
HAL Id: hal-03740190
https://hal.inrae.fr/hal-03740190

Submitted on 29 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Mining rare Earth elements: Identifying the plant
species most threatened by ore extraction in an insular

hotspot
Guillaume Lannuzel, Léa Pouget, David Bruy, Vanessa Hequet, Shankar

Meyer, Jérôme Munzinger, Gildas Gâteblé

To cite this version:
Guillaume Lannuzel, Léa Pouget, David Bruy, Vanessa Hequet, Shankar Meyer, et al.. Mining rare
Earth elements: Identifying the plant species most threatened by ore extraction in an insular hotspot.
Frontiers in Ecology and Evolution, 2022, 10, �10.3389/fevo.2022.952439�. �hal-03740190�

https://hal.inrae.fr/hal-03740190
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


fevo-10-952439 July 27, 2022 Time: 8:54 # 1

TYPE Original Research
PUBLISHED 29 July 2022
DOI 10.3389/fevo.2022.952439

OPEN ACCESS

EDITED BY

Corrado Marceno,
Masaryk University, Czechia

REVIEWED BY

Guillaume Delhaye,
Royal Botanic Gardens, Kew,
United Kingdom
Maria M. Romeiras,
University of Lisbon, Portugal

*CORRESPONDENCE

Guillaume Lannuzel
guillaume.lannuzel@gmail.com

SPECIALTY SECTION

This article was submitted to
Biogeography and Macroecology,
a section of the journal
Frontiers in Ecology and Evolution

RECEIVED 25 May 2022
ACCEPTED 12 July 2022
PUBLISHED 29 July 2022

CITATION

Lannuzel G, Pouget L, Bruy D,
Hequet V, Meyer S, Munzinger J and
Gâteblé G (2022) Mining rare Earth
elements: Identifying the plant species
most threatened by ore extraction
in an insular hotspot.
Front. Ecol. Evol. 10:952439.
doi: 10.3389/fevo.2022.952439

COPYRIGHT

© 2022 Lannuzel, Pouget, Bruy,
Hequet, Meyer, Munzinger and
Gâteblé. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Mining rare Earth elements:
Identifying the plant species
most threatened by ore
extraction in an insular hotspot
Guillaume Lannuzel 1,2*, Léa Pouget1,3, David Bruy 4,5,
Vanessa Hequet 4,5, Shankar Meyer2, Jérôme Munzinger 4

and Gildas Gâteblé 1,6

1Institut Agronomique Néo-Calédonien, Équipe ARBOREAL, Nouméa, New Caledonia, 2Endemia,
New Caledonia Plants Red List Authority, Nouméa, New Caledonia, 3Université de Montpellier,
Place Eugène Bataillon, Montpellier, France, 4AMAP, Université de Montpellier, IRD, CIRAD, CNRS,
INRAE, Montpellier, France, 5AMAP, IRD, Herbier de Nouvelle-Calédonie, Nouméa, New Caledonia,
6INRAE, UE 1353, Unité Expérimentale Villa Thuret, Antibes, France

Conservation efforts in global biodiversity hotspots often face a common

predicament: an urgent need for conservation action hampered by a

significant lack of knowledge about that biodiversity. In recent decades,

the computerisation of primary biodiversity data worldwide has provided

the scientific community with raw material to increase our understanding

of the shared natural heritage. These datasets, however, suffer from a lot

of geographical and taxonomic inaccuracies. Automated tools developed

to enhance their reliability have shown that detailed expert examination

remains the best way to achieve robust and exhaustive datasets. In New

Caledonia, one of the most important biodiversity hotspots worldwide,

the plant diversity inventory is still underway, and most taxa awaiting

formal description are narrow endemics, hence by definition hard to

discern in the datasets. In the meantime, anthropogenic pressures, such

as nickel-ore mining, are threatening the unique ultramafic ecosystems

at an increasing rate. The conservation challenge is therefore a race

against time, as the rarest species must be identified and protected

before they vanish. In this study, based on all available datasets and

resources, we applied a workflow capable of highlighting the lesser

known taxa. The main challenges addressed were to aggregate all data

available worldwide, and tackle the geographical and taxonomic biases,

avoiding the data loss resulting from automated filtering. Every doubtful

specimen went through a careful taxonomic analysis by a local and

international taxonomist panel. Geolocation of the whole dataset was

achieved through dataset cross-checking, local botanists’ field knowledge,

and historical material examination. Field studies were also conducted

to clarify the most unresolved taxa. With the help of this method and
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by analysing over 85,000 data, we were able to double the number of

known narrow endemic taxa, elucidate 68 putative new species, and

update our knowledge of the rarest species’ distributions so as to promote

conservation measures.

KEYWORDS

nickel-mining threat, biodiversity hotspots, narrow endemic taxa, new species,
ultramafic substrates, data cleaning, conservation planning, primary biodiversity data

Introduction

Although biodiversity knowledge is critical to conservation
planning, the lack of knowledge about the diversity and
distribution of species, known, respectively, as the Linnean
and the Wallacean shortfalls, is more than patent in highly
diverse regions (e.g., Bini et al., 2006; Brito, 2010). To overcome
these biases, more and more predictive computing methods are
being developed, published and applied to larger and larger
biodiversity datasets. Some methods can provide insightful
results and conclusions at the global scale even with imperfect
large datasets, while other automated methods can greatly
improve the quality of datasets before analysis (Bayraktarov
et al., 2019; Panter et al., 2020; Heberling et al., 2021). These
methods are, however, mostly based on data filtering, thus
resulting in more accurate but truncated datasets (Zizka et al.,
2020).

