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Abstract: Ecological and evolutionary processes are recognized as the main factors generating 

and maintaining biodiversity. However, how biodiversity knowledge is collated, organized, and 
distributed worldwide influences our perceptions and inferences about biodiversity and the 

underlying processes. We demonstrated that name-bearing type specimens (NBT), the most 
fundamental reference for the identity of any species, of all freshwater and brackish fish species 35 
in the world are mostly housed in museums in Global North countries. The unequal distribution 

of NBT results from historical and socioeconomic factors and has implications for both the 
Global North and South countries. For the Global North, which concentrates most of NBT, we 
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found a mismatch between NBT housed in their ichthyological collections and their native 
biotas. On the other hand, countries with most NBT of their native species housed elsewhere face 

a barrier in advancing biodiversity research due to the difficulty in accessing reference material, 
hampering global efforts in cataloging, reviewing, and describing new species. We advocate that 

if we are truly committed to advancing biodiversity research, we should pursue global initiatives 5 
to make the distribution of biological knowledge fairer among countries, which involves 

programs for specimen repatriation and facilitation of accessibility of NBT material to 
researchers from the countries in which they were collected.  

 
  10 
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Main Text: Museums can be viewed as gatekeepers of representative fragments of the world. 
They provide a valuable source and representation of human history, culture, knowledge, and 

biodiversity. Natural history museums and biological collections (hereafter NHBC) are known 
for maintaining an organized and curated record of extant and extinct specimens. Given this role 

of NHBC, numerous authors have highlighted different aspects in which they enhance our 5 
understanding of the natural world by shedding light on global change phenomena(1), spatial and 

temporal ecological processes(2), public health(1), and educational purposes(3). Additionally, 
more frequently associated with the natural sciences, they house representative specimens(1) 

essential for naming, describing, and classifying organisms through taxonomic research. 

 Among the specimens in NHBC, the name-bearing types (hereafter NBT) hold special 10 
importance in biodiversity studies (fig. S1). NBT specimens are pivotal in taxonomic studies as 
they constitute the fundamental reference upon which taxonomists rely to review described 

species or propose new ones(2, 3). Accessibility to NBT is, therefore, crucial for taxonomic 
research, as assessing some taxonomically relevant features is only possible by handling the 

original NBT. Hence, even though NBT digitalization is undeniably important for biodiversity 15 
studies(4), the original material cannot be replaced by indirect data or molecular techniques for 

most organisms(5). However, as with any biological data, the representation, curation, and 
concentration of NBT in NHBC worldwide are not free from biases, making accessibility more 

laborious for some researchers than others.  

Consequently, this hampers the development of a reliable effort in cataloging and organizing 20 
biological diversity knowledge. Here, we show that knowledge concentration over time mirrors 
historical periods of socioeconomic dynamics of countries, evidencing how the concentration of 

economic power in the world mediates the accumulation of biological knowledge and, 
consequently, might affect our perception of biological patterns. The investigation of the patterns 

of accumulation of biological knowledge and its influence on our perception of the natural world 25 
is what we call macroecology of knowledge. 

Recently, Paleontology has drawn the scientific community's attention to the importance of NBT 
distribution in biodiversity studies (e.g., see the Ubirajara case(6)). Given the rarity of 

paleontological records that can identify a species, this unique sample often serves as the NBT 
for a given species. In this context, recent studies have shown that a biased concentration of 30 
fossil samplings deposited in NHBC in the Global North has profound effects on shaping the 
knowledge of the field, distorting our view of deep-time biodiversity(7). The same problem 

extends to extant organisms, producing significant consequences for the development of 
biodiversity science and with more negative effects in countries from the Global South. 

Conservative estimates indicate that only 13-18% of species are known and described, and the 35 
probability of discovering new species and taxonomic uncertainties of already described species 

are concentrated mainly in tropical regions(8, 9). However, taxonomists frequently report that 
the tropics are the region from which numerous NBT were collected and sent abroad, mainly to 

NHBC in Europe and North America, hampering the effort to catalog and describe the yet-to-be-
discovered diversity(10, 11). In this study, we argue that a fairer distribution of NBT is necessary 40 
if we aim to effectively fill the gaps in biological knowledge by cataloging, organizing, and 
describing biodiversity in the coming years. Achieving a fairer distribution of biodiversity 

knowledge requires understanding the current situation of NBT distribution. 

We addressed this challenge by providing a comprehensive overview of the geographical and 

temporal (historical) distribution of freshwater and brackish fish NBT. First, we mapped, in 45 
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space and time, all freshwater/brackish fish fauna NBT. Second, we classified the world regions 
based on the origin of the NBT they housed. Third, we evaluated the effectiveness of countries’ 

NHBCs in representing their native freshwater fish fauna. Finally, we examined the main factors 
driving the distribution of NBT among countries. These assessments allowed us to delve into the 

multiple implications of the current distribution of fundamental biological knowledge at the 5 
species level worldwide and how it has accumulated over historical times. We selected fishes as 

the study model because they constitute the most species-rich group of vertebrates. Furthermore, 
freshwater/brackish fishes face challenges stemming from uncertainties in their evolutionary 

relationships among species and constant taxonomic changes, making the assessment of NBT 
imperative for a better understanding of the biodiversity within the group(12). 10 

