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Abstract

This paper discusses three issues that challenge contempora-
neous taxonomy, with examples from the fields of mycology 
and lichenology, formulated as three questions: (1) What is 
the importance of taxonomy in contemporaneous and future 
science and society? (2) An increasing methodological gap in 
alpha taxonomy: challenge or opportunity? (3) The Nagoya 
Protocol: improvement or impediment to the science of tax-
onomy? The importance of taxonomy in society is illustrated 
using the example of popular field guides and digital me-
dia, a billion-dollar business, arguing that the desire to name 
species is an intrinsic feature of the cognitive component of 
nature connectedness of humans. While continuous societal 
support of a critical mass of taxonomists is necessary to cata-
logue all species on Earth, it is shown that this is a finite task, 
and a proposal is made how a remaining 10 million species 
can be catalogued within 40 years by 1,000 well-trained and 
dedicated taxonomists, with an investment of $4 billion, cor-
responding to 0.0001% of the annual global GDP or 0.005% 
of annual military expenditures. Notorious undercitation of 
actually used taxonomic resources and lack of coverage of 
impact metrics for monographs and other taxonomic work 
that cannot be published in indexed journals is discussed and 
suggestions are made how this problem can be remedied. An 
increasing methodological gap in approaches to taxonomy, 
between classic morphological and advanced genomic stud-
ies, affects in particular taxonomists in biodiversity-rich 
countries and amateurs, also regarding proper training to 
apply advanced methods and concepts. To counterbalance 
this problem, international collaborations bringing different 
expertise to the table and undertaking mutual capacitation 
are one successful remedy. Classic taxonomy still works for 
many groups and is a first approach to catalogue species and 
establish taxon hypotheses, but ultimately each taxonomic 
group needs to be studied with the array of methods proper 
to the group, including descriptive work. Finally, the Con-
vention on Biological Diversity (CBD) and the Nagoya Pro-
tocol has put additional burden on basic biodiversity science. 
Using lichenology in Latin America and Brazil as an exam-
ple, it is shown that the spirit of non-monetary benefit-shar-
ing proper to taxonomy and systematics, namely capacita-
tion, joint publications, and shared reference collections, has 
been increasingly implemented long before the CBD and the 

Nagoya Protocol, and does not need additional “policing”. 
Indeed, the Nagoya Protocol puts the heaviest burden on 
taxonomy and researchers cataloguing biodiversity, whereas 
for the intended target group, namely those seeking revenue 
gain from nature, the protocol may not actually work effec-
tively. The notion of currently freely accessible digital se-
quence information (DSI) to become subject to the protocol, 
even after previous publication, is misguided and conflicts 
with the guidelines for ethical scientific conduct. Through 
its implementation of the Nagoya Protocol, Colombia has 
set a welcome precedence how to exempt taxonomic and 
systematic research from “access to genetic resources”, and 
hopefully other biodiversity-rich countries will follow this 
example.
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Introduction

Taxonomy is the most fundamental discipline in biodiversity 
research. It is the science that puts names on organisms 
and groups of related organisms (taxa) and arranges these 
in hierarchical classification systems, with the focus in 
establishing names (Judd et al. 2007; Guerra-García et al. 
2008; Kirk et al. 2008; Wilkins 2011; Lew 2018). In contrast, 
systematics is concerned with the relationships between 
taxa and not primarily with naming them, although both 
areas are strongly interdependent. Taxonomy establishes 
hypotheses about relationships between individuals or 
lower-level taxa and gives these hypotheses formal names, 
whereas systematics tests these relationships, on the base of 
which the taxonomy is then adjusted.
 Taxonomy is divided into three approaches: (1) alpha 
taxonomy, the naming of species (“microtaxonomy”); 
(2) beta taxonomy, the arrangement of species into 
higher-level classifications through named higher taxa 
(“macrotaxonomy”); and (3) gamma taxonomy, the naming 
and classification of infraspecific entities (Mayr 1968, 
1982a; Winston 1999; Disney 2000; Tahseen 2014). This 
division seems at first counterintuitive, as it contradicts the 
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logical sequence from individuals to species to higher taxa, 
i.e. gamma (= below species), alpha (= species), beta (= 
above species). However, the term alpha (‘leader’) taxonomy 
for naming species properly reflects the fact that species 
are the fundamental unit of biodiversity research: higher 
classifications and the Tree of Life are ultimately based 
on species, and infraspecific entities cannot be established 
before species have been named first. This is also embedded 
in the various rules of nomenclature, for lichenology and 
mycology the International Code of Nomenclature for 
algae, fungi, and plants (ICN; Turland et al. 2018). 
 The ICN, as well as the rules of nomenclature for 
animals and bacteria, employ binomials for species names. 
This Linnean-based way of naming is often considered 
outdated (Cantino et al. 1999; Ereshefsky 2002, 2007), 
but remains a masterpiece of combinatorics, as it allows 
to maximize the number of species names that can be 
memorized by the human brain (Lücking 2019). The 
Linnean binomial allows to immediately place species into 
the Tree of Life through their genus component, a feature 
not possible with alternative, non-Linnean names (Cantino 
et al. 1999; Lücking 2019). The binomial thus combines 
elements of alpha and beta taxonomy, since the genus 
name incorporates the lowest hierarchical level at which 
species are being classified, and at the same time provides 
the linkage to higher categories. The subdiscipline of 
strict alpha taxonomy does therefore not exist, as naming 
species simultaneously means to classify them into genera 
as the next higher category. Therefore, alpha taxonomists 
are also beta taxonomists by default, and one could use 
the term “lower beta” taxonomy to reflect this fact. This 
paper focuses on alpha and “lower beta” taxonomy which, 
compared to “higher beta” and gamma taxonomy, are 
the subdisciplines of taxonomy which have faced, and 
continue to be facing, the most substantial challenges in 
contemporaneous biodiversity research (Kitching 1993; 
Carvalho et al. 2007; Wheeler 2008; Ebach et al. 2011; 
Pearson et al. 2011; Vinarski 2019). 
 One may consider this contribution redundant, as 
almost everything that could be said about this topic in 
the field of mycology and beyond has been eloquently 
expressed by Korf (2005) and on a more general level 
by Kim & Byrne (2006), Wheeler (2004, 2008, 2010, 
2018), and many others. However, new challenges have 
emerged particularly with molecular advances and the 
recent implementation of the Nagoya Protocol (Young 
2013), both elaborated in two of the three chapters below, 
and new lines of thought are emerging. Also, seemingly 
positive developments in the recent past, such as the 
PEET (Partnerships to Enhance Expertise in Taxonomy) 
program (Rodman & Cody 2003) and the Planetary 
Biodiversity Inventories program (Page 2008), by the 
U.S. National Science Foundation, have not survived the 
course of time. 

1. What is the importance of taxonomy in 
contemporaneous and future science and society?

The desire and need to name species. The discipline 
of taxonomy is as old as humankind. While hunting and 
gathering as principle means of survival, humans both 
implicitly and explicitly employed—and still employ—
taxonomy (“ethnotaxonomy”) when naming and classifying 
natural resources according to their potential uses (Sharma 
1993; Godfray 2002; Manktelow 2010; Franco et al. 2015; 
Si 2016; Krishnamurthy & Adams 2016). The scientific 
approach to taxonomy, which separates human curiosity 
from immediate applied aspects, goes back several 
thousand years, but only in the 16th century began its 
ascent to modern biodiversity science, with the formal 
birth of Linnean taxonomy in the 18th century (Linnaeus 
1753, 1758; Gilmour 1951; Mayr 1982b; Stevens 2001; 
Minelli 2012; Wilson 2005; Tahseen 2014). 
 While taxonomy is a branch of science, it also 
continues to be the most important aspect of “citizen 
science”, particularly expressed so in the widespread 
and popular use of field guides (Law & Lynch 1988; 
Stevenson et al. 2003). The International Field Guides 
Database (International Field Guides 2020) features over 
6,500 entries covering all groups of organisms around 
the globe, between 1954 and present, although the first 
modern field guides go back to the 19th century (Merriam 
1890; Barrow 1998) and the database covers only a part 
of all such guides ever published. Some popular field 
guides, such as A Field Guide to the Birds of Britain and 
Europe in the Peterson Field Guides Series, have sold 
over a million times (Johnsgard 2006), and the National 
Audubon Society Field Guide to North American 
Mushrooms approximately 200,000 copies. With perhaps 
close to 20,000 copies sold globally, Lichens of North 
America (Brodo et al. 2001) is likely the most popular 
book on lichens published to date; while not quite a field 
guide, it is essentially a taxonomy book based on the 
expertise by one of the foremost lichenologists on North 
America and two outstanding nature photographers. Field 
guides and related books are a billon-dollar business 
and provide an invaluable link between amateurs and 
professionals (Stevenson et al. 2003; Pearson & Shetterly 
2006; Pearson et al. 2011), maintaining amateur taxonomy 
a favorite hobby among naturalists world-wide. Digital 
and social media, including websites such as iNaturalist 
[https://www.inaturalist.org] or Mushroom Observer 
[https://mushroomobserver.org], or popular Facebook 
groups such as Lichens Connecting People, have brought 
professional taxonomists, beginners and amateurs even 
closer together (Jatnika et al. 2019). Popular smart 
phone applications such as Pl@ntNet use the input from 
naturalists to gather biodiversity data (Goëau et al. 2013; 
Joly et al. 2016). Indeed, the desire to name species is 
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an intrinsic feature of the cognitive component of human 
nature connectedness (Schultz 2002; Nisbet et al. 2009; 
Ellis et al. 2010; Cox & Gaston 2015; Richardson et al. 
2017). The science of taxonomy provides its basis.
 From Linnaeus to well into the late 20th century, 
taxonomy thrived as an independent branch of the 
biological sciences, not usually concerned with practical 
applications and revenue-oriented thinking. Basic science 
is curiosity-driven, whereas applied science focuses on 
problem-solving. Both are not separate but inform each 
other, and applied science may not possible without 
the fundamentals of basic research, although this is not 
always the case (Kealey 1996; Mawatari 2004; Spector 
et al. 2018). Taxonomy provides the framework to name, 
classify, and understand our natural environment, and 
any applied science concerned with organisms and their 
derivates starts with accurately naming and identifying 
them (Kim & Byrne 2006; Patterson et al. 2010; Granjou 
et al. 2014). Sadly, in the past few decades there has been 
a shift from a balance between basic and applied research 
to a strong focus on revenue-generating science, with 
governments rarely allocating up to 30% of their research 
budgets, but often much less, to basic science (Nelson 
1959; Caulfield et al. 2012; UNESCO 2015). This has 
particularly affected taxonomy, with permanent positions 
being eliminated or replaced by other disciplines focusing 
more on laboratory research (Drew 2011; Hutchings 
2013). The classic, paid position of a full-time taxonomist 
practically does not exist anymore, and institutions 
that still maintain such slots are likely waiting for their 
personnel to retire. Modern professional, university-based 
taxonomists are mostly professors that perform taxonomy 
in their spare time. Even the limited curatorial positions 
are normally burdened with supervisory, technical and 
administrative work to an extent preventing them from 
performing taxonomy on a regular basis. Another problem 
is that taxonomists who have the privilege of being paid 
to do taxonomy may not live up to their responsibilities 
(Evenhuis 2007), taking away unique opportunities 
from highly talented and potentially prolific early-career 
taxonomists that cannot find a job. This certainly does not 
help the cause.

