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Accurate ecological assemblage analysis requires that underlying taxonomic divisions 
reflect biological reality. However, the validity of many taxonomic hypotheses have 
never been rigorously confronted with replicable data. As a result, these categories 
might say more about human psychology than biology. We consider here the ways 
that statistically unchallenged taxonomic concepts can bias observed ecological pattern 
across multiple spatial scales. We compared assemblage lists for a group of Holarctic 
land snail species/subspecies hypotheses both before and after empirical confronta-
tion. Of the 124 taxa initially believed to exist, only 105 were validated, with 34 being 
oversplit, another 15 being incorrectly lumped within 11 taxa and a final 33 having 
incorrect identification features. This led to considerable scale-dependent alteration in 
assemblage patterns across 2528 sites within 42 regions and 9 biogeographic zones: 
depending upon location up to 90% of sites had revised composition with 10% show-
ing a reduction in richness. Additionally, 6–60% of site pairs had altered turnover. 
These impacts became larger and more frequent with increasing sample grain and 
extent: 80–90% of regions and 100% of global biogeographic zones demonstrated 
altered composition, with 70–80% of regions and 100% of zones having changed 
richness. Reductions in richness also became more prevalent with increasing scale. 
Likewise, 80–94% of regional and zone pairs were found to have altered turnover, with 
increased similarity predominating at small and decreased similarity at large extents. 
Because these issues appear general and are not limited to land snail taxonomy, it is 
crucial for macroecologists to consider how unchallenged taxonomic concepts might 
bias their results. The use of objective and replicable data-driven validation of all rec-
ognized taxonomic concepts is thus an essential foundation for accurate ecological 
hypothesis testing.
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Introduction

The Royal Society’s motto ‘Nullius in verba’ [dates to 
1663 and] roughly translates as ‘take nobody’s word for 
it.’ It is an expression of the determination of Fellows to 
withstand the domination of authority and to verify all 
statements by an appeal to facts determined by experi-
ment. (Royal Society 2010; <https://web.archive.org/
web/20101002130705/https://royalsociety.org/about-
us/history/>)

It goes without saying that ecological analyses can only be as 
accurate as the data upon which they are based. For instance, 
problems with museum accession information – based on 
labeling errors, specimen misidentification and the differen-
tial goals of ecologists versus collectors – can lead to inaccurate 
documentation of composition, abundance and body size pat-
terns (Nekola et al. 2019). And, reliance on ‘expert opinion’, 
encumbered with its many inherent biases, leads to significant 
error in conservation prioritization (Perez et al. 2020). But an 
even more profound issue may exist: what if taxonomic clas-
sifications themselves are incorrect? What if a given species 
actually represents multiple biologically distinct entities? Or if 
supposedly distinct species are actually the same entity? Or if 
they are being identified using the wrong traits?

While potential taxonomic acts should be seen as hypoth-
eses requiring rigorous data-driven confrontation before 
being accepted (Hey  et  al. 2003, Dayrat 2005, Agnarsson 
and Kunter 2007, deCarvalho et al. 2008), outside of a few 
charismatic groups (Burgin et al. 2018, Upham et al. 2019) 
many taxonomists still rest their actions on personal expertise 
(Evenhuis 2007, Páll-Gergely 2017). Although physical fea-
tures almost always underlie their conclusions, because sta-
tistical confrontation has never taken place the reader must 
accept on faith the word of the author that their statements 
are true. This is likely one of the root causes for the seem-
ingly endless and irresolvable taxonomic debates regarding 
splitting and lumping (Vaidya et al. 2018). And without the 
mediation of data, any disagreements are often perceived as 
personal attacks. Fontaine  et  al. (2012) additionally point 
out that an increasing number of species are being described 
by amateur taxonomists and ‘citizen scientists’ who lack the 
analytical training and access (both physical and financial) 
required to accomplish high-standard systematics.

At least for some groups – like mollusks – less than 5% 
of new species descriptions even attempt to document mor-
phological variability (Rosenberg 2008) let alone to confront 
the null hypothesis that the new form falls within some 
previously named entity. In combination with the fact that 
replicable hypothesis testing using morphometrics or genet-
ics has only been feasible for the last 75 years, the reality is 
that the great majority of nomens have never been statisti-
cally vetted. While there has been substantial consideration 
on the impact of taxonomic effort (Clark and May 2002), 
misidentification (Sheppard 1998, Nekola  et  al. 2019) and 
differing species concepts (Genner et al. 2003, Agapow et al. 
2004, Dillon and Fjeldså 2005, Jones et al. 2012, Vinarski 

and Kramarenko 2015) in biasing community, macroecology 
and biodiversity analyses, as far as we can determine none 
have considered this more fundamental issue. We accomplish 
this here by comparing composition, richness and turnover 
estimates between opinion-based versus statistically-vetted 
taxonomy for a Holarctic-wide suite of land snails from site-
to-biogeographic zone grains and local-to-global extents.

