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Abstract

Although their functional importance in ecosystems is increasingly recognized, soil-dwelling micro-arthropods are

usually poorly known in comparison with their above-ground counterparts. Collembola constitute a significant and

species-rich component of the soil biodiversity, but it remains a woefully understudied group because of the taxo-

nomic impediment. The ever-increasing use of molecular taxonomic tools, such as DNA barcoding, provides a possi-

ble solution. Here, we test the use of this approach through a diversity survey of Collembola from the vicinity of

Churchill, Manitoba, Canada, and compare the results with previous surveys in the same area and in other sub-Arctic

regions. The systematic barcoding campaign at Churchill revealed a diverse collembolan fauna consisting of 97 spe-

cies-level MOTUs in six types of habitats. If all these MOTUs are confirmed as species, this richness would be far

higher than prior records for Arctic Canada and could lead to reconsider the actual diversity of the group in Arctic

environments.
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Introduction

The class Collembola is one of the most abundant groups

of decomposers in soil. With a global diversity of nearly

8000 described species, it occurs in a broad range of habi-

tats, including the most extreme environments (Hopkin

1997). Even in well-explored areas, such as Western

Europe, species new to science are still being discovered

(Deharveng 2004), and many more are expected in tropi-

cal areas usually accepted as a rich and underinvestigat-

ed source of biodiversity in many groups (May 2010).

The Neotropical zone currently includes 1557 described

species of Collembola (Mari Mutt & Bellinger 1990,

1996). By contrast, Arctic environments have generally

been found less rich in species: only 420 species of Col-

lembola are known from the entire Arctic (Babenko &

Fjellberg 2006). But the species richness of the different

biomes are currently underestimated (Deharveng 2004).

Applying the ratio found by Mora et al. (2011) between

described and unknown species for the whole animal

kingdom, we estimate that the global diversity of Col-

lembola could reach about 65 000 species. The key reason

for the current underestimation of collembolan diversity,

as in many other soil invertebrates, is the taxonomic

impediment (Deca€ens 2010), that is, difficult taxonomy

combined with a paucity of specialists. DNA barcoding,

a molecular taxonomic tool, using a portion of the 5′ end

of the mitochondrial gene COI as a species tag (Hebert

et al. 2003) provides a possible solution. The systematic

use of this tool for the development of extensive refer-

ence libraries in Collembola has shown that even in tem-

perate-zone environments and for common species,

considered well known, a significant part of the diversity

has been overlooked (Cicconardi et al. 2010; Porco et al.

2012a,b). These results suggest that the global diversity

of Collembola is higher than expected, with many spe-

cies new to science awaiting description in regions that

were considered to be well explored, such as Western

Europe. As a consequence, the current species count for
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Arctic regions, which have been less sampled, could

likely be a great underestimate as well. Moreover, in the

context of global warming, the accurate estimation of the

species communities present in Arctic ecosystems is par-

ticularly critical as it will impact the cryophilic native

fauna, favour introduced species, possibly affecting both

ecosystem functioning and services delivery.

This study presents information on the diversity of col-

lembolan species present near Churchill (Manitoba, Can-

ada). The sampling activity and the sequencing of the

specimens were carried out in the context of a large-scale

DNA barcoding study of polar life (PolarBOL – http://

www.polarbarcoding.org). This survey of the collembo-

lan fauna combined morphological analysis with DNA

barcodes to provide a comprehensive appraisal of the

local diversity of this group in an Arctic environment.

Materials and methods

Study site

The Churchill area is located in northern Manitoba, in

the Canadian sub-Arctic region, on the shores of Hudson

Bay near the estuary of the Churchill River. This region

sits on the interface between boreal forest and tundra.

Habitats with a maritime influence such as coastal tun-

dra, bluff and beach are also present.