The value of nature and taxonomy. While the taxonomic 
impediment has in part been affiliated with the ill-defined 
notion of taxonomy being an outdated science (Gevin 2002; 
Wägele et al. 2011), in reality this is a problem of society, 
which along with an ever growing human population has 
evolved a misguided focus on monetary values. With 
increasing pressure on what is left of our natural resources, 
we have arrived at a point where the importance of nature 
is essentually reduced to its potential use to humans 
(Wilson 1976; Westman 1977; Daily et al. 2000; Turner et 
al. 2003; Alho 2008; Ehrlich & Pringle 2008; Duraiappah 

& Rogers 2011; Turner et al. 2012; Barber et al. 2014; 
Díaz et al. 2018). Politicians and business leaders have 
argued that the costs of protecting the environment are too 
high for society, threatening economic development and 
human expansion (Meyer 1997; Barber et al. 2014). This 
is an arrogant, cynical, human-centric worldview which 
assumes that nature only exists to serve humanity and has 
to recede in favor of population growth, except for what 
is essential to human survival. If we continue to promote 
this viewpoint, our planet is for sure doomed. The state 
of taxonomy is essentially a “bio-indicator” of the human 
condition, and a fundamental paradigm shift in society’s 
consideration of nature is required to remedy this (Schultz 
2002; Wilson 2002; Miller 2005; Heyd 2016; Soga et al. 
2016). Nature does not exist to be explored, but has an 
intrinsic right of existence on its own. 
 Reckless exploitation of nature has often been 
attributed to the historical biblical concept of the 
“dominium terrae” (White 1967). This fundamentalistic 
viewpoint has been gradually replaced by a modern 
interpretation in the past few decades, which sees the 
“dominium terrae” as a responsibility to care for nature 
(Krolzik 1980; Kay 1989; Chryssavgis 2015; Mair 2012; 
Horrell 2015). In reality, in modern society there is little 
correlation between the destruction of nature and the 
dominant forms of religious beliefs, and we cannot use 
religion as an excuse, explanation, or solution. This is an 
overarching, cultural and spiritual issue of humankind. 
Homo sapiens, the “wise(?) man”, the type of which 
coincidentally is Linnaeus (Notton & Stringer 2010), is 
a guest on Earth, one out several million species. Guests 
do not destroy other people’s homes but leave them in 
the same condition as encountered, for future patrons. 
The US-American environmental lawyer and advocate 
James Gustave (“Gus”) Speth is widely quoted with the 
statement: “I used to think that the top environmental 
problems were biodiversity loss, ecosystem collapse 
and climate change. I thought that thirty years of good 
science could address these problems. I was wrong. The 
top environmental problems are selfishness, greed and 
apathy, and to deal with these we need a cultural and 
spiritual transformation.”
 This is such a profound problem that taxonomist 
cannot hope for it to be remedied anytime soon, if ever. 
Rather, taxonomists are to be concerned with the dramatic 
effects of the destruction of nature at an accelerating rate, 
leading to the sixth (or seventh) mass extinction (Wake 
& Vredenburg 2008; Barnosky et al. 2011; Ceballos et 
al. 2015, 2017; Ceballos & Ehrlich 2018; Shrimpton 
2019; Rampino & Shen 2019). This faces a dwindling 
body of experts with the challenge to catalog our planet’s 
biodiversity at an ever accelerating rate, a paradoxical 
situation (Dubois 2003) that is particularly dramatic in 
taxa such as arthropods and fungi, with millions of species 
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awaiting discovery and formal description (Hawksworth 
& Lücking 2018; Stork 2018; see below).
 The pressure to generate revenue has also forced 
taxonomy to shift into a fallacious direction of “applied 
taxonomy” (Subramanian 1982; Lyal et al. 2008). 
Particularly in biodiversity-rich countries, students in the 
field of biodiversity research are focusing on laboratory-
based research such as natural product screening, without 
notion for the fundamentals of taxonomy. Countless 
studies analyse the potential effects of natural product 
extracts from lichens and other fungi, usually without 
any follow-up in more rigorous, clinical research, and 
not rarely lacking the taxonomic expertise to correctly 
identify what is being studied. To pick just one random 
example: Pratibha & Mahesh (2016) analysed the 
biological activities of the “medicinally important” lichen 
“Parmelia perlata”. No voucher material or repository 
thereof was cited, the taxonomic expertise consulted was 
referred to vaguely as an unidentified person in charge 
of the herbarium at University of Rajasthan, and the 
genus name Parmelia for this species, correctly known as 
Parmotrema perlatum (Huds.) M. Choisy (Hawksworth 
2004), suggesting a relationship with a taxon with an 
evolutionary history and ecogeography entirely different 
from that of Parmotrema (Thell et al. 2012; Molina et 
al. 2017). This is particularly noteworthy as India has 
a plethora of highly qualified taxonomists, organized 
in the Indian Lichenological Society [https://www.
indianlichenology.com], who could have been easily 
consulted or invited for collaboration. Unfortunately, there 
are many similar examples, and superficial and somewhat 
misleading reviews such as Alves & Pontes (2017) do not 
help to substantiate the quality and actual practical output 
of such approaches. 
 An initially successful endeavour was the agreement 
between the Merck company and the Costa Rican Instituto 
Nacional de Biodiversidad (INBio) in 1991, supporting a 
large-scale taxonomic inventory in order to screen a large 
number of species subsequently for natural products of 
potential pharmaceutical interest (Aldhous 1991; Roberts 
1992; Blum 1993; Coughlin 1993; Caporale 1996; 
Zebich-Knos 1997). This was followed up by subsequent 
collaborations between INBio and other stakeholders, 
including Cornell University, Harvard Medical School, 
the University of Michigan, the Broad Institute, and the 
Novartis Institutes for Biomedical Research (Weiss & 
Eisner 1998; Dalton 2006). While INBio’s parataxonomist 
program has become a global model for citizen science 
and has increased sensibility for biodiversity and 
taxonomy in local communities (Janzen 1991; Kazmier 
2017; Niesenbaum 2019), the approach overall has not 
produced the expected results in applied terms (Mullin 
2008; Pennisi 2013). With the discontinuation of these 
programs and the lack of funding, INBio had to cease 
its role as a leader of taxonomic research in Costa Rica 

and render its natural history collections to the National 
Museum, from which part of them actually originated. 
Similar projects in other countries, such as the Iwokrama 
Fungal/Plant Bioprospecting Project from 2000 to 2003 
in Guyana (Pingal 2017), did not yield commercially 
exploitable results either. These cases demonstrate that 
the idea of “... making biodiversity profitable ...” or “... 
cashing in on the rich coast ...” (Blum 1993; Dalton 2006) 
is misguided thinking. Indeed, many pharmaceutical 
companies have stopped their natural product research and 
shifted towards combinatorial chemistry (Mullin 2008; 
Beutler 2009). This is not to say that organisms such as 
fungi do not have potential, quite to the contrary (Hyde et 
al. 2019). However, we taxonomists should maneuver 
ourselves out of a position where we have to justify the 
importance of taxonomy with envisioned applications 
of a limited number of species that may not have been 
discovered yet.
 From 2002 to 2004, the NSF-funded project 
TICOLICHEN—The Costa Rican Biodiversity Inventory 
(NSF DEB-0206125; Lücking et al. 2004) collaborated 
with INBio in forming national expertise in tropical 
lichen taxonomy. However, inspite of successful training 
of resident experts and numerous published results, 
including the description of 105 species (out of a total of 
641 treated), five genera, one family and one order new 
to science (Chaves et al. 2004; Nelsen et al. 2006; Rivas 
Plata et al. 2006; Aptroot et al. 2006, 2008; Lücking 
et al. 2006, 2007, 2008; Sipman et al. 2012), with the 
demise of INBio as a focal point for taxonomy, the job 
situation for such talent in taxonomy has continued to 
look grim, losing the opportunity of a cascading effect 
of newly formed experts to educate further generations 
of taxonomists in their country. A follow-up, also NSF-
funded project covering a much more extended area, 
Neotropical Epiphytic Microlichens (NSF DEB-0715660), 
trained 452 students in 42 workshops in 16 countries the 
skills of taxonomy and related fields, including molecular 
phylogeny and multivariate community ecology, with 
over 50 thesis works supervised (International Innovation 
2012). However, there is mostly little or no scientific 
infrastructure to further foster this talent, let alone 
providing jobs, particularly in Central American countries 
such as El Salvador or Nicaragua.

Taxonomy as a “finite” science. In order to assess the 
importance of taxonomy for science and society, one 
has to distinguish two types of taxonomists: those who 
chiefly generate taxonomic knowledge, the “taxonomic 
providers”, and those who chiefly apply it, the “taxonomic 
users” (Sharma 1993; Ebach et al. 2011). Users apply 
identification tools, including field guides, to “learn” 
species as means to an end, for instance to perform 
community mapping to assess the potential environmental 
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impact of infrastructure and industrial projects. Providers 
are the genuine taxonomic specialists, who are not only 
able to identify species but also to describe new species 
in a knowledge-based context and, most importantly, 
to assemble the identification tools used by others. The 
immediate importance of taxonomy, both in a scientific 
and a societal context, is to catalog species, provide 
effective identification tools, and act as expertise in taxon 
identifications. It is the taxonomic providers that require a 
steady support for permanent and consistent output.

FIGuRE 1. Estimated time to complete the inventory of fungal 
species, given a current maximum rate of 2,000 new species per 
year and based on different global richness predictions: (1) May 
(2000); (2) Mora et al. (2011); (3) Schmit & Mueller (2006); 
(4) Hammond (1992); (5) Rossman (1994); (6) Mora et al. 
2011 (adjusted according to Hawksworth & Lücking 2018); (7) 
Hawksworth (1991, 2001); (8) Pascoe (1990); (9) Hawksworth 
(2012) and Hawksworth & Lücking (2018); (10) Hawksworth 
& Rossman (1997) (in Hawksworth 2001); (11) O’Brien et al. 
(2005); (12) Cannon (1997); (13) Wu et al. (2019).