As a result, this increasing amount of online biological data
has contributed to a vast variety of studies worldwide in recent
decades (Nelson and Ellis, 2018; Ball-Damerow et al., 2019).
However, these studies proved to inherit some recurrent biases
from global datasets, mostly taxonomic (misidentification,
synonymy), or geographical issues (wrong geolocation or lack
of geolocation) (Meyer et al., 2016; Ball-Damerow et al., 2019).
A set of automated methods has been developed to filter the
geographic mismatch (Zizka et al., 2020). Taxonomic bias on
the other hand had been widely discussed in the form of a
so-called “taxonomic chauvinism,” by which certain taxonomic
groups were over-represented in large biological datasets, to the
detriment of others (Troudet et al., 2017; Phaka et al., 2022).
Taxonomic inaccuracy on the other hand, is rarely addressed
(but see Anderson et al., 2016) and mostly again by means
of a filtering that enhances the accuracy of the overall dataset
(Smith et al., 2016). However, filtering leads to the loss of a
great part of the dataset, which is unacceptable if the goal is
to shed light on the hidden anomalies, such as new species or
new occurrences of known species. Focused taxonomic studies,
limited to one taxon (i.e., at genus or family levels) are also
signalled to lack of taxonomic checking (Meyer et al., 2016;
Freitas et al., 2020). Ball-Damerow et al. (2019) also surprisingly
found that most studies analysed less than a hundred taxa,

a counter-intuitive result in the light of the vast amount of
data gathered online. A huge challenge that remains in the
use of such large datasets is to produce studies covering a
large range of taxonomic groups on a significant area. In
this task, the principal hindrance is obviously the amount of
time and knowledge needed to clean the data with the least
possible filtering, in order to obtain datasets that tend to be as
whole and accurate as possible. Expert knowledge on primary
datasets here appears to be the best way to achieve the most
reliable results at smaller taxonomic and distribution scales
(Maldonado et al., 2015).

In New Caledonia, a southwest Pacific biodiversity hotspot
(Mittermeier et al., 2011), the situation is depressingly similar
to other highly diverse regions. On the bright side, according to
Kier et al. (2009), it is a territory boasting one of the highest plant
endemism rates worldwide. Recent estimates show that almost
1% of the world’s vascular plant species are present in New
Caledonia (based on Christenhusz and Byng, 2016; Munzinger
et al., 2022), of which 75.5% are endemic, for a territory covering
barely 0.01% of the world’s terrestrial area. Furthermore, the
territory is supposed to be part of the still under debate
OCBIL (old, climatically buffered, infertile landscapes) theory,
often metal-rich areas, where species are more extinction-prone
under anthropogenic disturbance (Hopper et al., 2016; Pillon
et al., 2021). These areas, represented by ultramafic substrates,
cover roughly 30% of Grande Terre, the main island of the
archipelago, and are distributed among areas known locally as
“the great southern massif ” covering the southern third with a
northward projection on the east coast, and northwest massifs
scattered on the non-ultramafic plains of the west coast. In
these areas, some vegetation types can show a 97% endemism
rate (Isnard et al., 2016). Ultramafic substrates are characterised
by a high metal content, notably nickel ore, and as such are
subject to increasing degradation by the nickel-mining industry
(Figure 1), with about 25 active open-cast mines (Losfeld et al.,
2015). This high endemism rate, and high level of threat, have
already led to the identification of micro- of nano-hotspots
(Wulff et al., 2013; Gâteblé et al., 2018), but also showed how
deep our lack of taxonomic knowledge is. Gâteblé et al. (2018)
for instance, stated the high rate of species discovery in New
Caledonia (about 1 sp. described per month since 2000 on
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FIGURE 1

Mining landscape in the northwest (A) and details of a degraded
mid-altitude (ca. 600 m a.s.l) shrubland (B), low-altitude (ca. 200
m a.s.l.) forest remnants (C), a high altitude (ca. 1,400 m a.s.l.)
well-conserved shrubland (D) and two species identified as new
during the study: Parsonsia sp. nov. Gâteblé 494 (E) and a
Tristaniopsis sp. nov. Gâteblé et al. 1240 (F).

average), and predicted that this trend would become even more
pronounced in the future.

The last territory-scale study (Wulff et al., 2013), conducted
with limited datasets, had already identified about 20% of
the endemic species as narrow-endemics, and also elucidated
several narrow-endemism hotspots, especially on ultramafic
substrate. The ongoing redlisting work of the local Red List
Authority (RLA-NC) which had 1,837 species evaluated (Meyer
et al., 2021) identified 44% of them as threatened, mainly
by bushfires, invasive species, and mining activities. This last
threat represents a particular challenge because, unlike the
first two, it affects biodiversity but also the possibilities of
natural regeneration, because of soil removal. Despite the
advances made, Meyer et al. (2021) recognised that the RLA-
NC work ran into a kind of Linnean shortfall, due to the
knowledge gap in many families and genera. Mine-oriented
studies have also been conducted to bypass this obstacle, making
it possible to list threatened species on some mined areas
(Lowry and Munzinger, unpublished, Lannuzel et al. (2021),
unpublished) and plan conservation, but remained limited to

several mining-areas. An updated work, based on all available
data and up-to-date taxonomic knowledge, was thus needed to
arrest the biodiversity erosion due to the mining industry at a
larger scale.

