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Species discovery and dental ecometrics: good news, bad news and recommendations
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New mammal species have always been a source of major zoological intrigue, and whilst discoveries of large Received 25 February 2022
mammals are becoming less frequent, species like the saola and dingiso continue to enter the zoological Accepted 27 March 2022

literature. Modern communities are often assumed to be complete and are used for constructing commu- KEYWORDS
nity-level models. One example is ecometric modelling. Here, we estimate the number of large herbivorous Species discovery;
mammals not yet described based on description curves. We also investigate the effect of species descrip- ecometrics; species
tion on the stability and accuracy of previously established relationships between traits and climate. The accumulation curves;
contemporary description record of large herbivorous mammals is incomplete, with at least 83 species cryptozoology; community
undescribed. Primates, artiodactyls and marsupials are estimated to contain the greatest undescribed modelling
diversity, with particular gaps in the Neotropic, Afrotropic and Indomalayan realms. We find that beyond

~40% completeness, there is a limited impact on trait-environment relationships of increased species

description, but that there is a high mismatch between true and predicted climatic values for published

models. Consequently, mammalian species that have not yet been discovered are unlikely to have a large

impact on the accuracy of trait-environment models, but we suggest possible alterations to previous

approaches that might improve the accuracy of future models.
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Introduction

In 1900, Sir Harry Johnston wrote a letter to the Secretary of
London’s Zoological Society, Dr. Philip Sclater, to inform him of
investigations he had been carrying out in the forests of the
Democratic Republic of the Congo on an animal referred to as an
o’api by the local Wambutti people (Shuker 2012). Johnston’s
expeditions and negotiations at Fort Mbeni, as well as those of
others yielded enough material for a formal species description by
Sclater in 1901 as Equus(?) johnstoni(Sclater 1901a, 1901b) and for
a reclassification as Okapia johnstoni (rather than the genus
Helladotherium preferred by Johnston himself) by E.R. Lankester
later that same year (Lankester 1901a, 1901b). This discovery was
described as the ‘most important zoological find in recent times’
(Mill Valley Independent 1909), demonstrating that large mammals
might remain undiscovered.

Since its discovery many large mammal species have been
described by science, many of which had been previously known
to indigenous populations (Shuker 2012). These include the pre-
sumed-extinct Chacoan peccary in 1975 (Catagonus wagneri)
(Wetzel et al. 1975), the saola (Pseudoryx nghetinhensis) in 1992
(Dung et al. 1993), dingiso (Dendrolagus mbaiso) in 1994 (Flannery
and Szalay 1995), kipunji (Rungwecebus kipunji) in 2005 (Jones
et al. 2005) and as recently as 2021, the Benin tree hyrax
(Dendrohyrax interfluvialis) (Oates et al. 2021). The frequency of
recent discoveries suggests that larger mammals are likely to be
discovered in the future.

In many cases, these may represent cryptic species, previously
hidden in plain sight but unrecognised as species. Such species are
well recognised across animal groups (Pfenninger and Schwenk
2007) and have been previously found in large mammals. One
such example is the African forest elephant, Loxodonta cyclotis,
that was initially described by P. Matschie in 1900 (Matschie
1900). This species was considered by many to be a subspecies of
the bush elephant, Loxodonta africana until a reassessment in 2000
based on ecology, morphology (Grubb et al. 2000), and subsequent
genetic analyses (Groves and Grubb 2000; Roca et al. 2001, 2015).
Subsequent analyses using ancient DNA have even suggested
a closer affinity to extinct European straight-tusked elephants
than L. africana (Meyer et al. 2017). Such cases of the revision of
subspecies to species status represent a significant method of new
species descriptions.

Cryptozoology, defined by Bernard Heuvelmans as ‘“The scien-
tific study of hidden animals, i.e., of still unknown animal forms
about which only testimonial and circumstantial evidence is avail-
able, or material evidence is considered insufficient by some’
(Heuvelmans 1982), is often considered a pseudoscience because
of the biological improbability (or impossibility) of subjects inves-
tigated, inconsistent use of nomenclature and often fruitless
searches for evidence (Rossi 2016). This pseudoscientific label has
made researchers reluctant to publish on potential new species
without physical evidence (Burney and Ramilisonina 1998; Oren
2001). Even where physical evidence is provided, the perceived
unlikelihood of discovery of new species of large mammals has
led to recent academic disputes (e.g., the proposed new species of
tapir, Tapirus kabomani in 2013 (Cozzuol et al. 2013, 2014; Voss
etal. 2014)). Despite these challenges, new large mammals continue
to be described, and are likely to continue to represent significant
new finds in the field of conservation, ecology and palaeobiology.
As we continue to enter the sixth major mass extinction event in
Earth’s history (Barnosky et al. 2011), dark extinction is likely to
become more prevalent, as species become extinct before being
described (Boehm and Cronk 2021). Undiscovered species are
likely to experience a greater risk of extinction (Giam et al. 2011;

Liu et al. 2022) so description may allow for conservation prioriti-
sation, and searches for ‘missing’ taxa can provide other benefits for
conservation, including increased stakeholder engagement and
funding (Watson and Davis 2017; Holmes et al. 2018; Padovani
and Rossi 2021).