 There is also a third type, namely “species (co-)authors”, 
who are mostly not taxonomists at all but who contributed 
to species discoveries in some form. “Species authors” 
can certainly not be equaled to taxonomists, as proposed 
by Joppa et al. (2011) or Costello et al. (2013a), claiming 
that taxonomy is at an all-time high. For instance, there 
are close to 18,000 authors of fungal species. Of these, 
42% have (co-)authored a single species, and 70% up 
to four species. If we define taxonomy as professional 
exercise, a true taxonomist must have named multiple 
species. For instance, only 30% of authors of fungal 
species have named 5–9, only 18% have named 10–24, 
and only 10% have named 25 or more species. How 
many species named makes a true taxonomist? Arguably, 
expert taxonomists should both be prolific in species 
descriptions and provide monographs and identification 
tools. Certainly, only a fraction of the authors analysed by 
Costello et al. (2013a) fulfil these two criteria.
 Notably, the role of taxonomic providers is not 
static through time but has a path with an end. Formally 
beginning with Linnaeus (1753, 1758), the Tree of 
Life was essentially unknown and cataloguing species 
was the most important task for taxonomists. It still is, 
but the number of species is not infinite. While we do 
not know the exact number and have only estimates as 
to how many species still await discovery (Mora et al. 
2011; Hawksworth & Lücking 2018), the task to discover 
and describe them has an end (hopefully not through 
extinction). The same applies to identification tools, which 
need to be adjusted to accommodate new discoveries and 
changes in classifications and also require technological 
updates: once all species are catalogued and technological 
options are exhausted, identification tools will be “done”. 
It should thereby not be overlooked that advanced tools 
such as molecular barcoding or shape recognition only 
work after knowledgeable taxonomists have provided the 
fundamental groundwork first (Carvalho et. 2007, 2008). 
Automatism does not replace taxonomy; it can only be 
successfully employed once the taxonomy for a group 
has been completed. When it has, taxonomy as a separate 
discipline of science becomes indeed largely obsolete, 
leaving just the third component, expert identifications, 
which can be performed by well-trained taxonomic users 
or, where possible, with partly automated tools. 
 While this path is indeed finite, we cannot overlook 
that for many species-rich groups such as fungi, arthropods, 
or microorganisms, we are still far from its end, contrary 
to some recently published analyses (Costello et al. 
2013a, b). In fungi, at the current maximum rate of 2,000 
new species per year (Hawksworth & Lücking 2018), 
mycologists would require between 180 and 5,930(!) years 
to complete the task, for the most conservative and most 
progressive estimates, respectively, and 1,430 years for a 
mean estimate of 3 million outstanding species (Fig. 1). 
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Dubbing the splitting of presumably known “species” into 
more narrowly defined taxa “taxonomic inflation” (Isaac 
et al. 2004) may give the wrong impression that part of this 
taxonomic exercise is unnecessary. However, revisionary 
approaches that lead to splitting are no different from 
new species discoveries and they may unravel dramatic 
levels of previously unrecognized diversity. Such is the 
case with the basidiolichen genus Cora, which used to 
be considered comprising a single species and currently 
counts 189 (Lücking et al. 2014, 2017).

FIGuRE 2. Historic, current and future proposed accumulation of 
catalogued fungal species assuming a much increase annual rate by 
a dedicated workforce of 300 full-time taxonomists, envisioning a 
completion of an additional 3 million species by 2060.

 The consideration of taxonomy being a finite 
branch of science is important as it limits the necessary 
investment of resources. Societies do not need to support 
expert taxonomy forever. The amount of money to be 
spent to maintain a sufficiently strong workforce of 
taxonomic experts, until all species are catalogued, and 
comprehensive and effective identification tools are in 
place, can be calculated, even if we are still far away from 
this goal. Mora et al. (2011) predicted a total of 8.7 million 
species based on 1.2 million already described, i.e. an 
outstanding balance of 7.5 million. Their calculations are 
considered conservative, as the numbers of known species 
to compute the global estimate were about 30–50% too 
low (Bass & Richards 2011; Hawksworth & Lücking 
2018; Roskov et al. 2019). The outstanding balance is 
likely over 10 million. In fungi including lichens, the 
most prolific taxonomists have catalogued thousands 

of species over their career (see below), and a full time 
taxonomic expert provider can likely catalogue 10,000 
species on average over a career of 40 years (250 per year 
or five per week), if that person is not doing anything 
else. Thus, with a mean estimate of 3 million outstanding 
fungi (Hawksworth & Lücking 2018), this gap could be 
closed by 300 exclusive fungal taxonomists in 40 years, 
increasing the current maximum rate of 2,000 to 75,000 
species per year (Fig. 2).
 Assuming similar figures for other groups of organisms 
and a number of 10 million species still to be catalogued, 
this would require maintaining 1,000 full-time taxonomic 
experts over a period of 40 years, a number similar 
in magnitude to the number of currently active expert 
taxonomists (Gevin 2002). Such a much increased rate 
does not seem to be exaggerated, provided that this army 
of taxonomists is allowed to focus entirely on the task at 
hand and using advanced methods for rapidly cataloguing 
species (Mayo et al. 2008; Clark et al. 2009; La Salle et 
al. 2009; Deans et al. 2012; Riedel et al. 2013; Lücking 
et al. 2017; Meierotto et al. 2019). With a balanced global 
distribution of taxonomists and an average salary cost of 
$50,000 per year per taxonomist, this would amount to 
$2 billion in total. Giving each taxonomist a dedicated 
technician for collections and laboratory work, at an 
average salary cost of $40,000, would add another $1.6 
billion. Expenses for material and laboratory costs (e.g. to 
generate molecular data; Padial & De la Riva 2007) and 
to properly maintain voucher collections may add another 
$400 million; for instance, assuming an average of ten 
molecular barcodes per species at a cost of $2 would add 
$200 million when using traditional Sanger technology, 
but likely much less when employing next-gen amplicon 
sequencing (and who knows what’s to come within the 
next decade). Overall, such an ambitious endeavor could 
be realized with a current value of $4 billion, a figure that 
is remarkably close to the $3 billion proposed by the All 
Species Foundation (Bank 2002; Gevin 2002), which 
aimed to catalogue all species within a time frame of 25 
years but was discontinued in 2007. An expenditure of 
$4 billion, over a time span of 40 years, would translate 
to $100 million per year globally. The current global 
gross domestic product (GDP) amounts to about $80 
trillion per year, which means that a continued, dedicated 
support for full-time expert taxonomists for the next 40 
years would result in a cost of 0.0001% of the GDP. 
Countries spend between 0.07% and 4.3% of their annual 
GDP on research and development (Wikipedia 2020), 
i.e. a continued support for taxonomy for the next few 
decades, until all species have been catalogued, would 
require a truly negligible amount. Also, one does not 
have to argue with missions to outer space to underline 
the dramatic neglect of support for getting to know our 
own planet (Wheeler 2010). The solution is much closer: 
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global military spending was around $1.8 trillion per year 
in 2018 (SIPRI 2019), about 2% of the GDP. If annual 
global military spending would be reduced to 99.995% 
and the money saved spent for cataloguing all species 
on Earth, taxonomy would be fine. If military spending 
would be stopped as a whole, and all that money invested 
into education and science, imagine the paradise our 
planet would be!

Appreciation (and the lack thereof) of taxonomy in 
(and as) science. One striking problem of taxonomy is 
not its perceived outdatedness but the notorious lack of 
formal appreciation in biodiversity research and biology 
in general (Dubois 2003). It is no question that taxonomy 
is needed and used extensively, but it is notoriously 
undercited, more so than any other scientific discipline 
(Werner 2006, 2009; Agnarsson & Kuntner 2007; Ebach 
et al. 2011). For instance, the best-known fungal model 
organism, Neurospora crassa, was first described by 
Shear & Dodge (1927). Google Scholar [https://scholar.
google.com] gives 344 citations for that work which, for 
a time span of 92 years, translate into an impact factor 
of 5.6. The Web of Science [http://apps.webofknowledge.
com] lists 1,813 publications under the topical key word 
‘Neurospora crassa’. Many of these papers have a much 
higher citation count than the original description from 
1927, within a much shorter time period. For instance, 
the publication of the N. crassa genome (Galagan et al. 
2003) and the much cited work on species recognition and 
concepts in fungi using N. crassa as a model case (Taylor 
et al. 2000) have between 1,100 and 1,650 citations in the 
Web of Science Core Collection and in Google Scholar, 
translating into impact factors of between 85 and 150! Of 
course, a species description is by no means comparable to 
such advanced studies, but the latter essentially capitalize 
on taxonomy, which should be reflected in citing the 
protologue as often as possible (Werner 2006; Agnarsson 
& Kuntner 2007). Both of the aforementioned studies 
do, but much more often than not this is not the case, as 
shown by the over 1,800 papers relating to N. crassa but 
apparently less than 20% citing the original taxonomic 
study. 
 Van der Velde (2001) argued that taxonomists are 
implicitly cited each time a taxon name is cited. This 
statement could not be more wrong. Naming Darwin is 
not the same as formally citing his work. For instance, the 
yeast Saccharomyces cerevisiae was originally established 
by the French mycologist Jean Baptiste Desmazières 
[1786–1862] under the genus name Mycoderma Pers., 
as M. cervisiae [sic] (Desmazières 1823, 1827) and 
subsequently combined into the new genus Saccharomyces 
by the Prussian botanist Franz Meyen [1804–1840], as S. 
cerevisiae [sic] (Desm.) Meyen (Meyen 1838). According 
to Van der Velde (2001), the authors of that taxon had 

