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Abstract. 1. This study focuses on the importance in hyperdiverse regions, such
as the Amazonian forest, of accelerating and optimising the census of inverte-
brate communities.

2. We carried out low-intensity sampling of tropical moth (Lepidoptera)
assemblages in disturbed forest fragments in Brazil.

3. We combined DNA barcoding and taxonomists’ expertise to produce fast
and accurate surveys of local diversity, including the recognition and census of
undescribed and endemic species.

4. Integrating expert knowledge of species distributions, we show that despite
limited sampling effort, our approach revealed an unexpectedly high number of
new and endemic species in severely threatened tropical forest fragments.

5. These results highlight the risk of silent centinelan extinctions and empha-
sise the urgent need for accelerated invertebrate surveys in high-endemism and
human-impacted tropical forests.
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Introduction

Forest fragmentation and habitat loss are among the
major causes of global biodiversity decline (Wilson, 2002;

Ceballos et al., 2015). Our capacity to record and measure
species extinctions and the associated loss of ecosystem
services in impacted environments is strongly impeded by

incomplete knowledge of this diversity, as best illustrated
by hyperdiverse invertebrate communities in tropical

rainforests (Basset et al., 2012; Lamarre et al., 2016). In

insects, the likelihood for a species to become extinct has
recently been shown to be far more likely than previously
thought (Regnier et al., 2015). Hence, most species extinc-

tions remain silent and their impact unnoticed (Fonseca,
2009). In a context of escalating threats in the Amazon
basin due to land-use changes (Fearnside, 2005; Asner

et al., 2010) and climate anomalies (Malhi et al., 2008),
there is a critical need to develop and apply efficient
approaches to address this knowledge gap and therefore

obtain a more comprehensive understanding of the impact
of these changes on communities (Diniz-Filho et al.,
2010).
Entomological surveys in tropical rainforests are notori-

ously challenging. The study of the diversity of insect
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communities requires vast sampling effort and broad tax-
onomic expertise, both usually coming up short because
of field constraints and lack of available resources. Conse-
quently, reaching the asymptote in surveys of insect diver-

sity is generally elusive (Fontaine et al., 2012; Ashton
et al., 2014; Lees et al., 2014). This issue may limit our
ability to devise conservation strategies and policies

accounting for this dominant segment of global biodiver-
sity.
Our study investigates the value of a limited sampling

effort on multiple moth families through standardised
snap-shots using a combination of DNA barcoding and
taxonomic expertise. We apply this approach on disrupted

forest fragments in the Bel�em Center of Endemism (Par�a
and Maranh~ao States, Brazil; hereafter BCE) with a spe-
cial focus on the discovery of undescribed and endemic
species that can be used to rapidly inform the need for

local conservation policies to prevent centinelan extinc-
tions, i.e. extinction before species are even discovered
and described (Wilson, 2002).

Materials and methods

Forest fragments in the BCE

Sampling was carried out in April 2009 at one site

within each of four forest fragments in the Brazilian states
of Par�a and Maranh~ao (see Fig. S1): (i) Moj�u: the
Emprapa forest reserve in Moj�u (Par�a, 2°10048.1″S,
48°48006.1″W); (ii) Mokambo: the urban Park of

Mokambo (Bel�em, Par�a: 1°26000.5″S, 48°24040.0″W); (iii)
Gunma: the Ecological Park of Gunma (Bel�em, Par�a,
1°12047.6″S, 48°17022.6″W) and (iv) Gurupi: the Integral
Biological Reserve of Gurup�ı (Ac�ailândia, Maranh~ao
4°00005.2″S, 46°50013.9″W). All these sites are covered
with primary and/or old secondary rainforest, and alto-
gether belong to the BCE (Amaral et al., 2012).

Moth sampling and identification procedure

We performed a limited standardised sampling of moth
assemblages for two nights at each site (Fig. 1a). Speci-

mens were attracted using a standard light trap consist-
ing of a 125W mercury vapour bulb illuminating a white
sheet of 2 m by 3 m. All macro-moths were manually
collected, killed in cyanide jars or by injection of ammo-

nia, and then placed in labelled glassine envelopes. Sam-
pling extended for the entire night (Lamarre et al., 2015)
during the dark phase of the moon to maximise sampling

efficiency. Specimens were sorted into morphospecies
based on external morphological characters, and up to
five specimens per morphospecies and per collecting night

were processed through DNA barcoding. DNA was
extracted from a single dry leg or a leg fragment using a
routine high-throughput automated silica-based protocol
in 96-well plates (Ivanova et al., 2006), at the Canadian

