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DNA barcoding – taxon identification using a standar-
dized DNA region – has received much attention
recently, and is being further developed through an
international initiative. We anticipate that DNA barcod-
ing techniques will be increasingly used by ecologists.
They will be able to not only identify a single species
from a specimen or an organism’s remains but also
determine the species composition of environmental
samples. Short DNA fragments persist in the environ-
ment and might allow an assessment of local biodiver-
sity from soil or water. Even DNA-based diet
composition can be estimated using fecal samples. Here
we review the new avenues offered to ecologists by DNA
barcoding, particularly in the context of new sequencing
technologies.

A new name for an old concept
The term ‘DNA barcoding’ is of recent use in the literature
[1,2]. It relies on the use of a standardized DNA region as a
tag for rapid and accurate species identification [3]. Never-
theless, DNA barcoding is not a new concept. The term
‘DNA barcodes’ was first used in 1993 [4], in a paper that
did not receive very much attention from the scientific
community. The concept of species identification using
molecular tools is older still [5]. However, the golden age
of DNA barcoding began in 2003 [2]. The now well-estab-
lished Consortium for the Barcode of Life (CBOL, http://
barcoding.si.edu), an international initiative supporting
the development of DNA barcoding, aims to both promote
global standards and coordinate research in DNA barcod-
ing. For animals, the gene region proposed for the standard
barcode is a 658 base pair region in the gene encoding the
mitochondrial cytochrome c oxidase 1 (COI) [2]. For plants
the situation is controversial, and many strategies have
been proposed, either based on a single chloroplast region
[6,7] or on a combination of different regions [8,9].

Taxonomists are not the only potential users of DNA
barcoding, as the technique can be useful for scientists
from other fields (e.g. forensic science, the biotechnology
and food industries and animal diet) [10]. Taxonomists are
concerned with DNA barcoding sensu stricto. Other scien-
tists will be more interested with DNA barcoding sensu
lato, that is by DNA-based taxon identification using
diverse techniques that can lie outside the CBOL approach
(Box 1; see Table S1 in the online supplementarymaterial).
The difference between the two approaches derives mainly
from different priorities given to the criteria used for
designing the molecular markers (Box 1).

Here our purpose is to review the main applications of
DNA barcoding in ecology, with an emphasis on the new
opportunities linked to the recent availability of next-
generation DNA sequencers. First, we will present the
new tools that make the barcoding approach for ecologists
easier. We will then focus on single-species identification,
which is the historical fundament of DNA barcoding.
Finally, we will discuss the unprecedented potential of
DNA barcoding for simultaneous multiple-species identi-
fication from a single environmental sample, for biodiver-
sity assessment and for diet analysis from feces.

New tools for new prospects
In the past 20 years the technology of DNA sequencing has
greatly improved, from manual sequencing to automated
sequencers. A single automated 96-capillary sequencer can
provide more than 1000 sequences of 1000 base pairs (bp)
per day. Even non-geneticists now have easy access to
sequencing via companies that offer this service at a
competitive price. Clearly, the development of DNA bar-
coding is linked to these improvements.

When using the classical sequencing approach via capil-
lary electrophoresis, environmental samples (Box 2)
require an additional step of cloning the different amplified
DNA fragments into bacteria, followed by sequencing hun-
dreds or thousands of clones to reveal the full complexity of
those samples. Such a cloning step is both expensive and
time consuming, thus limiting large-scale applications.
New DNA sequencing technologies bypassing the cloning
step have recently been developed (Box 3), opening the way
to applying large-scale DNA barcoding studies to environ-
mental samples (Figure 1).

More and more sequence data for the accepted barcod-
ing markers are becoming available in public databases
(GenBank, http://www.ncbi.nlm.nih.gov; EMBL, http://
www.ebi.ac.uk/embl; DDBJ, http://www.ddbj.nig.ac.jp) as
sequencing facilities improve. This greatly stimulates the
development of species identification via DNA barcoding,
and enhances the design of standardized methods by
allowing a better design of ‘universal’ primers. However,
the quality of the sequence data in GenBank, EMBL or
DDBJ is not always perfect [11], either as a result of
sequencing errors, contaminations, sample misidentifica-
tions or taxonomic problems. CBOL’s recent initiative to
build a new database specially dedicated to DNA barcoding
will change this situation, and will provide an efficient and
accurate tool for species identification (Barcode of Life
Data Systems, BOLD, http://www.barcodinglife.org).
BOLDhas been designed to record not onlyDNA sequences
from several individuals per species (including primer sets,
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electropherogram trace files and translations) but also
complete taxonomic information, place and date of collec-
tion, and specimen images [12]. All these improvements
will probably boost the use of DNA barcoding by ecologists.