43,403 citations in the Web of Science at the time (then ISI 
Web of Science). To put it mildly: this is pure nonsense. Of 
course neither of the two authors has any such citations, 
not only because because their work was not actually cited 
but also because the Web of Science currently only goes 
back to 1900 (Core Collection only to 1945). What Van 
der Velde (2001) counted was only the number of papers 
citing the name Saccharomyces cerevisiae, corresponding 
to the case outlined above. The credit to the taxonomists 
is thereby zero. Such blatantly misleading statements, 
moreover, prominently published in a journal such as 
Nature, are a bad service to the taxonomic community.
 A similar problem occurs particularly in multi-
species ecological and biogeographical studies, which 
presumably use proper identification tools to identify 
species, but often fail to cite these tools or to collaborate 
with taxonomists from the onset (Bortolus 2008; Vink et 
al. 2012; Halme et al. 2015). In contrast, original works 
on scientific theories or tools are routinely cited, properly 
reflecting their importance in terms of citation count and 
impact factor. For instance, the book first mentioning the 
term “sixth extinction”, The Sixth Extinction: Biodiversity 
and it’s Survival by Leakey & Lewin (1996), has been 
cited over 250 times according to Google Scholar, 
corresponding to an impact factor of 16. Methodological 
papers typically have citation counts any taxonomic work 
can only dream of. Thus, the recent update on the most 
widely used application for molecular clock analyses, 
BEAST (Drummond et al. 2012), has already 5,725 
citations in the Web of Science Core Collection and 7,381 
in Google Scholar, translating into an impact factor of 
between 1,200 and 1,600. This is of course in large part 
explained by the actual “impact” of such works in terms 
of broad interest, but is also caused by the obligation of 
journals to properly cite such methodological papers. 
Following a proposal by Werner (2006), some journals 
such as Phytotaxa and its sister journals attempt to remedy 
this problem for the field of taxonomy, by forcing authors 
to properly cite taxonomic works after each species name, 
but since this effort is limited to a few taxonomic journals, 
the effect is minor. High impact journals have strong 
limitations on the number of citations allowed, and so 
for papers that used taxonomic resources in the process, 
such references are the first to be dropped, if at all initially 
recorded.
 Even if a work is properly cited, it might still suffer 
from the caveats of modern science metrics. A prime 
example is the aforementioned ICN, the code governing 
the nomenclature of plants, fungi, algae and similar 
organisms. The ICN is a fundamental tool regulating the 
naming part of taxonomy, and its proper application is an 
essential component of the work of taxonomic providers. 
The current ICN, the Shenzhen Code (Turland et al. 
2018) is one of the most cited taxonomic reference works 
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in contemporaneous biodiversity research, with already 
around 800 Google Scholar citations, corresponding to 
an impact factor of 1,200, approaching a level of highly 
cited methodological papers. It is, however, not indexed 
and therefore has zero citations in the Web of Science, one 
of the principal sources to compute publication metrics. 
This is a major impediment to taxonomic literature, 
because comprehensive revisions and monographs, the 
most important taxonomic tools, cannot be published in 
indexed journals and are usually not separately indexed, 
and hence their fundamental importance to science is 
not metricized. While Elsevier’s Scopus and Clarivate’s 
Web of Science (former ISI Web of Knowledge) focus 
on peer-reviewed journals and conference proceedings, 
the possibility to index book series and books does exist. 
However, this happens only selectively and only covering 
recent publications (Torres-Salinas et al. 2014; Mann 
2015). The freely available Google Scholar and Google 
Books are somewhat mitigating this problem (Cronin & 
Sugimoto 2014), but are far from complete and structured 
searches and analytics are cumbersome.
 Another factor is the erroneous perception that 
taxonomy is not hypothesis-driven, therefore not 
“scientific”, and does not advance methodologically 
(Sharma 1993; Korf 2005; Ebach et al. 2011). This could 
not be further from the truth. Just as any other branch of 
science, taxonomy continuously improves and reinvents 
itself along with the development of new concepts and 
technologies (Korf 2005; Sluys 2013). Milestones in 
taxonomy include the application of the microscope, 
quantitative numerical taxonomy and Hennigian 
cladistics, computerized interactive identification tools, 
genealogy-based species delimitation, machine-learning 
and feature-recognition tools, and approaches to rapidly 
cataloguing new species, among many others (Mayo et al. 
2008; La Salle et al. 2009; Deans et al. 2012; Riedel et al. 
2013; Lücking et al. 2017; Meierotto et al. 2019). Indeed, 
modern taxonomy is a far cry from Linnean taxonomy, 
even if it uses the same nomenclatural principles (Lücking 
2019). But just as pipetting liquids is basic work in 
laboratory-based research, the descriptive approach to 
catalogue species is still a basic element of taxonomy. 
Taxonomy is likely the most tested, hypothesis-driven 
branch of the biological sciences (Wheeler 2004; Sluys 
2013). Very rarely is a scientific experiment repeated over 
and over again to test its validity, but species are. Species 
are hypotheses, and in modern tools such as the UNITE 
database for curated fungal ITS barcoding sequences 
(Abarenkov et al. 2010), they are properly denominated 
thus. It does not matter whether species hypotheses are 
being established on phenotypical grounds or using the 
most advanced genomic approach. Each and every time 
voucher specimens and/or their associated data are 
being analyzed, a species hypothesis is established, 

tested, and if necessary adjusted. For many species that 
may happen rarely, but for others it may occur hundreds 
of times over. Thus, taxonomy is as rigorous a hypothesis-
driven approach as any other branch of science.

Conclusion. A few steps require implementation to 
properly reflect the importance of taxonomy in science and 
society. First and foremost, taxonomists must accept their 
responsibility in being prolific generators of taxonomic 
knowledge; if they are not ready to do that, they should not 
take positions away from others that do. Also, taxonomists 
themselves must sell their products better. This is not a 
consequence of capitalism, but intrinsic to human nature 
itself. One can produce the best product on the market, 
but without proper advertisement, it will not sell. There 
are ways to make alpha-taxonomic publications more 
attractive to a broad readership, and taxonomic journals 
do now discourage ‘naked’ species descriptions that are 
of interest to specialists only. 
 Amateurs provide important contributions to 
taxonomy but are often unaware of novel developments 
and science policies, therefore the integration of amateur 
and professional taxonomy, and furthermore citizen 
science, as well as balancing global taxonomic expertise 
and methodology more equally over the globe, is key 
to another taxonomic renaissance. If that happens, then 
maybe society and policy makers can be convinced to 
make an effort for a consolidated, long-term support 
for a dedicated taxonomic workforce to catalogue the 
remaining millions of species within the next decades. 
Along with that, it may be too much to hope that humanity 
comes to its senses and shifts its current vision of nature 
as a “service unit” to nature as an intrinsic feature of our 
planet that should be conserved without measuring its 
potential value.
 Taxonomic works must be properly incorporated into 
the machinery that establishes scientific impact scores 
and other metrics, with two clearly defined measures: 
(1) journals must encourage authors to properly cite 
taxonomic works, and (2) taxonomic works must be 
properly indexed, including retroactively. There is no 
reason why only regularly published journals can and 
should be indexed and used as the basis for impact factors 
and similar calculations. 

2. An increasing methodological gap in alpha 
taxonomy: challenge or opportunity?

Technological advancements of taxonomy. Taxonomy 
continuously reinvents itself with new conceptual and 
technological approaches (Korf 2005; Watson et al. 2015; 
Reboleira & Enghoff 2016). Unfortunately, this generates 
an ever-growing divide between taxonomists working in 
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different situations at a global level, consisting of two 
components: (1) a resource-based technological gap and 
(2) a methodological and conceptual knowledge gap. 
Many potentially prolific taxonomists do not have access 
to advanced methods such as molecular sequencing; if 
they have, or have free access to data through repositories 
such as GenBank (Sayers et al. 2019), they may lack the 
training to properly work with such data. This is particular 
apparent in biodiversity-rich countries and for amateur 
taxonomists.
 Cataloguing species produces formal names, 
together with diagnostic descriptions and other associated 
data. The core elements of formal descriptions do not 
differ markedly from Linnean taxonomy almost three 
centuries ago, although the format and layout has evolved 
considerably, as has the technology underlying species 
discoveries. Before the advent of molecular methods, 
which are entering another new era with genomic 
approaches, or phylogenomics (Rokas et al. 2007; Zhang 
et al. 2017; Grewe et al. 2018; Koch et al. 2018), it was 
first the light microscope, later the electron microscope, 
and eventually the various instruments to analyze 
secondary compounds, that shaped advances in taxonomic 
approaches, not only in lichenology or mycology. Also, 
ad hoc species assessments were replaced by quantitative 
analytical methods such as numerical taxonomy or 
Hennigian cladistics, with an ever increasing set of tools 
for phylogenetic analysis of molecular sequence data 
(Sokal & Sneath 1963; Sneath & Sokal 1973; Funk & 
Stuessy 1978; Platnick 1979; Kitching et al. 1998; Zhao 
et al. 2015).
 Use of these technological advances in cataloguing 
species is often equated with quality or “science”, with 
the consequence that taxonomists not using these methods 
are considered to produce low-quality or non-scientific 
output. Lately, the advent phylogenomics has even led 
to statements by reviewers of manuscripts or project 
applications to consider Sanger sequencing outdated 
(Hert et al. 2008; own experience by the author, more 
than once). However, quality and scientific foundation of 
taxonomic work does not depend on methods but on the 
conceptual approach, attention to detail, and knowledge 
base (Darlington 1971). Some of the taxonomy nowadays 
published is of questionably quality, even using the most 
advanced molecular approaches, whereas so-called “old 
school” taxonomist, just armed with a good microscope, 
may still do a better job in describing new species. Also, 
the best method is not usually the newest, but the one 
that best serves to answer a question. 
 Well-thought biodiversity inventory projects in 
grossly understudied areas that include training of local 
expertise and establishing new, well-identified reference 
collections, supported by molecular barcoding through 
standard Sanger sequencing, are nowadays routinely 

rejected when they do not contain “novel methodological 
approaches” (including a recent experience by this 
very author). “Novel” in this context translates into 
phylogenomics. It is certainly true that phylogenomics 
represents a leap in taxonomy and systematics, but its 
background is often misunderstood. Phylogenomics is, 
by and large, the same as phylogenetics, but performed 
with a substantially larger amount of data. To put it 
simply: if phylogenetics is polling, phylogenomics 
is election day. Polling is not accurate, but its error 
margins are known (Jennings & Wlezien 2018). The ratio 
between electoral and polling size is about five orders of 
magnitude. Statistically speaking, “phylogenetic polling” 
is thus substantially more reliable. Fungi have an average 
genome size between 30 and 50 million bases (Mohanta 
& Bae 2015), but in phylogenomic approaches only a 
portion of this information is used (Delsuc et al. 2005; 
Grewe et al. 2018; Widhelm et al. 2018). A typical multi-
marker phylogenetic analysis may employ three to five 
markers with a concatenated alignment size between 2,000 
and 5,000 bases, resulting in a ratio two to three orders of 
magnitude in most cases. A caveat is that “phylogenetic 
polling” is not random with respect to the entire genome, 
but it certainly has not become useless or outdated in the 
light of phylogenomics.
 Indeed, there is nothing wrong in cataloguing new 
species even based on phenotype data only, even in a 
time where the entire genome of a species can be easily 
sequenced. On the contrary, any approach generates a 
species hypothesis, and phenotype descriptions are an 
integral part (Wheeler 2018). However, the approach 
should be appropriate for the group under study. For 
most, if not all fungi including lichens, a compound 
microscope is still a useful, in fact indispensable tool. 
The comprehensive microscopic surveys produced by 
the German amateur lichenologist Felix Schumm, in 
collaboration with taxonomic experts, on lichens of all 
groups and geographic regions (Schumm & Aptroot 2010, 
2012a, b, 2019a–d; Aptroot & Schumm 2011), are an 
invaluable source to interpret phenotype characters in an 
evolutionary contexts when analysed on the background of 
phylogenetic relationships. The electron microscope has 
largely gone out of fashion in fungal taxonomy, although 
it can provide useful ultrastructural data and it can reveal 
taxonomically important characters difficult to assess 
otherwise (Celio et al. 2006). Where chemotaxonomy is 
important, proper tools are required, at a minimum thin-
layer chromatography equipment (Orange et al. 2010; 
Schumm & Elix 2015), although advanced approaches 
such as liquid chromatographymass spectrometry are a 
more precise alternative (Olivier-Jimenez et al. 2019). 
Molecular analysis is particularly useful in disentangling 
species complexes and poorly or wrongly understood 
morphospecies or to place taxa with novel phenotypes 
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into a systematic context. Other fungi groups require 
specific approaches via culturing and physiological 
assessments or specific tests. Hence, quality of science is 
not determined by the tools per se, but how adequate the 
tools are for the group in question (Darlington 1971). The 
proper approach should be the “minimum approach” 
necessary for a specific problem in a particular group. 
Therefore, the level of access to the required tools 
determines the group that can be taxonomically studied. 
 While the number of expert taxonomists is 
dwindling, in almost any group of organisms, only a part 
of the remaining taxonomists has advanced tools at their 
disposal and/or have proper training to deal with data 
such as molecular sequences. This divide is found to some 
extent between professionals and amateurs but especially 
between so-called “developed” and biodiversity-rich 
countries. Thus, not only is the diversity of organisms 
unequally distributed across the globe, but also the 
potential to tackle the taxonomy of specific groups, and 
not in a correlated manner. This may result in inadequate 
approaches to the taxonomy of particular groups in 
places where the such groups are rich in species but the 
conditions for proper methodological approaches are not 
given. 