Sampling

Two sampling trips focused on the springtail fauna (July

2008 and July 2009), but extra samples were collected

during previous generalist expeditions (September 2000,

August 2006, June 2007) (Table S1). The collembolan

fauna from soil, moss, lichen and rotten wood was

extracted using Berlese funnels. In addition, sweep net,

hand collecting, pitfall traps and bush beating were used

to complete the sampling for epiedaphic species. Six

types of habitats (coastal tundra, tundra, beach, bluff,

forest and fen) were investigated in the Churchill area

and its vicinity, for a total of 48 sampling localities (Table

S1, Fig. 1). From 3 to 20 replicates were sampled for each

habitat type. Except for the fen, the sampling effort was

proportional to the representation of those habitats in

the surrounding landscape (Table 1). All samples were

preserved in 95% ethanol. The specimens were sorted

Fig. 1 Map of sampling sites.
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into morphospecies, and several individuals of each

were sequenced from each sampling site. A total of 1066

specimens were sequenced for the 48 sampling sites

(Table S1). Identified specimens were deposited in the

Museum of Natural History in Paris. Except for unique

specimens, duplicates of the vouchers were deposited at

the Biodiversity Institute of Ontario.

Molecular analysis

DNA was extracted from entire specimens in 30 lL of

lysis buffer (http://www.ccdb.ca/docs/CCDB_DNA_

Extraction.pdf), and proteinase K incubated at 56°C over-

night. DNA extraction followed a standard automated

protocol using 96-well glass fibre plates (Ivanova et al.

2006). Specimens were recovered after DNA extraction

using a specially designed work flow allowing their mor-

phological examination (Porco et al. 2010a). Species were

identified using standard identification keys (mainly Pot-

apov 2001; Fjellberg 1980; Christiansen & Bellinger 1998;

Bretfeld 1999). The 5′ region of COI used as a standard

DNA barcode was amplified using M13-tailed primers

LCO1490 and HCO2198 (Folmer et al. 1994). Samples

that failed to generate an amplicon were subsequently

amplified with a pair of internal primers combined with

full length ones (LepF1-MLepR1 and MLepF1-LepR1)

(Hajibabaei et al. 2006). The standard PCR reaction proto-

col of the Canadian Center for DNA Barcoding was used

for amplifications (http://www.dnabarcodes2011.org/

conference/preconference/CCDB-Amplification-ani-

mals. pdf), and products were checked on a 2% E-gel

96Agarose (Invitrogen). Unpurified PCR amplicons

were sequenced in both directions using M13-

tailed primers (Hajibabaei et al. 2005), with products

subsequently purified using Agencourt CleanSEQ

protocol and processed using BigDye version 3.1

on an ABI 3730 DNA Analyzer (Applied Biosys-

tems). Sequences were assembled and edited with

Sequencher 4.5 (GeneCode Corporation, Ann

Arbor, MI, USA). The alignment was obtained using

BIOEDIT version 7.0.5.3 (Hall 1999). Sequences are

publicly available on BOLD via the following DOI

(http:dx.doi.org/10.5883/DATASET-CHU-COL1) and on

GenBank (GU657078–GU6573 35, HM390591–HM390627,

HM390653–HM390662, HM 424138–HM424148,

HM431644–HM431645, HM893770–HM893811, HQ992117,

JF884220–JF884222, JF884258, JN 269617–JN269618,

JN306349–JN306356, JX261789, JX26 1792, JX261796,

JX261798, JX261801, JX261804, JX261808, JX261809,

JX261814, JX261819, JX261833, JX261837, JX 261843,

JX261844, JX261848, JX261857, JX261876, JX26 1884,

JX261886, KF641929–KF642599).

Data analyses

Molecular distance analysis and MOTUs delineation. Dis-

tance analyses were performed with MEGA5 (Tamura

et al. 2011), utilizing a neighbour-joining (Saitou & Nei

1987) algorithm with the Kimura-2 parameter model

(Kimura 1980) to estimate genetic distances. The robust-

ness of nodes was evaluated through bootstrap re-analy-

sis of 1000 pseudoreplicates. The tree was replotted

using the online utility iTOL (Letunic & Bork 2007).

MOTUs were defined with ‘mothur’ using Hcluster com-

mand with the option ‘Furthest neighbour’ (Schloss et al.

2009).