Single-species identification
The classical use of morphological traits for species identi-
fication has several limitations. They include, for example,
the misidentification of a taxon due to the phenotypic
plasticity of the trait studied or the existence of cryptic
taxa [13]. Moreover, morphological keys are sometimes
only effective for a particular life stage or gender, as for
example in Diptera, where species identification is mainly
based onmale genitalia [14]. Thus, a high level of expertise
is often required to correctly identify species with the
accuracy required in ecological studies. The DNA barcod-
ing approach might currently represent the best solution

Box 1. DNA barcoding: definitions and ideal properties

DNA barcoding sensu stricto corresponds to the identification of the

species level using a single standardized DNA fragment. This

definition fits with the CBOL view [2].

The definition of DNA barcoding sensu lato is much less

restrictive. It corresponds to the identification of any taxonomical

level using any DNA fragment. The identification of genera or

families, from an environmental sample using a very short DNA

fragment that has not been recognized as the standardized barcode,

can nevertheless be considered as DNA barcoding sensu lato. Taxon

identification with diagnostic single-nucleotide polymorphisms

(SNPs) or with insertions/deletions (indels) can also be considered

as DNA barcoding sensu lato (see Table S1 in the online

supplementary material). The identification of populations within a

given species, based either on diagnostic markers or on the

differences in marker frequencies among populations, refers to

assignment tests [83], and should not be considered as DNA

barcoding.

The ideal DNA barcoding system should meet the following

criteria [69].

(i) The gene region sequenced should be nearly identical among

individuals of the same species, but different between species.

(ii) It should be standardized, with the same DNA region used for

different taxonomic groups.

(iii) The target DNA region should contain enough phylogenetic

information to easily assign unknown or not yet ‘barcoded’

species to their taxonomic group (genus, family, etc.).

(iv) It should be extremely robust, with highly conserved priming

sites and highly reliable DNA amplifications and sequencing.

This is particularly important when using environmental

samples, where each extract contains a mixture of many

species to be identified at the same time.

(v) The target DNA region should be short enough to allow

amplification of degraded DNA. Usually, DNA regions longer

than 150 bp are difficult to amplify from degraded DNA.

Thus, the ideal DNA barcoding marker should be variable,

standardized, phylogenetically informative, extremely robust and

short. Unfortunately, such an ideal DNA marker has not yet been

found or, perhaps, does not even exist [49]. As a consequence,

taking into account the scientific and technical contexts, the

various categories of users (e.g. taxonomists, ecologists, etc.) will

not give the same priority to the five criteria listed above [9].

Criteria (i), (ii) and (iii) are the most important for taxonomists

(DNA barcoding sensu stricto), whereas ecologists working with

environmental samples will favor criteria (iv) and (v) (DNA

barcoding sensu lato) [69].

Box 2. Environmental samples

An environmental sample is a mix of organic and inorganic

materials taken from the environment (e.g. soil or feces). It can

contain live individuals (i.e. microorganisms or small macroorgan-

isms such as nematodes or springtails) and remains of macro-

organisms present around the sampling site. Until now,

environmental samples have been used mainly for studying

microbial communities, using 16S or the internal transcribed spacer

of rDNA as the barcode [43–45,84]. In this case, DNA sequences of

several hundreds of base pairs can be retrieved because DNA of

good quality is extracted from live microorganisms. Environmental

samples should also be useful for characterizing the diversity of

macro-organic species (such as plant or animals) in an ecosystem.

Here the DNA comes from dead macroorganisms, is in most cases

highly degraded, and only short sequences can be amplified; the

new sequencing techniques (Box 3), coupled with universal primers

that amplify short fragments, now enable the identification of

various macro-organic taxa. A few studies have already been carried

out using different types of environmental samples:

� water for microbial biodiversity [33] and for identifying an

invasive species [40];

� modern soil for comparative analyses of bacterial communities

[43–45];

� permafrost for assessing past animal and plant communities [51];

� silty ice at the base of an ice cap for assessing past animal and

plant communities at the onset of glacial conditions [52];

� rodents’ middens for describing past plant communities [53];

� feces samples for diet analysis [68,70].