Good taxonomy: the result of “nature” plus “nurture”. 
An often even larger problem than the methodology gap 
is the lack of proper education in scientific concepts and 
approaches. Good taxonomy requires both talent and 
training. Pattern recognition and memory capacity are two 
fundamental requirements for taxonomists that are mostly 
hard-wired into the human brain. Such talent is independent 
of geographic and political boundaries but needs to be 
properly recognized and nurtured. Conceptual and formal 
approaches to taxonomy need to be learned, such as the 
philosophy behind species concepts, the analytical tools 
to assess data structures, or the rules of nomenclature. For 
instance, many taxonomists in biodiversity-rich countries 
(and non-taxonomists world-wide) have a naive approach 
to molecular barcoding, thinking that a similarity match 
identifies a species. A particular component of such 
education is self-criticism, the capacity of questioning and 
testing one’s own conclusions. If someone can publish the 
finding of the lichen Peltigera sp. as a novel report for 
Colombian mangroves and discuss this in the context of 
bioindication of environmental changes, when the actual 
taxon at hand is a nicely depicted bromeliad Tillandsia 
usneoides (Avendaño-Remolina et al. 2000; Álvarez-
León et al. 2014), then there are problems at several 
levels, including basic scientific education, peer review, 
and editorial scrutiny. The training to avoid such mishaps 
should form a routine part of university curricula, not only 
in the biological sciences. However, this is often neglected, 
particularly in biodiversity-rich countries which focus 

their university curricula towards applied research (Barber 
et al. 2014). Associated with that problem is the lack of 
perspectives on the job market (Agnarsson & Kuntner 
2007). Capacitation through international collaboration, 
such as the many examples mentioned above, may help, 
but if the regional educational and scientific infrastructure 
is not substantially improved, such efforts are ultimately 
futile.
 Overall, these challenges also provide opportunities. 
While traditional taxonomy used to be a one (wo-)man 
show, with authors from Europe and North America working 
in single authorship on the taxonomy of organisms in 
biodiversity-rich countries (see below), there is a strongly 
increasing interest in collaborative approaches that not 
only provide synergy but also mitigate the methodology 
gap by providing mutual training and support, at least for 
the duration of a project. The same applies in increasing 
collaborations between professionals and amateurs, 
including citizen science. One very successful approach 
is the concept of parataxonomy, training of citizens in 
collecting specimens and data for research (Janzen 1991; 
Hallwachs et al. 1993; Kazmier 2017; Niesenbaum 2019). 
This concept integrates non-scientists with excellent 
local knowledge and access to natural environments with 
taxonomists providing the expertise and methodological 
know-how. Another initiative could be targeted training 
as part of projects using advanced methodologies, by 
inviting a student or colleague from abroad to participate 
in specific aspects of the study, with a mutual agreement 
that his or her home institution logistically supports long-
term implementation of the method, e.g. by installing a 
proper laboratory and providing a permanent technician. 
Collaboration that is intended to result in sustained 
benefit-sharing is not a one-way street.

Conclusion. Scientific quality of taxonomic work is not 
determined by using the most advanced methods but by 
a sound conceptual approach, a good knowledge base 
and by using the methods proper to the question and 
group under study. Just as phenotype-based taxonomy 
can be of outstanding quality, and some amateurs surpass 
professionals in that respect, molecular and genome-
based studies can be abysmal. Manuscripts and project 
proposals should not be judged based on how novel 
the methodology is, but based on their overall quality. 
Otherwise, a substantial workforce of talented taxonomists 
who simply have no access to genome sequencing will 
continue to be scared away. Exactly these represent largely 
untapped potential when it comes to assist laboratory- 
and computer-based phylogeneticists in interpreting their 
results in a holistic evolutionary context.
 Good taxonomists require both talent and training, 
and university curricula or other media to train taxonomists 
should implement measures to both recognize such talent 
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and to provide proper formal training, especially in 
biodiversity-rich countries. A solid future job market is a 
necessary condition to incentivize talents in taxonomy to 
follow that path. Taxonomic talent has no geographic or 
political boundaries and many potential good taxonomists 
are to be found among young students in biodiversity-
rich countries where most of the uncatalogued species 
occur. International collaborative projects are the 
best approach to discover and nurture such talent. 
Biodiversity-rich countries have the responsibility to 
provide the infrastructure for proper scientific education 
and a corresponding job market. After all, rather than 
pointing out that most of their biota has been inventoried 
by foreign researchers, these countries long had the 
potential to surpass Europe and North America in forming 

a proper taxonomic workforce to undertake this endeavor, 
implementing advanced technologies in a timely manner, 
with the advantage of having the biodiversity at their 
fingertips.

3. The Nagoya Protocol: improvement or impediment 
to the science of taxonomy?

Taxonomy, colonialism and the Convention on 
Biological Diversity. The issues raised in the previous 
chapter become particularly obvious when comparing the 
concentration of taxonomic expertise with the geographic 
distribution of biodiversity hot spots, which harbor the 
highest number of unknown species still to be catalogued 
(Myers et al. 2000). For instance, the over 320,000 known 

FIGuRE 3. Global distribution of the 200 most prolific fungal taxonomists, responsable for nearly half of all approximately 
360,000 species names described (Index Fungorum 2020; cut-off point: December 2017). Orange: historic and recent authors 
that have passed away (75%); violet: authors still alive and active (25%). The area size of the circles is proportional to the species 
named by these authors. Note the overall heavily unbalanced distribution of both described species and authors towards Europe 
and North America but the more balanced situation when only taking into account active taxonomists. For detailed information, 
see Table 1). The base map was modified from Wikipedia [https://upload.wikimedia.org/wikipedia/commons/e/e8/World_blank_
map_countries.PNG].
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fungal species names were established by about 18,000 
authors (Index Fungorum 2020). The 200 most prolific 
authors (1%) account for nearly 50% of the names; 
among these, only few originate from biodiversity-rich 
countries, largely Cuba, Brazil and India (Fig. 3; Table 1). 
In addition, rather than representing a diverse taxonomic 
workforce as in Europe and North America, it is mostly 
individuals that stand out as prolific species cataloguers 
in these countries, such as the Brazilian Augusto Chaves 
Batista, the Italian-born Carlos Spegazzini, or the Cuban 
Rafael Castañeda-Ruíz.
 The striking mismatch between biodiversity-rich 
tropical countries and the concentration of taxonomic 
expertise in Europe and North America is a well-known 
phenomenon (Giangrande 2003; Drew 2011; Smith 
& Figueiredo 2011; Habel et al. 2014). Much of this 
can be attributed to (post-)colonialism (Figueiredo & 
Smith 2010), but that does not seem to apply to Latin 
America. Comprehensive studies on lichens in this region 
commenced just after most of Latin America had become 
independent in the 1820s (Fig. 4). While until the late 
1920s, these were exclusively performed by European 
and North American taxonomists, Spain and Portugal, 
as the two countries occupying most of the area during 
colonial times, played no role in taxonomic inventories 
of lichens during this century-long period, with over 
400 papers on record (online Supplementary file). The 
outcome, nevertheless, was the same: information was 
published, and collections deposited in European and 
North American journals and herbaria, inaccesible to 
researchers in the countries of origin.
 In order to better control such practices, biodiversity-
rich countries have long implemented regulations for 
collecting specimens, performing research, and the 
deposition of reference material and data. Unfortunately, 
these regulations were, and still are, often neglected or 
ignored, also because little attention was paid to this 
problem. Two developments have changed this. For 
one, there was the boom of natural products screening 
(Snader & McCloud 1994; Raffauf 1996; Wildman 2003; 
Harvey 2007; Lahlou 2007; Koehn 2008). The first 
major international collaboration to provide a biodiverse-
rich country with revenue resulting from potential 
pharmaceutical applications of its biodiversity, and to use 
this revenue to study and protect said biodiversity, was the 
aforementioned agreement between Merck and INBio in 
Costa Rica in 1991 (Aldhous 1991; Blum 1993). Following 
this example, similar projects emerged elsewhere (Suffness 
et al. 1995; Sittenfeld et al. 1999; Soejarto et al. 2004; 
Dalton 2006; Lewis & Ramani 2007). Then, there was 
the advent of molecular phylogenetics (Samuels & Seifert 
1995; Crous 2005). Both the potential use of natural 
products and the access to genetic resources suddenly 
put taxonomy in the spotlight, under the misguided 

