0.0002) and other invertebrates (47.1%; adjusted p = 0.0333), and signiﬁcantly less common in tetrapod papers (19.0%; adjusted p < 0.0001), compared with 31.0% of ﬁsh
papers (Fig. 6b). Results by taxonomic group for all assessed variables are summarized in Supplementary Table S3.1

Discussion
For zoological research to be scientiﬁcally replicable, taxon
names should be accompanied by explicitly stated identiﬁcation
methods, vouchered specimen-level material, and taxon concepts. According to these criteria, and in agreement with the ﬁndings of Packer et al. (2018) for the entomological literature, our
data suggest that most zoological research published in 2017 in
the surveyed journals failed to meet these basic requirements of
replicable science. Speciﬁcally, we found that only 10.7% of papers
provided information about how specimens were identiﬁed —
signiﬁcantly lower than the proportion that did so in the earlier
Published by NRC Research Press
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Fig. 6. Number of papers by taxonomic group that provided information regarding (a) identiﬁcation methods, (b) specimen-level material (i.e., either
voucher specimens or at least “some material”, which would include accessioned molecular sequence data or ongoing stock cultures), (c) taxon
concepts, and (d) the combination of the preceding three criteria (using the permissive criterion of “at least some” specimen-level material). “ﬁsh”
refers to any papers that focused on either Actinopterygii or non-tetrapod Sarcopterygii. Signiﬁcant differences are indicated by asterisks (*); see
text.

survey — and only 29.2% of papers made it possible to re-examine
specimen-level material in some manner (actual vouchering of
specimens made up only 12.6% of the sample). Both criteria are
important for replicability, a core principle of the scientiﬁc
method, since species-level data can be reproduced only if one can
ﬁrst verify that it comes from the named species. Yet, the number
of papers that satisﬁed both criteria was only 36, or 6.9% of those
to which these criteria apply. Meanwhile, the number of papers
that also gave or cited a taxon concept was only 21, or 4.0% of the
total (Fig. 7). As this proportion is only slightly higher than that
found in the earlier survey of entomological journals, we suggest
that this may be problematic throughout all of biology. Indeed,
we ﬁnd that the proportion of zoological papers that satisﬁed
none of the three criteria was 64.1% — almost identical to the
64.8% found for entomological papers (Fig. 5). Several examples of
papers adhering to at least two of the three criteria are provided in
Table 1.
The comparison to the survey of entomological research is
worth scrutinizing, as one might reasonably relax these criteria
for certain other animal taxa that may be relatively easily identiﬁed and (or) relatively difﬁcult to voucher. For example, it might
be argued that these standards are unnecessarily high for many
vertebrates, given that they are infrequently collected and preserved for reasons such as research ethics, practical limitations
(e.g., how many black bears would a museum agree to receive?), or
conservation needs. In our within-sample comparison, however,
although the proportion of arthropod papers indicating that specimens were vouchered was signiﬁcantly higher than for the other
groups, the prevalence of vouchering did not differ signiﬁcantly
among papers on tetrapods, ﬁsh, or non-arthropod invertebrates.
In fact, even when molecular sequence data and source culture
details are permitted to stand in for voucher specimens, the pro-

Fig. 7. Approximate-area-proportional Euler diagram showing the
number of zoological research articles published in seven journals
in 2017 that provided information on one or more of the three main
criteria permitting replicability of taxonomic identiﬁcations (identiﬁcation
methods provided, specimen-level material deposited, taxon concepts
provided). Colour version online.

portion of tetrapod papers indicating that any such material was
available was signiﬁcantly lower than for the other groups. Meanwhile, identiﬁcation methods were provided less than one-ﬁfth of
the time in each group, and taxon concepts were almost never
provided at all. This suggests to us that the issue of replicability is
not conﬁned to any one subset of focal taxa, nor is it a function of
Published by NRC Research Press
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Table 1. A list of papers from this survey as illustrative examples that adhere to varying degrees to the three primary criteria for replicability.
Reference

Journal Higher taxon

ID
Vouchers or Taxon
methods? material?
concept(s)? Comments

Bandeira et al. 2016

ZJLS

Amphibia:
Bufonidae

Yes?