 

NBT distribution flow in space and time 
We showed that the all-time distribution of NBT is strongly biased towards ichthyological 
collections housed in European (ECA) and North American (NA) countries, accounting for 68% 

of the world's total freshwater/brackish NBT. The source–housing of fish NBT among countries 15 
started in the 18th century, with ECA and NA museums acting as the primary destination for all 

fish NBT sourced from countries across all world regions. Our historical analysis of NBT flow 
also revealed the changing dominance of European countries in housing NBT between the 19th 

and 20th centuries, alongside the emergence of the United States as a new primary region for 
housing NBT. The dominance of European countries and North America in housing 20 
freshwater/brackish fish NBT peaked between 1900 and 1949, with 5051 (89% in the period) of 
all NBT housed within these regions. Only in the past 23 years we noticed a tendency to retain 

the NBT in NHBC within their source countries (Fig. 1, 2000-present). While NHBCs from the 
global south emerged in the last 50 years, housing essentially local NBT, global north NHBCs 

still keep the historical pattern of housing foreign NBT. 25 
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 Fig. 1: NBT flow among world regions (colored according to World Bank classification as 
illustrated in the upper left cartogram) depicted in 50-year time intervals. The lower half of the 

circular plots represent the regions where the Name-Bearing Types (NBT) were collected (source 
regions), and the upper half is the region of the ichthyological collection in which the NBT is 5 
housed (housing regions). The numbers on the outer circles represent the total number of NBT 
exchanged between each region in each period. The percentage besides the year corresponds to 

the percentage of NBT of that period relative to the total NBT in all periods. The region 
acronyms are ECA - Europe and Central Asia; NA - North America; SSA - Sub-Saharan Africa; 

SAR - South Asian Region; MENA - Middle East and North Africa; LAC - Latin America and 10 
the Caribbean; EAP - East Asia and Pacific  

 

Characteristics of world regions based on the source region of NBT  
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We identified two categories of regions regarding the sources of NBT within NHBCs. These 
categories were classified according to Domestic Contribution (DC) and Domestic Retention 

(DR) of NBT, which represent, respectively, the contribution of the local samples to all NBT in a 
region (DC) and the ability of a source region to retain the NBT collected within its territory 

(DR). ECA and NA are characterized mainly by high rates of DR (all-time 95% and 90%, 5 
respectively) but lower DC of NBT (all-time 10% and 25%, respectively), as a significant 

proportion of their housed NBT were sampled in other regions. Meanwhile, the all-time DC rate 
in LAC, MENA, SSA, EAP, and SA corresponds to 99.9%, 98%, 98%, 97%, and 86%. In 

contrast, the all-time DR for these regions is below 50%, except in SA (63%) (See fig. S3). In 
recent years, we have not found an increase in DC in these economically developed regions 10 
(ECA and NA), mainly because most of the native freshwater/brackish fish species from these 
regions have already been described (bottom right plot in Fig. 2). 

 

 

Fig. 2: Region characteristics based on the Domestic Contribution (DC) and Domestic 15 
Retention Rate (DR) of name-bearing types (NBT) depicted by 50-year time intervals (each 
plot). The dots and colors represent different regions, according to the World Bank (Fig. 1). 

Arrows indicate the direction of change regarding DC and DR from one time slice to the next. 
Faded dots represent the position of the region in the previous time slice. 

 20 

Mismatches between NBT and native species composition 
One important aspect of biodiversity knowledge distribution, regarding its uses and gains for the 
local scientific and general community, is whether the native biodiversity is sufficiently 

represented in NHBC within the country. Therefore, we computed the native turnover to express 
the extent to which native fish fauna of a country is underrepresented by the NBT housed there 25 
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(Fig. 3a). Conversely, NBT turnover was computed to represent how much the NBT housed 
within a country corresponds to non-native fish fauna (Fig. 3b). For this analysis, we used only 

species with one record per country (i.e., endemic species regarding country occurrence 
according to the Catalog of Fishes). We restricted this analysis to species with country-level 

endemicity to avoid possible confounding effects of large-range species in our estimates (but see 5 
fig. S3).  

Countries in ECA exhibited an overall pattern of lower shortfall in representing their native fish 
fauna and an overrepresentation of non-native NBT compared to the native collection (Fig. 3a 

and b). This reinforces our findings that most Global North countries can retain their native NBT 
while housing foreign NBT. In contrast, most countries in the Global South presented a high 10 
shortfall of native species in their NBT collections (Fig. 3a) since most native NBTs are not 
housed in their ichthyological collections. They also showed low values of NBT turnover (Fig. 

3b), as their NBT are primarily composed of native species. Therefore, most countries in the 
Global South present an overall characteristic of insufficient representation of their native NBT 

collections, whereas countries in the Global North present high rates of non-native NBT (Fig. 15 
3c).  
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Fig. 3: World cartogram representing Native turnover (a) and Name Bearing Types (NBT) 
turnover (b) of species for each country. Both values are combined in a bivariate map (c), where 

the breaks represent 25%, 50%, and 75% of the data. Values closer to one indicate higher 
divergence between the two sets (native fauna and NBT composition) of a given country. 5 

 

 

Factors explaining NBT distribution in collections around the world 
Our models demonstrated that socio-economic and biological factors strongly shape NBT 

concentration, distribution, and the characteristics of the country´s NHBC. Specifically, the total 10 
number of NBT within the countries is driven by gross domestic product (GDP) and native 

species richness (Fig. 4a -b).  