Centre for DNA Barcoding (Biodiversity Institute of
Ontario, University of Guelph, Ontario, Canada). The
barcode region of the COI gene (Hebert et al., 2003) was

amplified and sequenced following routine protocols

Fig. 1. Rarefaction and extrapolation curves showing (a) the observed species richness for each forest fragment (continuous line) and the

predicted species richness if sampling effort was doubled (dotted line or shaded area); (b) the number of new and endemic species observed

for each forest fragment (continuous line) and the predicted number of new and endemic species if sampling effort was doubled (dashed

line or shadow).
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(Hebert et al., 2004; Hajibabaei et al., 2005, see also
http://www.ccdb.ca/resources.php for online protocols).
All sequences, electropherograms, specimen data and pic-
tures are publically available in the public dataset named

DS-INCT01 (doi: 10.5883/DS-INCT01) in the Barcode of
Life Data Systems (BOLD; www.boldsystems.org).
Voucher specimens were deposited in the Museu Para-

ense Em�ılio Goeldi (Bel�em, Par�a, Brazil).

Data analysis

As a first analytical step, we used automatically gener-

ated Barcode Identification Numbers (or BINs, as imple-
mented in BOLD) as a proxy for species (Hausmann
et al., 2013; Ratnasingham & Hebert, 2013). BINs proved
to be good estimators of species richness in Lepidoptera

(Zahiri et al., 2014; Zenker et al., 2016) and alternative
methods such as ABGD (Puillandre et al., 2011) and PTP
(Zhang et al., 2013) produced comparable outcomes for

our dataset (results not shown). The BIN results were
used to plot rarefaction and extrapolation curves and to
obtain species richness estimates using the iNEXT pack-

age for R (Chao & Jost, 2012). We used characters of the
habitus visible from images, as well as DNA sequence
comparisons on BOLD (Ratnasingham & Hebert, 2007),
to make a family-level taxonomic assignment for each

BIN as well as genus- or species-level identifications when
sequences match to taxa in the DNA barcode reference
library permitted it. In seven families (see Table 1), each

specimen was examined and studied by expert tax-
onomists who (i) confirmed or provided species-level iden-
tifications for known species, (ii) identified specimens they

considered to represent undescribed species, and (iii) clas-
sified all recognised species as either endemic or non-ende-
mic to BCE. By combining both barcoding results and

taxonomy expertise, we were able to estimate the number
of putative endemics and new species in the studied forest
fragments.

Results and Discussion

Our study examined 1127 specimens belonging to 25
macro-moth families and 601 distinct BINs that were trea-
ted as species-level proxies. Gurupi, the largest forest frag-

ment in our study, was the most diverse site (222 BINs),
followed by Moj�u (220 BINs), Gunma (170 BINs) and
Mokambo (127 BINs). With the crucial taxonomists’
expertise integrated into our survey (Table 1), we identi-

fied 94 BCE endemic species and 90 presumptively unde-
scribed species (Table 1, see details in Table S2). Even in
the least diverse urbanised site of Mokambo, our results

revealed 8.6% endemic and 7.1% of the BINs could cor-
respond to undescribed species. In Erebidae, Notodonti-
dae and Saturniidae, the three most diverse families

examined by expert taxonomists, endemic species
accounted for 18%, 35% and 23%, while undescribed

species comprised almost 20%, 26% and 24% of the
BINs respectively. Though less diverse, half of the diver-

sity of BINs in the family Apatelodidae from the BCE
was either endemic or undescribed species. Unsurprisingly,
the well-studied, strongly flying hawkmoths (Sphingidae)
showed neither endemics nor undescribed species.

Our results show that despite sampling for only two
nights per site and one site per forest fragment (Fig. 1a),
we collected numerous new and endemic species in iso-

lated tropical forest fragments, some of which are severely
threatened by human activity (in spite of current protec-
tion measures in Gurupi). The ratio of BCE endemics and

undescribed species unveiled is striking (Table 1, Fig. 1b,
Table S2), even in large, well-documented moths such as
the wild silkmoths (Saturniidae). Considering that almost
70% of the forested area in BCE has now been cleared

(Da Silva et al., 2005), our results suggest that a large
portion of insect species have already faced centinelan
extinction, meaning that they may have become extinct

before being described or discovered (Wilson, 2002). This
result strongly stresses the importance of preserving forest
remnants in the BCE (Da Silva et al., 2005; Pimm et al.,

Table 1. Summary of the diversity in all families, showing the

number of individuals sampled (n), the number of BINs observed

(# BINs), the number and percentage of endemic species for BCE

(# end. sp. and % end.) and of new taxa for science (# sp. nov.

and % sp. nov.). Lines highlighted in grey represent the families

for which taxonomic expertise was available.