Yes

Yes

Specimens are assigned to molecular operational
taxonomic units genetically, although the
relevant markers are not speciﬁed nor any
sequence data given. However, specimens are
deposited in several named institutions with
unique identiﬁer numbers. A paper is cited
deﬁning the molecular operational taxonomic
units, thus providing taxon concepts

da Silva Oliveira et al. 2017 ZJLS

Tunicata:
Didemnidae

Yes

Yes

No

Specimens are identiﬁed morphologically using
methods from cited references. All specimens
are deposited in named institutions with
unique identiﬁer numbers

Hernández-Díaz et al. 2017 JEZB

Squamata:
Scincidae

No

Yes

Yes

Although identiﬁcation methods are not provided,
this paper notably includes only a morphospecies
(i.e., no species name). The authors nevertheless
successfully specify a taxon concept by citing a
paper in which it is identiﬁed as a candidate for
description as a new species. All specimens are
vouchered

Lattig et al. 2016

ZJLS

Annelida:
Polychaeta

No

Yes

Yes

Explicit identiﬁcation methods are not provided,
but the authors use molecular markers to assess
phylogeographic structure in the two focal species
such that any misidentiﬁcations should have been
evident. GenBank accession numbers are provided
for all sequences, permitting later veriﬁcation.
Voucher specimens are also deposited in a
named collection. Specimens are assigned to
distinct populations with reference to earlier
studies in which these populations are deﬁned,
thus serving as a taxon concept

Marinov et al. 2017

CJZ

Aves:
Passeriformes

Yes

No

Yes

Identiﬁcations are performed using a cited
identiﬁcation guide, which may be taken as an
implicit source of taxon concepts, although an
explicit statement is preferable

Montagna et al. 2016

ZJLS

Coleoptera:
Yes
Chrysomelidae

Yes?

Yes

Specimens are identiﬁed morphologically according
to several cited references. At least some of the
studied specimens are deposited at named
institutions, but it is unclear if all specimens are
available, or whether they might be easily located.
The purpose of the paper is to evaluate species
boundaries: existing taxon concepts are
described and new ones are established

Patterson et al. 2017

CJZ

Arachnida:
Ixodidae

Yes

Yes?

Yes

Specimens are identiﬁed using a combination of
morphology and DNA. Voucher specimens are
listed in a supplementary table along with unique
identiﬁed numbers, but the repository is not
named. Sequence data are accessioned in
GenBank. The purpose of the paper is to identify
a morphologically ambiguous sample of ticks,
and the resulting evaluation of species boundaries
provides taxon concepts for the two focal species

Rich et al. 2017

ZJLS

Actinopterygii:
Mormyridae

Yes

Yes

Yes

A species-level taxonomic study in which species
are distinguished by morphology, DNA, and
physiology, each of which is detailed in the
methods. All specimens are deposited at a
named institution with unique identiﬁer
numbers. Existing taxon concepts are assessed
and new ones are established
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Table 1 (concluded).
Reference

Journal Higher taxon

ID
Vouchers or Taxon
methods? material?
concept(s)? Comments

Sanders et al. 2017

ICB

Hymenoptera:
Formicidae

Yes

Yes

No

Specimens are identiﬁed morphologically by a
named expert with institutional afﬁliation
given. Voucher specimens from each colony are
deposited in named collections with unique
identiﬁer numbers. Bacteria from the gut
microbiomes of study animals are also identiﬁed
using DNA, and sequence data are accessioned
in an online repository

Schuttler et al. 2017

JZ

Mammalia:
Cervidae

Yes

Yes

No

Identiﬁcations are performed from photographs,
and photographs are deposited in a named online
repository