The characteristics of the country's biological collections regarding the source of NBT (DC and 

DR rates) housed in their collections are also explained by GDP. Countries with higher GDP 
present greater proportions of NBT sourced from other countries (low DC) combined with higher 15 
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retention of NBT sampled within the country (high DR). In contrast, countries with lower GDP 
present a higher proportion of NBT collected within the country (high domestic contribution - 

DC, Figure 4e) and low domestic retention (low DR, Fig. 4f). Nonetheless, countries with higher 
GDP tend to have a smaller shortfall in their native NBT (low values of native turnover) in their 

biological collections than countries with lower GDP. Additionally, wealthier countries (high 5 
GDP) often present an overrepresentation of non-native NBT in their ichthyological collections 

(high values of NBT turnover) (Fig. 4d and 4f). Figure 4 represents the most important variables 
influencing the response variables in our model (except for the total number of NBT, where we 

showed the top two variables). Full results of the models are presented in Supplementary 
material (tables S1 – S5). 10 
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Fig. 4: Factors explaining different aspects of NBT accumulation among world countries. 
Relationship between the total number of NBT by country and Gross Domestic Product - GDP 

(a) and native species richness (b); Domestic Contribution (DC) (c) and Domestic Retention 
(DR)(d) and GDP; finally, the relationship between Native turnover (e) and NBT turnover(f) 5 
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with GDP. All the figures represent the marginal effects of the predictor variables over the 
response variables. 

Discussion 
We described the extent of biases in the concentration of fundamental reference for species 

identification for one of Earth's most diverse biological groups. By recognizing the species as the 5 
fundamental unit, we assume that institutions or countries that house most of the reference 

material about species also concentrate the fundamental biological knowledge. Despite critiques 
about the concept of species(13, 14), it remains the fundamental unit of almost all investigations 

in biology and biodiversity conservation studies(15).  

The arguments for a fairer and more equitable distribution of knowledge extend beyond ethical 10 
grounds. To better understand biodiversity patterns, we must address the biases in the global 
distribution of biodiversity knowledge(16). This uneven distribution of NBT has significant 

implications for scientific practice and our perception of biodiversity patterns.  

 

A glimpse into the biological knowledge accumulation process 15 

Countries with colonial histories and early concentration of economic power have accumulated 

NBT primarily from tropical countries in Latin America and Africa. The dynamic of Global 
South countries serving as providers of NBT and Global North countries as their custodians only 

began to change in the 21st century, with increasing retention of specimens in the countries where 
they were collected. For instance, the first NBT cataloged in a Brazilian museum(17) was almost 20 
400 years after the country's foundation and more than 140 years after Linnaeus's binomial 
nomenclature system(18). However, since this is an ongoing accumulation process, most early 

discovered freshwater fish species are still housed in museums far from their source location. 

We recognize that the lack of infrastructure in Global South countries and that most naturalists 

were not based in the colonies, leading them to send material to their home countries, 25 
contributing to the early establishment of NBT biases toward Global North. For example, the 

archives at the Museum of Comparative Zoology of Harvard highlight the importance of 
naturalistic exploration (e.g. Thayer Expedition(19) in Brazil) in enhancing ichthyological 

collection and research. However, regardless of the reason for the uneven distribution of NBTs, 
this disparity has significant consequences, the most direct being the difficulty researchers from 30 
Global South countries face in accessing NBTs. 

Accumulating fundamental knowledge far from its origin has detrimental consequences for 

scientific development, as it separates the sampling location from where validation can occur 
more precisely. This separation impacts our understanding of biodiversity patterns by directly 

affecting taxonomic descriptions and reviews, ultimately hindering accurate estimates of a 35 
region’s “true” biological diversity. Estimates of species discoveries and taxonomic revisions 

indicate that tropical regions have higher probabilities of discovering new species in the coming 
years(9). Furthermore, a recent study on tetrapod species(20) (squamates, lizards, and canids) 

showed that taxonomic revisions are more common for species with older descriptions(20), as 
early descriptions usually lack comprehensive information. These findings – higher discovery 40 
rate in the tropics and the necessity for revising early-discovered species – along with our 
evidence that most of the early-discovered freshwater fish species that require revisionary studies 

are located far from their native range, underscore the challenges in addressing the biodiversity 
knowledge shortfall.  
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In the current NBT distribution scenario, researchers from Global South often have to travel 
northwards to advance their taxonomic research, or expensive research programs(21) must be 

developed and implemented to mitigate this issue. While this can be viewed as an opportunity to 
foster international collaboration and benefit research activities, it does not ensure symmetrical 

collaboration. Institutions in the Global North are likely to retain control over NBT accessibility, 5 
thereby perpetuating existing imbalances. Furthermore, while these international collaborations 

are positive, they require greater investment in science, which has not been the case in 
megadiverse countries (e.g., Brazil(22), Colombia(23)) in recent years and decades. 
 