Box 3. The next-generation sequencing systems

The current barcoding system (CBOL approach) has been designed

to fit with DNA sequencers based on capillary electrophoresis, which

yield a typical read length of 500–1000 bp. Recently, next-generation

sequencing systems have become available [85,86]. Several new

techniques have been implemented, all based on the sequencing of

individual DNA molecules (with or without an amplification step),

and on a massively parallel approach allowing the simultaneous

sequencing of at least hundreds of thousands of molecules (see

Table I). All the new sequencers, except for one, produce very short

fragments. The only system that allows sequenced fragments longer

than 25–35 bp is the 454 GS FLX (Roche) [87], which currently

delivers 400 bp fragments. The enormous amount of relatively long

sequences produced make this new sequencer suitable for environ-

mental barcoding studies where there is the need to deal with

complex samples composed of a mix of many species (e.g. deep sea

biodiversity [39] and diet analysis [70]).

Table I. Next-generation sequencing systems and their characteristics

Sequencer Company Fragment length per read Number of reads Total output Time per run

Genetic Analyzer/Solexa [79] Illumina 25–50 bases 60 000 000 reads per run 2 Gb per run 6.5 days

SOLiD DNA Sequencer [80] Applied Biosystems 25–35 bases 85 000 000 reads per run 3 Gb per run 6 days

Heliscope [81] Helicos 25–50 bases 100 000 000 bases per hr 2 Gb bases per day Not relevant

454 GS FLX [82] Roche Diagnostics 400 bases 2 000 000 reads per run 1 Gb per run 8 h

Abbreviations: Gb, gigabases.
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for identifying species when their morphology is of limited
use [15], even if DNA barcoding itself also presents some
limitations (see e.g. Ref. [16] and the section Limitations
and Perspectives below). The following examples illustrate
some situations where DNA barcoding has greatly helped
ecologists.

Nematodes play an important role in ecosystems. They
can contribute to nitrogen mineralization and distribution
of biomass within plants in soil ecosystems [17]. Despite
this important role, their identification is still extremely
challenging. Due to these difficulties, their biodiversity is
greatly underestimated. For example, it is estimated that
global marine nematode species richness exceeds one
million, while only a few thousand of them are described
[18]. For a better assessment of nematode biodiversity,
ecologists studying this group should take the opportunity
to use DNA barcoding in both marine and terrestrial
environments [1,19,20].

In addition, ecologists can take advantage of DNA tools
when only hair, feces or urine left behind by animals are
available for species identification. Such an approach is
now widely used, and is particularly useful for detecting
the presence of elusive or endangered species. For
example, the recent wolf range expansion in France and
Switzerland has been traced back using mainly feces and
hair samples [21]. Another study demonstrated that feces
from the sympatric Amur leopard (Panthera pardus orien-
talis) and Siberian tiger (P. tigris altaica) can be easily
distinguished based onmitochondrial DNA polymorphism,
enabling the possibility to record the respective presence of
these two endangered subspecies in the field [22].

Identifying species through DNA barcoding is also help-
ful for understanding interspecies interactions [23,24]. For
example, the barcoding approach has already shown that
the existence of cryptic species could mask the specializ-
ation of a parasite to a single host. Several morphospecies
of tachinid parasitoid flies thought to be generalist actually
corresponded to many different cryptic species that were
less generalist or even specialist [25,26]. In the same way,
three species of Cerambycidae insects (Palame spp.) feed-
ing on trees of the Lecythidaceae family yielded three new
more specialized cryptic species with different host and
season preferences [27].

Furthermore, DNA barcoding can be advantageous for
monitoring illegal trade in animal byproducts. When such
products are sold, identification through morphological
characteristics might no longer be possible. Sometimes
only hairs are available for species identification, and it
is very difficult or even impossible to visually determine
whether a hair came from an endangered or a legally sold
species. DNA methodology has been successfully imple-
mented to identify Eurasian badger (Meles meles) hairs in
expensive shaving brushes [28] and Tibetan antelope
(Pantholops hodgsonii) in shahtoosh, a luxury shawl
[29]. Many other examples can be found in the food indus-
try (see e.g. Ref. [30]). For instance, scientists using this
technique revealed that 23% of black caviar samples pur-
chased in the USA were labeled with an incorrect species
name, and in some cases the commercial species (Russian
sturgeon, Acipenser gueldenstaedtii) was replaced with an
endangered one (ship sturgeon, A. nudiventris) [31].