Methods

Study group and species concepts

Terrestrial gastropods represent an ideal system to address 
these issues: with over 35 000 species believed to exist globally 
(Barker 2001) they represent the second most diverse terres-
trial invertebrate group (Zhang 2011). At the same time the 
description of new species has slowed in North America and 
Europe to less than 1% of the total fauna per decade (Welter-
Schultes 2012, Nekola 2014). Both continental (Pilsbry 1948, 
Sysoev and Schileyko 2009, Welter-Schultes 2012) and regional 
(Baker 1939, Cheatum et al. 1974, Kerney and Cameron 1979, 
Horsák et al. 2013a) identification resources extend back over 
70 years and arguably represent the earliest whole-fauna treat-
ments for any non-lepidopteran invertebrate group.

However, the great majority of currently recognized 
taxonomic entities have never faced potential falsification 
using replicable data. Doing this requires an explicit enun-
ciation of underlying decision-rules (Laamanen et al. 2003, 
Denise  et  al. 2008). Ours is to consider a species distinct 
once it has become a quasi-independent evolutionary unit. 
While close to the evolutionary (Simpson 1961) and biologi-
cal (Mayr 1942) species concepts, ours is more statistically-
focused with the rare appearance of fertile hybrids or genetic 
introgression not necessarily requiring the lumping of two 
entities, especially when consistent divergence is seen across 
a suite of traits. It also differs from the phylogenetic spe-
cies concept (Cracraft 1983) by acknowledging that not all 
reciprocally monophyletic groups deserve species-level status 
(Agapow et al. 2004).

When evolutionary independence is achieved, divergence 
across multiple traits is highly likely because of differen-
tial selection pressures and/or random walks (Bickford et al. 
2007, Schlick-Steiner et al. 2007). As a result we employ an 
integrative taxonomic approach (Will  et  al. 2005, Schlick-
Steiner  et  al. 2010) and consider a given species hypothesis 
to have survived empirical challenge when its distinctness can 
be demonstrated across a consensus of data streams including 
(for terrestrial gastropods) some reasonable subset of mtDNA 
sequence, nDNA sequence, conchology, genitalic anatomy, 
behavior, ecological preference and/or biogeography. We 
reserve subspecies-level assignments to those taxa strongly sup-
ported in mtDNA but unsupported in the more slowly evolv-
ing nDNA amplicons which we employ. These taxa tend to 
also possess weakly differentiated shell characters and unique 
ecology/biogeography (for full methods see Nekola  et  al. 
2015, 2018, Horsáková  et  al. 2020). Thus, while mtDNA 
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and nDNA sequence data represent two critical channels of 
independent information, they must be used in conjunction 
with other more traditional signals (Dayrat 2005).

Our analyses are restricted to three abundant and diverse 
Holarctic land snail genera which possessed a stable and 
uncontroversial taxonomy (Pilsbry 1948, Kerney and 
Cameron 1979, Pokryszko 1990): the Euconulus fulvus 
group, the bulk of Holarctic Pupilla and all global Vertigo 
with ranges extending north of 24°N. In total 10 Euconulus, 
24 Pupilla and 105 Vertigo taxa were revised (Supporting 
information). More than 50% of these nomens originated 
before 1900, with only a little over 10% having been erected 
in the last half-century. We vetted each species- or subspe-
cies-level hypothesis considered valid by current taxonomic 
workers (Hubricht 1985, Sysoev and Schileyko 2009, 
Welter-Schultes 2012). We did not include behavioral signals 
due to lack of information and anatomical signals due to the 
simplified genitalia of these genera, which are of little taxo-
nomic use (Pilsbry 1948, Pokryszko et al. 2009). Following 
this statistical vetting, the fate of each taxon was noted: 1) 
both taxonomic status and identification criteria were valid; 
2) taxa that were biologically valid but possessing incorrect 
identification features; 3) taxa requiring lumping with prior 
entities; and 4) taxa needing to be split from prior entities.