Implications for biodiversity research 10 

The direct consequences of uneven distribution of fundamental biological knowledge are more 
pronounced on taxonomy, especially in tropical countries that harbor most of the freshwater fish 

diversity in the world (fig. S1 in Supplementary Material). NBT in museums and biological 
collections are the basic unit of investigation for taxonomists, making the accessibility of name-

bearing type material crucial. Despite recent proposals advocating for the use of alternative 15 
materials, such as tissues and digitized images, to improve the accessibility of museum 

specimens (e.g. (4, 24, 25)), we argue that this is not a comprehensive solution to fill biodiversity 
gaps(26). Keeping the current distribution of biological knowledge also fails to contribute to a 

more equitable, fair, and efficient improvement of our biodiversity knowledge(16). Our data 
reinforce that addressing biodiversity challenges will require more than technocratic fixes(16); it 20 
necessitates overcoming long-standing and pervasive exploration practices to find solutions that 
rectify colonial legacies and provide a more equitable scientific assessment of this material(27). 

Taxonomy faces inherent challenges(28) in identifying species and determining the best criteria 
to delimit them(29), coupled with the decline of taxonomy specialists(30). While funding and 

training for taxonomists are essential to overcome these issues(31), we argue that even if these 25 
challenges were solved, the problem of uneven distribution of NBT worldwide and its 

consequent impacts would persist. 

 

Ethical and legal implications 
Beyond its effects on our understanding of the natural world and solutions to practical problems, 30 
the concentration of NBT raises ethical and legal issues. Evidence, primarily from 
paleontological material, suggests instances of illegal samplings(6, 32). Even when material 

leaves its country of origin legally, ethical concerns persist regarding this practice due to 
challenges in tracing the conditions under which biological material is collected and exported 

(e.g. parachute science(7)). To illustrate the neglection of this issue, the Nagoya Protocol, an 35 
important international agreement aimed at fair and equitable sharing, only encompasses the 

genetic component of biodiversity, ignoring the benefits associated with housing crucial 
reference material for local research development and educational purposes, among others. 

Therefore, critical documents like the Nagoya Protocol should be revised if the international 
community is genuinely committed to a fairer and more equitable sharing of biodiversity 40 
benefits. 

 

Overcoming barriers to NBT distribution 
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Recent studies highlighted the importance of digitization of museum specimens to overcome the 
accessibility barriers to primary-type material. Despite the importance of those initiatives, with 

very successful examples in herbarium collections(33), not all specimens can be easily 
digitized(3). Fishes are a good example of how challenging the digitization of specimens can be 

since it requires high-quality and detailed images of anatomical structures in order to reach 5 
unambiguous species identification(34). Important diagnostic characters, such as internal 

structures like bones and swim bladders, cannot be captured in digitized images without high-
quality 3D images. Additionally, the digitization of natural collections may replicate the 

inequality and the inaccessibility of data created by a colonial past that shaped these 
collections(35). 10 

 The ideal scenario would involve returning representative NBT to the NHBC of the 
countries where they were collected. However, this requires lengthy bilateral negotiations, even 

when the material was illegally taken(6). Repatriation often demands more than legal evidence; 
public pressure is also necessary(36). Moreover, recipient collections must have the 

infrastructure to maintain the biological material long-term, which may be lacking in some 15 
Global South countries. We propose a better division of labor and costs associated with a global 

goal of describing and protecting biodiversity(27, 37). This approach would prevent delays in 
improving biodiversity knowledge and its benefits(38). An alternative would be to facilitate the 

accessibility of NBT by GN funding agencies covering the costs for researchers from the 
countries of origin to visit NBT housed in foreign collections(37). 20 

Finally, protective laws and regulations can help maintain, protect, and preserve important 
biological samples within the country where they were collected. For instance, Brazil 

implemented regulations in 1990(39) mandating that significant biological reference materials 
(e.g., holotype, syntypes) be retained within the country, completely or partially in the case of 

paratypes. This measure has contributed to increased NBT retention in Brazil during the 21st 25 
century, as evidenced by the substantial portion of NBT from Brazil shown in Figure 1. 

 
Conclusion  
Our results, using fish as a model organism, reveal an uneven distribution of biological 
knowledge worldwide, leading to both global and local (country-level) consequences. The 30 
knowledge housed by a country often fails to represent its native freshwater and brackish fish 
fauna accurately. To address these biological knowledge gaps, it is crucial to facilitate access to 

these materials for researchers from the countries where they were collected. Otherwise, 
regardless of the available technology and methods for monitoring biodiversity, our 

understanding of the natural world will remain inequitable. Beyond identifying the issue, we 35 
hope this study catalyzes developing solutions that distribute biological knowledge more 

equitably and fairly without mirroring our society's existing economic and social inequalities. 
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Materials and Methods 
Data acquisition 
We compiled all the species names, including valid names and synonyms, of freshwater 
and brackish fish species using the Eschmeyer´s Catalog of Fishes (CAS)(40), the most 
updated curated database for fishes. Valid names and synonyms were included since 
both are necessary for taxonomic surveys. We call all these specimens as NBT (name-
bearing types), following the definition of the International Code of Zoological 
Nomenclature(41). 
For each NBT, we extracted the source country and the museum's name where the same 
NBT is housed. Based on the acronyms listed in CAS(42), we obtained the country 
where each museum/biological collection is located. If the origination country of the 
NBT was not specified, we checked CAS for additional information, such as 
coordinates or any other geographical location. All the searches in CAS were performed 
between March 2023 and May 2024. The final data set comprises 20,246 NBT names 
for freshwater/brackish fishes. 
 