In the field of biosecurity, the reliable and fast identi-
fication of exotic species is fundamental. In many cases,
particularly for insects, a pest at the egg or larval stage
might not be recognizable without DNA identification. For
example, stem borer larvae of the genusBusseola occurring
in Ethiopia on sugarcane were identified using COI

Figure 1. Methodology for analyzing biodiversity from environmental samples

based on next-generation DNA sequencers. After collecting environmental

samples in the field, extracting DNA and amplifying with universal primers that

target very short DNA fragments (less than 150 base pairs), hundreds or thousands

of amplified DNA molecules are sequenced using next-generation sequencers

(Box 3). Using a reference DNA database, the taxa these sequences come from are

identified and used to estimate different biodiversity parameters.
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sequences [32]. The North American bullfrog (Rana cates-
beiana) is one of the world’s worst invasive species, preying
upon and competing with local species. Recently, a novel
approach allowed the detection of this invasive frog in
southwest France, using water samples from ponds and
targeting a very short mitochondrial DNA fragment [33].
To summarize, there are many situations where DNA-
based single-species identification has the potential to help
solve important ecological questions.

Biodiversity assessment
DNA barcoding might also play an important role in
biodiversity assessment, both for present and for past
animal and plant communities.

Current biodiversity

Even if morphological identification of a species is possible,
DNA barcoding might enhance biodiversity inventories by
being faster and cheaper, and by overcoming the taxonomic
impediment [34,35]. It could allow biodiversity assessment
through the identification of taxa from the traces of DNA
present in environmental samples such as soil or water
(Figure 1). The cost for identifying a sample via barcoding,
including the processes of DNA extraction, DNA amplifica-
tion, purification of the PCR product and sequencing using
capillary electrophoresis, has been estimated to range from
$2.5 to $8 per sample, depending on laboratory facilities
and consumable equipment [36–38]. A technician in DNA
barcoding could replace dozens of taxonomists for routine
identification, allowing taxonomists to concentrate on
identifying reference specimens for establishing reliable
databases. The use of DNA barcoding will not be necessary
for assessing the biodiversity of well-known ecosystems
such as Alpine prairies. However, in ecosystems showing
high species richness, such as those in tropical environ-
ments, it is unrealistic, within a limited time period, to
identify all animals and plants by morphology alone. The
biodiversity of environments with low accessibility can also
be estimated with this new technique, as demonstrated by
the study of the microbial biodiversity in deep sea [39].
Large-scale studies also become possible, because the bar-
coding approach allows the simultaneous identification of
most species from a given biotope (e.g. the Global Ocean
Sampling Expedition [40], http://www.jcvi.org/cms/
research/projects/gos).

The use of classical biodiversity indices, such as species
richness, Simpson’s index and Shannon’s index [41], could
be complemented by new indices developed to exploit the
information contained in whole sequence sets obtained
from a single environment. Thus, the estimation of biodi-
versity indices can be based on molecular operational
taxonomic units (MOTU) detected using the barcoding
approach [1,42], where the relative abundances of each
type of DNA sequence (MOTU) replace the classical
relative abundance of each species estimated from the
number of individuals. This approach is now common in
environmental microbiology for estimating different diver-
sity indices (species richness, Shannon’s or Simpson’s
indices; e.g. Refs [43–45]), but presents some bias when
the number of species is very large (>1000) [46]. To our
knowledge, the use of MOTUs for estimating biodiversity

indices has not yet been evaluated for plants or animals
using environmental samples such as water or soil. Poten-
tial bias can be generated either by the occurrence of a
single MOTU for different species, leading to an under-
estimation of the biodiversity (caused by low resolution of
the barcoding marker), or by the occurrence of many
MOTUs for a single species, leading to an overestimation
of the biodiversity (caused by intraspecific polymorphism
of the barcoding marker) [47–50]. With the recent devel-
opment of parallel pyrosequencing, this type of approach
might also be evaluated for plants and animals in the near
future.