Note: Journal abbreviations in order of appearance are Zoological Journal of the Linnean Society (ZJLS), Journal of Experimental Zoology B (JEZB), Canadian Journal of Zoology
(CJZ), Integrative and Comparative Biology (ICB), and Journal of Zoology (JZ).

the limitations associated with those taxa. Rather, all zoologists
need to be conscientious of these issues, regardless of their chosen
study taxon. Editorial boards should at the same time insist on the
importance of taxonomic details for all taxa — even or especially
for taxa for which providing such details might be presumed
common.
Our within-sample comparison by taxonomic group offers additional insight into the practice of vouchering. Speciﬁcally, by
relaxing the criteria for vouchering to include any specimen-level
material (i.e., voucher specimens, molecular sequence data, or
details of managed source populations), we hoped to account for
the fact that traditional vouchering might be an unrealistic expectation for vertebrate research for any of the previously stated
reasons. The fact that tetrapod papers provided any specimenlevel material (i.e., relaxed criterion; 19.0%) nearly as often as
invertebrate papers deposited traditional voucher specimens
(arthropods 21.7%, other invertebrates 21.6%) suggests that the two
standards may be analogous in terms of accepted practice. Interestingly, papers that dealt with ﬁsh met the relaxed criterion
31.0% of the time, in part because in more than half of these cases
the studied animals were from named stock cultures.
More importantly, the fact that these numbers are low across
the board is cause for concern. First, the fact that vouchers are not
routinely deposited only makes it more important that other information about how the animals were identiﬁed is provided.
Despite this, the proportion of papers in the full sample that
provided identiﬁcation methods without providing specimenlevel material for later veriﬁcation was actually lower than the
proportion that did both (3.8% vs. 6.9%). Second, vertebrate taxonomy is not immune to change: differing populations of the same
species may be occasionally redeﬁned as subspecies, or as genetically distinct populations — i.e., evolutionarily signiﬁcant units,
with potentially differing ecologies and conservation needs
(Moritz 1994; Crandall et al. 2000; Casacci et al. 2014). Subspecies,
in turn, may be later recognized as valid species, as was recently
the case for the African wolf (Canis lupaster Hemprich and Ehrenberg, 1833) (Viranta et al. 2017). The failure to provide explicit
taxonomic methods creates ambiguity and can have especially
pernicious impacts on vertebrate taxa subject to taxonomic neglect (for a discussion of this see Gippoliti et al. 2018). In the case
of C. lupaster, confusion with the Eurasian golden jackal (Canis
aureus Linnaeus, 1758) has cast substantial doubt over any knowledge of the former species’ biology, distribution, and population
status (Viranta et al. 2017). In another example, confusion of the
Nubian wild ass (Equus africanus africanus von Heuglin and Fitzinger, 1866) and the Somali wild ass (Equus africanus somaliensis
Noack, 1884) has resulted in conservation efforts being focused
almost exclusively on the latter subspecies, while only a few individuals of the former still survive (Gippoliti 2014; Gippoliti et al.
2018).