Ecometrics describes a trait-based approach used to understand
variability in the environment through the relationship between
environmental variables and functional traits within a community
. It has been described by some authors as a ‘taxon-free’ approach
(Andrews & Hixson 2014), given the focus on traits themselves,
rather than the organisms that hold them (Polly and Head 2015;
Vermillion et al. 2018). Functional traits are those that have some
impact on organism fitness, through survival, development and
growth (Violle et al. 2007). Ecometric approaches have used links
between functional traits and their environment to reconstruct the
environment in the past and future. Ecometric approaches have
applicability in predicting environments both in the past and in the
future, as a result of their focus on traits themselves rather than the
species that possess them (Barnosky et al. 2017; Vermillion et al.
2018). A variety of functional traits have been identified, across
taxonomic groups, including body size in ectotherms as a predictor
of mean annual temperature (Head et al. 2009), stomata counts in
plants as a predictor of carbon dioxide concentration (Beerling et al.
2002) and the calcaneum gear ratio in carnivorans (Polly 2010). The
teeth of large mammalian herbivores have been applied widely to
ecometric approaches, due to their strong links to environmental
factors (Jernvall et al. 1996; Fortelius et al. 2002; J.T. Eronen et al.
2010a; Damuth and Janis 2011; Liu et al. 2012; Zliobaite et al. 2016;
Oksanen et al. 2019) and high preservation potential within the
fossil record (Zliobaite and Fortelius 2021).

As cheek teeth in large herbivores are critical for food proces-
sing, they represent the interface between the organism and its
environment. Previous authors (e.g., Liu et al. 2012, Eronen et al.
2010a; Zliobaite et al. 2018) have described that traits such as
hypsodonty and the number of longitudinal lophs on molar teeth
have a significant relationship with climatic variables including
temperature and precipitation.

Models used by previous studies have been built on contem-
porary herbivore communities using taxa from Artiodactyla,
Perissodactyla, Primates and Proboscidea, and have assumed
these modern communities are completely represented. Given
the utility of such models in predicting climate and vegetation
patterns in the past, as well as in conservation biology (Barnosky
et al. 2017 ; Vermillion et al. 2018), these assumptions should be
tested. In this study, we assess to what extent this incompleteness
affects community-level descriptors, using dental ecometrics as
a case study. Organisms are most likely to be described first if
they are more common (Patterson 2000; Reeder et al. 2007) and
common taxa have been found to provide the greatest link
between dental traits and the environment (Jernvall and
Fortelius 2002). As a result, we consider that real species descrip-
tion records, rather than randomly sampling communities offer
the best opportunity to investigate the stability of ecometric pre-
dictions to completeness.

First, using historical description records, we predict how many
large mammal species alive today have not yet been described
within significant taxonomic groups and within each of the six
biogeographic realms to predict where future sampling efforts
should be targeted. We then use dental ecometric models from
the literature to examine how the stability and accuracy of these
models has changed with the increased discovery of large mammals
in recent history. Using these results, we discuss whether it remains
appropriate to ground these models on recent communities and
suggest possible improvements that might be considered.



Materials and methods
Mammal taxonomy

We used the list of mammals available in the Mammal Diversity
Database, mammaldiversity.org (accessed 22 October 2021). We
then refined the selection to include only large, terrestrial herbi-
vores, defined in this case as mammals that receive the majority
(i.e., greater than 50%) of their energy from plant material (esti-
mated from previously published literature), which weigh over
1 kg and spend most of their lives on land. Body mass estimates
were taken from the published values in the Pantheria database
(Jones et al. 2009) and the mean of the minimum and maximum
mass given by Freudenthal and Martin-Sudrez 2013. Species were
included if estimates from both databases exceeded 1 kg. Where
data were unavailable for a species, we estimated whether it
weighed over 1 kg from the records for congenerics. This left
a total of 930 mammal species from 12 orders (Artiodactyla,
Carnivora, Chiroptera, Dermoptera, Diprotodontia, Hyracoidea,
Lagomorpha, Perissodactyla, Pilosa, Primates, Proboscidea,
Rodentia) (Supplementary Material 1). We used the
authoritySpeciesYear recorded in the Mammal Diversity
Database as the date of first description and biogeographicRealm
for location information. We acknowledge that this is the date of
description, which may be considerably later than the date of
discovery, though this has the advantage of removing an element
of ambiguity, as description dates tend to be the ‘best documen-
ted’ of the dates between the discovery of the first specimens of
a species and formal recognition by the scientific community
(Pine 1994).

Species discovery models

We fitted a logistic regression curve to species description
records as had been done previously for pinniped description
records (Woodley et al. 2009). The input variables were
a numeric value for the year of description (ranging from 0 to
263 to correspond to records from the years 1758 to 2021) and
the cumulative number of species described by that year.
A logistic regression curve showed the closest match to the
description records on visual inspection of all models tested
(Supplementary Material 3). We fitted curves using the ‘drc
package (Ritz et al. 2015) on RStudio 2021.09.0.351
(RStudioTeam 2021). We fitted curves separately for
a description record of all large mammals and for six groups
of herbivores (Artiodactyla, Marsupialia, Paenungulata,
Perissodactyla, Primates, Rodentia). We also separately fitted
curves for each biogeographic region included in the dataset
(Afrotropic, Australasia, Indomalaya, Nearctic, Neotropic and
Palearctic). We used a four-parametric log logistic regression
model with the function LL.4() in drc.

d—c
1T exp(b(log(x) — log(g)))

flx) =

This model has 4 parameters, where b gives the slope, c the lower
limit, d the upper limit and g the midpoint about which the curve is
symmetrical. The drc package estimates the residual standard error
for each model and provides p values for each parameter using the
summary() function. When fitting the model for Australasia only,
the estimate for ¢ was found not to be significant at the level of
p = 0.05. In this case, we fixed the value of ¢ at 0 with the LL.3()
function. To find the estimated number of undiscovered species, we
used the value of d, the upper limit.
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We reran the models for each biogeographic realm including
only the taxa that have previously been used in dental ecometrics
studies (Artiodactyla, Perissodactyla, Primates, Proboscidea) (hen-
ceforth called ‘Ecometric Taxa’) to give an estimate of how many of
these are currently undiscovered in each realm.

Late pleistocene diversity

We downloaded species-level records of large herbivores from the
Palaeobiology Database (The Paleobiology Database 2021). We
searched for all species from the start of the Late Pleistocene
(0.129Mya)(Negri et al. 2015) to the recent. Because these records
were then compared with the ecometric models constructed using
previous methods (Liu et al. 2012; Oksanen et al. 2019), our search
included only species from Artiodactyla, Perissodactyla, Primates and
Proboscidea. We obtained estimates for the number of species missing
from a given biogeographic realm by comparing the list to the present
and removing species that are still found in the same biogeographic
realm.