Metrics of country’s NBT characterization 
We mapped the country in which each NBT was collected (source country) and where it 
is currently housed (housing country). We characterized the flow of NBT in 50-year 
intervals, grouping the countries according to the World Bank  classification obtained 
from R package countrycode(43) (fig. S1). We chose to use the WB classification of 
countries since it better represents the world's regions based on the overall infrastructure 
and economic characteristics that are pivotal in determining the distribution of NBT. 
For example, some Latin American countries that are more similar in terms of 
infrastructure and economy are grouped with countries with very different economic 
contexts under other geographical classifications (e.g., Mexico grouped with North 
America under other classifications). 
We calculated two metrics to represent regions' characteristics based on NBT source 
and housing region. The first one is called Domestic Contribution (DC) and expresses 
the fraction of the total number of NBT in a region (NBTtotal) with sampling localities 
(topotypes) within that region (NBTlocal) (Equation 1). The second metric is the 
Domestic Retention (DR), representing the proportion of NBT collected and retained 
(NBTretained) in the same region where it was collected (Equation 2). 
!"	 = 	%&'!"#$! %&'%"%$!(  Equation 1 

!) = 	%&'&'%$()'* %&'!"#$!(  Equation 2 
Therefore, regions with high DC are those in which most of the NBT deposited in the 
region were collected within the region, whereas low values of DC indicate regions in 
which most of the NBT were sourced from another region. Finally, DR is a proxy of the 
amount of NBT that a region can retain in museums and biological collections within 
the region. We also calculated DC and DR for each country. The results for country 
level were used in the modelling approach (Fig. 4c and 4d). 
Congruence between native fish fauna and NBT.  
Assuming that one of the roles of natural museums and ichthyological collections is to 
maintain a curated and organized representation of biodiversity knowledge, we wanted 
to explore the representativeness of NBT deposited in a country compared to the 
country’s native species composition. It is desired that they house NBT of species found 
within the ecological and geographical context of which the collection is part, 
maximizing biodiversity's benefits in multiple aspects(38), such as biological research 
and educational purposes. 



 

 

In this context, we developed two metrics slightly modifying Baselga´s turnover 
metric(44). The Native turnover represents the proportion of the known native species 
of a given country that are unrepresented within its NBT collections (i.e., native species 
shortfall; Equation 2). Therefore, for a given country's native composition and its NBT 
collection, the Native turnover will be calculated as: 
 
%*+,-.	+/012-.0) =	%*+,-.	2/+) (%*+,-.	2/+) + (%*+,-.) 	⋂%&')))(  (Equation 
3) 
where the Native turnover of a given country n is the ratio between the number of native 
species missing in ichthyological collections (Native out) and its Native out plus those 
native species housed within its NBT collection (Nativen ∩ NBTn). Therefore, higher 
values of Native turnover indicate a country with a high deficit in the representation of 
its native freshwater fish fauna in the ichthyological collections of that country, whereas 
low values indicate a good representation of the native fish fauna within its NBT 
collection.  
The second metric, named NBT turnover, is a metric that computes the proportion in 
which the NBTs deposited in a given country represent non-native fish fauna (Equation 
4). Therefore, for the NBT available within a country and the native species of that 
country, the NBT turnover is computed as follows: %&'	+/012-.0) =
	%&'	121	1*+,-.	) %&'	121	1*+,-.) + (%*+,-.)⋂%&'))(  (Equation 4) 
where the NBT turnover of a given country n is the ratio between the NBT of non-native 
species in the country (NBT non nativen) and the NBT non nativen plus those native 
species with NBT housed in the country (Native ∩ NBT). Therefore, higher values of 
NBT turnover indicate an overrepresentation of non-native NBTs in relation to the local 
representation of NBT of native species. In contrast, lower values of NBT turnover 
indicate that the NBT collections within the studied country are primarily composed of 
native species. The number of native species for each country is represented in Figure 
S1 in Supplementary material. 
 We calculated Native turnover and NBT turnover in two ways. First, we used a 
dataset that considered only native species with one occurrence per country, according 
to the data from the Catalog of Fishes. We opted to restrict our dataset to avoid the 
effects of large-range species in our metrics. For example, suppose a species that occurs 
in multiple countries. Its NBT is housed by only one country, but this does not 
necessarily indicate that this country sourced the NBT from other countries, just that the 
country sampled the NBT first. To avoid this scenario confounding our results, we opt 
to a more conservative approach using only species with one occurrence per country. 
Second, we used the full dataset containing all native species to calculate native and 
NBT turnover. The result of this last analysis is shown in Supplementary material 
(Figure S4). Despite the differences in the datasets, the overall patterns are very similar.  
 