Families n # BINs

# end.

sp. % end.

# sp.

nov.

% sp.

nov.

Apatelodidae 33 8 3 37.5 3 37.5

Bombycidae 8 2 1 50.0 1 50.0

Cossidae 13 7

Crambidae 28 17

Dalceridae 2 2

Depressariidae 2 2

Erebidae 304 179 32 17.8 36 20

Geometridae 159 80

Hesperiidae 1 1

Lasiocampidae 33 22

Limacodidae 17 9

Megalopygidae 23 15

Mimallonidae 17 12 2 16.7 4 33.3

Noctuidae 33 24

Nolidae 3 3

Notodontidae 201 113 40 35.4 29 25.6

Psychidae 1 1

Pyralidae 11 6

Riodinidae 1 1

Saturniidae 168 66 15 22.7 16 24.2

Sphingidae 54 22 0 0 0 0

Thyrididae 9 4

Tineidae 1 1

Uraniidae 2 2

Not identified 3 3

Total 1127 601 93 91
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2010) and the urgency for new conservation strategies to
mitigate human land-use and deforestation for both large
and small forest remnants of the BCE (see Koh & Sodhi,
2004 for the importance of urban fragments in butterfly

conservation).
Assessing the conservation status of insect communities

in tropical regions is strongly impeded by the lack of

knowledge concerning their diversity and the distribution
ranges of species. The snapshot of moth diversity and
endemism produced in this study revealed the deep lack

of understanding of biodiversity in these communities.
Although our approach required time-consuming taxo-
nomic expertise, a major limitation to its scaling up, we

stress the very powerful contribution made by integrating
DNA barcoding in the workflow. Reference libraries of
DNA barcodes for Lepidoptera are the best developed to
date for any group of organisms (>1M sequenced records

on BOLD; www.lepbarcoding.org). These reference
sequences made it possible for us to rapidly identify a
large number of our specimens to a known species

through sequence matching, greatly reducing the burden
on expert taxonomists and allowing them to focus on
identification and study of samples whose DNA sequences

represented new BINs in the BOLD database.
Our study demonstrates that molecular tools using

available library provide a basis for a greatly accelerated
census that allows the documentation of species that

would otherwise remain unnoticed. As such, it provides
the volume of data needed to diagnose ongoing challenges
in tropical ecosystem. This approach will become increas-

ingly powerful when the barcode reference library gains
further parameterisation because it overcomes the taxo-
nomic impediment which leads to decade-long delays in

the formal description of species new to science (Mora
et al. 2011) which may be endemics of a given region.
Because DNA libraries are still incomplete, taxonomic

classification is still fundamentally needed. Our study
highlights that taxonomic expertise holds great potential
to detect novelty and/or extinction risks among tropical
forest fragments when gleaned through DNA barcoding.

Further development of comprehensive DNA barcode
libraries for described species of invertebrates, as is the
case globally for the Saturniidae and Sphingidae families,

along with distributional databases integrating expert
knowledge (Jetz et al., 2012) represents a key endeavour
to promote the integration of invertebrate communities

into conservation studies aiding the measurement and pre-
vention of centinelan extinctions.
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Figure S1. Location of the four forest fragments that

were studied within the Bel�em Center of Endemism in
Brazil, including local-scale GIS images of land use met-
rics; 1) the Emprapa forest Reserve in Moj�u; 2) the Urban

Park of Mokambo; 3) the Ecological Park of Gunma and
4) the Integral Biological Reserve of Gurup�ı.
Table S2. Data summary for new and endemic species

collected at each site during this study. n=number of spec-
imens; # BINs= number of BINs observed; Chao1=
Chao1 estimator of species richness (Chao & Jost, 2012);
ACE= Abundance-based coverage estimator of species

richness (Chao, 2005); C.hat = Estimator of sample cover-
age (Chao & Jost, 2012); New species refers to putatively
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