Dental ecometric traits

Previous studies using dental ecometric traits have included only taxa
from Artiodactyla, Perissodactyla, Primates and Proboscidea (Liu et al.
2012; Zliobaite et al. 2016, 2018; Oksanen et al. 2019; Saarinen et al.
2021). We therefore removed all other taxa from the original list of 930
large, herbivorous mammals, giving a list of 604 ecometric species
(65%). For each species, we recorded three traits, previously used to
estimate climate — hypsodonty (HYP), number of longitudinal lophs
(LOP) and number of acute lophs (AL) (Full description of coding
scores and functional relationships available in Supplementary
Material 2). Values for these dental traits were taken from the codings
by Oksanen et al. 2019. Where no codings were available for
a particular species, the values for the three dental ecometric traits
were estimated from values for other species within the genus, as
intrageneric variability in these traits is low. Where a genus included
species with different values, we estimated the value from the closest
phylogenetic relative. For monospecific genera (Pseudoryx and
Rungwecebus), values for the dental traits were estimated from publicly
available photographs.

Ecometric models

For all ecometric analyses, we removed domesticated taxa, as prior
analyses suggested there was negligible effect on the trends shown
(see Supplementary Material 6). We subsetted the list of mamma-
lian herbivores from the four taxa previously used in ecometric
studies by year of discovery, to create a list of mammals with the
three dental traits recorded for each year between 1758 and 2021.
We used this approach, based on real species description curves,
because the timeline of description is likely to correlate with com-
monness (Reeder et al. 2007). Common animals are more likely to
capture the trait-environment signal (Jernvall and Fortelius 2002)
and therefore are critical for ecometric modelling.

Range data for the mammals were taken from the IUCN Red
List, available at https://www.iucnredlist.org/resources/spatial-data
-download. We divided the Earth into a series of hexagonal grid
cells 50 km across and took the centroid of each of those grid cells.
The centroids were intersected with the biogeographic realm poly-
gons from Ecoregions of the World 2017 (M. Mechenich, unpub-
lished raw data, 2021). For each centroid, the mean annual
temperature (MAT) and mean annual precipitation (MAP) were
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extracted using the ‘sp’ (Pebesma & Bivand 2005; Bivand et al. 2013)
and ‘raster’ (Etten et al. 2021) packages in RStudio from the
WorldClim database (Fick and Hijmans 2017).

Following Vermillion et al. 2018, we found the mean value for
each dental trait for the community at each sampling point for
each year between 1758 and 2021. We included only sampling
points where richness was greater than 5 species (Vermillion et al.
2018). We then calculated the estimated MAT and MAP using
existing dental ecometric models for large herbivores. Liu et al.
2012 used HYP and LOP.

MAT = 24.7 + 13.8HYP — 25.1LOP

MAP = 2727.7 — 411.9HYP — 859.7LOP

Oksanen et al. 2019 instead used AL to estimate MAT and
a combination of HYP and LOP to estimate MAP (Equations 4
and 5).

MAT =27 — 28.5AL

MAP = 2491 — 289HYP — 841LOP

Oksanen et al. 2019 suggested that the models in Liu et al. 2012
should perform better (i.e., have more similarity to the true MAT
and MAP) in the tropics, whilst the equations from Oksanen et al.
should be more accurate in temperate regions. For both existing
models and for every year between 1758 and 2021, we calculated the
mismatch between the true and modelled values for both MAT and
MAP, by subtracting the modelled value from the ‘true’ values
extracted from the WorldClim database at every centroid. These
‘true’ values represent the climatic condition in 2021, rather than
for each year studied. We plotted the mean trait scores for each
dental trait, and the mismatches in both MAT and MAP for each
centroid to identify any patterns between the two. To test for
differences between the biogeographic realms, we averaged the
trait scores and mismatch in both MAP and MAT across all points
in each realm for each year. We produced all plots using the ggplot2
package (Wickham 2016).

To assess the impact of sampling order on the results, we also
repeated the ecometric analyses after randomly resampling the
description dates for all taxa (Supplementary Material 8).

Results
Species description rates per clade

The estimated model parameters for each group and for all large
mammals are listed in Table 1. The upper limit (d) in the log-
logistic model gives the maximum number of species expected to
be discovered according to prior discovery rates. The log-logistic
model for all large herbivorous mammals gave an estimate of 83

species not yet discovered. This is lower than the sum of the other
sub-groups of large mammals for which we obtained estimates,
suggesting some uncertainty in this result.

The clade with the largest number of species not currently
described is Primates (64), then Artiodactyla (22) and Marsupialia
(17). The expectation from this model is that there are no extant
paenungulates not currently described, and possibly only a single
perissodactyl species. This result matches the expectation from
visual inspection of the model for each group (Figure 1) where
Perissodactyla and Paenungulata are the only two groups that
appear to have reached an asymptote for their rates of description.

Species description rates by biogeographic realm

As with the models grouped by taxonomy, we found that the
number of species predicted to be discovered using all realms (83)
was lower than the sum of the results obtained from each realm
modelled separately (103). The realms with the lowest number of
species left to be described are expected to be the Palearctic (1) and
the Nearctic (4). In contrast, the Neotropic has the highest number
of species left to be described according to our model (32), followed
by Afrotropic (23) (Figure 2, Table 2).

Number of ecometric taxa left to be described by realm

Including only the taxa previously used in dental ecometric studies
showed that Indomalaya was the biogeographic realm expected to
have the highest number of species left to be described (29), fol-
lowed by Neotropic (23) and Afrotropic (21). Australasia, Nearctic
and Palearctic each only have a single species left to be described
from within the clades previously used for dental ecometric studies
(Table 3).