Factors explaining the number of NBTs, DC, DR, native and NBT turnover by 
country 
To explain the total number of NBTs by country, we used a Generalized Linear Model 
(GLM) relating the absolute number of NBT housed in each country with five 
explanatory variables (1) the number of native species in a country, (2) the number of 
samples by area in each country extracted from Global Biodiversity Information Facility 
(GBIF) (3), the country’s Gross Domestic Product (GDP), (4) the number of 
ichthyological collections in each country and (5) the years after independence for the 
countries that have been a colony in the past. All the explanatory variables were 



 

 

centralized and standardized before running the model to allow comparisons between 
the effects of each variable in the response variables(45). We used a negative binomial 
distribution to model the residual error distribution of the total NBT. We modeled DC, 
DR, Native turnover, and NBT turnover using GLMs with the same explanatory 
variables with a beta-binomial distribution(46) to model the error term. To assess the 
validity of our models, we evaluated the homoscedasticity in the residuals against 
predicted values (model assessment graphics can be checked in Supplementary 
Material, Figures S3) and through qq-plots using a simulation approach(47). The 
predicted coefficients for all explanatory variables are provided in Tables S1 to S5 of 
Supplementary Material. 
 
General overview of the freshwater/brackish fish data 
We analyzed 20,246 species names of freshwater and brackish fish. According to the 
Catalog of Fishes(48) (CAS), 4,943 correspond to synonyms, and 15,303 correspond to 
current valid names. This information was compiled from March 2023 to May 2024; the 
last update in our database was made in May 2024. At that time, CAS registered 36,863 
valid fish species, including freshwater, brackish, and marine species. 
Finding source and housing countries 
To find each register's NBT sampling locality (NBT source), we relied on description 
localities available in CAS and the list of countries provided in the R package 
countrycode(43). The descriptions of localities are not standardized in the CAS, but 
since the source country is usually reported, we extracted this information to map the 
source locality of the NBT. Given the high variability in the way the names of the 
countries were reported in CAS, we used regex patterns to match the source country 
where the NBT was collected. Housing countries were also obtained from CAS using 
information from museums and ichthyological collections mentioned in the main 
database of the Catalog of Fishes(42). We extracted the country of museums and 
ichthyological collections besides its respective World Bank region using the 
information in the Catalog of Fishes and the countrycode R package. 
All data were compiled in a data frame containing information on the country locality 
where the NBT was collected (source) with its respective ISO 3166-1 alpha-3 country 
code published by the International Organization for Standardization. ISO 3166-1 
alpha-3 is an administrative classification code corresponding to a three-letter country 
code (iso3c code in countrycode package) useful for standardizing countries’ names. 
This data frame also contains the World Bank region where the country is located and 
the country's continent. The merging procedure was performed using dplyr(49) package 
functions. During the merging procedure, duplicate entries were unintentionally created 
since there are mentions of more than one country in some descriptions of the NBT 
localities from Catalog of Fishes. Some of these are “true” mentions, corresponding to 
NBT that the collector did not assign to a single country. Other mentions were 
misleading, which correspond to cases when the description mentions the name of a 
country but does not truly correspond to the country where the NBT was sourced (for 
example, river and lake with country names but located in a different country). 
Duplicated records corresponded to 24.9% of all data. Since some duplicated records 
correspond to true source locations, we performed a data mining process to assign only 
one source locality for each register when possible. The treatment of these duplicated 
records was specific for each case. When the duplicated records were in the same region 
(according to World Bank classification), we randomly sampled one country for the 
NBT source location. 



 

 

The data used for all analysis contains 14,667 (72.44%) specimens as holotypes, 3,584 
(17.70%) as syntypes, 1,732 (8.55%) as lectotypes, and 230 (1.13%) as neotypes. Also, 
we found 23 (0.11%) species with specimens as lectotype and syntypes, four (0.01%) 
species with specimens as syntypes and neotype, five (0.002%) species with holotype 
and syntype, and, finally, one (0.004%) species name with holotype and lectotype. 
 
A glimpse into taxonomic nomenclature 
 
Name-bearing types (NBT) are specimens, or sets of specimens, designated as the 
standard reference for applying the name they bear. Each nominal taxon has an actual or 
potential NBT. The objective of this nomenclatural act provided and regulated by the 
International Commission on Zoological Nomenclature (ICZN) is to fix a name in an 
international standard of reference, bringing stability to the name usage of a nominal 
taxon. Four distinct types of NBT are applied to fish in different cases, as shown in the 
fig. S1.  
 