Although there can be little excuse for not citing the appropriate literature, we recognize that there are legitimate obstacles to
depositing voucher specimens of many vertebrate species, particularly when doing so may be wholly impractical, prohibitively
expensive, illegal, or impossible. In these cases, we recommend
instead that authors endeavour to voucher trace materials (e.g.,
tissue or stool samples, molecular sequence data, recordings of
vocalizations) and (or) photographs instead. The ubiquity of smart
phones should mean that it is easier than ever to obtain “voucher”
photographs of study animals. Photographs can be made available
online, either as supplementary materials or in a data repository
such as Dryad or Zenodo — both of which accept photographs as
part of cost-free data submissions of up to 50 GB in total size
(substituting photographs for specimens as part of taxonomic research is, however, a topic of some controversy; see Krell and
Marshall 2017). We noted conspicuous “missed opportunities” for
voucher material in at least 24 vertebrate-focused papers: 6 involved animals that were already dead, suggesting there was little
reason not to deposit at least a tissue sample; a further 17 focused
on banded, tagged, or radio- or GPS-collared animals, such that
application of these devices offered opportunities to easily take
photographs, or to sample tissue or DNA; 1 additional paper actually clipped the caudal ﬁns of ﬁsh, thus explicitly sampling tissue.
Not one of these 24 papers deposited any voucher specimens or
trace materials, or if they did, they did not say so.
Authors studying locally abundant and uniquely recognizable species, such as white-tailed deer (Odocoileus virginianus (Zimmermann,
1780)) or the American red squirrel (Tamiasciurus hudsonicus (Erxleben,
1777)), might argue that providing taxonomic methods is unimportant, or at the very least that identiﬁcation of each and every individual using a referenced key is unnecessary. Often these species
are identiﬁed in the ﬁeld based upon a few characteristic features,
but not according to any published taxon concept in particular. In
these cases, we recommend that authors explicitly describe the
practice and indicate the best possible reference from which this
informal or subjective taxon concept is derived (e.g., Sibley’s species accounts for North American birds) or that they otherwise
provide an ad hoc taxon concept that corresponds to how material
was identiﬁed. For example, in a study of outbreaking spruce
budworm, Marrec et al. (2018) noted in their methods that the
larvae of their study animals were recognized by their brownish
colour, paired lateral white spots on each body segment, and use
of either balsam ﬁr, white spruce, or black spruce as food plants.
Simplistic taxon concepts like this one are easy to incorporate,
allowing for subsequent investigators to clearly interpret the data
according to how the samples were collected, as well as allowing
reviewers to judge whether the generated data are likely to be
scientiﬁcally sound. Such short descriptions would also beneﬁt
from a statement that there are no other taxa in the area that are
known to share that combination of characteristics. In other
Published by NRC Research Press

Can. J. Zool. Downloaded from www.nrcresearchpress.com by Spencer Monckton on 09/02/20
For personal use only.

Monckton et al.