Composition data

Site scale
We considered 2847 100–1000 m2 sites observed prior to 
1 June 2015 (see Horsák et  al. 2010 and Nekola 2010 for 
sampling methodology). This cutoff was used as all identifi-
cations made prior were based solely on statistically-unchal-
lenged taxonomic concepts. We then excluded 319 sites 
which contained no target taxa. For the remaining 2528, we 
generated species lists both before and after revision for target 
species only. Site locations ranged across the Holarctic and 
were recorded in decimal degrees (Fig. 1a).

Regional scale
To generate intermediate-scale data we demarcated 42  
50 000–500 000 km2 regions (25 North America, 17 Eurasia)  
whose boundaries reflected sampling patterns and regional 
ecology (Fig. 1a). The centroid for each region was deter-
mined as a geographical center of each polygon. Using site 
scale data in combination with other published, verified 
reports (Pilsbry 1948, Kerney and Cameron 1979, Hubricht 
1985, Nekola and Coles 2010, Welter-Schultes 2012, 
Horsák et al. 2013b), regional occupancy was coded for all 
taxa both before and after revision (Supporting information).

Global scale
Finally, the entire Holarctic was divided into 9 roughly 
equivalent-sized biogeographic zones (Fig. 1b). The centroid 
for each was calculated as a geographical center of a poly-
gon defined based on the area supporting at least one taxon 
and limited by 30°N from the south. As before, we used our 
site-scale data in conjunction with other published sources to 

determine zonal occupancy for all taxa both before and after 
revision (Supporting information).

Analyses

Taxonomic revision
Significance of unchanged, misdiagnosed, oversplit and over-
lumped taxa frequency from a uniform distribution was esti-
mated using Fisher’s exact test for the entire dataset; between 
Europe, Beringia and North America; and across all nine bio-
geographic zones. Fisher’s exact test was also used to estimate 
significance of unchanged versus oversplit names originating 
from 1758–1914 versus 1915–2015.

Site scale
Taxon richness was determined both before and after revision. 
The number of sites with increased, decreased or unchanged 
scores was recorded with significance being estimated via 
the sign test. The compositional change within individual 
sites due to taxonomic revision was estimated using Jaccard 
dissimilarity.

Pairwise surface straight-line geographic distance was calcu-
lated between all sites within a continent using the Haversine 
equation. Jaccard similarity was calculated before and after 
revision for each pair with score change being recorded. The 
frequency of increased or decreased values was calculated across 
all pairs from a given focal site across five distance classes. This 
process was repeated across all sites. Boxplots were then used 
to illustrate the frequency of increasing or decreasing similar-
ity versus distance class. Significance was estimated using both 
Kruskal–Wallis and ANOVA tests. All calculations were made 
in R 3.5.2; code is available on request.

Regional scale
Richness impacts were determined by comparing the total 
taxa present in each region before and after revision. The 
number with increased, decreased and unchanged values 
were recorded, with significance of differences between 
increased and decreased richness faunas being estimated 
using the sign test. To illustrate how much change in indi-
vidual regional lists was generated, Jaccard dissimilarity was 
calculated for regional species lists before versus after empiri-
cal revision. Jaccard similarity was used to calculate turnover 
between each pair of regions within a continent both before 
and after revision. Change in similarity was then calculated 
for each pair and compared to surface geographic distance as 
calculated between centroids using the Haversine equation. 
Because this relationship appeared linear, least-squares linear 
regression was used to determine significance and to esti-
mate explained variance. To ensure that apparent heterosce-
dasticity did not bias outcomes, analysis was repeated using 
generalized least squares (GLS) regression which relaxes this 
assumption (Kantar 2015).

Global scale
Richness impacts were determined for each biogeo-
graphic zone by comparing total taxa present before and 
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Figure 1. (a) Location of study sites observed before 31 May 2015 which supported analyzed Euconulus, Pupilla and Vertigo taxa. Boundaries 
for the 25 North American and 17 Eurasian regions are shown. (b) Locations of the nine biogeographic zones.
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after revision. The number with increased, decreased and 
unchanged richness was recorded, with significance of dif-
ferences between increases and decreases being estimated 
using the sign test. In addition, the total number of zones 
occupied by each taxon before and after revision was deter-
mined, with significance of differences being estimated using 
Fisher’s exact test. Compositional change within a given 
zone was documented using Jaccard dissimilarity. Jaccard 
similarity was also calculated before and after revision for 
each zone pair, with score change being recoded and plot-
ted against surface geographic distance based on straight-
line routes between centroids using the Haversine equation. 
Routes were not allowed to cross 70°N (e.g. no transpolar 
routes) or the Atlantic Ocean. Because AICc demonstrated 
that the similarity change versus distance relationship was 
better explained by linear (−110) versus exponential/power 
law (−99/−98) forms, least-squares linear regression was 
used to estimate significance and explained variance. GLS 
regression was also performed to ensure that heteroscedastic-
ity did not influence observed results.