Missing late pleistocene fauna

The different biogeographic realms show significant differences in
the completeness of their large herbivore faunas after the End
Pleistocene megafaunal extinctions. The Nearctic is missing the
largest percentage of taxa from groups that have historically been
used for ecometric analyses (78.79%). Australasia is not missing any
of these species, whilst the Afrotropic and Indomalayan realms are
missing comparatively low number of species, at (10.66% and 9.43%
respectively). Whilst the fauna of the Neotropic realm was drama-
tically impacted by the End-Pleistocene extinction (Barnosky et al.
2004), it is only missing 25% of the taxa that have historically been
used for dental ecometric analyses because most of the lost South
American herbivores were from other clades whose dental eco-
metric relationships have not yet been studied (e.g., Litopterna,
Notoungulata, Chlamyphoridae, Pilosa).

Table 1. Estimated model parameters for the log-logistic model used to predict the number of living large herbivorous mammals not yet described for each taxonomic
group based on prior rates of description. The slope of the model is given by b, the lower limit by ¢, the upper limit by d and the midpoint by g. For each model, the
standard error (SE) is given. The number of organisms described by 2021 is listed, and the future species to be described is the difference between the value of d and
the number in 2021. Model set 1758 as equal to 0. All models used were a four-parameter log-logistic regression model.

Taxon b C d (+ SE) g SE 2021 number Future species
Total 233 95.76 1012.50 (£ 9.73) 109.77 18.77 930 83
Artiodactyla 233 47.49 281.10 (+ 2.92) 95.87 6.95 259 22
Perissodactyla 331 6.63 18.40 (+ 0.08) 66.8 0.56 18 0-1
Primates 1.97 16.12 385.84 (+ 6.48) 129.29 7.09 329 57
Rodentia 2.63 13.31 134.29 (£ 1.45) 111.24 3.35 127 7
Paenungulata 3.87 2.04 8.45(+ 0.08) 101.28 0.41 9 0
Marsupialia 23 -1.37 122.63 (£ 2.17) 126.68 3.25 106 17
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Figure 1. Log-logistic curves fitted to the species description records for large herbivorous mammal groups. (A) Artiodactyla (B) Perissodactyla (C) Primates (D) Rodentia (E)
Paenungulata (F) Marsupialia (G) All large mammals. Each point represents the cumulative number of species described by that year, and the filled line is the result from the
log-logistic model. Representative species for each group with a significant history of zoological description are labelled. From top-left to bottom-right: Okapi (Okapia
johnstoni), saola (Pseudoryx ngethinhensis), Grevy's zebra (Equus grevyi), mountain tapir (Tapirus pinchaque), mountain gorilla (Gorilla beringei beringei), Tapanuli orangutan
(Pongo tapanuliensis), pacarana (Dinomys branickii), Garrido’s hutia (Capromys garridoi), Benin tree hyrax (Dendrolagus interfluvialis), African forest elephant (Loxodonta
cyclotis), dingiso (Dendrolagus mbaiso), Northern hairy nosed wombat (Lasiorhinus krefftii). lllustrations by Vanessa Williams.

Ecometric models

All three dental ecometric traits showed similar patterns, with
instability in the average values across each realm until the early
19™ century. Mammals that were described after this time had

limited impact on the mean trait values (Figure 3). Africa and
Eurasia showed the greatest variability in each dental trait
(Supplementary Material 4). Mean hypsodonty was highest in
northern Africa, southern Eurasia, and the southern tip of South
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Wilson.

America (Figure S8). Communities in high-latitude environments
and those in northern Africa had the highest mean number of
longitudinal lophs (Figure S9). Communities in North America
and northern Eurasia had a high proportion of species with acute
lophs (Figure S10). These geographic trends for all traits were
persistent between 1758 and 2021 (Figures S8-10).

Using both models and for all regions, the estimates obtained for
both MAT and MAP match the patterns we found in the trait
values. Year is a proxy for completeness, as the completeness of
each realm’s communities increases over time. The estimates are

initially inconsistent and changed as more species were described
(Figure 4) (Supplementary Material 7). From ~1850 onwards (cor-
responding to ~40%), the estimates from all biogeographic realms
no longer change with increased sampling. The concordance
between the patterns observed using trait values and both ecometric
models suggests that the stability beyond this time is due to the
completeness of the communities, rather than any intrinsic prop-
erty of either model. The large differences between the mean mod-
elled values and the true values suggest that other factors beyond
completeness affect the efficacy of prediction.



HISTORICAL BIOLOGY e 7

Table 2. Estimated model parameters for the log-logistic model used to predict the number of living large herbivorous mammals not yet described for each biogeographic
realm based on prior rates of description. The slope of the model is given by b, the lower limit by ¢, the upper limit by d and the midpoint by g. For each model, the
standard error (SE) is given. The number of organisms described by 2021 is listed, and the future species to be described is the difference between the value of d and the
number in 2021. Model set 1758 as equal to 0.

Region Model parameters b C d (+ SE) g SE 2021 number Future species
Total 4 233 95.76 1012.50 (+ 9.73) 109.77 18.77 930 83
Afrotropic 4 2.67 36.77 286.37 (+ 3.42) 109.04 8.22 263 23
Australasia 3 2.39 0.00 141.16 (£ 2.25) 127.97 3.75 122 19
Indomalaya 4 2.28 10.26 203.46 (+ 0.36) 116.55 4.77 185 19
Nearctic 4 234 7.39 46.50 (+ 0.52) 88.74 1.53 42 4
Neotropic 4 1.67 9.36 224.19 (+ 5.68) 119.99 5.45 192 32
Palearctic 4 2.98 45.38 175.76 (£ 1.35) 88.61 5.14 175 1

Table 3. Estimated model parameters for the log-logistic model used to predict the number of living large herbivorous mammals included within taxa previously used for
dental ecometric studies (Artiodactyla, Perissodactyla, Primates, Proboscidea) not currently described for each biogeographic realm based on prior rates of description. The
2021 ecometric refers to the number of species from the four taxa previously used in ecometric studies and future ecometric is the difference between this value and the
estimated total (d). The 2021 non-ecometrics are the number of species that do not belong to any of the four previously used taxa that have been described in each realm
by 2021. The slope of the model is given by b, the lower limit by ¢, the upper limit by d and the midpoint by g. For each model, the standard error (SE) is given. The number

of future ecometric taxa is given by the difference between the number in 2021 and the estimate of the upper limit of the model, d.