To do so, a methodology was needed to account for every
occurrence available for the study area, and improve their value
without losing part of the dataset through automated filtering
methods. Several issues identified in global primary biodiversity
databases thus needed to be addressed. The aggregation of
all occurrences available in the study area, even the non-
or mis-geolocated ones, the synonymy-harmonisation issue,
and the misidentified occurrences were the most obvious
ones. And finally, regarding the significant proportion of
unidentified occurrences, and their inclination to hide new
narrow endemic taxa in New Caledonia (Gâteblé et al., 2018),
their identification was critical. To tackle these potential biases,
we chose to build a methodology that relies on the aggregation
of all botanical occurrences available, the involvement of as
many taxonomic experts as possible, as well as local non-
professional botanists for their field-knowledge. In doing so,
we aimed at (1) producing an updated list of plant taxa
threatened by mining activities, (2) updating the narrow-
endemism hotspots established by Wulff et al. (2013), (3)
showing the added value that resides in the use of all available
botanical resources.

Materials and methods

Study area

The study area was defined by including (i) every mining
concession which includes an active mining area, (ii) every
concession adjacent to one included in (i), and (iii) a 1,000 m
buffer to account for possible one arc-minute fuzzing in the data.

This results in a 3,100 km2 study area covering about
55% of all ultramafic substrate in New Caledonia, from the
great southern massif, to Poum mountain in the North-
West of Grande Terre. The study area was then divided
for further analysis into regions representing locally accepted
mining entities. Every geographical analysis was computed
using QGIS 3.16.

Data aggregation

Data treatment was computed using a dedicated
PostgresSQL 13.2 database, with a pgAdmin 4 user interface
and a postGIS 3.1 link with the geography software.

Species presence data were gathered from local and
international datasets for all vascular plants. The full dataset
from the NOU herbarium (Bruy et al., 2021) was provided,
as well as a complete dataset from the P herbarium
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FIGURE 2

General workflow for data aggregation and cleaning. Pie chart captions are the same for complete and consolidated datasets, and presented at
the bottom.
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(Le Bras et al., 2017), corresponding to New Caledonia. Data
was also extracted from GBIF1 based on the field “Country
or Area = “New Caledonia.” Within the GBIF dataset, entries
from the herbarium P were removed, as they were obtained
directly from this institution. Locally, the RLA-NC database,
which comprises both herbaria and field observation data was
included, such as the Institut Agronomique néo-Calédonien
(IAC) database on rare and threatened species. Some additional
field trips were carried out on areas with a lack of data or for
specific taxa (see Supplementary Appendix 2).

Geographical filtering was applied to extract all occurrences
present in the study area. The list of all locality names, as
filled in the dataset, was created from this first extraction,
with all spelling variants kept. This list was then used to
query again the initial dataset and extract every occurrence
with a corresponding locality name, thus including those with
no, or inaccurate, georeference. Finally, a list of significant
geographical keywords was created (209 words) from this list
and used to re-query the initial dataset. At each step, every
occurrence was integrated in our dataset without duplicates. The
general workflow for data aggregation is presented in Figure 2.
The dataset obtained, called “complete dataset” is summarised
in Table 1.

Data cleaning

Geolocation of the whole dataset was achieved through
successive steps. At first, locality names were harmonised
through different sql functions, in order to eliminate most
spelling errors and allow comparison and grouping of
occurrences on a locality-name basis. New Caledonian
toponymy is in the middle of the ford (Gay, 2017) since the
Kanak toponyms are still being inventoried with an orthography
that is not always consistent. The harmonisation process was
therefore carefully handled, with the help of multiple local
references and discussions with local knowledge holders.
Second, cross-checking was performed between different
sources to recover geographical coordinates. These cross-
checkings were done on the basis of a collector and collection
number correspondence, then on the correspondence of
locality name and altitude. RLA and NOU datasets were used
as references, as they had gone through local procedures for
location determination (see Meyer et al., 2021 for the RLA-NC
procedure). The NOU herbarium geolocation is based on the
coordinates indicated on herbarium labels, or, when absent, is
related to the MacKee gazetter and based on the field journal
of H.S. MacKee, the most prolific collector in New Caledonia
(Morat, 2010). The MacKee gazetter, long available online, is
not available anymore since 31/12/2020.

1 https://doi.org/10.15468/dl.wnnppq

TABLE 1 Summary of the original data aggregated per dataset with N,
occurrence number; Ngeoloc, number of geolocated data; Nindet,
number of occurrence not identified at species or lower level.

N Ngeoloc Nindet

P 19,825 16,341 (82%) 1,367 (7%)

NOU 18,958 18,862 (99%) 2,039 (11%)

GBIF (hors P) 11,174 8,419 (79%) 561 (5%)

Other (RLA+ IAC) 32,424+ 4,981 37,066 (100%) 37 (< 0.1%)

Project field mission 371 371 (100%) 66 (18%)

Remaining locality names were located manually using the
team’s field knowledge and various historical items, including
maps (Balansa, 1873; Laporte, 1903, 1939) and field botanists’
journals, either held in NOU herbarium, or published (Meunier
and Tessereau, 2017). Local members of the RLA-NC were also
called upon at some point to confirm the most obscure localities.