impression that discovery of new species would bring 
wealth through potential applications of their chemical 
and genetic makeup. Cases of biopiracy, the improper 
utilization of traditional knowledge or genetic resources, 
are well-documented (Merson 2000; Zakrzewski 2002; 
DeGeer 2003; Hamilton 2006; Dwyer 2008; Wyatt 2014; 
Goyes & South 2015; Aoki 2017; South 2017), although 
this issue is complex and controversial (Chen 2006). 
While the discussion of societal and industrial ethics 
regarding the utilization of biodiversity is important, 
it should not affect basic research such taxonomy and 
systematics; yet it does (Grajal 1999; Watanabe 2015; 
Prathapan et al. 2018). Disputable cases of biopiracy are 
few in comparison with the thousands of taxonomists and 
other biodiversity researchers that have to deal with the 
consequences of black sheep in applied sciences.
 The Convention on Biological Diversity (CBD) 
was the first international agreement to regulate access 
to and research on genetic resources and biotechnology 
and resulting benefit sharing (Rubin & Fish 1994). The 
Nagoya Protocol on Access to Genetic Resources and 
the Fair and Equitable Sharing of Benefits Arising from 
their Utilization (henceforth: Nagoya Protocol) from 
2014 implements the objectives of the CBD, focusing 
specifically on access to genetic resources, biotechnology, 
and associated traditional knowledge (Young 2013; 
Oberthür & Rosendal 2013; Rabitz 2015). It is often 
misunderstood that the Nagoya Protocol implies new 
national regulations that did not previously exist, when in 
fact most parties to the protocol had such regulations in 
place even long before the CBD, and the Nagoya Protocol 
is only an instrument to implement international control 
on these regulations as agreed upon in the CBD more than 
twenty years prior.
 As outlined above, the Nagoya Protocol does not 
explicitly address taxonomic research. Its principal 
aim is to regulate utilization of biodiversity in applied 
research for revenue gain, through genetic resources and 
biotechnology. In practice, however, the bulk of research 
affected by the Nagoya Protocol is basic science in the 
fields of taxonomy, systematics, ecology, biogeography 
and conservation (Grajal 1999; Watanabe 2015; Prathapan 
et al. 2018). For instance, of 3,403 studies performed 
on Latin American lichens (and lichenicolous fungi) 
between 1751 and 2019 (online supplementary file), 
87% can be classified as basic research (77% taxonomy 
and systematics and related fields, 10% ecology and 
biogeography and related fields), another 6% correspond 
to areas with some applied aspects but no revenue 
gain (biomonitoring, conservation, biodeteroriation), 
and only 7% have applied and potentially revenue-
gaining aspects (biotechnology, biochemistry, culturing, 
ethnolichenology; Fig. 5). More than half of the taxonomic 
and systematic studies have been performed since 1995, 
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TABLE 1. The 200 most prolific authors and co-authors of fungal species, based on Index Fungorum (2000; cut-off 
point: December 2017).
Name Abbreviation Country Species Lifetime
Saccardo, Pier Andrea Sacc. Italy 6052 1845–1920
Berkeley, Miles Joseph Berk. Great Britain 5300 1803–1889
Spegazzini, Carlo Luigi Speg. Italy/Argentina 4900 1858–1926
Nylander, William Nyl. Finland/France 3720 1822–1899
Ellis, Job Bicknell Ellis U.S.A. 3521 1829–1905
Sydow, Hans Syd. Germany 3451 1879–1946
Hennings, Paul Christoph Henn. Germany 3429 1841–1908
Fries, Elias Magnus Fr. Sweden 3210 1794–1878
Cooke, Mordecai Cubitt Cooke Great Britain 2955 1825–1914
Velenovský, Josef Velen. Czech Republic 2700 1858–1949
Peck, Charles Horton Peck U.S.A. 2493 1833–1917
Sydow, Paul P. Syd. Germany 2331 1851–1925
Müller Argoviensis, Johannes Müll. Arg. Switzerland 2309 1828–1896
Persoon, Christiaan Hendrik Pers. Sweden 2269 1761–1836
Singer, Rolf Singer Germany/U.S.A. 2260 1906–1994
Everhart, Benjamin Matlack Everh. U.S.A. 2225 1818–1904
Crous, Pedro Willem Crous Netherlands 2027 1963–
Petrak, Franz Petr. Austria/Czech Republic 1941 1886–1973
Murrill, William Alphonso Murrill U.S.A. 1930 1869–1957
Vainio, Edvard August Vain. Finland 1923 1853–1929
Patouillard, Narcisse Theophile Pat. France 1833 1854–1926
Hyde, Kevin D. K.D. Hyde Great Britain/Thailand 1820 1955–
Rehm, Heinrich Rehm Germany 1738 1828–1916
Curtis, Moses Ashley M.A. Curtis U.S.A. 1726 1808–1872
Zahlbruckner, Alexander Zahlbr. Austria 1698 1860–1938
Batista, Augusto Chaves Bat. Brazil 1688 1916–1967
Schweinitz, Lewis David von Schwein. Germany/U.S.A. 1646 1780–1834
Smith, Alexander Hanchett A.H. Sm. U.S.A. 1578 1904–1986
Karsten, Petter Adolf P. Karst. Finland 1566 1834–1917
Broome, Christopher Edmund Broome Great Britain 1443 1812–1886
Thaxter, Roland Thaxt. U.S.A. 1436 1858–1932
Montagne, Jean Pierre Francois Camille Mont. France 1391 1784–1866
Hansford, Clifford Gerald Hansf. Great Britain 1285 1900–1966
Massee, George Edward Massee Great Britain 1267 1850–1917
Corner, Edred John Henry Corner Great Britain/Singapore 1183 1906–1997
Lloyd, Curtis Gates Lloyd U.S.A. 1159 1859–1926
Elix, John Alan Elix Australia 1147 1941–
Fuckel, Karl Wilhelm Gottlieb Leopold Fuckel Germany 1126 1821–1876
Bresàdola, Giacopo Bres. Italy 1115 1847–1929
Ciferri, Raffaele Cif. Italy 1085 1897–1964
Sawada, Kaneyoshi Sawada Japan 1076 1888–1950
Horak, Egon E. Horak Austria 1016 1937–
Lücking, Robert Lücking Germany 1000 1964–
Braun, Uwe U. Braun Germany 975 1953–
Magnusson, Hugo H. Magn. Sweden 956 1885–1964
Acharius, Erik Ach. Sweden 877 1757–1819
Bubák, Frantisek Bubák Czech Republic 862 1865–1925
Rick, Johannes Rick Austria/Brazil 850 1869–1946
Hosagoudar, Virupakshagouda Bhimanagouda Hosag. India 839 1953–
Passerini, Giovanni Pass. Italy 839 1816–1893
Höhnel, Franz xaver Rudolf von Höhn. Austria 800 1852–1920

......continued on the next page
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TABLE 1. (Continued)
Name Abbreviation Country Species Lifetime
Léveillé, Joseph-Henri Lév. France 796 1796–1870
Aptroot, André Aptroot Netherlands 775 1961–
Dodge, Carroll William C.W. Dodge U.S.A. 762 1895–1988
Schumacher, Heinrich Christian Friedrich Schumach. Denmark 729 1757–1830
Thümen, Felix von Thüm. Germany 718 1839–1892
Corda, August Karl Joseph Corda Czech Republic 715 1809–1872
Petch, Thomas Petch Great Britain 702 1870–1948
Henry, Robert Rob. Henry France 697 1906–2001
Stevens, Frank Lincoln F. Stevens U.S.A. 689 1871–1934
Matsushima, Takashi Matsush. Japan 682 [no data]
Britzelmayr, Max Britzelm. Germany 674 1839–1909
Bouly de Lesdain, Maurice B. de Lesd. France 631 1869–1965
González Fragoso, Romualdo Gonz. Frag. Spain 629 1862–1928
Arthur, Joseph Charles Arthur U.S.A. 610 1850–1942
Oudemans, Cornelius Anton Jan Abraham Oudem. Netherlands 605 1825–1906
Dearness, John Dearn. Canada 583 1852–1954
Dietel, Paul Dietel Germany 580 1860–1947
Stirton, James Stirt. Great Britain 552 1833–1917
Quélet, Lucien Quél. France 537 1832–1899
Hale, Mason Ellsworth Hale U.S.A. 536 1928–1990
Hesler, Lexemuel Ray Hesler U.S.A. 533 1888–1977
Wallroth, Carl Friedrich Wilhelm Wallr. Germany 533 1792–1857
Motyka, Józef Motyka Poland 532 1900–1984
Moser, Meinhard M.M. Moser Austria 528 1924–2002
Bulliard, Jean Baptiste Francois Bull. France 521 1752–1793
Ryvarden, Leif Ryvarden Norway 520 1935–
Fée, Antoine Laurent Apollinaire Fée France 509 1789–1874
Romagnesi, Henri Charles Louis Romagn. France 500 1912–1999
Holway, Edward Willet Dorland Holw. U.S.A. 499 1853–1923
Desmazières, John Baptiste Henri Joseph Desm. France 493 1786–1862
Wingfield, Michael John M.J. Wingf. South Africa 489 1954–
Link, Johann Heinrich Friedrich Link Germany 488 1767–1851
Candolle, Augustin Pyramus de DC. Switzerland 486 1778–1841
Massalongo, Abramo Bartolommeo A. Massal. Italy 484 1824–1860
Cummins, George Baker Cummins U.S.A. 481 1904–2007
Reumaux, Patrick Reumaux France 470 1942–
Ahmad, Sultan S. Ahmad Pakistan 468 1910–1983
Castañeda, Rafael F. R.F. Castañeda Cuba 468 1951–
Kalchbrenner, Karoly Kalchbr. Austria/Hungary 465 1807–1886
Hollós, Ladislaus Hollós Hungary 455 1859–1940
Penzig, Albert Julius Otto Penz. Germany 446 1856–1929
Tassi, Flaminio Tassi Italy 445 1851–1917
Sousa da Câmara, Manuel Emmanuele de Sousa da Câmara Portugal 444 1871–1955
Vánky, Kálmán Vánky Sweden/Hungary 439 1930–
Hue, Auguste-Marie Hue France 436 1840–1917
Allescher, Andreas Allesch. Germany 432 1828–1903
Harkness, Harvey Wilson Harkn. U.S.A. 430 1821–1901
Servít, Miroslav Servít Czech Republic 427 1886–1959
Tuckerman, Edward Tuck. U.S.A. 424 1817–1886
Sutton, Brian Charles B. Sutton Great Britain 420 1938–
Batsch, August Johann Georg Karl Batsch Germany 418 1761–1802