Results

Taxonomic revision outcomes

Originally 112 species and 12 subspecies were reported 
(Table 1). Following consensus-based, replicable, data-
driven confrontation, 57 (46%) were confirmed both in 
terms of their taxonomic status and identification features; 
33 (27%) were biologically valid but had incorrect diagnos-
tic features; and 34 (27%) were invalidly split into distinct 
entities (Supporting information). All three classes were 
represented across the entire 1758–2015 description year 
timeline with the ratio of valid to oversplit names chang-
ing from 4:1 (62:15) for names originating before 1915 to 
3:2 (28:19) after. Fisher’s exact test showed this difference 
to be marginally significant (p = 0.05). Additionally, 1/3 
of misdiagnosed taxa represented multiple distinct enti-
ties, with 15 new taxa being split from them. Thus, follow-
ing revision 97 species and 8 subspecies were recognized. 
There was no significant variation in the four revision out-
comes between European, Beringian and North American 
taxa (p = 0.7452) or across the nine biogeographic zones 
(p = 0.41).

Site scale

The distribution of site richness scores remained unchanged, 
ranging from 1 to 11 in North America and 1 to 8 in Eurasia 
with a median of 3 and approximately 75% of sites harboring 
2 or more taxa (Supporting information). In Eurasia, 99.6% 
of sites had unchanged richness, with the number of increas-
ing and decreasing sites being identical (Table 2). However, 
in North America 10% of sites had revised richness levels, 
with 96% of these representing reductions. This difference 
was highly significant (p << 0.0000001). Almost a half of 
North American and a quarter of Eurasian sites had altered 
compositions following revision. Considerable variation 
existed across Eurasia, however, with 3% of European and 
almost 90% of Beringian site lists changing. These differences 
were highly significant (p << 0.0000001). Median Jaccard 
compositional change within altered sites was 0.57 in North 
America and 0.4 in Eurasia (Fig. 2).

In North America, approximately 10% of site pairs at 
< 1000 km extents had altered similarity, with increasing 
scores being approximately four times more likely (Fig. 3). 
At distances exceeding 4000 km over 50% of pairs changed 
similarity, with increasing values being more than 20 times as 
frequent. This scale dependence was highly significant (p << 
0.0000001), with distance classes explaining 17% of observed 
variation in increased-similarity and 4% in reduced-similarity 
pairs. Likewise in Eurasia the proportion of changed pairwise 
similarity increased from roughly 6% at < 1000 km to > 30% 
at distances > 4000 km. This scale-dependence was highly 
significant (p < 0.00001), with distance classes explaining 
3% of variation in increased-similarity and 20% in reduced-
similarity pairs. Unlike North America, reduced similarity 
was more frequent across most distance classes, becoming an 
order-of-magnitude more common at extents > 4000 km. 
The Kruskal–Wallis test demonstrated that these continental 
differences were highly significant (p << 0.0000001).

Regional scale

Regional taxa richness in North America ranged from 4–22 
(before; median = 11) to 5–19 (after; median = 12), and in 
Eurasia from 5–20 to 6–17 (median = 14 both before and 
after; Supporting information). In North America 70% of 
regions demonstrated altered richness, while in Eurasia it 
was 80%, with scores changing by 1–6 per zone in North 

Table 1. Type of changes generated through empirically rigorous taxonomic revision.

Total Europe Beringia North America

Correct 57 10 23 36
Oversplit 34 4 14 22
Overlumped 15 1 6 10
Changed Features 33 9 23 22

Fisher’s exact test
Total vs uniform p = 0.003732 (all taxa)

p = 0.0916 (only changed taxa)
Europe vs Beringia vs North America: p = 0.7452
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America and 1–3 in Eurasia (Table 3). In both areas rich-
ness reductions were 80–90% more likely. While richness 
reduction was highly favored versus increase in North 
America (p = 0.0024), this only approached significance 
in Eurasia (p = 0.0574). Over 90% of regions in both 
continents experienced altered composition, with median 
change being 0.38 in North America and 0.22 in Eurasia 
(Fig. 4).