Rarefaction curves and diversity estimators. The data were

analysed using rarefaction procedures that are specifi-

cally designed to avoid the potential bias generated by

uneven sampling. Rarefaction curves for specific diver-

sity were generated with EcoSim 7.71 (Gotelli &

Entsminger 2006) with a 95% confidence level and plot-

ted with R 2.15.0 (R Development Core Team 2012) using

the package ‘Plotrix’ (Lemon 2006). Rarefaction curves

were calculated separately for MOTUs and species accu-

mulation as a function of sampling effort (number of col-

lected individuals) in the four orders of Collembola, and

for MOTUs accumulation in the six different types of

habitats sampled (coastal tundra, tundra, beach, bluff,

forest and fen). The observed cumulated richness was

calculated as the total number of MOTUs and species

observed in a given habitat. Additionally, theoretical

species richness was estimated globally and for each

habitat using the Chao1 and ACE diversity estimators

using with the ‘Vegan’ package for R 2.15.0 (Oksanen

et al. 2012).

Beta diversity between habitats was assessed using

the Sørensen’s index of dissimilarity: bBC = (b + c)/

(2a + b + c), where a is the number of MOTUs shared

between two sites B and C, and b and c are the numbers

of unique MOTUs (not shared) for sites B and C.

Differences in assemblage composition between habi-

tats were highlighted through a correspondence analysis

(Benz�ecri 1973; Greenacre 1984) performed with the

package ‘ade4′ (Chessel & Dufour 2004) for the R 2.15.0

Table 1 Number of replicates and specimens collected per

habitat

Habitats No. of replicates N

Forest 3 125

Fen 4 26

Bluff 5 123

Beach 7 109

Coastal tundra 14 260

Tundra 20 423

© 2013 John Wiley & Sons Ltd
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environment. The table used for this analysis had 6 lines

(habitats) and 97 columns (MOTUs).

Results

Morphological analysis revealed the presence of 45 spe-

cies: four represented by a single individual (singletons),

and the 41 species represented by multiple individuals

were used as a reference for the empirical definition of a

MOTU delineation threshold (the rest of the dataset was

mostly identified to the genus level and classified into 43

morphospecies). The calculation of the maximum intra-

specific genetic divergence within each of these species

revealed a clear gap between 13.45% and 20% (Fig 2).

Thirty-two of the morphologically identified species

exhibited maximum intraspecific distances under 10%,

only two species (P. binoculatus and P. ekmani) possessed

higher values (11.8% and 13.45%, respectively). Individu-

als of seven other species showed higher divergences

(from 20.0% up to 30.0%), but this corresponded to sepa-

ration between discrete genetic lineages. The mean

genetic divergence between these seven lineages was

22.2% (range 15.9–27.7%), while the mean intralineage

distance was 1.96% (range 0–5.58%). The genetic dis-

tances between and within these lineages are similar to

values in the 38 other nominal species, which each corre-

sponded to a different MOTU: the mean interspecific dis-

tance was 27.3% (range 16.7–42.5%) and the mean

intraspecifc distance was 1.3% (range 0–6.6%). Six species

were only encountered in a single population, so the pos-

sible existence of other intraspecific divergent lineages

remaining to be sampled in the Churchill area cannot be

ruled out. Thus, these lineages appear as divergent

as nominal species are from each other, and so can be

considered as specific-level MOTUs. This first step sug-

gested that a conservative 14% threshold could be applied

to delineate species-level MOTUs in the rest of the

data set.

The second step of the data analysis compared results

obtained from the morphologically identified species

with the MOTU-based delineation for the whole data set.

The estimates for the number of MOTUs obtained with

different threshold values showed an initial plateau

around 10% and a second at 14% value with a steep

decline after 19% (Fig. 3). These plateaux, representing

the insensitivity to changes in cut-off value, were already

suggested as a sign that most MOTUs delineated could

be valid biological species (Plaisance et al. 2011). More-

over, examination of the specimens composing MOTUs

under different thresholds showed the agglomeration of

morphologically identified MOTUs at higher threshold

values. Conversely, when values lower than 14% were

applied, it led to the partitioning of these MOTUs. This

confirmed that a minimum threshold value of 14% could

be applied to the whole data set to delineate species-level

MOTUs.

When a 14% divergence threshold was adopted, a

total of 97 MOTUs were retrieved with 18 singletons

(Fig. 4). The mean divergence within MOTUs was 1.4%

(range 0–13.9% – Table S2, Fig. S1) and between MOTUs

was 28.7% (range 14.5–44.4% – Table S2, Fig. S1). Levels

of variation within MOTUs were similar among the three

best sampled orders (Symphypleona 0.9%; Poduromor-

pha 1.5%; Entomobryomorpha 1.5% – Fig. S2) with spe-

cies of Micranurida exhibiting the highest mean value

(13.09% – Table S2).