Region b C d (+ SE) g SE 2021 ecometric ~ Future ecometric 2021 non-ecometric % non-ecometric taxa (2021)
Afrotropic 2.53 3275  252.67 (£ 3.41) 10846 747 232 21 31 11.78
Australasia 3.18 0.78 12.30 (+ 0.21) 18.66  0.67 1 1 1M 90.98
Indomalaya 2.06 4.90 171.97 (£ 3.50) 135.07  3.77 143 29 42 22.70
Nearctic 1.78 2.59 14.99 (+ 0.14) 5320 053 14 1 28 66.67
Neotropic 1.55 433 148.76 (£ 5.21) 11834  4.656 126 23 66 34.44
Palearctic 266 3210 11334 (£ 1.12) 8236 3.80 112 1 63 36.00

Both previously published dental ecometric models showed differ-
ences between the true MAT and MAP and the predictions, though
these mismatches were different for each biogeographic realm
(Figure 4, Table 4). Both models predicted southern Eurasia to be
hotter and wetter than the true value (Supplementary Material 5),
which is probably associated with the high value of hypsodonty in this
region (Figure S8). The east coast of North America was estimated to
be cooler and drier than the true value (Figures S11-S14). These
mismatches are geographically correlated with the communities that
are brachydont, with a high proportion of acute lophs and high
number of longitudinal lophs. The temperature estimates based on
Oksanen et al. 2019 (Figure S11) gave a much warmer value for high
latitudes in the Northern Hemisphere than the true values and
compared to Liu et al. 2012 (Figure S13). Communities in these
areas contain almost no acute lophs (Figure S10).

No estimates could be made for the MAT and MAP for Australia
or New Guinea because there are no taxa that have previously been
used for ecometric studies within these islands.

Discussion
How many large mammals are left to describe?

Our log-logistic models suggest that there are likely to be at least 83
species of large (>1 kg) mammals left to describe worldwide, though
the true number may be higher, given the sum of the predictions
from only the few select taxonomic groups examined here is higher
(103). We acknowledge that previous studies have found that esti-
mation of predicted numbers using discovery curves can be asso-
ciated with a large margin for error (Bebber et al. 2007), but given
the relative completeness of our understanding of large mammals,
we consider our estimates to be reliable.

The number of undescribed large mammals strongly differs
between taxa. We estimate that there are a relatively large number
of primates, artiodactyls and marsupials not yet described, with
very few (if any) perissodactyls and paenungulates (Table 1).
However, the reappraisal of the African forest elephant (Groves
and Grubb 2000; Grubb et al. 2000; Roca et al. 2001, 2015),

discovery of Dendrohyrax interfluvialis in 2021 (Oates et al. 2021)
and the recognition of unknown vocalisations by hyraxes in the
Taita Hills that may be suggestive of a new species (Rosti et al. 2020)
suggest that the situation for hyraxes may be more complex than
previously recognised. Similarly, whilst Tapirus kabomani (Cozzuol
et al. 2013) (possibly a synonym of Tapirus pygmaeus (van
Roosmalen 2013a, 2014) is currently viewed as a subspecies of
T. terrestris and further investigation is required to determine the
nature of T. terrestris in relation to both T. kabomani and
T. pinchaque (Voss et al. 2014).

Many of the recent descriptions of large mammals involve
redesignation of populations into distinct species. Orangutans
provide an example of this, with an original separation between
the Borean (Pongo pygmaeus) and Sumatran (P.abelli) orangutans
based on genetic evidence in 1996 (Xu and Arnason 1996) and
then in 2017 the designation of P. tapanuliensis as a distinct
species (Nater et al. 2017). Species description based solely on
genetic evidence is a flawed approach, which relies on the avail-
ability of technology, and may not be comparable with historical
taxonomic approaches (Zamani et al. 2022). Phylogenetic species
concepts using both monophyly and diagnosability are generally
positive, but rely on availability of specimens and in the past,
taxonomic assessments of mammals using phylogenetic concepts
have not been transparent (Gutiérrez and Garbino 2018).
A consistent, widely applied approach to species delimination
would reduce conflicting views on potential species-subspecies
delimination. A ‘traffic-light’ taxonomic method has been
employed for felid taxonomy, whereby species certainty is deter-
mined based on morphological, genetic, biogeographic, beha-
vioural, ecological and reproductive criteria (Kitchener et al.
2007, 2022). Use of this approach altered the understanding of
species number in fields from historical estimates (Wozencraft
2005) and application to other large mammal groups will likely
prove useful in cases where recognition of species status is con-
troversial, for example, giraffes (Groves and Grubb 2011;
Fennessy et al. 2016), tapirs (Cozzuol et al. 2013, 2014; Voss
et al. 2014) and rhinos (Groves et al. 2010; Groves and Grubb
2011).
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Figure 3. Mean trait values for (A) hypsodonty, (B) longitudinal loph count and (C) acute lophs for every year between 1758 and 2021 where all domesticated taxa are
included. Year is a proxy for completeness, given the continued description of mammal species over time. Mean hypsodonty score refers to the average ordination from 1-
3. Mean longitudinal loph count is the mean number of longitudinal lophs in the realm and the mean acute lophs is the proportion of large herbivores in the realm with
acute lophs. The shaded areas represent + one standard deviation from the mean.
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Figure 4. Mismatch between the true mean annual temperature (MAT)(A,B) and mean annual precipitation (MAP)(C,D) in each year using the previously published
ecometric models by Liu et al. 2012 (A,C) and Oksanen et al. 2019 (B,D). Each point represents the mean mismatch for that biogeographic realm in that year across
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In addition, we consider it likely that large mammals will
continue to be for the first time based on new discoveries, as for
the new hyrax species (Rosti et al. 2020; Oates et al. 2021).
Cryptozoological and zooethnological evidence are likely to be
critical here, as discoveries of previous large herbivores by science
have been supported by local knowledge (e.g., the dingiso
(Dendrolagus mbaiso) is considered by the Moni people of Irian
Jaya to be their direct ancestor and was extremely well understood
by several local tribes prior to its description in 1995 (Flannery
and Szalay 1995)). There are many possible discoveries based on
similar accounts, with at least 48.1% of primate species discovered
since 2000 known by locals prior to their scientific description
(Rossi et al. 2018). The ‘mapinguari’ of Amazonia, which is said to
stand >2 m tall, possess coarse brown fur, long claws, an ability to
alternate between bipedality and quadrupedality and a terrible
smell has been tentatively proposed as a remnant megalonychid
ground sloth, for example (Oren 2001; Velden 2016). Other iden-
tities, such as Andean bears, are plausible, but ground sloths were
present across a variety of habitat types in the Cenozoic, including
tropical forests (Pujos et al. 2016) so the faint possibility remains
of a remnant population in the Amazon. Similarly, the kilopilo-
pitsofy of Madagascar has been identified as a possible late-
surviving hippopotamus given testimony from local Malagasy
people matching descriptions of a hippopotamus (Burney and
Ramilisonina 1998). Such claims are widespread for large mam-
mals globally (Shuker 2016) and more interdisciplinary collabora-
tion between ethnozoologists, cryptozoologists and biologists,
with increased use of traditional ecological knowledge, may help
to uncover other possible missing species as a conservation prior-
ity (Padovani and Rossi 2021).