words, we are simply advocating for authors to explicitly outline
their methods, which is traditionally viewed as an absolute minimum standard for any scientiﬁc research.
Authors studying model organisms and long-term cultures
might similarly object that there is little doubt about the identities of their study animals. However, cases of mistaken identity
indicate otherwise, as with the medicinal leech, for which Siddall
et al. (2007) found that commercially available leeches marketed
as Hirudo medicinalis Linnaeus, 1758 were actually attributable to
Hirudo verbana Carena, 1820. Even zoo populations of vertebrates,
for which one might expect there to be virtually no question as to
the identity of the animals, have been found to consist of admixtures of different species, subspecies, or populations from the
wild (Gippoliti et al. 2018).
Lest there be concern that meeting these criteria would be
overly laboursome for papers dealing with numerous species, we
note that single-species papers represent just over 60% of our
sample (Supplementary Table S2),1 and make up the median in
terms of the number of focal species in all journal except ZJLS.
Thus, for a majority of studies, this should not be an obstacle.
Indeed, even if our recommendations were applied only to singlespecies studies, we expect that the proportion of papers meeting
the replicability criteria would improve substantially.
Although it may seem as though these recommendations descend from lofty ideals, on the contrary it must be stressed that
not providing clear taxonomic methods has practical consequences. For one, the tendency to not cite taxonomic research
leads to poor citation metrics for taxonomy, which leads to a
lower perceived value of that research and a subsequently diminished capacity for future taxonomic research (e.g., due to reduced
funding and fewer hires; Valdecasas et al. 2000; Agnarsson and
Kuntner 2007). For another, animal taxonomy is subject to continual revision, such that a species name devoid of context can become ambiguous in retrospect. Taxonomic work on the mouse
lemurs (genus Microcebus É. Geoffroy Saint-Hilaire, 1834) of Madagascar has revealed a number of previously overlooked, cooccurring species with different ecological preferences: Microcebus
murinus (J.F. Miller, 1777) and Microcebus griseorufus Kollman, 1910 exhibit
a relatively large range overlap in southwestern Madagascar, but
prior to their recognition as well-differentiated species, mouse
lemurs encountered throughout the majority of the latter species’
range were identiﬁed as M. murinus (Yoder et al. 2002). More recently,
Rasoloarison et al. (2013) described a third species (Microcebus tanosi
Rasoloarison, Weisrock, Yoder, Rakotondravony and Kappeler,
2013) occurring in the same region but distinct from the other
two, adding further nuance to the identiﬁcation of these three
nearly identical species. Such taxonomic changes can conceivably
happen for any animal taxon that has not been subject to detailed
morphological and genetic investigation throughout its range,
and the citation of both identiﬁcation methods and taxon concepts is essential to ensure that data can be re-interpreted in light
of such changes. Indeed, it is not always the case that the citation
of identiﬁcation methods and taxon concepts exactly correspond,
since a taxon concept may be misapplied if it does not align with
the classiﬁcation used in an identiﬁcation key. For example, recent changes to the bee tribes Eucerini (Dorchin et al. 2018) and
Megachilini (Gonzalez et al. 2019) involved the fusing or splitting
(respectively) of genera, such that earlier keys to genus (e.g.,
Michener et al. 1994; Michener 2007) refer, in fact, to different
taxa than those presently recognized (the former authors, however, did produce a revised key).
For more discussion on the importance of these practices, we
point to Packer et al. (2018) and ultimately repeat that paper’s
recommendations here, with some modiﬁcations to apply more
broadly to zoology:
(i) Authors should explicitly state the identiﬁcation methods
used and who performed them, and the literature upon which
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they are based should be cited (or specimens used as reference
material listed).
(ii) Authors should provide an explicit taxon concept for each
species-level taxon identiﬁed — ideally based upon the most recent applicable revisions (i.e., the “revisional concept” of Franz
and Peet 2009).
(iii) At least some species-level material should be made available for later veriﬁcation, such as voucher specimens (where possible), molecular sequence data, and (or) (when this is not possible
for any reason) photographs of studied animals. For experiments
performed on large numbers of individuals of a single species, a
single individual should be vouchered (or one male and one female if that is relevant to the study). We could call such an approach “exemplar vouchering”. More extensive vouchering would
be required in studies involving large numbers of species when
those results would likely be replicated in future research — such
as a biodiversity survey of a particular area or habitat.
That it is important to state who performed the identiﬁcations
was made clear by Stribling et al. (2008) who found that different
experts came to different identiﬁcations for subsampled aquatic
organisms, even when they were allowed to compare their results
with those of other experts and enter into a dialogue intended to
achieve consensus.
The above recommendations represent best practices for the
treatment of taxonomic information. Although it is advisable to
include them in journals’ instructions to authors, our results and
those of Packer et al. (2018) suggest that author guidelines alone
are insufﬁcient to compel authors to comply: in some instances,
the majority of papers published ignored the journals’ requirements. Editors and reviewers alike must be active in enforcing
such guidelines. Most journals include in the editorial and peerreview process a questionnaire used to assess whether manuscripts meet basic requirements and follow best practices for the
ﬁeld — and importantly, whether analyses have been performed
correctly, whether existing research has been adequately referenced, and whether the authors provide enough information to
allow their results to be veriﬁed. We suggest that these questionnaires should additionally include the following questions with
respect to taxonomic methods:
(1) Are methods used for the identiﬁcation of all studied taxa
stated clearly?
(2) Is the literature upon which these identiﬁcations are based
cited appropriately?
(3) Is/are taxon concept(s) applied to species-level taxa given or
cited clearly?
(4) Is material made available such that identiﬁcations can be
later veriﬁed? For example, this would include voucher specimens, molecular sequence data, photographs, source of cultured
populations, etc.
If the answer to any of these questions is anything other than
“yes”, then at least minor revisions should be required. Again: we
make these recommendations simply to ensure that zoological
research can be validated and replicated. As researchers and publishers increasingly orient towards transparent, open science
(McKiernan et al. 2016; Vocile 2017), it seems only appropriate to raise
our standards as to how taxonomic knowledge is treated as well.