Finally, the whole dataset was filtered one-by-one on
every 209 locality keywords to reveal the obviously erroneous
geolocations and correct them. When correcting the locations,
occurrences collected since 2007 were treated very carefully,
as they are supposed to be based on GPS device location,
and consequently more truthful than earlier collections.
A sampling effort index was computed considering the number
of occurrences from NOU, P, and GBIF datasets per square
kilometre to assess the potential sampling bias. Other datasets
were not considered for this index because rare and threatened
species are often overrepresented in local databases, mainly
influenced by conservation-oriented grants or studies, and only
in certain regions. Including it in the analyses thus would have
biased the results concerning the repartition of sampling effort
in the study area.

The first step in taxonomic cleaning was taxon name
harmonisation. The reference considered was Florical
(Munzinger et al., 2022), the most advanced taxonomy
reference for New Caledonia. Identifications were then cross-
checked between collection duplicates in different herbaria.
Reference identification was considered when the identifier field
was filled and the identifier was recognised as relevant for the
taxon concerned.

Remaining unidentified herbarium specimens were then
distributed among the project members, and taxonomy
specialists in the world, according to their respective field
of expertise. A systematic taxonomy literature review served
as reference at this point. Depending on the specialists’
conclusions, some infra-specific taxa were kept and others were
discarded from the dataset.

Finally, non-endemic taxa and hybrids were
excluded and some groups remained unresolved and
were noted as “taxonomic revision needed,” including
Adenodaphne (Lauraceae), Alectryon (Sapindaceae), Alyxia
(Apocynaceae), Arthroclianthus (Fabaceae), Balanops
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FIGURE 3

Overview of the commonness and rarity of the studied flora. Each column represents the number of occurrences of a taxon in the dataset (left
y-axis) and the black curve represents the corresponding locality number (right y-axis). X-axis gives a scale of taxa number. The dashed-lines
represent the first (3) and third quartiles (14) of the locality numbers.

(Balanopaceae), Canarium (Burseraceae), Casearia
(Salicaceae), Coronanthera (Gesneriaceae), Cryptocarya
(Lauraceae), Dianella (Asphodelaceae), Endiandra (Lauraceae),
Eriocaulon (Eriocaulaceae), Eugenia (Myrtaceae), Ficus
(Moraceae), Garcinia (Clusiaceae), Guioa (Sapindaceae),
Homalium (Salicaceae), Korthalsella (Santalaceae), Lethedon
(Thymelaeaceae), Litsea (Lauraceae), Meiogyne (Annonaceae),
Myrsine (Primulaceae), Myrtopsis (Rutaceae), Peperomia
(Piperaceae), Smilax (Smilacaceae), Tapeinosperma
(Primulaceae), Vitex (Lamiaceae), Xylosma (Salicaceae),
and Zygogynum (Winteraceae). Within these genera, however,
specialists were able to identify at least the robust taxa, those
were kept for further analysis. At higher rank, Cyperaceae and a
large part of the Pteridophyta were excluded from the analysis,
due to the high number of unresolved taxa within, and the lack
of experts committed to these groups.

Putative new species were identified and noted as follows
“Genus sp. nov. collector collection number,” with one specimen
chosen as a temporary reference. Material for the description
of new species and/or genus revision were then transmitted to
the recognised specialist if available. Figure 2 gives a detailed
analysis of datasets evolution by main data sources.

Identifying narrow endemic and
threatened taxa

A list of orthographic and taxonomic synonyms was
established for each taxon resulting from the cleaning process.
These synonyms were obtained by comparing the accepted
name with the original one in the source dataset. All original

data sources were then re-queried for every taxon name and
its synonyms to gather occurrences outside of our study area.
In New Caledonia, narrow endemic species were defined by
Wulff et al. (2013) as species present in three localities or
less, with a locality being a group of occurrences separated
by less than 10 km. Our definition differs from Wulff et al.’s
(2013) concept of narrow-endemic species (NES) in that we
here kept some infra-specific taxa, thus justifying the use of the
term narrow-endemic taxa (NET). As in Wulff et al. (2013),
the size of a locality used for the definition of NET was
questioned. The final goal being to identify the most threatened
taxa, locality number was computed with a 10 and a 5 km
definition, and compared to IUCN status of already evaluated
taxa. The dependence of NET locality number, obtained with
both definitions, on IUCN status (CR, EN, or VU) was tested
by a linear regression. The dependance was significant for the
10 km (p-value10 km < 2,2.10−16, R2

10 km = 0,26) and the 5 km
locality definition (p-value5 km < 2,2.10−16, R2

5 km = 0,30).
Further analyses showed that the 5 km definition reduced the
number of taxa considered as NET (i.e., up to three localities),
omitting several taxa already evaluated as threatened by the
IUCN. On the other hand, the 10 km definition gave a higher
sensitivity for the most threatened taxa (CR and EN), with
75.7% of already IUCN-evaluated taxa included in the NET list,
than the 5 km definition (62.1%). The 10 km definition of a
locality used by Wulff et al. (2013) was therefore kept and allows
comparisons with the present results. Consequently, NET are
defined as taxa present in one (NET1), two (NET2), or three
(NET3) localities. Lastly, the endemism richness (Kier et al.,
2009) was computed for each region of the study area, both
based on the entire NET list and restricted to the NET1. This
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index is computed by giving to each taxon a value of one, equally
distributed across its range, based on the mapping unit. In our
case, for instance, a taxon restricted to one region represents a
1 range-equivalent for this region. A taxon present in 2 regions
has a value of 0,5 for each region and a value of 0,33 for a taxon
present in 3 regions. The summary value is then plotted to a
10,000 km2 surface area to allow comparisons with Kier et al.
(2009) results.