In both continents most regional pairs demonstrated 
altered similarity (80% in North America, 94% in 
Eurasia), with 75% of North America pairs demonstrat-
ing an increase in scores (p << 0.0000001). In both con-
tinents similarity decrease was more common at large 
extents (Fig. 5): 80% of regional pairs at < 1000 km 
extents in both continents had similarity increase while at 
> 4000 km extents this ratio fell to 60% in North America 
and 0% in Eurasia. Linear least-squares regression showed 
this relationship to be highly significant in both North 
America (p = 0.0004) and Eurasia (p << 0.0000001) 
explaining 4% and 54% of observed variation, respec-
tively. GLS regression replicated these results (p < 0.001 
in both continents) indicating that heteroscedasticity was 
not responsible for observed results.

Global scale

The number of biogeographic zones occupied by taxa 
(Table 4A) demonstrated a clear power law – lognormal distri-
bution being modal for single zone endemics (50% before and 
43% after revision) and with few taxa being found across five 
or more zones (4.1% before; 3.8% after). These distributions 
were statistically similar before and after revision (p = 0.7386). 
No differences were seen in zone occupancy between the four 
revision categories (Fisher’s exact test, p = 0.94–0.13; tables 
not shown). Taxon richness ranged from 16–53 per zone 
before to 14–43 following revision, with median values being 
22 and 19. Richness fell in all zones (p = 0.0039), with the 
number of reductions ranging from 1 to 10 (Table 4B). All 
zones had altered composition, with dissimilarity ranging 
from 0.0625 (Eastern Europe) to 0.6333 (western Beringia). 
Median change was 0.4 (eastern North America).

All zone pairs demonstrated changed similarity. Similarity 
increases dominated at smaller and decreases at larger extents, 
especially when three outliers – representing comparisons of 
western, central and eastern Europe to western Beringia – 
were removed (Fig. 6). These had abnormally large similar-
ity reductions over short distances because of four Beringian 

Table 2. Impact of taxonomic revision on site richness and composition (U = unchanged; C = changed; − = decreased; + = increased).

Continent

Number of sites
Richness Composition

U – + U C

North America 1322 139 6 782 685
Eurasia 1057 2 2 776 285
  Europe 745 20
  Beringia 31 265

Sign test between number of reduced vs increased richness sites: North America p < 2.2 × 10−16

Eurasia p = 1.0
Fisher’s exact test for altered composition frequency: Eurasia vs North America: p < 2.2 × 10−16

Europe vs Beringia: p < 2.2 × 10−16

Figure 2. Site-scale compositional change following revision.
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taxa (Euconulus fulvus egenus, Pupilla turcmenia, Vertigo 
beringiana, V. genesioides) that had initially been incor-
rectly lumped with European taxa (E. fulvus fulvus, P. ster-
rii, V. alpestris, V. genesii). Following outlier removal, linear 
least-squares regression showed the relationship to be highly 
significant (p << 0.0009) explaining 30% of observed varia-
tion. Again, observed heteroscedasticity was not responsible 
for these results with GLS regression on both the full and 
outlier-removed datasets showing high statistical significance 
(p < 0.001)

Discussion

Our data-driven confrontation of prior taxonomic concepts 
demonstrated that more than half were in error, with roughly 
25% having incorrect identification characters, another 25% 
being oversplit and 10% being improperly lumped into pre-
viously described entities. This led to considerable error in 
composition lists, richness and turnover with impacts becom-
ing greater at larger observational grains and extents. While 

approximately 90% of Beringian, 50% of North American 
and 3% of European site composition lists were altered, this 
occurred in over 90% of regions on both continents, and 
within all biogeographic zones. Site richness was more sta-
ble, with only 10% of North American, 1.4% of Beringian 
and no European sites exhibiting altered scores. In North 
America, when scores varied there was an almost 25-times 
greater chance of site richness reduction. Between 70 and 
80% of regions had altered richness, with reductions being 
significantly more likely. All biogeographic zones experienced 
a reduction in richness, ranging from 6 to 19% of the fauna. 
Considerable scale-dependent change was also noted in turn-
over: in both continents 2–10% of pairwise site similarities 
changed at shorter extents, increasing to 50% or more at lon-
ger extents. In North America increased pairwise similarity 
predominated while in Eurasia decreased similarity prevailed. 
This difference is largely related to the greater tendency for 
small-scale oversplitting in North America and large-scale 
overlumping in Eurasia. At the regional scale, 80–95% of 
pairs demonstrated altered similarity, with increasing scores 
being significantly (> 80%) more common at < 1000 km 

Figure 3. Proportion of site-scale pairs which changed similarity following revision. Significance of frequency change with increasing extent: 
North America – Increased; Kruskal–Wallis p = 0, ANOVA p = 0, r2 = 0.1683. − Decreased; Kruskal–Wallis p = 0, ANOVA p = 0, 
r2 = 0.043. Eurasia – Increased; Kruskal–Wallis p = 0.00000993, ANOVA p = 0.002298, r2 = 0.02878. Decreased; Kruskal–Wallis p = 0, 
ANOVA p = 0, r2 = 0.2008.