Acknowledgements
This project was initiated by S.J. after her interest was piqued in
L.P.’s undergraduate biodiversity course. We thank R.M. Brigham
and three anonymous reviewers for their comments on earlier versions of this manuscript. S.K.M. was supported by a graduate fellowship from York University and by funds from a discovery grant to L.P.
from the Natural Sciences and Engineering Research Council of
Canada.
Published by NRC Research Press

642

Can. J. Zool. Downloaded from www.nrcresearchpress.com by Spencer Monckton on 09/02/20
For personal use only.

References
Agnarsson, I., and Kuntner, M. 2007. Taxonomy in a changing world: seeking
solutions for a science in crisis. Syst. Biol. 56(3): 531–539. doi:10.1080/
10635150701424546. PMID:17562477.
Bandeira, L.N., Alexandrino, J., Haddad, C.F.B., and Thomé, M.T.C. 2016. Geographical variation in head shape of a Neotropical group of toads: the role of
physical environment and relatedness. Zool. J. Linn. Soc. 179(2): 354–376.
doi:10.1111/zoj.12460.
Beasley, T.M., and Schumacher, R.E. 1995. Multiple regression approach to analyzing contingency tables: post hoc and planned comparison procedures.
J. Exp. Educ. 64(1): 79–93. doi:10.1080/00220973.1995.9943797.
Bininda-Emonds, O.R.P. 2011. Supporting species in ODE: explaining and citing.
Org. Divers. Evol. 11(1): 1–2. doi:10.1007/s13127-011-0040-8.
Bortolus, A. 2008. Error cascades in the biological sciences: the unwanted consequences of using bad taxonomy in ecology. AMBIO, 37(2): 114–118. doi:10.
1579/0044-7447(2008)37[114:ECITBS]2.0.CO;2. PMID:18488554.
Casacci, L.P., Barbero, F., and Balletto, E. 2014. The “Evolutionarily Signiﬁcant
Unit” concept and its applicability in biological conservation. Ital. J. Zool.
81(2): 182–193. doi:10.1080/11250003.2013.870240.
Crandall, K.A., Bininda-Emonds, O.R.P., Mace, G.M., and Wayne, R.K. 2000. Considering evolutionary processes in conservation biology. Trends Ecol. Evol.
15(7): 290–295. doi:10.1016/S0169-5347(00)01876-0. PMID:10856956.
da Silva Oliveira, F.A., Michonneau, F., and da Cruz Lotufo, T.M. 2017. Molecular
phylogeny of Didemnidae (Ascidiacea: Tunicata). Zool. J. Linn. Soc. 180(3):
603–612. doi:10.1093/zoolinnean/zlw002.
Dorchin, A., López-Uribe, M.M., Praz, C.J., Griswold, T., and Danforth, B.N. 2018.
Phylogeny, new generic-level classiﬁcation, and historical biogeography of
the Eucera complex (Hymenoptera: Apidae). Mol. Phylogenet. Evol. 119: 81–92.
doi:10.1016/j.ympev.2017.10.007. PMID:29122650.
Ebert, D. 2019. chisq.posthoc.test: a post hoc analysis for Pearson’s chi-squared test
for count data. Available from https://cran.r-project.org/package=chisq.
posthoc.test [accessed 4 June 2020].
Franz, N.M., and Peet, R.K. 2009. Perspectives: Towards a language for mapping
relationships among taxonomic concepts. Syst. Biodivers. 7(1): 5–20. doi:10.
1017/S147720000800282X.
Frewin, A.J. 2015. The application of DNA barcoding to enhance integrated pest