Sampling effort was estimated for each region of the study
area, dividing the total number of reliable occurrences (i.e.,
Herbarium specimens) by the region area. Sampling effort effect
on the number of NETs, NET1s, and endemism richness was
then tested via log-linear regressions to assess whether variation
in narrow-endemism across massifs results of a survey gap or
involves particular biogeographic processes.

Results

Consolidated dataset

The complete dataset, corresponding to the study area,
comprises 87.733 occurrences. These occurrences were gathered
from three primary data holders (P, NOU and IAC) and two
aggregators (GBIF and RLA; see Table 1) thus covering about
a hundred different original datasets. About 78.500 occurrences
(91%) were obtained through geographic extraction, and 7.500
(9%) through the subsequent locality-based extraction. Among
main sources, the rate of geolocation is between 79 and 100% of
occurrences geolocated in the original dataset, and 0–11% were
unidentified at species level or higher.

At the end of the geolocation step, 100% of the data were
geolocated, and 48.800 (57%) had their original coordinates
modified by more than a kilometre.

In the consolidated dataset obtained, about 7.300 new
identifications were made, including above 2.350 made by the
project team members, and 1.150 occurrences (1.3% of the
dataset) remained unidentified at species level.

The final dataset comprises 1.686 endemic taxa, of which
1.099 had already been evaluated by RLA-NC following IUCN
methodology (IUCN, 2012). Twenty-six taxa are about to be
added as their revision is nearing completion. Occurrences
gathered thanks to the locality-based extraction process added
102 taxa (6%) that would not have been present otherwise,
and the taxonomic work also added 321 taxa (19%) to the
dataset. Among the latter, 66 taxa are identified as putative new
species, and another 41 taxa are not newly discovered but still
unpublished taxa (ined. in Munzinger et al., 2022). Resulting
locality number analysis is illustrated on Figure 3 and shows
that a quarter of the identified taxa corresponds to the NET
definition (three or less localities), while half are present in less
than 8 localities. The corresponding occurrence numbers also
show that even though rare species are globally less observed

than common ones, the observation pressure is not proportional
to the locality number. The several abnormal high peaks in
occurrences correspond to taxa studied by the IAC (unpublished
data) during earlier conservation studies.

Narrow-endemic taxa listing

The resulting NET-list comprises 457 taxa (Table 2)—
representing 384 species and 73 infra-specific taxa—including
63% already evaluated through IUCN methodology by the RLA-
NC. Detailed NET-list is given in Supplementary Appendix 1.
Seventeen taxa identified as NET 1 or 2 are only present within
active extractive mining areas, four of them having already been
evaluated as CR by the RLA-NC. The remaining 169 NET will
be evaluated in future RLA-NC workshops. It is notable that
almost half of the identified NET are NET 1. It is worth noting
that almost every putative new species identified during the
study corresponds to the definition of NET, while 60% of the
unpublished taxa don’t.

The distribution of NET numbers, endemism ratio and
herbarium specimen density within regions are presented in
Figure 4. The endemism ratio ranges from 329 (Camp des
Sapins) to 4.999 (Kaala) range equivalent per 10,000 km2,
with a mean of 1.711 for the total NES values and 942
for NET1. Regions located in the great southern massif
have respective mean values of 869 and 491, while regions
located in the northwestern massifs have respective mean
values of 2.659 and 1.449. Pinpin and Cap Bocage regions,
both extremities of these entities, show medium values. The
herbarium specimen density shows a clear over-surveying of
the northwestern massifs with some exception in the great
southern massif represented by the South and Nakety/Dothio
regions. The Poro/Kiel and Camp des Sapins regions are
under-surveyed but are also among the biggest and most
inaccessible regions. Log-linear regression showed a significant
positive effect of sampling effort on the number of NET (p-
value = 0,002), on the number of NET1 (p-value = 0,003)
and on the endemism richness (p-value < 0,001) (see
Supplementary Appendix 3).

Narrow-endemic taxa evolution from
2013 to now

Wulff et al. (2013) found 211 NES within the present study
area. The results obtained here doubled this number. Among
both NET lists, proportions of 1, 2, or 3 localities species
are similar (nearly 40% of NET 1, 33% of NET 2, and 27%
of NET 3).

Almost all of the old NES are included in the updated
list (Figure 5A). 151 are currently considered as NET,
of which 72 have an increased number of localities. 41
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TABLE 2 Summary of narrow endemic taxa (NET) listed with their
IUCN status established by the RLA-NC.