Table 3. Impact of taxonomic revision on regional richness, composition and pairwise similarity (U = unchanged; C = changed; 
− = decreased; + = increased).

Continent

Number of sites
Richness Composition Similarity

U – + U C U  + –

North America 8 15 2 2 23 58 176 66
Eurasia 3 11 3 1 16 8 65 63

Sign test: Decreased vs increased richness; North America p = 0.00235; Eurasia p = 0.05737; unchanged vs changed composition; North 
America p = 0.000019; Eurasia p = 0.00027; increased vs decreased similarity; North America p = 3.3 × 10−12; Eurasia p = 0.9296.
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extents. As extent increased, however, this value significantly 
fell. At the biogeographic zone scale, all pairs demonstrated 
changed similarity, with values tending to increase at shorter 
and decrease at larger extents. Unverified taxonomic concepts 
thus lead to underestimation of turnover rates.

In some ways these results are not surprising. A number 
of previous works have also demonstrated that altering spe-
cies concepts will change reported richness (Genner  et  al. 

2003, Agapow  et  al. 2004, Evangelista  et  al. 2013). 
However, unlike those who suggested that the relative 
shape and placement of richness gradients does not change 
(Isaac et al. 2004, Dillon and Fjeldså 2005, Jones et al. 2012, 
Vinarski and Kramarenko 2015), we document that regions 
prone to unwarranted taxonomic exuberance (such as the  
upper Midwestern USA) can have significant site-scale over-
reporting bias.

Figure 4. Regional-scale compositional change following revision.

Figure 5. Regional-scale pairwise Jaccard similarity change versus distance. Least-squares linear regression: North America: p = 0.0004, 
r2 = 0.04; Eurasia: p << 0.0000001, r2 = 0.54.
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Sources of error and bias in opinion-based 
taxonomy

Identified errors in traditional species assignments appear to 
be generally related to three non-mutually-exclusive human 
perception issues: 1) focus on easily observed but taxonomi-
cally unreliable plastic features; 2) disregard of less readily 
observable but robust diagnostic traits; and 3) poor under-
standing of variability within taxa. An excellent example is 
found in the genus Pupilla: of the 20 taxa initially believed 
to exist, only 5 were both biologically valid and correctly 
diagnosed. The remaining ¾ had been improperly split into 
distinct entities (7 taxa) or were biologically valid but inaccu-
rately diagnosed (8 taxa). Additionally, traditional concepts 
for three of these latter taxa included four distinct additional 
species requiring description. Errors in this genus alone led 
to 20% of all North American species lists being incorrect. 
Almost all diagnostic feature errors were due to unwarranted 

focus on easily-observed but highly variable shell aper-
ture calcification traits, with the shell microsculpture traits 
that actually distinguished valid taxa tending to be subtler 
(Nekola et al. 2015). In other genera soft-body pigmentation 
features have also proved useful (Horsáková et al. 2020).

These perceptual errors can be exacerbated by the social/
political environment in which taxonomists work. For 
instance, the most avidly oversplit species was the North 
American Vertigo arthuri which had been divided into eight 
taxa based on differing aperture calcification levels. Five of 
these were thought limited to charismatic and endangered 
algific talus slope habitats in the upper Mississippi River val-
ley which were in need of protection (Frest 1991). Almost 
40% of within-site oversplitting in North America is trace-
able to this one group alone.

While oversplitting is not the only outcome of non-statis-
tical taxonomy – as a whole misdiagnosis and overlumping 
are jointly more frequent – it is of particular interest given 
that new taxa description has historically been used to indi-
cate expertise. There thus exists a natural tendency for some 
workers to generate spurious new taxa, especially in char-
ismatic groups. For instance, the large and colorful Liguus 
fasciatus Müller, 1774 tree snails of Cuba and south Florida 
have over 120 color morphs which have been afforded official 
subspecies status (Pilsbry 1948) even though essentially no 
genetic variability exists between them (Hillis  et  al. 1991). 
And, orchids have a 5-fold higher rate of species description 
in the European flora than other less attractive but equally 
diverse plant groups (Pillon and Chase 2006). New species 
descriptions are also more likely to occur in large versus small 
body size mammals (Zachos  et  al. 2013). And as we show 
here the desire to describe becomes increasingly problematic 
once the majority of valid entities have already been named, 
leading to increasing oversplitting rates over time.