Paleoecology

Generally, reconstructing the ecosystems of the past from
fossil data is very difficult because of the nature of the
samples and their low preservation. In most cases,
morphological identification to the species level is very
difficult or even impossible. In this case, molecular tools
and DNA barcoding could help scientists to successfully
describe past plant and animal communities, and to recon-
struct past environments.

Only a few sites are suitable for DNA-based paleoecol-
ogy, where molecules are well preserved in dry or cold
environments. Past communities have been analyzed from
samples collected in Siberian permafrost sediment from
the Pleistocene and Holocene periods, revealing a change
in plant composition between these two periods, and iden-
tifying eight different species of mammals, includingmam-
moth (Mammuthus primigenius), musk ox (Ovibos
moschatus), reindeer (Rangifer tarandus) and lemming
(Lemmus lemmus) [51]. The same type of study has been
recently carried out on samples taken from 450 000-year-
old silty ice extracted from the bottom of the Greenland ice
cap. The results showed that southern Greenland was
covered by a forest at that time, composed of trees of the
genera Picea, Pinus and Alnus as in the forests found in
southern Scandinavia today [52].

Rodent middens represent another interesting source of
information for studying past communities. Middens are a
mix of plant macrofossils, pollen, rodent feces, bones and
insects coming from an area within a radius of �100 m
from the den and agglomerated by the rodent’s urine salts.
Using animal mitochondrial genes and chloroplast genes,
it is possible to identify the rodent species and to deduce
the nature of their environment from the flora and fauna
present. DNA analyses carried out on 11 700-year-old
middens from the Atacama Desert in Chile [53] revealed
that this past environment was more productive, more
diverse and much more humid, with a fivefold decrease
in precipitation since that time.

A molecular approach has also been used for studying
the diet of extinct animals. The diet of the ground sloth
Nothrotheriops shastensis was studied using the large
subunit of the ribulose-bisphosphate carboxylase (rbcL)
chloroplast gene from five coprolites in Gypsum Cave,
Nevada. These coprolites were dated approximately to
11 000, 20 000 and 28 500 years BP. Additionally, it was
possible to study the vegetation changes caused by differ-
ent climate conditions in those three periods. According to
the vegetation identified, it appears that the climate is
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dryer now than �11 000 years ago [54]. Another interest-
ing study dealt with the analysis of the last meals of a
Neolithic glacier mummy [55], which DNA sequences
revealed to be red deer (Cervus elaphus) and alpine ibex
(Capra ibex). Thus, the association of ancient DNAwith the
barcoding concept offers unique opportunities to recon-
struct past environments.

Diet analysis
The study of food webs and their dynamics is fundamental
to understand how the feeding habits of different species
can affect the community. Thus, diet analysis of the animal
species present in a given environment can improve our
understanding of the functioning of the ecosystem as a
whole (e.g. Ref. [56]). Furthermore, the study of feeding
ecology becomes crucial when it concerns endangered
species. A precise knowledge of the diet of these species
can identify key environmental resources for designing
reliable conservation strategies (e.g. Refs [57,58]). DNA
barcoding makes it possible to establish the diet of an
individual from its feces or stomach contents. This is help-
ful when the food is not identifiable by morphological
criteria, such as in liquid feeders, for example spiders
[59]. This technique also provides valuable information
when the diet cannot be deduced by observing the eating
behavior, as in the case of krill-eating diatoms [60], giant
squid (Architeuthis spp.) in the sea abyss [61] or deep sea
invertebrates (e.g. two amphipods and one bivalve species;
see Ref. [62]). Most of the studies that use DNAmarkers for
diet analysis are based on carnivorous animals, for
example insects [63,64], fin whale (Balaenoptera physalus)
and Adelie penguin (Pygoscelis adeliae) [65]. Fewer studies
have been carried on herbivorous animals such as western
gorillas (Gorilla gorilla) and black and white colobus mon-
keys (Colobus guereza) [66].