Status NET1 NET2 NET3 Total

Endangered (CR+ EN+ VU) 71 67 65 203 (44%)

Non-threatened (LC+ NT) 6 6 20 32 (7%)

Evaluation not made (DD+ NE) 25 18 12 55 (12%)

Evaluation needed 89 54 24 167 (37%)

Putative sp. nov. 48 10 4 62 (14%)

Unpublished taxa 13 7 5 25 (5%)

NET1–NET3, narrow endemic taxa with 1–3 localities; CR, Critically Endangered; EN,
Endangered; VU, Vulnerable; DD, Data Deficient; NE, Not Evaluated. NE species went
through the RLA-NC plants process but were considered not robust enough to be
evaluated.

taxa included in Wulff et al.’s (2013) list now have a
number of localities above the threshold of 3, excluding
them from the present list. Nineteen taxa also disappeared
from the total list because of taxonomic revisions (16

taxa), re-identification (1 taxon) or methodological bias
(2 taxa).

The 306 taxa increase in the updated NET list is
explained both by global scientific contribution and the specific
methodology used in this study (Figure 5B). For the global
contributions, 29 of the new NET have been described since
2013 (Gâteblé et al., 2018). Further, the RLA-NC work, along
with many identifications by specialists explain the remaining
“taxonomic advances”-related appearances. New herbarium
collections—as “sampling effort”—explain 44 appearances. The
“other” category is supposed to be linked with the increasing
digitisation effort, but this is hard to prove (Figure 5B). In
the same way, present taxonomic contributions are related
to putative new species and collections identification realised
during the study. Field trips organised during the study also
added another 22 taxa in the NET list. Finally, the present
method allowed the recovery of 125 taxa via geolocalisation
efforts, or the consideration of infra-specific ranks. Some taxa
have been considered as NET with a 10 km distance between two
localities whereas they correspond to ten or more localities with

FIGURE 4

Number of narrow endemic taxa (NET) per 2 × 2 km cells within the study area (circled in black). Divisions in the study area correspond to locally
accepted “mining regions.” The number below each region’s name represents the sampling effort (occurrences per km2). The numbers next to
the region name correspond, on the upper line, to the total NET number in the region (in black) and the number of NET 1 (in red and brackets).
On the lower line and italicised, are the corresponding endemism richness ratio computed for all NET (black), and NET1 only (red and brackets).
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FIGURE 5

Narrow endemic taxa (NET) list evolution since the study by
Wulff et al. (2013). (A) Distribution of old NET in the present NET
list. (B) Number of taxa added by contribution type since 2013
(below), or during this study (above). Contribution types are not
exclusive.

a 5 km buffer. This phenomenon affects 10 taxa: Achilleanthus
hypolasius, Acianthus veillonis, Agathis ovata, Austrobuxus
rubiginosus, Gea connatistipula ined., Oncotheca balansae,
Pittosporum gatopense, Pleioluma sebertii, Tristaniopsis glauca,
and Xanthostemon myrtifolius.

Discussion

Tackling the big data issue

The results obtained here show the relevance of using entire
datasets in order to obtain a robust listing of the species that
need urgent conservation action. Indeed, the method applied
to tackle the geographical and taxonomic shortfalls led to the
recovery of roughly 20% of the taxa set. However, this work
represents a vast amount of work and time and was only made
possible by the dedication of one person over a 3-year period,
along with the involvement of RLA-NC and the large network
of taxonomists who participated in this effort.

Our results confirm the identified biases in biodiversity
datasets around the world. Beyond including non-geolocalised
data, the cleaning method led to change the localisation of
more than half of the occurrences by more than a kilometre
and resulted in the addition of 57 species (12.5% of actual

NES) within the project area, a result concomitant with findings
elsewhere (Zizka et al., 2020). The one kilometre or coarser
resolution is often used for species modelling at a regional scale
(Mod et al., 2016; Pecchi et al., 2019), one of the main uses of
primary biodiversity data (Ball-Damerow et al., 2019; Heberling
et al., 2021), because it fits the bioclimatic data available at
a 30 arc-s resolution (Fick and Hijmans, 2017; Karger et al.,
2017). Our results, obtained on the basis of locally recognised
references, historical material and the involvement of local
field-experts, thus reveals a hindrance for using this kind of
data at a fairly high resolution. Without any kind of cleaning,
such work would suffer a substantial geographical bias, adding
uncertainty to the identified biases in the bioclimatic datasets
(Dubos et al., 2022).

Secondly, the taxonomy issue, well described in global
datasets (James et al., 2018), is particularly expressed here. As
a matter of fact, identifications of herbaria from the P and NOU
herbaria, which provided us with up-to-date data, remained
almost unchanged, except for the unidentified specimens, and
some synonyms issues. On the other hand, about a quarter of
GBIF-obtained occurrences had their identification corrected
during the study, while the amount of unidentified specimens
remained stable. This latter statement is mainly due to the
absence of online available specimen pictures. The former on the
other hand points to the difference between herbaria, curated
and regularly updated, and online data repositories where data
curation is a complex issue (Triebel et al., 2012; Zizka et al.,
2020). Here we recognise the high value of such a worldwide
repository, but focus on, and advocate for, the need for feedback
and/or curation of the datasets (Miller et al., 2015) if they are to
be used at global scale, i.e., without local taxonomists or people
aware of the local toponymy.