Concerning diversity assessment, a plot of the rarefac-

tion curves, showed that an asymptote was almost
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Fig. 2 Maximum intraspecific K2P diver-

gences (%) for 41 identified species.

© 2013 John Wiley & Sons Ltd

4 D. PORCO ET AL .



reached for the morphological and barcoding approaches

(Fig. 5). The barcoding approach delivers both a higher

count and estimation with Chao1 or ACE (Fig. 5). Con-

cerning the four orders of Collembola, the inflection point

was reached on the rarefaction curves calculated with

molecular data, suggesting that sampling completion was

nearly achieved and that the number of MOTUs observed

is a close approximation to the total MOTU richness at

Churchill. This was confirmed by both the Chao1 and

ACE indices (Fig. 6), which showed that two more MO-

TUs can be expected in Poduromorpha, one more in Ento-

mobryomorpha and four more in Symphypleona. No

further progress is expected in the diversity of Neeliple-

ona. The overall gain in diversity using barcodes was

8.4%, but when only morphologically identified species

are considered, thus taking into account cases of cryptic

diversity, the gain increased to 18%. This last estimate is

more likely to reflect the actual benefit resulting from the

use of DNA barcoding for the assessment of diversity.

The rarefaction curves for the different habitats

(Fig. 7) showed that sampling completion was achieved

for most. The absence/presence of the 97 MOTUs in the

different habitats was surveyed (Table S3). The highest

cumulative and estimated (Chao1 and ACE) richness val-

ues were observed in the tundra habitat, whereas the

lowest values were found in the fen habitat (Fig. 7). The

values for the Sørensen’s index (Table 2) showed that the

turnover in MOTUs between habitats was generally

higher between coastal (beach, bluff, coastal tundra) and

inland habitats (tundra, forest) than among habitats in

each of these two categories. However, the values for the

fen need to be interpreted with caution due to the small

number of MOTUs in this habitat.

The first two axes of the correspondence analysis

accounted, respectively, for 30.25% and 24.93% of the

total inertia in the data set. Habitat ordination clearly

separated coastal ecosystems (beach and coastal tundra,

with negative scores on CA1 and CA2) from fen (positive

scores on both CA1 and CA2) and forests (positive scores

on CA1 and negative scores on CA2). Tundra and

bluff habitats had somewhat intermediate positions

(Figure 8a). Figure 8b and Table S4 indicate the species

that characterized the assemblages in each of the differ-

ent habitats.

Discussion

Barcodes as an accurate species proxy – refining
diversity estimation

In the DNA barcode library assembled for this study,

MOTUs were delineated with a 14% threshold criterion.
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The interspecific/inter-MOTUs divergences found in this

study are consistent with those observed in prior studies

on Collembola (Stevens et al. 2006; Rougerie et al. 2009;

McGaughran et al. 2010; Porco et al. 2010b, 2013). One

previous barcoding survey on Collembola from Arctic

Canada (Hogg & Hebert 2004) reported that different

species showed sequence divergences ranging from 8%

to 25%. The lower boundary of this range was estab-

lished from two Hypogastrura species (8% between

H. sensilis and H. concolor). This particular value is

exceptionally low, as the mean interspecific divergence

among the four species of Hypogastrura at Churchill was

24.1% (range = 20.9–26.8%), while mean intraspecific

divergence was 0.62% (Range = 0–2.5%). This suggests
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that these two species very close morphologically could

be a single species, but this matter requires additional

analyses. As a consequence, we adopted a conservative

threshold of 14% as a basis for recognizing MOTUs in

the Collembola at Churchill. This 14% threshold enabled

the exploration of the rest of the data set, which included

taxa identified mostly to the genus level and in a few

cases to the family level, permitting a comprehensive

proxy estimate of collembolan diversity in the Churchill

area and for the different types of habitats sampled.
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Thirty-eight of the 45 species identified morphologi-

cally were assigned to a different MOTU, supporting the

general equivalence between morphological species and

MOTUs delimited with COI. However, the other seven

species identified morphologically (Ceratophysella denticu-

lata, Desoria alaskensis, Entomobrya marginata, Folsomia

fimetaria, Folsomia quadrioculata, Isotomurus plumosus and

Sminthurides malmgreni) showed high values of intraspe-

cific divergence that reached interspecific levels. These

high intraspecific divergences reflected the presence of

discrete genetic entities (MOTUs) within the morphologi-

cal boundaries of these nominal species. Similar cases

have already been detected in other Collembola species

and linked to cryptic diversity (Porco et al. 2012a,b).