management. Ph.D. thesis, Department of Integrative Biology, The University of Guelph, Guelph, Ont.
Gippoliti, S. 2014. The forgotten donkey’s history. Remarks on African wild asses
of the Giardino Zoologico in Rome and their relevance for Equus africanus
(von Heuglin & Fitzinger, 1866) taxonomy and conservation. Der Zool.
Garten, 83: 146–154. doi:10.1016/j.zoolgart.2014.07.004.
Gippoliti, S., Cotterill, F.P.D., Zinner, D., and Groves, C.P. 2018. Impacts of taxonomic inertia for the conservation of African ungulate diversity: an overview. Biol. Rev. Camb. Philos. Soc. 93(1): 115–130. doi:10.1111/brv.12335. PMID:
28429851.
Gonzalez, V.H., Gustafson, G.T., and Engel, M.S. 2019. Morphological phylogeny
of Megachilini and the evolution of leaf-cutter behavior in bees (Hymenoptera: Megachilidae). J. Melittology, 85: 1–123. doi:10.17161/jom.v0i85.11541.
Hernández-Díaz, N., Torres, R., and Ramírez-Pinilla, M.P. 2017. Proteomic proﬁle
of Mabuya sp. (Squamata: Scincidae) ovary and placenta during gestation.
J. Exp. Zool. B, 328(4): 371–389. doi:10.1002/jez.b.22739.
International Commission on Zoological Nomenclature (ICZN). 1999. International Code of Zoological Nomenclature. 4th ed. International Trust for Zoological Nomenclature, London, U.K.
Krell, F.-T., and Marshall, S.A. 2017. New species described from photographs:
Yes? No? Sometimes? A ﬁerce debate and a new declaration of the ICZN.
Insect Syst. Divers. 1(1): 3–19. doi:10.1093/isd/ixx004.
Lattig, P., Muñoz, I., Martin, D., Abelló, P., and Machordom, A. 2016. Comparative
phylogeography of two symbiotic dorvilleid polychaetes (Iphitime cuenoti and
Ophryotrocha mediterranea) with contrasting host and bathymetric patterns.
Zool. J. Linn. Soc. 179(1): 1–22. doi:10.1111/zoj.12453.
Marinov, M.P., Marchetti, C., Dimitrov, D., Ilieva, M., and Zehtindjiev, P. 2017.
Mixed haemosporidian infections are associated with higher fearfulness in
Yellow Wagtail (Motacilla ﬂava). Can. J. Zool. 95(6): 405–410. doi:10.1139/cjz2016-0121.
Marrec, R., Pontbriand-Pare, O., Legault, S., and James, P.M.A. 2018. Spatiotemporal variation in drivers of parasitoid metacommunity structure in continuous forest landscapes. Ecosphere, 9(1): e02075. doi:10.1002/ecs2.2075.
McKiernan, E.C., Bourne, P.E., Brown, C.T., Buck, S., Kenall, A., Lin, J., et al. 2016.

Can. J. Zool. Vol. 98, 2020

Point of view: How open science helps researchers succeed. eLife, 5: e16800.
doi:10.7554/eLife.16800.
Meier, R. 2017. Citation of taxonomic publications: the why, when, what and
what not. Syst. Entomol. 42(2): 301–304. doi:10.1111/syen.12215.
Michener, C.D. 2007. The bees of the World. 2nd ed. Johns Hopkins University
Press, Baltimore, Md.
Michener, C.D., McGinley, R.J., and Danforth, B.N. 1994. The bee genera of North
and Central America (Hymenoptera: Apoidea). Smithsonian Institution Press,
Washington, D.C.
Montagna, M., Kubisz, D., Mazur, M.A., Magoga, G., Ścibior, R., and Kajtoch, Ł.
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