The increasing knowledge availability

On the other hand, we confirmed the benefits obtained from
the digitisation effort worldwide. At a global scale, Heberling
et al. (2021) showed a sixfold increase of online herbarium
vouchers between 2007 and 2021. No such analysis is available
locally but, as an indication, the totality of the NOU herbarium
sheets (ca. 90 000 specimens) have been digitised and put
online during the last decade (Bruy et al., 2021), including
several thousands by the project team. Furthermore, based on
the numbers given by Wulff et al. (2013), we were able to
calculate that their dataset was composed of around 150.000
occurrences from P, NOU, and Z herbarium for all of New
Caledonia. As a comparison, our raw dataset for these three
institutions comprises about 250.000 occurrences for the whole
of New Caledonia, representing a 70% increase within 10 years.
This increase must at least partly explain the 180% rise in
the number of narrow-endemics sensu Wulff et al. (2013—i.e.,
considering only the specific rank) found here. A bigger dataset
might also represent a limit, due to our definition of a NET.
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Our methodology is based on a 10 km distance between
two occurrences to consider distinct localities. In some cases,
two long known localities, separated by more than 10 km,
may now be considered as one, if new observations were
added between both original locations. Thus, increasing the
quantity of occurrences may have the mechanical effect of
reducing the number of localities, leading to the assessment of
a common species as a NET in some cases. Taxa affected by
this phenomenon raise some doubts about their consideration
as NET. All taxa concerned are restricted to the great southern
massif, except Pittosporum gatopense, a species considered as
critically endangered (Gemmill et al., 2017) and present at the
bottom of some northwestern massifs. These “anomalies” may
thus reflect a distribution pattern of taxa restricted to the great
southern massif, yet relatively abundant locally. In such a case,
the distribution of a taxon restricted to one massif such as
the great southern massif, could result in one or a few large
localities (10 km definition) but more narrower localities (5 km
definition). This distinction has long been stated in the studies
of rarity (Rabinowitz, 1981), where rare species can have a
narrow distribution and be both rare or abundant locally. The
concept of NET as defined by Wulff et al. (2013) tends to identify
constantly sparse and geographically restricted species. We,
however, show here that it can also capture locally abundant but
geographically restricted species, following Rabinowitz (1981)
forms of rarity. The IUCN status of these species, for the ones
already evaluated, ranges from CR to LC, depending mostly on
the threats to their habitat, which affects the location count. This
limit in the methodology illustrates an apparent contradiction
and reveals that in some cases, geographically restricted taxa
may not be critically threatened. The NET approach is thus
powerful to identify taxa that are inherently vulnerable due
to their narrow-range distribution, and is very informative
for biogeographical understanding of the flora. It, however,
needs to be complemented by the IUCN (2012) approach
in order to at least complete the prioritisation process for
conservation actions.

The great increase in NET numbers also stems from
the continuous scientific effort toward completion of the
biodiversity inventory, both in terms of taxonomic revisions
and collection of specimens. Our results show the last decade’s
survey efforts by botanists added several dozen species to the
project list and we showed a positive relationship between
the number of NETs, NET1s, endemism richness and the
survey effort per massif. This shows that the sampling effort
is not yet sufficient in New Caledonia to fully understand
the distribution of and number of species, advocating for a
continuous field work. More importantly, as stated by Gâteblé
et al. (2018), New Caledonia still remains on course to achieve
the complete inventory of its flora. They also prophesied
that further taxonomic description would concern primarily
narrow range species. Our results corroborate this statement
as almost all putative new species identified during our study

are considered NET in our results. Some of them are presently
being described but a lot of the genera and families left aside
in this study remain orphans of a specialist engaged to push
this endeavour forward. We hope this study will foster trained
taxonomists to fill this gap in the near future.

The extreme nature of narrow-
endemism in New Caledonia. . .

Previous studies on narrow-endemic species in New
Caledonian flora (Wulff et al., 2013) or fauna (Caesar et al.,
2017) highlighted, respectively, 21.7% of plants and 22% of
animals as narrow-endemics. Our results, even slightly higher
(27.1%), remain comparable and emphasise the extreme nature
of narrow-endemism in New Caledonia, and the irreplaceability
of the flora. Kier et al. (2009) defined the endemism richness
as the range equivalent sum (proportion of the distribution
of an endemic species per area unit) for 10.000 km2. They
already found that New Caledonia was surpassing every other
place with an endemism richness of about 1.350, the second
being the Cape region in South Africa with about 750. This
value can be compared with the 3.700 found by Gâteblé et al.
(2018)—computed on the basis of NET1—on Ile Art, north
of Grande Terre, another narrow-endemism hotspot but not
yet threatened by active mining activity. We computed this
ratio only on the basis of the NET and NET1 lists, making
any comparison tricky. However, even with this restricted
definition, we found values higher than Kier et al.’s (2009)
results for the whole of New Caledonia, especially in the
regions located in the northwestern massifs. Despite a similar
sampling effort, the results found in the southern massif are
also surprising because they yield lower values than in the
northwest. They may be the result of a larger area in a
single block, interpreted as a hindrance to speciation and
consequently to the diversification of NETs in this region. These
results, along with Gâteblé et al.’s (2018), may be seen as a
validation of Isnard et al. (2016) definition of the ultramafic
patches as “edaphic islands.” Edaphic islands are known as
drivers of plant speciation and endemism (Rajakaruna, 2018),
and it has been suggested that their endemism rate was
a function of isolation and matrix permeability (McGann,
2002; Itescu, 2019). The matrix (non-ultramafic areas here)
permeability issue would require more investigation to be
tested soundly. However, the apparent geographical isolation
of northwestern massifs in comparison with the southern
massif seems to be reflected here in the superior endemism
ratio found in the former. Further biogeographical work is
needed to conclude on that matter, but in the meantime, the
precautionary principle suggests to consider the northwestern
massifs as edaphic isolated islands and plan conservation
actions accordingly. Considering this, climate change is also
to be considered from this point of view, as it poses
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peculiar challenges in the case of edaphic endemics (Corlett
and Tomlinson, 2020), and notably those having a narrow
altitudinal range.