There are two different strategies when usingmolecular
tools for diet analysis: the use of group-specific primers [67]
and the use of universal primers. In general, the use of
specific primers requires an a priori knowledge of the
animal’s diet. This is not possible in most cases, andmakes
the universal approach more appropriate. Both group-
specific and universal primers were implemented when
analyzing the diet of the Macaroni penguin (Eudyptes
chrysolophus) using feces as a source of DNA [68]. The
results obtained with five different sets of specific primers
were similar to those involving universal 16S rDNA pri-
mers and subsequent cloning of the PCR products. This
clearly demonstrates the relevance of using universal pri-
mers for diet analysis. Recently, the possible use of a very
short fragment (10–140 bp) of the intron of the gene encod-
ing chloroplast tRNA for leucine, codon UAA (trnL [UAA]
intron), as a target for plant barcoding in situations where
only degraded DNA is available has been proposed [69].
The trnL approach is suitable for diet studies of herbivor-
ous animals because the primers are universal (for gym-
nosperms and angiosperms) and because it works for feces
that contain degraded DNA. This barcoding system, com-
bined with high-throughput parallel pyrosequencing, was
successfully used to amplify and analyze the diet of mam-
mals (Figure 2), birds, mollusks and insects [70]. Thus,
DNA barcoding might become a precious tool for field

ecologists interested in the diet of their favorite model
species.

Limitations and perspectives
The main limitation of the barcoding approach comes from
its single-locus identification system. Even if several
regions from these organelle DNAs are sequenced, this
is still a single-locus approach because the different genes
of mitochondrial or chloroplast DNA are linked. It is well
known that identical mitochondrial or chloroplast DNA
sequences can be present in different related species due to
introgression, or due to incomplete lineage sorting since
the time of speciation [71]. Furthermore, nuclear copies of
fragments of mitochondrial or chloroplast DNA are com-
mon and can be preferentially amplified in some circum-
stances [72], leading to potential identification errors.
Finally, heteroplasmy can also confuse the identification
system [73]. These potential problems have been exten-
sively discussed (e.g. Ref. [16]). Additionally, the use of a
divergence threshold for distinguishing intra- versus inter-
specific sequence variation [2] suffers from severe statisti-
cal problems, and can seriously compromise species
identification [74]. Up to 17% of species misidentification
has been observed in cypraeid marine gasteropods if the
reference database is not comprehensive, that is does not
contain all the species of the group under study [47].
Another statistical difficulty is caused by the low number
of individuals analyzed per species, which does not allow a
precise estimation of the intraspecific variation compared
with interspecific variation [48,49].

Another limitation of the current DNA barcoding
approach sensu stricto lies in the length of the sequences
used, usually >500 bp [2], which prevents the amplifica-
tion of degraded DNA. Unfortunately, many potential
DNA barcoding applications can only be based on degraded
DNA. This is the case for all environmental samples where
the target is DNA from dead animals or dead parts of
plants. It is usually difficult to amplify DNA fragments
longer than 150 bp from such samples [75]. As a con-
sequence, there is a need for shorter barcoding markers
[69,76,77]. We can imagine that in the near future, species
identification could be carried out by the combined analysis
of several short universal barcoding markers. Further-
more, when analyzing environmental samples using paral-
lel pyrosequencing (Figure 1), it would be tempting to
interpret the results in a quantitative way, based on the
number of DNA molecules assigned to the different
MOTUs [70]. However, this attractive perspective still
requires an empirical validation.

We anticipate that ecologists will increasingly turn to
the DNA barcoding approach, because in many circum-
stances it represents the only easy way to identify species.
This trend will be further enhanced by the availability of
reliable databases now under construction (e.g. BOLD).
However, as suggested by the diverse DNA-based taxon
identification used until now, ecologists will probably con-
tinue to develop diverse approaches in addition to the
standardized DNA barcoding. There are some circum-
stances where the number of species to distinguish is
limited, and where the sequencing of long DNA fragments
is not necessary (see e.g. Ref. [22]). Another advantage of

Review Trends in Ecology and Evolution Vol.24 No.2

114



Author's personal copy

the DNA barcoding approach is that the basic data – the
sequences – are not prone to subjectivity and can be
reanalyzed in the future in accordance with improvements
in taxonomic knowledge.

The possibility of analyzing complex mixtures of DNA
fragments, either by DNA hybridization on microarrays
[30,78] or in association with the new sequencing technol-
ogies (Box 3), opens newhorizons for ecologists.We anticip-
ate that DNA-based biodiversity assessment using
environmental samples will be implemented for plants
and animals, as is already the usual approach for micro-
organisms. DNA-based taxon identification techniques will
soon fully integrate the ecologist’s toolbox.
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