 
Richness from Catalog of Fishes 
We compiled the number of native NBT for each country based on the information from 
CAS. We extracted the field “distribution” information from CAS for all freshwater and 
brackish species. The total number of species for each country is represented in fig. S2. 
The information on country species composition was also used in calculating Native 
turnover and NBT turnover presented in the main text (Fig. 3). 
We decided to extract the composition of native species from the Catalog of Fishes to 
keep the source information consistent with the information on NBT composition in 
each country. This avoided possible errors due to the lack of standardization or updates 
in species names if the information was obtained from another database. We also 
extracted information on native fish distribution from FishBase, obtaining similar 
results regarding the richness between the two datasets (Pearson correlation of 0.89). 
Therefore, we decided to show only the information from the Catalog of Fishes. 
 Figure S1 shows that the number of native fish species is very similar to other 
databases that provide the richness and composition of freshwater native species, such 
as FEOW(50). We decided not to use these datasets since they were older than the data 
on species nomenclature we obtained from the Catalog of Fishes. Changes in 
nomenclature could cause mismatches between our dataset and these data sources. 
However, we can see that the native richness from these datasets and the one obtained 
from the Catalog of Fish are similar. 
Overall domestic contribution and retention 
We also computed the overall (considering all-time) Domestic Retention (DR) and 
Domestic Contribution (DC) for all WB regions, as illustrated in fig. S3. DR and DC 
were computed as indicated by Equations 1 and 2 in the main text. 
 
 
Native and NBT turnover 
We also calculated Native and NBT turnover using the full dataset of native species 
according to the Catalog of Fishes. Figure S4 represents the results of this analysis. 
Overall patterns are similar to the analysis using the dataset containing only species 
with one occurrence per country. The correlation between the two results, computed 
with the Pearson coefficient, is 0.89 for Native turnover and 0.81 for NBT turnover (fig. 
S4). 



 

 

 
Ambiguities in NBT material 
Here, we report NBT material with ambiguous classifications regarding the country and 
location where the specimen was collected. Only seven species presented more than one 
sample classified with Name Bearing Type (NBT) status. For example, Chaetobranchus 
robustus presents a holotype housed at the Natural History Museum of London and a 
syntype specimen at the Berlin Natural History Museum. Since we found only seven 
cases with type material in more than one country, we do not consider the distribution 
of different materials with type value in different countries in our analysis.  
 
Statistical models 
We present tables with complementary results from the models used to produce Figure 
4 in the main text. All models' estimated coefficients, confidence intervals, and p-value 
estimates are reported below. The coefficients are all presented in the original scale of 
the response variable. The tables were made using the R package sjPlot(51). 
 
It is worth noting that other variables also influenced the predictor variables besides 
GDP, which was important in explaining all the metrics. For Domestic contribution, the 
number of occurrence records per area, according to GBIf, had a negative influence, 
indicating that countries with more records have less Domestic contribution. The 
number of museums in a country positively influenced domestic retention. Native 
turnover was also negatively affected by the number of museums, which indicates that 
countries with more museums have more non-native NBT than countries with fewer 
museums. 
 
Accessing validity of models used to explain NBT distribution  
We performed residual diagnostic analysis using package DHARMa(47) to assess the 
adequacy of our models. fig. S5 corresponds to the qq-plot and residuals x predicted 
values relationship for each model shown in Fig. 4 of the main text. Qq-plots are used to 
access the overall deviation of the distribution between observed and simulated data. KS 
tests for the distribution correctness. Residuals x predicted plots are used to check the 
uniformity of residuals visually. 

 



 

 

Fig. S1. 

 
 
Illustration showing the specimens considered name-bearing types according to the 
Zoological Code of Nomenclature accompanied by a brief explanation for each 
category. 
 
  



 

 

Fig. S2. 
 

 
Number of native species by country according to the Catalog of Fishes. Native species 
were extracted from field “distribution” in the Catalog of Fishes. 
 
 
 
  



 

 

Fig. S3. 

 
 
 
Domestic Retention (DR) and Domestic Contribution (DC) for all World Bank regions. 
The colors correspond to World Bank regions, as in Figures 1, 2, and 4 in the main text. 
 
  



 

 

Fig. S4. 
 

 
World cartogram representing Native turnover (a) and Name Bearing Types (NBT) 
turnover (b) of species for each country. Both values are combined in a bivariate map 
(c), where the breaks represent 25%, 50%, and 75% of the data. Values closer to one 
indicate higher divergence between the two sets (native fauna and NBT composition) of 
a given country. 
 
  



 

 

Fig. S5. 

 

qq-plots and DHARMa simulated residual x predicted plots from Generalized Linear 
Models (GLM) relating the total number of NBT per country (a, b), Domestic 
contribution (c, d), Domestic retention (e, f), Native turnover (g, h), and NBT turnover 
(i, j). The models have the same explanatory variables but different error probability 
distributions. Red solid lines in quantile simulated residuals x model predictions plots 
indicate significant deviation from expected in simulated residuals. 
  



 

 

 

 

 
Table S1.  
Coefficients (Estimates) estimated from a generalized linear model, with their 
respective confidence intervals (CI) and two-tailed p-values estimate (P-value) for the 
number of Name Bearing Types (NBT) in a country (dependent variables) and its 
relationship with number of native species (native richness), number of records per area 
according to Global Biodiversity Facility (records per area), number of years since the 
independence of a country (Years since independence), Gross Domestic Product (GDP) 
and the number of museums and ichthyological collections in each country (number of 
museums). Count component (Count component) estimates the effects of predictor 
variables on the non-zero values. The zero-inflated component corresponds to the 
estimate of absences (zero values). 
 