Accordingly, the nomenclature used for the designation

of MOTUs detected in these previous surveys for Podura

aquatica and C. denticulata complexes was applied here.

Only one additional lineage of C. denticulata (C. denticu-

lata L4) was detected at Churchill. For the 45 identified

species, the detection of cryptic lineages led to a substan-

tial rise in diversity for the Churchill area (18%). More-

over, the combination of our data set with the sequences

from the first barcoding survey in the Canadian Arctic

(Hogg & Hebert 2004) revealed the presence of several

additional cryptic lineages in four other species at

Churchill (P. aquatica, Sminthurides aquaticus, Entomobrya

comparata and Sminthurides malmgreni). As for the cases

detected in our data set, mean interlineage distances

(24.6%) and mean intralineage divergences (1.38%) corre-

sponded to values typically found among well-defined

species. Thus, these new lineages were named here fol-

lowing the same nomenclature used previously [(Porco

et al. 2012a) and in this study]: P. aquatica L1 detected in

Hogg & Hebert (2004) and Porco et al. (2012a) (L2 was

found in this study), S. aquaticus L2 detected in Hogg &

Hebert (2004) (L1 found in this study), E. comparata L2

detected in Hogg & Hebert (2004) (L1 found in this

study), S. malmegreni L4 detected in Hogg & Hebert

(2004) (L1, L2 and L3 found in this study). The lineage

number was added to the species name accordingly in

the corresponding GenBank, and BOLD records from

Hogg & Hebert (2004). The consistent use of this notation

will make it possible to track the distribution of the dif-

ferent MOTUs detected within a nominal species. This
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CA1
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CA1

Fen

Tundra

Coastal tundra

Beach

Forest

(a) (b) Fig. 8 Results of the correspondence

analysis of collembolan species assem-

blages: ordination of the habitats (a) and

species/MOTUs (b) on the plan defined

by the first two axes of the analysis (CA1

and CA2) accounting, respectively, for

30.25% and 24.93% of the total inertia of

the data set. The numbers in (b) corre-

spond to the number of the MOTUs as in

Table S2.

Table 2 Cumulated richness (CR), unique species (U. sp.) and beta diversity measures (Sorensen index, left diagonal/number of shared

species, right diagonal)

CR U. sp.

Sorensen index/No. shared species

Beach Bluff Costal tundra Tundra Fen Forest

Beach 21 5 – 16 12 11 1 7

Bluff 35 3 0.429 – 16 26 3 14

Costal tundra 33 7 0.556 0.529 – 20 2 10

Tundra 69 29 0.755 0.500 0.608 – 6 19

Fen 7 0 0.929 0.857 0.900 0.842 – 3

Forest 26 4 0.702 0.541 0.661 0.600 0.818 –
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brings to 10 the count of species exhibiting cryptic diver-

sity in the Canadian Arctic habitat.

The use of DNA barcoding enables broad-ranging

assessments of species richness when taxonomic exper-

tise is unavailable or when a substantial fraction of the

fauna is unknown, which occurs in many regions of the

globe for Collembola (Deharveng 2004), as well as for

various groups of soil invertebrates (Deca€ens 2010).

Moreover, the use of molecular taxonomy enables a finer

resolution of species richness by revealing cryptic lin-

eages in morphologically identified species. It is impor-

tant to emphasize that all the cryptic lineages, except

those in C. denticulata, exhibit sympatric distribution in

some samples, supporting their likely specific status

(Porco et al. 2012a).

Diversity comparison with previous Arctic surveys

The only previous survey for Collembola at Churchill

(Hammer 1953) revealed the presence of 38 species ver-

sus the 97 MOTUs reported here. Interestingly, the lat-

ter number nearly matches the species count for

Collembola for the whole Arctic of eastern North

America (Babenko & Fjellberg 2006 – Table 3). Progress

was made in this study in the evaluation of species

richness in the different orders. The inflection point in

the MOTUs rarefaction curves was reached, suggesting

that little increase in species diversity will result from

further sampling of the four orders in the Churchill

region (Fig. 6).