Where are we likely to find new species?

Our models suggest that different biogeographic realms are likely to
contain different numbers of undescribed species (Table 2). We
predict that the Neotropic (32) and the Afrotropic (23) realms have
the most species left to describe, with the Palearctic (1) and Nearctic
(4) have the fewest. When including only taxa previously used in
ecometric studies (Artiodactyla, Perissodactyla, Primates and
Proboscidea), we predict that Australasia, Nearctic and Palearctic
each have only a single species yet to be described (Table 3). In the
case of Australasia, this reflects the fact that only relatively few species
from these groups live in this realm, with most niches occupied by
marsupials. Otherwise, we can see that the biogeographic realms
typified by temperate regions are more completely sampled than
those which contain tropical rainforests and exist at lower latitudes.

We suggest two key explanations for this fact. First, lower
latitude environments generally contain higher species diversity
across taxonomic groups, with species diversity showing
a latitudinal biodiversity gradient (LBG), maintained over deep
time (Mittelbach et al. 2007; Rolland et al. 2018). In large mammals,
the exact explanation for this differs across taxonomic groups, but
relates to either a higher rate of speciation, a lower rate of extinction
or the combined effect of the two (Rolland et al. 2014). Ultimately,
this is due to the increased input of energy from the Sun to the
tropics relative to high-latitude regions (Brown and Svenning
2014). The higher total number of species in the tropics means
that complete sampling is more challenging, particularly as range
sizes are smaller at low latitudes according to Rapoport’s Rule
(Rapoport 1982; Stevens 1989), reducing the chance of encounter.

In addition, geographic sampling bias has had a strong impact on
the description records from tropical and temperate regions. This is
true not just for taxonomic research (Menegotto and Rangel 2018),
but also in ecosystem services (Clarke et al. 2017) and palaeoecology

for example (Vilhena et al. 2013; Stroud and Feeley 2017). As noted by
Collen et al., 83% of the records in the Global Biodiversity Information
Facility (GBIF) come from only 10 countries, of which only one is
tropical (Costa Rica) (Collen et al. 2008). This bias is related to the fact
that most researchers live in temperate areas (particularly Europe and
North America) and most cooperation between researchers occurs at
this high-latitude belt (Leydesdorff and Persson 2010). In palaeontol-
ogy, the geographical bias in sampling as a result of colonial history,
English proficiency and a culture of ‘parachute science’, among other
factors has created a heterogeneous level of biodiversity sampling
(Raja et al. 2021). We expect this to be the same for modern biodi-
versity and continued efforts to sample the tropics through collabora-
tion with local researchers should be prioritised.

Some of the most celebrated 20th- and 21st-century discoveries
have been made in specific, isolated tropical regions, including the
Laotian rock rat (Laonastes aenigmamus) (Jenkins et al. 2005), saola
(Pseudoryx nghetinhensis) (Dung et al. 1993) and giant muntjac
(Muntiacus vuquangensis) (Schaller and Vrba 1996) in the
Annamites within the Indomalaya realm and the collection of
potentially new mammals, some of which are yet to be formerly
described and many of which are subject to scrutiny, reported by
Marc van Roosmalen from the Rio Aripuani basin in the Amazon
(Shuker 2012; van Roosmalen 2013b). Such areas of apparent ende-
mism in the tropics warrant further investigation and consider it
likely that future exploration might produce new species from these
and other such tropical rainforests.