. . . and the need for adapted
conservation planning

From a conservation point of view, the high narrow-
endemism levels described here are a sad reminder of the
urgent need for conservation actions in ultramafic areas of New
Caledonia, as well as of the lack of protection (Jaffré et al.,
1998; Wulff et al., 2013; Gâteblé et al., 2018; Ibanez et al.,
2019). The original narrow-endemism hotspots highlighted by
Wulff et al. (2013) are here highlighted again, except that far
more NET are now identified in these areas. Among these NET,
86% of taxa assessed on the IUCN Red List (excluding DD
and NE) are considered to be threatened. There is no doubt
that the results will be roughly equivalent for the whole NET
list. However, any conservation measure on ultramafic areas
must account for the peculiar nature of these environments.
Recently, Pillon et al. (2021), showed that ultramafic areas
in New Caledonia could be considered as OCBILs (Hopper
et al., 2016), a statement supported by the high endemism
richness found in this study. Furthermore, the high level of
irreplaceability, a point here enlightened by the 18 NET only
existing within mining areas, was also recognised as a key feature
of OCBILs conservation (Hopper et al., 2021). Thus, thinking
of ultramafic areas in the OCBIL intellectual framework brings
insight on the NET conservation on mining areas, as it cannot
be planned as in other areas (Hopper et al., 2021). First,
the infertile nature of these areas, largely stated by L’Huillier
et al. (2010), as well as the reduced dispersability of the plant
species present (Ititiaty et al., 2020; Pillon et al., 2021), is a
common feature of OCBILs (Hopper et al., 2016). It results
locally in a hindrance for ecological restoration (Losfeld et al.,
2015)—a standard way to improve and recover both quality
and quantity of species’ habitats in industrial environments.
We here admit that it represents a similar hindrance for
species translocation—a common but still hazardous tool for
species conservation (Godefroid et al., 2016)—as it may impact
both establishment and growth rates. As a mirror, Hopper
et al. (2021) suggested the inefficiency of both restoration and
biodiversity offsets (May et al., 2017), a commonly proposed
mining industry attenuation tool (ICMM, 2005) in such areas
for conservation purposes. Similarly, the discussed subject of
avoiding biodiversity loss by reducing habitat fragmentation
(Fahrig, 2019) would make little sense here, at least at a territory
scale, regarding the high NET turnover between isolated massifs.
It could, however, be effective at a higher resolution, to
plan reserve and conservation actions on ultramafic massifs
(Justeau-Allaire et al., 2021). Consequently, if we accept the
OCBIL nature of the ultramafic areas, the island-like nature
of northwestern massifs, and the resulting high narrow-range

diversity stated here, conservation actions need to be scaled
accordingly. We thus advocate for several urgent measures. First
and foremost, the implementation of diversely scaled reserves
(Ibanez et al., 2019) is urgently needed on every massif to
protect a significant proportion of these taxa. Second, the long
lasting evolution of species assemblages in these environments
(Hopper et al., 2021) cannot be substituted by human timescale
devices. The use of biodiversity offsets then shouldn’t be
considered as a conservation tool per se. And last but not
least, we urge to change our prism and consider each and
every ultramafic patch as an island, and build conservation
and restoration plans to that scale. The present results must
be of use for such an endeavour, as already proved on one
massif (Lannuzel et al., 2021). But other tools developed locally
(Justeau-Allaire et al., 2021) or in similar environments (e.g.,
Tomlinson et al., 2020) must be mobilised to ensure that
biodiversity erosion is stopped in these unique environments.

Conclusion

In this study, we first aimed at using the biggest dataset
available to enhance our knowledge of taxa threatened by
mining activities. Through an original workflow, this goal was
reached and showed more than ever the high endemism richness
found in the flora of New Caledonian ultramafic areas. As a
consequence, we were able to tackle, at least partly, the Linnean
and Wallacean shortfalls identified by Meyer et al. (2021) and
our results will feed the future works of the RLA-NC plants.
However, as often in science, the answers brought here led to
more questions for the conservation of this unique flora. On
one side, the recognition of far more NET, along with the recent
advances regarding the ecology of these environments draws
a path for actions. On the other side, we also emphasised the
lack of knowledge about biodiversity and the work still needed
to complete the biodiversity inventory. The scientific progress
being slower than the mining exploitation, the question remains,
how to preserve what is not yet known?
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