Hammer (Hammer 1953) did not detect any members

of the order Neelipleona, while this study revealed the

presence of one species. The number of MOTUs in Ento-

mobryomorpha from Churchill is more than twice the

number of species recorded by Hammer. In fact, it

almost matches the number of species recorded in the

whole Eastern Arctic of North America (Babenko & Fjell-

berg 2006). The diversity of MOTUs in Poduromorpha is

a third higher than Hammer’s survey (Hammer 1953),

but the most spectacular increase involved the Symphy-

pleona with 23 MOTUs in this study versus three species

previously reported from Churchill (Hammer 1953) and

nine species in the whole eastern Arctic of North Amer-

ica (Babenko & Fjellberg 2006) (Table 3). This number of

MOTUs nearly matched the total diversity (36 species) of

Symphypleona previously reported from the Arctic (Bab-

enko & Fjellberg 2006). It opens exciting perspectives,

which should be investigated further by a morphological

examination of these MOTUs.

The much higher diversity of Symphypleona may be

due, in part, to differences in collecting methods. The

majority of the Symphypleona species were collected

using sweep nets and pitfall traps, while Hammer

(Hammer 1953) only used Berlese funnel extractions.

However, the difficult taxonomy of this order and the very

small number of specialists able to identify specimens in

Table 3 Comparison of the diversity detected in this study with previous local and global surveys for families and orders of the class

Collembola

Order Family

This

study

Hammer

(1953)

Babenko & Fjellberg (2006)

(Eastern America)

Babenko & Fjellberg (2006)

(Global arctic)

Entomobryomorpha Entomobryidae 7 1 5 23

Isotomidae 31 15 38 132

Tomoceridae 1 0 1 5

39 16 44 160

Neelipleona Neelidae 2 0 1 1

Poduromorpha Hypogastruridae 11 7 24 67

Neanuridae 11 6 16 53

Odontellidae 1 1 1 4

Onychiuridae 6 4 11 62

Poduridae 1 0 1 1

Tullbergiidae 3 2 3 23

33 20 56 210

Symphypleona Arrhopalitidae 4 0 1 5

Bourletiellidae 5 0 1 11

Katiannidae 2 0 1 8

Sminthurididae 12 2 4 11

Mackenziellidae 0 0 1 1

Sminthurididae 0 0 0 8

Dicyrtomidae 0 0 0 5

23 2 8 36

Total 97 38 109 420
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this group may have led to a higher level of cryptic diver-

sity in the Symphypleona. This would account for the

contrast between this study (24% of collembolan species

in the Symphypleona), the Hammer survey (5% of collem-

bolan species in the Smphypleona) and the whole Arctic

region [9% of collembolan species belonging to Symphy-

pleona – (Babenko& Fjellberg 2006)].

Six families were newly recorded for the Churchill

region (Arrhopalitidae, Bourletiellidae, Katiannidae,

Neelidae, Poduridae and Tomoceridae) (Table 3). In the

other families, the number of MOTUs recorded in the

present study was higher than the number of species in

the previous survey by Hammer (1953) (Table 3). In

some families, the number of MOTUs detected in the

Churchill vicinity matched (Isotomidae) or even

exceeded (Sminthurididae, Arrhopalitidae, Entomobryi-

dae) the number of species previously recorded from the

whole of eastern Arctic of North America (Table 3). In

Sminthurididae, the number of MOTUs even exceeded

the total species found in the whole of the Arctic (Bab-

enko & Fjellberg 2006). Two MOTUs of Neelidae were

found, while only one species was recorded in the previ-

ous Arctic surveys for this order.

Based on the presumption that MOTUs are species, if

the increase in diversity reported in this study compared

with the earlier investigation (Hammer 1953) is extrapo-

lated to the eastern Arctic of North America area as

defined by Babenko & Fjellberg (2006), the diversity in

this region would reach 278 species instead of 109. An

extrapolation to the whole Arctic biome would push the

count from 420 to 1071 species. These estimates are likely

high as Churchill is at the southern limit of the Canadian

Arctic, and species richness might be higher than in the

high Arctic. However, the rough estimates, based on our

survey of this small region of Arctic Canada, suggest

much higher species diversity than expected from prior

work. This result will change the perception of the diver-

sity of the group in this habitat considered poor and lead

to question the gap between observed and actual diver-

sity in many other environments.