Workers who ‘describe new species without supportive 
evidence’ have been referred to as having caught the ‘mihi 
itch’ (Calvert 1898, Evenhuis 2008) with the term ‘mihilism’ 
being coined to summarize their activities (Bruun 1950). The 
propagation of unwarranted new names has been variously 
referred to as ‘synonymy load’ or ‘taxonomic inflation’ with 
estimates ranging from 20% in insects (Stork 1997) to 60% 
in amphibians (Dubois 1977). In this regard the ~25% load 
we document falls well within the lower bound. Synonymy 

Table 4. Impact of empirically rigorous taxonomic revision on (A) number of occupied zones per taxa and (B) zone richness.

(A) Revision
Number of zones

1 2 3 4 5 6 7 8 9

Before 62 30 14 13 1 0 2 1 1
After 45 33 12 11 1 2 1 0 0
Fisher’s exact test: p = 0.7386

(B) Richness

Zone

1 2 3 4 5 6 7 8 9

Before 16 22 16 26 22 20 53 42 33
After 14 19 15 23 19 17 43 34 31
Sign test for universal reduction in richness across all 9 zones: p = 0.003906.

Figure  6. Biogeographic zone-scale pairwise Jaccard similarity 
change vs distance. Least squares fit of a linear model following 
deletion of the three Europe vs western Beringia outliers: p < 
0.0009; r2 = 0.30.
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load appears to strongly correlate to the number of taxono-
mists who have worked on a group (Dubois 2008).

Also of concern is the fact that taxonomic activity follows 
a power law/Pareto distribution – with the majority of names 
being traceable to a few individuals (Nekola 2014, Isaac 
and Pocock 2015). For instance 109 clausiliid land snails in 
Europe (almost 30% of the group total) have been erected 
since 1960 by a single worker (as detailed in Welter-Schultes 
2012). This should not be construed as a personal condem-
nation of this individual; for all we know most of these taxa 
could be valid. Rather, the issue is that any psychological 
eccentricities, errors or preferences related to those few peo-
ple will have an outsized impact on overall pattern (Whitaker 
and Kimmig 2020).

We would be remiss to not also mention errors related 
to poor scholarship, which often happens with inadequately 
trained amateurs, citizen scientists or professionals operating 
outside of their areas of expertise (see examples provided in 
Bolton  et  al. 2008, Schleip and O’Shea 2010, Horsák and 
Cameron 2015). For instance, both oversplit European 
Euconulus taxa should never have been afforded species rank 
given that type material was never accessed. Had they been, 
it would have been immediately clear that these nomens 
were simply junior synonyms of previously described forms 
(Horsáková et al. 2020). Such errors will generate systematic 
bias because taxonomist activities tend to be spatially-auto-
correlated and largely limited to their home regions.

Scale-dependence in taxonomy error

Previous considerations of differing species concepts on 
ecological pattern have been limited to single observational 
grains, usually site scales. This is one reason why some prior 
studies (Isaac et al. 2004, Dillon and Fjeldså 2005, Jones et al. 
2012, Vinarski and Kramarenko 2015) have concluded that 
errors due to changing species criteria are of little concern. 
Our work not only demonstrates that ecological impacts 
occur at the site scale, but that they also exhibit consider-
able idiosyncratic variability. The lack of changed richness in 
European sites, for instance, is simply related to the happen-
stance that three regional oversplit taxa (Euconulus callopisti-
cus, E. trochiformis, Pupilla bigranata) were not encountered 
in our field sampling, while the remaining taxon (P. praten-
sis) has never been reported to coexist at site scales with its 
senior synonym (P. alpicola). Idiosyncratic differences in his-
tory and taxonomist temperament also led to higher site-scale 
oversplitting in North America at small and overlumping in 
Eurasia at large scales, leading to site turnover overestimates 
in North America and underestimates in Eurasia.

Our crucial finding is that the amount of composition, 
richness and turnover error is positively related to observa-
tional scale: over 90% of regions on both continents, and 
all biogeographic zones, had changed taxon lists. As a result, 
systemic biases are most likely to occur in macroecologi-
cal analyses, where 70–80% of regions had altered richness 
with reductions being significantly more likely. All bio-
geographic zones also experienced a reduction in richness, 

ranging from 6 to 19% of the fauna. These results are likely 
due to the positive correlation between observational scale 
and the number of taxonomic workers. Thus, at larger scales 
there will be an increased likelihood that someone will have 
had poor skills, questionable motives, and/or a case of the 
mihi itch.