......continued on the next page
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TABLE 1. (Continued)
Name Abbreviation Country Species Lifetime
Samuels, Gary Joseph Samuels U.S.A. 418 1944–
Kirschstein, Wilhelm Kirschst. Germany 417 1863–1946
Thirumalachar, Mandayani Jeersannidhi Thirum. India 414 1914–1999
Sowerby, James Sowerby Great Britain 412 1757–1822
Krempelhuber, August von Kremp. Germany 410 1813–1882
Vězda, Antonín Vězda Czech Republic 409 1920–2008
Maire, Rene Charles Joseph Ernest Maire France 408 1878–1949
Roumeguère, Casimir Roum. France 407 1828–1892
Doidge, Ethel Mary Doidge Great Britain/South Africa 403 1887–1965
Rostrup, Emil Rostr. Denmark 397 1831–1907
Rabenhorst, Gottlob Ludwig Rabenh. Germany 395 1806–1881
Noordeloos, Machiel Evert Noordel. Netherlands 387 1949–
Winter, Heinrich Georg G. Winter Germany 372 1848–1887
Cesati, Vincenzo de Ces. Italy 370 1806–1883
Schulzer von Müggenburg, Stephan V.M. Schulzer Hungary/Croatia 370 1803–1892
Kalb, Klaus Kalb Germany 369 1942–
Gilles, Gérard Gilles France 366 1921–2005
Räsänen, Veli Johannes Paavo Bartholomeus Räsänen Finland 366 1888–1953
Samson, Robert Archibald Samson Netherlands 352 1946–
Fautrey, Francois Fautrey France 350 1833–1905
Preuss, Carl Gottlieb Traugott Preuss Germany 350 1795–1855
Bonorden, Hermann Friedrich Bonord. Germany 346 1801–1884
Etayo Salazar, Javier Etayo Spain 346 1959–
Beeli, Maurice Beeli Belgium 342 1879–1957
Dennis, Richard William George Dennis Great Britain 340 1910–2003
Gyelnik, Vilmos Kofarago Gyeln. Hungary 338 1906–1945
Kamal Kamal India 332 [no data]
Kühner, Robert Kühner France 332 1904–1997
McAlpine, Daniel McAlpine Great Britain/Australia 332 1849–1932
Guarro, Josep Guarro Spain 331 1948–
Brunaud, Paul Brunaud France 330 18??–1903
Bidaud, André Bidaud France 322 1949–
Kobayasi, Yoshio Kobayasi Japan 321 1907–1993
Jackson, Herbert Spencer H.S. Jacks. U.S.A. 319 1883–1951
Sipman, Henricus Johannes Maria [Harrie] Sipman Netherlands/Germany 317 1945–
Archer, Alan W. A.W. Archer Australia 313 1930–
Hariot, Paul Auguste Har. France 312 1854–1917
Kondratyuk, Sergey Ya. S.Y. Kondr. Ukraine 310 1959–
Diederich, Paul Diederich Luxembourg 307 1959–
Boudier, Jean Louis Emile Boud. France 306 1828–1920
Deighton, Frederick Claude Deighton Great Britain 304 1903–1992
Cunningham, Gordon Herriott G. Cunn. New Zealand 303 1892–1962
Earle, Franklin Sumner Earle U.S.A. 303 1856–1929
Scopoli, Joannes Antonius Scop. Italy/Austria 300 1723–1788
De Notaris, Giuseppe De De Not. Italy 298 1805–1877
Körber, Gustav Wilhelm Körb. Germany 297 1817–1885
Poelt, Josef Poelt Austria 296 1924–1995
Berlese, Augusto Napoleone Berl. Italy 292 1864–1903
Hoffmann, George Franz Hoffm. Germany 292 1761–1826
Malme, Gustaf Oskar Andersson Malme Sweden 292 1864–1937
Westendorp, Gerard Daniel Westend. Netherlands/Belgium 284 1813–1869

......continued on the next page
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TABLE 1. (Continued)
Name Abbreviation Country Species Lifetime
Heim, Roger R. Heim France 283 1900–1979
Burt, Edward Angus Burt U.S.A. 282 1859–1939
Gucevič, S.A. Gucevič Ukraine/Russia 282 [no data]
Müller, Emil E. Müll. Switzerland 282 1920–2008
Schaeffer, Jacob Christian Schaeff. Germany 279 1718–1790
Schröter, Joseph J. Schröt. Germany 276 1837–1894
Heinemann, Paul Heinem. Belgium 275 1916–1996
Lasch, Wilhelm Gottfried Lasch Germany/Poland 275 1787–1863
Atkinson, George Francis G.F. Atk. U.S.A. 274 1854–1918
Phillips, William W. Phillips Great Britain 269 1822–1905
Pilát, Albert Pilát Czech Republic 269 1903–1974
Yen, Jo-Min J.M. Yen France/U.S.A. 268 1908–
Udagawa, Shun-ichi Udagawa Japan 267 1931–
Shivas, Roger G. R.G. Shivas Australia 266 [no data]
Svrček, Mirko Svrček Czech Republic 266 1925–2017
Gams, Walter W. Gams Austria 265 1934–2017
Patwardhan, Parashuram Gangadhar Patw. India 263 1935–
Boidin, Jacques Boidin France 262 1822–2013
Durieu de Maisonneuve, Michel Charles Durieu France 261 1796–1878
Petersen, Ronald H. R.H. Petersen U.S.A. 261 1934–
Feltgen, Johann Feltgen Germany 260 1833–1904
Zhuang, Wen Ying W.Y. Zhuang China 259 1948–
Dai, Yu Cheng Y.C. Dai China 258 1964–
Kendrick, William Bryce W.B. Kendr. Great Britain 257 1933–
Rao, Vasant Gurunath V.G. Rao India 257 1937–
Zhang, Tian Yu T.Y. Zhang China 257 1937–
Katumoto, Ken Katum. Japan 256 1927–
Drechsler, Charles Drechsler U.S.A. 254 1892–1986
Buyck, Bart Buyck France 253 1959–
Ellis, Martin Beazor M.B. Ellis Great Britain 253 1911–1996
Chupp, Charles David Chupp U.S.A. 252 1886–1967
Knight, Charles C. Knight Great Britain/Australia 250 1818–1895
Cáceres, Marcela E.S. M. Cáceres Brazil 249 1971–
Makhija, Urmila V. Makhija India 249 1950–
Taylor, Thomas Taylor Great Britain 248 1775–1848
Cleland, John Burton Cleland Australia 247 1878–1971
Hawksworth, David Leslie D. Hawksw. Great Britain 247 1946–
Nakase, Takashi Nakase Japan 247 1939–2018
Bezerra, Jose Luiz J.L. Bezerra Brazil 246 [no data]
Desjardin, Dennis E. Desjardin U.S.A. 245 1950–
Pegler, David Norman Pegler Great Britain 245 1938–
Raciborski, Marjan Racib. Poland 244 1863–1917
Camporesi, Erio Camporesi Italy 242 [no data]
Jørgensen, Per Magnus P.M. Jørg. Norway 241 1944–
Hara, Kanesuke Hara Japan 240 1885–1962
Starbäck, Karl Starbäck Sweden 240 1863–1931
Raitviir, Ain Raitv. Estonia 239 1938–2006
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when molecular techniques began to emerge, and since 
the 1960s almost all taxonomic studies in lichens routinely 
employ chemotaxonomy. As a result, taxonomic works 
on lichens employing molecular and/or chemotaxonomic 
methods outnumber natural product screening studies by 
more than an order of magnitude, but almost all of it falls 
under the Nagoya Protocol. This similarly applies to other 
organisms. Therefore, the bulk of the bureaucratic burden 
associated with the protocol, both for researchers and for 
the administrators checking these data, lies in fields of 
basic research that are not part of the problem actually 
targeted by these regulations. It has also been argued that 
the protocol, while putting additional burdens on non-
commercial biodiversity research, does not effectively 
prevent biopiracy (Rabitz 2015). Further, the measure 
comes at a time when the pharmaceutical industry has 
largely shifted to synthetic, combinatorial chemistry 
(Beutler 2009), and results in terms of drugs derived from 
broad-scale biodiversity screening programs are very 
limited (Snader & McCloud 1994). Therefore, the need 
of implementing such a complex instrument, affecting all 
areas of biodiversity research, at this point is questionable. 

If indeed a renaissance of natural product research is 
envisioned (Wildman 2003; Beutler 2009), the protocol 
and its implementation could have been made much more 
target-oriented.
 That basic research per se is not intentionally targeted 
by the Nagoya Protocol is shown by the fact that the 
protocol only applies to research employing molecular 
methods and/or biochemistry (“genetic resources”), or 
related traditional knowledge (ethnotaxonomy). Studies 
not incorporating these aspects, such as phenotype-based 
taxonomy, are not regulated in this context, even if they 
may have the same objectives. Sadly, the interpretation 
of the term “genetic resources” by policy makers suffers 
from a misguided idea that genes or secondary chemical 
compounds by default equal utilization in terms of potential 
revenue. Taxonomy and systematics and their associated 
fields rely on genetic markers that are universal across 
the Tree of Life and code for basic cell functions present 
in all organisms. These markers play no taxon-specific 
role in the biochemical makeup that would be of interest 
for e.g. natural product screening. Sequences produced 
for taxonomic and systematic purposes thus have no 

FIGuRE 4. Publications on lichens in Latin America from the 1750s to the present, showing trends in overall production and the 
relation between exclusively foreign or national and collaborative studies (see Supplementary file for detailed data). The peak 
during the 2000s (A) is largely due to the 305 individual contributions of authors to the Mexican portion of the Lichen Flora of the 
Greater Sonoran Desert Region (Nash et al. 2002, 2004, 2007), 303 of which were exclusively authored by foreign taxonomists. 
Removing these adjusts the proportions (B).
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commercial value and the idea of such data to provide a 
national resource for revenue exploitation is nonsense. 
The currently discussed idea that published basic digital 
sequence information (DSI) should be regulated under the 
Nagoya Protocol is not just misguided (Kupferschmidt 
2018; Laird & Wynberg 2018), but contradicts established 
ethics of scientific conduct, according to which published 
data, including sequence data, must be broadly and freely 
accessible (Arzberger et al. 2004; Mauthner et al. 2013; 
Amann et al. 2019). While it is obvious that commercial, 
revenue-producing use of DSI must fall under the protocol, 
there is no known benefit-sharing mechanism for the repeated 
use of once published sequence data for basic research, 
other than properly citing the source. Offering repeated co-
authorship to the generator(s) of the same, already published 
data would be against scientific ethics (Shewan & Coats 
2010; Texeira da Silva & Dobránszki, J. (2016) and would 
be like paying multiple tax on the same item.

FIGuRE 5. Proportional distribution of major topics among 
3,403 publications on Latin American lichens from 1750 
to present (analysed from the Recent Literature on Lichens 
database, RLL: http://nhm2.uio.no/botanisk/lav/RLL/RLL.
HTM). Only 7% of these are dealing with potential revenue 
generation; yet, most of the other 93% are burdened with 
the same obligations regarding the Nagoya Protocol, as long 
as they include molecular phylogenetic or chemotaxonomic 
approaches.