Species discovery and ecometric modelling

Using the reported models from both Liu et al. 2012 and Oksanen
et al. 2019, we found that there was widespread mismatch between
the true values of climatic variables and the modelled values. For
example, southern Eurasia was modelled as being too warm and too
wet and southern North America as being too cold (Supplementary
Material 5). In addition, the models of Oksanen et al. 2019 pre-
dicted a temperature that was much too hot in the highest latitude
regions of the Northern Hemisphere (Figures S13, 14). Excluding
Australasia (which contained only 111 sites), the realm with the
greatest temperature mismatch in 2021 using the Liu et al. 2012
model was Nearctic (+11.14 + 12.59°C) and for the models of
Oksanen et al. 2019, the greatest MAT mismatch was for the
Palearctic (-9.26 + 11.75 °C) (Table 5). For both models, the great-
est mismatch in MAP was for Indomalaya, where dental ecometrics
predicted a much drier climate than is true (Table 5). The geo-
graphic patterns for the mismatch between the true and predicted
climate correlated with the distribution of the three dental traits
used here (Supplementary Material 4, Supplementary Material 5).

Table 4. Number and percentage of species from groups previously used for dental
ecometric studies missing from each biogeographic realm since the Late
Pleistocene (defined as 0.126Mya). These values therefore include species lost
during the End-Pleistocene megafaunal extinction and any extinctions in the
Holocene. Species lists for the Late Pleistocene were taken from the
Palaeobiology Database. The percentage of missing taxa is equal to the number
of missing Late Pleistocene species divided by the sum of the number of species
2021 and the number that are missing.

2021 Missing End- % Missing End-
2021 Ecometric Quaternary Quaternary

Realm ecometric taxa Ecometric taxa Ecometric taxa
Afrotropic 232 237 29 10.66
Australasia 1 1 0 0.00
Indomalaya 143 143 15 9.43
Nearctic 14 14 52 78.79
Neotropic 126 127 42 25.00
Palearctic 112 112 48 30.00
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Table 5. Mean and SD of mismatches for mean annual temperature (MAT) and mean annual precipitation (MAP) by biogeographic realm for models constructed by both
Liu et al. 2012; Oksanen et al. 2019 using taxa described by 2021. N,o,, refers to the number of centroids containing 5 or more species from taxa previously used in

ecometric analyses (Artiodactyla, Perissodactyla, Primates, Proboscidea).

Liu et al. 2012 mismatch

Oksanen et al. 2019 mismatch

Mean annual temperature, °C

Mean annual precipitation, mm/yr

Mean annual temperature, °C ~ Mean annual precipitation, mm/yr

Realm N2o21 Mean SD Mean SD Mean SD Mean SD

Afrotropic 8205 247 5.03 174.30 483.98 2.62 5.24 124.40 479.88
Australasia 111 -10.60 4.76 120.67 766.52 -2.49 334 191.22 716.83
Indomalaya 3258 3.73 6.58 414.09 770.54 441 6.04 447.70 781.30
Nearctic 7645 11.14 12.59 105.45 368.79 -5.29 19.29 152.50 365.64
Neotropic 6930 7.04 9.17 232.96 690.08 5.97 8.14 308.20 686.83
Palearctic 19,612 —-0.67 10.37 —206.32 516.60 -9.26 11.75 —217.66 466.98

We found that there is a threshold beyond which an increase in
the number of species discovered has minimal effect on the trait
averages (Figure 3) or climatic mismatches (Figure 4). This thresh-
old differed for the realms and for the different models, though in
general, once >40% of species had been described (Figure S24),
there was a limited change with increased community completeness
(Supplementary Material 7).

We consider it likely that this pattern is controlled by the fact
that more recently described large mammals are likely to have more
restricted ranges, be less abundant within an ecosystem, be more
likely to be specialist and have a lower body mass (although this is
not always necessarily the case)(Patterson 2000; Reeder et al. 2007)
(Supplementary Material 8). The dental traits of the most common
species within a community tend to be the best predictor of climate
(Jernvall and Fortelius 2002), so it matches our expectations that
once the most common species have been described, further sam-
pling has only a limited impact on the predictions of climate from
dental traits. In addition, the discovery of cryptic species based on
the use of genetic evidence means that different species are likely to
have almost identical dental functional morphology. Whilst our
estimates suggest that there are still many undescribed modern
large herbivores, community descriptors are stable to this incom-
pleteness, and for the purpose of ecometric modelling we can
continue to assume modern large mammal communities are func-
tionally complete.

The large difference between the true values for the climatic
variables and the estimates from our models suggests that the
incompleteness of the record used to construct models is not the
largest challenge for obtaining accurate climatic estimates from
dental traits. The differences between the two models sampled
here (Figure 4) suggests that model choice is critical. We also
believe that models built on smaller regional or continental scales
may produce more accurate estimates, because this will allow for
greater optimisation of parameters, and potential inclusion of other
taxa within the focal area with a functional effect on vegetation.

The loss of megafaunal taxa at the end of the Pleistocene and
through the Holocene is likely to have had a large impact on the
accuracy of these models. The Nearctic is the realm with the highest
number of lost taxa historically used in ecometric studies due to this
extinction event (Table 4) and the greatest mismatch in the MAT
estimate (although the estimates for MAP are closest to the true
values), which may suggest that specific values of lophedness or
number of acute lophs were lost during the extinction event. For
example, the estimated temperature for North America is too low
using the model of Oksanen et al. 2019 (Figure S13), suggesting
contemporary North America contains an overabundance of taxa
with a high number of acute lophs (Figure S10). The extinction
event at the end of the Pleistocene was generally biased towards
open-habitat specialists, with lower rates of extinctions in forest
species (Johnson 2002). The modern North American megafauna is

depauperate in taxa such as horses and proboscideans that lack such
lophs and instead contains a high number of deer, which possess
these acute lophs (Oksanen et al. 2019). In addition to global
extinction of North American taxa, this continent has seen changes
in the climatic ranges of many taxa as a consequence of anthropo-
genic activity (Pineda-Munoz et al. 2021), which we suggest has
consequences for ecometric modelling based on modern ranges of
surviving taxa.