Observed changes in turnover above the site level – with 
initial pairwise similarity estimates being too low over short 
distances and too high over longer – is also almost certainly 
an artifact of human psychology. It seems likely that workers 
are more willing to split forms at local scales because they 
believe they know the fauna and environment well and trust 
that differences they perceive must relate to underlying biol-
ogy. However, across larger distances workers are likely less 
confident in their knowledge base and more likely to assume 
that unobserved intermediate forms exist. Nomenclatural 
rules also help determine where overlumping is more fre-
quent: because initial taxonomic descriptions were generally 
based in Europe or North America, Beringian identifications 
were reasonably first assigned to these already existing entities 
(Horsák et al. 2013b). As a result, fully 2/3 of the Yakutian 
fauna was initially (and incorrectly) lumped with European 
forms. This also occurred at a slightly lower rate in the Altai 
Mountains (Horsák et al. 2010).

Concluding remarks

We appreciate that not all may agree with our revised taxon-
omy. However, because our concepts are rooted in replicable 
data and analyses we strongly feel they will prove more stable 
than if they had simply been based on our personal opinions. 
But the main take-home message here is that taxonomic con-
cepts employed by different workers will generate different 
ecological patterns. It is thus crucial for ecologists to carefully 
consider the taxonomic classifications being used, and when 
a choice exists, to preferentially select those which have been 
validated using rigorous empirical confrontation. Otherwise, 
patterns may reflect the perceptual and societal biases of the 
specialists who last worked on a group.

Are the issues observed here simply an indictment of land 
snail taxonomists? While this would limit the scope of our 
findings, sadly we do not think this is the case. In fact, syn-
onymy load in our group is in lower range of reported values, 
and is fully three times less than for groups like amphibians. 
It also seems likely that taxonomic inaccuracy may be more 
pronounced in larger or more charismatic groups which have 
attracted the attention of more workers, not all of them care-
ful and well-trained. And the lack of statistical validation 
of newly described taxa is not unique to land snails – for 
instance the species-level hypothesis for the Beringian spider 
recently named after the senior author has never been sta-
tistically challenged (Porrhomma nekolai Růžička 2018). For 
these reasons, neither of us in our editorial responsibilities 
will send out for review any manuscript that describes a new 
taxon that lacks statistical confrontation of the associated 
taxonomic null hypotheses.
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The analyses presented here are contingent upon seeing 
species not only as testable hypotheses, but also being bio-
logically real. If, as some contend, taxonomic categories sim-
ply represent inherently untestable philosophic constructs 
(Isaac et al. 2004), then there will be no way to disentangle 
biology from the human experience. While this is a sobering 
thought, we do not believe it to be true. Our experience with 
multi-channel data-based taxonomic confrontation is that 
valid species are almost always clearly separated with consid-
erably more genetic distance existing between them in both 
mtDNA and nDNA than are contained within. And when 
ambiguous results exist in one data stream they are not repli-
cated in others. As a result, we tend to assess taxon validity by 
first consulting multiple DNA sequence datastreams, not the 
least because they provide replicable insights regarding genetic 
relatedness. We then use these groupings to search for addi-
tional corresponding morphological/ecological/behavioral/
biogeographic differences. Once identified, these become 
essential in helping determine phylogenetically informative 
signal in cases of DNA disagreement (e.g. incomplete sort-
ing, mitochondrial introgression). We would be remiss to not 
acknowledge, however, that in some systems DNA sequence 
data cannot serve as the initial sorting criteria. For instance, 
when horizontal transfer of genetic information is common 
(e.g. the land snail Cerion; Woodruff and Gould 1987), DNA 
signals will not be generated by simple divergence from a com-
mon ancestor and may provide conflicting or uninterpretable 
signals. In such situations, other datastreams, such as ecology 
or shell features, may need to take precedence. Therefore, a 
single set of rules determining the order of processing of mul-
tiple empirical channels does not exist.

What is vital to remember, however, is that as long as taxo-
nomic categories remain largely based on statistically unvetted 
statements they have the potential of saying as much about 
human psychology as they do biology. Our most important 
wish for the taxonomic community (sensu Gotelli 2004) is 
thus for it to fully embrace ‘Nullius in verba’ and confront all 
taxonomic hypotheses, no matter their age, with a wide range 
of replicable data. By doing this at least some human bias 
will be filtered out. And, while it is unreasonable to expect all 
ecologists to take up the mantle of revision, none-the-less they 
should avoid treating taxonomy as a black box. Rather, they 
need to determine the approaches being used by the taxonomic 
worker whose concepts they are using and then consider what 
biases and errors those decision rules could generate.
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