Taxonomy is self-regulating in terms of benefit-
sharing. In a non-commercial context of basic research, 
benefit-sharing cannot be monetary. The Consortium of 
European Taxonomic Facilities (CETAF) has provided 
the CETAF Code of Conduct and Best Practice for 
Access and Benefit-Sharing [https://www.cbd.int/abs/
submissions/icnp-3/EU-Taxonomic-practices.pdf], where 

it specifies non-monetary benefits such as capacitation 
and joint publications, based on the annex of the Nagoya 
Protocol. A further aspect is the deposition of reference 
collections in national herbaria (Smith & Figueiredo 
2011). There are thus three important components of non-
monetary benefit-sharing for taxonomic research: joint 
publications, capacitation, and reference collections, in 
particularly type material, in the country of origin (Smith 
& Figueiredo 2011; Habel et al. 2014).
 The field of taxonomy is essentially self-regulating 
when it comes to benefit-sharing, although it has been 
a steep learning curve (Smith & Figueiredo 2011). As 
outlined above, until about the 1920s, lichenology in Latin 
America was exclusively performed by researchers in 
Europe and North America, with no joint publications or 
evidence of regional and local capacitation (Fig. 3, 4). At 
best, few reference collections were deposited in national 
herbaria, such as Malme’s Lichenes Austroamericani ex 
Herbario Regnelliano in the Museu Nacional in Rio de 
Janeiro (R), but almost all type material from this period 
is housed in European and North American institutions. 
Regional expertise in Latin American lichenology began 
to develop chiefly after World War II, particularly in 
Brazil and Argentina (Rizzini 1947, 1952; Grassi 1950; 
Mors 1952; Batista 1961), whereas collaborative research 
with joint publications started only in the 1970s (xavier-
Filho & Kurokawa 1971) and strongly increased since 
the 1990s. During the past decade, lichenology in Latin 
America has been well-balanced between external (31%), 
internal (33%) and collaborative (36%) contributions 
(Fig. 4). These developments initiated before the CBD 
and long before the Nagoya Protocol and are mirrored in 
research on other organism groups, although a dominance 
of European and North American institutions can still be 
observed (Habel et al. 2014).
 One outstanding example of non-commercial 
benefit-sharing in taxonomic research is Brazil, which 
currently has one of the strictest implementations of the 
Nagoya Protocol in Latin America, although the protocol 
itself has not yet been ratified in the country (Smith et al. 
2017; Silva 2019). Since 1979, Brazil has produced over 
30 lichenologists with a PhD degree, a number well above 
that of any other biodiversity-rich country, and many 
with permanent positions. More than one third of these, 
representing three generations, go back to the extremely 
fruitful collaboration between the German lichenologist 
Klaus Kalb, who spent three years in Brazil between 
1978 and 1981, and Brazilian lichenologist Marcelo 
Pinto Marcelli. During this period, Marcelli received 
three years of intensive training by Kalb and later on 
assistance for the completion of his PhD thesis in 1987. 
In a recent paper, Marcelli commented to his mentor on 
this period: “I remember clearly how you, immediately, 
offered your expertise and advice, opening your house’s 
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doors, books, and equipment to a completely unknown 
person. I remember how, for about three years, you spent 
a half-day ... patiently teaching me. I cannot forget our 
conversations and discussions about books, authors, 
taxonomy, etc. or the wonderful field trips, all paid by you. 
I cannot also forget the sense of ethics, commitment, and 
social responsibility I learnt from you. Do you remember 
when I asked you the reason for such a big investment in 
me, and you replied: I feel I owe this to Brazil? Moreover, 
when you supported me because my grant failed to be 
paid: You will pay me by doing the same for a student of 
yours in the future.” (Marcelli et al. 2007: 2010). Between 
2006 and 2015, Marcelli formed nine PhD students, one 
of which, Suzana Martins, has trained two further PhD 
students between 2011 and 2016. This has essentially laid 
the foundation for modern lichenology in Brazil.
 The remarkable development of lichenology in 
Colombia is largely due to the work of Harrie Sipman, 
who first trained Jaime Aguirre-Ceballos (Sipman & 
Aguirre-C. 1982), who in turn formally mentored Bibiana 
Moncada’s doctoral thesis (Moncada 2012; Moncada 
et al. 2014). The latter has since broadly promoted 
lichenology in the country through the Grupo Colombiano 
de Liquenología (GCOL; http://licbiologia.udistrital.edu.
co:8080/grupo-colombiano-de-liquenologia), with a large 
number of thesis works at the undergraduate, master, and 
even doctoral level at various universities completed and 
in part published (Ardila-Ríos et al. 2015; Díaz-Escandón 
et al. 2015; Ramírez-Morán et al. 2016; Simijaca et al. 
2018; Motta et al. 2019). Similar examples of benefit-
sharing for capacity building could be given for other 
lichenologists in Brazil (Cáceres et al. 2007; Cáceres & 
Aptroot 2016; Kirika et al. 2017; Menezes et al. 2018), 
Mexico (Herrera-Campos et al. 1998), Costa Rica (Umaña 
& Sipman 2002; Chaves et al. 2004), Peru (Rivas Plata 
& Lumbsch 2011), Bolivia (Flakus & Printzen 2014), 
Kenya (Kirika et al. 2017, 2019), Sri Lanka (Weerakoon 
et al. 2012, 2016), Thailand (Boonpragob et al. 1998; 
Homchantara & Coppins 2002; Papong et al. 2009; 
Kraichak et al. 2015), among many others. Indeed, foreign 
experts in tropical lichenology, located across Europe, 
North America and Australia, have long and persistently 
engaged in the capacitation of regional expertise in 
tropical countries, with remarkable cascading effects. 
Comparable endeavors exist for mycology in general, 
such as the remarkable efforts by Meike Piepenbring in 
Panama (Piepenbring 2007) and her bilingual introductory 
textbook on tropical mycology (Piepenbring 2015a, b), 
the highly productive Center of Excellence in Fungal 
Research in Thailand spearheaded by Kevin Hyde, and 
the successful model of combining solid taxonomy with 
advanced natural compound chemistry by Mark Stadler’s 
lab in the Helmhotz Zentrum für Infektionsforschung (De 
Silva et al. 2013; Helaly et al. 2018; Hyde et al. 2019).

 The Kalb-Marcelli example is the embodiment of 
the spirit of the CBD and the Nagoya Protocol, set in 
motion more than a decade prior to the CBD, and numerous 
similar stories could be told related to other instances 
mentioned above. It is how taxonomy and associated fields 
of biodiversity research have worked for many decades, 
without the need of “policing”, the occasional black sheep 
notwithstanding. However, these accomplishments have 
been overlooked, so it is necessary to spell them out. The 
data on rapidly increasing collaborative publications (Fig. 
4) speak for themselves, and practices on depositing type 
and other reference material have changed substantially 
(Smith & Figueiredo 2011). There has been a strong trend 
to deposit holotypes (as usually required by national 
law) or at least isotypes in the country of origin; recent 
studies do this almost exclusively, except for those based 
on historical material still housed in foreign herbaria. In 
the latter case, the argument could be made to repatriate 
portions of the type material to a national herbarium, in 
the spirit of CBD Art. 17.2.
 Unfortunately, strict legal requirements to deposit 
reference collections and particularly valuable type 
material in national herbaria do not always go in hand 
with the practical implementations of permanent specimen 
curation in the countries of origin. Biodiversity-rich 
countries often do not invest in proper storage facilities or 
curatorial positions to process and maintain the material. 
One example case is the type and other reference material 
originating from a study on foliicolous lichens in Ecuador, 
based on a formal research permit, by the very author of 
this paper (Lücking 1999). After shipping the material to 
the national herbarium in Quito (QCNE), the parcel came 
back months later, practically unopened, with the argument 
that the staff at the herbarium did not know what to do 
with it. Indeed, the issues leading up to the CBD and 
the Nagoya Protocol are two-sided: it is not only the 
“developed” countries that should be held responsible 
for fair and equitable benefit sharing; biodiversity-
rich countries are responsible for investing in the 
necessary logistics to allow implementing existing 
legislation, including well-equipped and well-curated 
biodiversity repositories as well as a sound scientific 
infrastructure, to allow successful collaborations in the 
first place. Regarding metrics such as area, population 
size, and especially plant species richness, biodiversity-
rich countries are notoriously underequipped when it 
comes to herbaria (Table 2).
 Some biodiversity-rich countries such as Colombia 
have realized that implementation of the Nagoya Protocol 
for basic studies in taxonomy and systematics and related 
fields will hinder progress in these areas. In Colombia, 
the Decreto 1376 de 2013 [http://www.minambiente.gov.
co/images/normativa/decretos/2013/dec_1376_2013.pdf] 
states in paragraph 5: “Las investigaciones científicas 
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básicas que se adelantan en el marco de un permiso de 
recolección de especímenes de especies silvestres de 
la diversidad biológica con fines no comerciales y que 
involucren actividades de sistemática molecular, ecología 
molecular, evolución y biogeografía, no configuran 
acceso al recurso genético de conformidad con el ámbito 
de aplicación del presente decreto.” [Basic scientific 
research carried out within the framework of a permit 
to collect specimens of wild species of biological 
diversity for non-commercial purposes and which 
involves activities of molecular systematics, molecular 
ecology, evolution and biogeography, does not 
configure access to the genetic resource in compliance 
within the scope of this decree.] Notably, this is in stark 
contrast with the difficulties even Colombian researchers 
had to perform molecular-based studies until up to the 
recent past (Andrade-C. 2012; González Medina 2016).

Conclusions. The CBD and the Nagoya Protocol both 
state that while benefit-sharing from access to genetic 
resources and associated traditional knowledge should be 
fair and regulated, basic biodiversity research should be 
simultaneously facilitated and simplified. Currently, this 
is not the case, but hopefully we get there. Fortunately, the 
strong development of taxonomic expertise in biodiverse 
countries in the past decades helps to advocate for more 
practical solutions. However, one cannot stop thinking 
that the overall global costs of implementing the Nagoya 
Protocol are in no relation to the intended effects regarding 
the prevention of biopiracy and similar problems.
 The above examples show that the field of 
taxonomy does not require external policing to evolve 
self-conscience. While there are the occasional black 
sheep that continue to do taxonomy in foreign countries 
in the spirit of our forefathers from the 18th and 19th 
century, an instrument such as the Nagoya Protocol to 
educate these is like cracking a nut with a sledgehammer. 
Having said that: foreign taxonomists, professionals and 
amateurs alike, who are not already working in the spirit 
of collaborative research, benefit-sharing and respecting 
national legislation: please do so! Benefit-sharing in 

non-applied basic research is not only important but 
will make cataloging biodiversity much more effective. 
Also, any research should follow national legislation. 
However, this has overall been rather well implemented 
in the past decades in taxonomy and systematics, and the 
implementation of the CBD and the Nagoya Protocol 
should focus on regulating revenue-generating applied 
science that leads to potentially marketable products. 
If indeed deemed necessary, formal implementation 
of the Nagoya Protocol for basic biodiversity research 
should render the necessary processes as effective and 
unbureaucratic as possible, also to avoid that taxonomists 
based in biodiversity-rich countries have to spend their 
already sparse time on these cumbersome administrative 
issues. Colombia has set an excellent precedence how 
this could be resolved, and hopefully other countries will 
adopt this practice.
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TABLE 2. Examples of the number of herbaria for two countries in Europe and North America with a history of prolific species 
descriptions based on tropical material, and for two of the most biodiversity-rich countries on Earth. Numbers of herbaria 
are based on Index Herbariorum [http://sweetgum.nybg.org/science/ih] and are compared to area and population size and the 
number of recorded plant species.
Country Herbaria Area

[km2]
Population Plant

species
Herbaria per
10,000 km2

Herbaria per
Mio. people

Herbaria per
1,000 plant species

Germany 80 357,000 83 Mio. 4,100 2,24 0,96 19,51
United States 836 9,800,000 327 Mio. 19,500 0,85 2,56 42,87
Colombia 37 1,140,000 49 Mio. 51,000 0,32 0,76 0,73
Brazil 202 8,500,000 209 Mio. 56,000 0,24 0,97 3,61
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