  Total number of NBT 
Coefficients Estimates CI P-value 

Count Model 
Intercept 3.64 3.20 – 4.09 <0.001  

Native richness 0.67 0.07 – 1.28 0.030  

Gbif records per area 0.36 -0.00 – 0.73 0.052  

Years since independence -0.03 -0.41 – 0.35 0.879  

GDP 0.84 0.37 – 1.31 <0.001  

Number of museums 0.62 0.13 – 1.10 0.013  

Dispersion parameter 0.46 0.33 – 0.65 
  

Zero-Inflated Model  

Intercept -19.93 -36.70 – -3.16 0.020  

Native richness 1.98 -1.08 – 5.04 0.205  

Gbif records per area -0.04 -1.13 – 1.05 0.941  

Years since independence 1.01 -0.37 – 2.38 0.151  

GDP -0.56 -2.59 – 1.46 0.586  

Number of museums -52.35 -95.39 – -9.31 0.017  

Observations 116  

  



 

 

  



 

 

Table S2. 
Coefficients (Estimates) estimated from a generalized linear model, with their respective 
confidence intervals (CI) and two-tailed p-values estimate (P-value) for Domestic Contribution 
(dependent variable) and number of native species (native richness), number of records per area 
according to Global Biodiversity Facility (Gbif), number of years since the independence of a 
country (Years since independence), Gross Domestic Product (GDP) and the number of 
museums and ichthyological collections in each country (number of museums). 
 

  Domestic Contribution (DC) 
Coefficients Estimates CI P-value 

Intercept 1.39 0.94 – 1.85 <0.001  

Native richness 0.05 -0.30 – 0.40 0.772  

Records per area -0.41 -0.67 – -0.15 0.002  

Years independence 0.15 -0.16 – 0.46 0.335  

GDP -0.71 -1.11 – -0.30 0.001  

Number of museums -0.07 -0.41 – 0.26 0.666  

Observations 116  

  



 

 

 
Table S3.  
Coefficients (Estimates) estimated from a generalized linear model, with their respective 
confidence intervals (CI) and two-tailed p-values estimate (P-value) for Domestic Retention 
(dependent variable) and number of native species (native richness), number of records per area 
according to Global Biodiversity Facility (Gbif), number of years since the independence of a 
country (Years since independence), Gross Domestic Product (GDP) and the number of 
museums and ichthyological collections in each country (number of museums). 
 

  Domestic Retention 
Coefficients Estimates CI P-value 

Count component 
Intercept -1.02 -1.34 – -0.70 <0.001  

Native richness 0.08 -0.19 – 0.35 0.554  

Records per area 0.06 -0.15 – 0.28 0.576  

Years independence 0.02 -0.20 – 0.25 0.844  

GDP 0.43 0.16 – 0.070 0.002  

Number of museums 0.30 0.04 – 0.57 0.024  

Zero-Inflated Model  

Intercept -7.14 -14.16 – -0.12 0.046  

Native richness 0.03 -1.78 – 1.85 0.971  

Records per area 0.19 -1.41 – 1.80 0.813  

Years independence 0.23 -0.77 – 1.22 0.656  

GDP -1.37 -3.29 – 0.55 0.163  

Number of museums -19.17 -36.83 – -1.50 0.033  

Observations 116  

 
  



 

 

 
Table S4.  
Coefficients (Estimates) estimated from a generalized linear model, with their respective 
confidence intervals (CI) and two-tailed p-values estimate (P-value) for Native turnover 
(dependent variable) and its relationship with number of native species (native richness), number 
of records per area according to Global Biodiversity Facility (Records per area), number of years 
since the independence of a country (Years independence), Gross Domestic Product (GDP) and 
the number of museums and ichthyological collections in each country (number of museums). 
 

  Native turnover 
Coefficients Estimates CI P-value 

Intercept 1.54 1.22 – 1.85 <0.001 

Native richness -0.10 -0.46 – 0.26 0.585 

Gbif records per area -0.22 -0.52 – 0.08 0.151 

Years since independence -0.19 -0.49 – 0.11 0.212 

GDP -0.83 -1.16 – -0.49 <0.001 

Number of museums -0.62 -0.99 – -0.26 0.001 

Observations 116 
  



 

 

 
Table S5.  

Coefficients (Estimates) estimated from a generalized linear model, with their respective 
confidence intervals (CI) and two-tailed p-values estimate (P-value) for NBT turnover 
(dependent variable) and its relationship with the number of native species (native richness), 
number of records per area according to Global Biodiversity Facility (Records per area), number 
of years since the independence of a country (Years independence), Gross Domestic Product 
(GDP) and the number of museums and ichthyological collections in each country (Number of 
museums). 
 

  Native turnover 
Coefficients Estimates CI P-value 

Intercept 1.54 1.22 – 1.85 <0.001 

Native richness -0.10 -0.46 – 0.26 0.585 

Gbif records per area -0.22 -0.52 – 0.08 0.151 

Years since independence -0.19 -0.49 – 0.11 0.212 

GDP -0.83 -1.16 – -0.49 <0.001 

Number of museums -0.62 -0.99 – -0.26 0.001 

Observations 116 

 
  



 

 

 