According to the Mammal Diversity Database, there were 930
recognised extant species of large herbivorous mammals globally in
2021, 607 of which were from one of the 4 taxonomic groups
previously used for ecometric modelling. This leaves a gap of 323
large, herbivorous mammal species from other taxa. In all biogeo-
graphic realms, a significant proportion of the large mammalian
herbivore species are not from these four taxonomic groups
(Table 3). The lowest proportion is in the Afrotropic realm, where
only 11.78% of species are non-ecometric taxa. Previously, eco-
metric models for large mammals have most typically been applied
to Plio-Pleistocene environments as a tool to understanding envir-
onments in the early evolution of Homo (Meloro & Kovarovic 2013;
Fortelius et al. 2016; Saarinen et al. 2016, 2021; Zliobaite et al. 2016,
2018; Oksanen et al. 2019) and in other cases have focussed on
a specific subset of taxa within a continental or regional scale
(Fulwood 2020; Foister and Felice 2021; Short et al. 2021a).
Artiodactyls, perissodactyls, primates and proboscideans are the
most common large herbivorous mammal taxa in Africa and
Southern Europe in the Plio-Pleistocene so the focus on these
groups is appropriate given past research goals, but global models
should consider the large number of species excluded given empha-
sis on these four groups, especially given the purported utility of
ecometrics as a taxon-free method (J.T. Eronen et al. 2010b; Polly
and Head 2015; Vermillion et al. 2018).

Recommendations for future ecometric studies

Despite the mismatch between the estimated and true values for
these climatic variables, we believe that dental ecometric
approaches represent an extremely valuable tool for environmental
reconstruction, given the high preservation potential and informa-
tion content of large mammal teeth (J.T. Eronen et al. 2010b;
Vermillion et al. 2018). We have found that the incompleteness of
our understanding of modern mammal communities has limited
impact on the accuracy of dental ecometric models. However, the
previous focus on reconstructing early hominin environments has
led to a lack of utility to previous models elsewhere in the world. We
therefore recommend three main changes to previous approaches.

First, given that most regions worldwide contain large mammalian
herbivores beyond the four taxa analysed previously, we suggest that
future models based on complete large herbivore communities should
expand their taxonomic range, to include any species reaching a given
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size threshold (e.g., 1 kg) and for which vegetation forms most of their
diet. Increasing the taxonomic range of the definition of a large
herbivore would allow inclusion of, for example, rodents, carnivorans,
hyraxes, xenarthrans (folivorans and extinct cingulates) and marsu-
pials, among others, therefore allowing for application of models to
regions, such as Australia and South America that remain under-
studied in this area. In North America, hypsodonty in Glires has
been shown to be an effective predictor of climatic variables including
MAT (Schap et al. 2021), supporting the potential utility of dental
ecometrics outside of the four taxa used previously. To expand taxon
sampling, however, further testing of the functional relationship
between the dental traits of these taxa and their environments is
required.

Second, we suggest that in most cases, regional-scale models
between environmental variables and dental traits should be pre-
ferred to global-scale models. This would allow for optimisation of
parameters on smaller scale, and reduce the challenge of fitting
models to both tropical and temperate latitudes (Liu et al. 2012;
Zliobaite et al. 2018; Oksanen et al. 2019). It might also allow
inclusion of taxa outside those used previously. For example, in
South America, continent-level models may consider giant rodents
(e.g., Josephoartigasia monesi (Rinderknecht & Blanco 2008)),
xenarthrans and South American Native Ungulates that are not
relevant in other continents. Global approaches may be most
appropriate for some research questions, but we consider regional
or continental-scale models to be preferable in most cases.

Finally, we believe that future models should be built based on
historical relationships between dental traits and the environment
recorded in the fossil record. Previous studies have found that the
relationships between traits and the environment differ in contem-
porary systems compared to historical systems as a result of human
effects on ecosystems (Polly 2010; Short et al. 2021a,b; Short et al.
2021b). To eliminate these anthropogenic impacts, we propose
reconstructing relationships between traits and the environment
based on proxies from the fossil record. This has yet to be trialled,
but we believe that it may provide a better method of measuring
ecometric load (the mismatch between the real and optimal com-
munity trait values (Polly and Head 2015)) due to anthropogenic
activity, which is one goal of conservation palaeobiology (Barnosky
et al. 2017). Our results suggest that completeness for each com-
munity is not essential for obtaining stable estimates (with only
~40% completeness required, assuming the most common mam-
mals are included) (Figure 4). Whilst there are significant gaps in
the fossil record, for most large mammals and for more recent time
periods, this should be achievable (Zliobaite and Fortelius 2021).
We acknowledge that further back in time, relationships between
particular traits and the environment are likely to become more
different, for example, hypsodonty only evolves in placental taxa in
the Miocene, so models based on hypsodonty will not be mean-
ingful beyond this (Damuth and Janis 2011). However, we consider
that most trait-environment relationships are likely to hold
through deep time and the accuracy of our models will be increased
by excluding any anthropogenic effects.

Conclusions

We found that understanding of the taxonomic diversity of large
herbivorous mammals remains incomplete and estimate that there
are likely to be at least 83 undescribed species. The proportion of
undescribed species differs across taxa and space, with the largest
number of undescribed species likely to be primates, artiodactyls
and marsupials and within primarily tropical biogeographic realms
(Neotropical, Afrotropic and Indomalaya, respectively).

Despite the gaps in our understanding of the modern fauna,
reconstructions of climate based on dental ecometrics tend to be
relatively stable to completeness, above a threshold of ~40% and
provided the most common taxa are sampled. However, the large
mismatch between true values of environmental variables and our
predictions based on dental traits suggests that these models are
affected by other confounding factors. To improve the accuracy of
predictions based on dental traits, we suggest three possible
improvements to approaches that have been used previously
(depending on the specific research question):

(1) Community-level models should include all large herbivores
within a community, rather than using only limited taxa.

(2) Where appropriate, models should be built on a regional or
continental scale to allow optimisation of parameters.

(3) To avoid the effect of anthropogenic impacts on trait-envir-
onment relationships, we suggest building models based on
the relationships recorded in the fossil record.
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