Diversity among the different habitats in Churchill

Six habitats were sampled at Churchill (coastal tundra,

tundra, beach, bluff, forest and fen). The rarefaction

curves and MOTUs richness estimators calculated for

these different habitats showed that the inflection point

was reached for most habitats: little further increase in

diversity is likely to be revealed by further sampling

(maximum estimated increase: coastal tundra 15%, tun-

dra 13%, forest 0%, beach 9% – Fig. 7), while fen and

bluff should yield a higher diversity than observed in

our study (maximum estimated increase, respectively, of

42% and 31% – Fig. 7).

Forty-eight of the MOTUs (49.5%) found in this

study were specific to one of the six habitat types, but

most (40) were only known from one population,

sometimes only from one individual (14) (Table S3,

Fig. 4). The majority of these habitat-specific MOTUs

were found in the most species-rich habitat, the tun-

dra, where 42% of the collected MOTUs are unique to

this habitat. This high specificity of the species assem-

blage in the tundra is likely due to the fact that this

habitat is constituted of a mosaic of different vegeta-

tion communities (Collinson 1988), thus presenting

higher numbers of niches and trophic resources. The

other extremes are the fen with no unique MOTUs,

and the bluff with only 8.5% unique MOTUs which

are much more homogeneous habitats with fewer

niches and lower resources. Beach and costal tundra

have over 20% unique MOTUs, while the forest has

15%. Only 25.7% of the MOTUs were present in more

than two habitats and only Folsomia nivalis cited as

one of the most common species in North America

and also detected in Far East Russia was found in all

habitats. Three species/MOTUs were observed only in

coastal habitats: H. arctandria, H. viatica and I. plumosus

L1. The correspondence analysis highlights clear eco-

logical structuring of collembolan species assemblages

in the Churchill area. For instance, coastal habitats (i.e.

beach, bluff and coastal tundra) are all clustered

together on the factorial plan defined by the first two

axes of the CA (Fig. 8). This conclusion is further sup-

ported by the beta diversity measurements among

these habitats which indicate low turnover between

their communities (Table 2), with the sharing of many

species. This could be explained by the geographical

proximity of these coastal habitats, but also by their

similarities in climatic conditions and trophic

resources. They are clearly separated from inland habi-

tats on CA1, suggesting that the distance from the

coast could represent the first structuring factor of col-

lembolan species assemblages at the study site. The

fen and the forest habitats are further opposed on

CA2 and also exhibit the highest values of Sørensen’s

index, showing a strong influence of inland vegetation

cover on assemblage composition and high specificity

in the composition of these communities.

Except for the lineages of S. malmgreni, which were all

found in the tundra, the different cryptic lineages

revealed in morphologically identified species occurred

in different types of habitats (Table S3). This suggests dis-

similarities in both the biology and ecological require-

ments of these lineages as already suspected in other

cryptic species complexes of Collembola (Porco et al.

2012a,b). This observation also supports the species level

of these lineages, emphasizing the importance of taking

this diversity into account.
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Introduced species and conservation

As the seaport at Churchill gained functionality in 1931,

millions of tons of cargo, mostly wheat, have transited

through it, making this a major seaport for northern Can-

ada. This high volume of ship traffic to other regions of

North America, as well as Asia, Europe and Africa (Chan

et al. 2011), has likely led to the repeated introduction of

exotic species. The new ‘Arctic Gateway’ project will link

Churchill to Murmansk (http://www.arcticbridge.com/)

aided by the warming of Arctic waters generating a

longer ice-free season for navigation (Comiso et al. 2008;

Galbraith & Larouche 2011). If no preventive steps are

taken, this endeavour could threaten local diversity

through the introduction of faunal elements from the

Russian Arctic leading to the homogenization of the spe-

cies assemblages across the Arctic. Furthermore, rising

temperatures will directly impact species adapted to

colder conditions reducing their distribution (Campbell

et al. 2009), while favouring the introduction of poten-

tially competitive southern species. All these factors sug-

gest the possibility of an invasion meltdown in Arctic

ecosystems. A recent survey of human-mediated intro-

ductions of soil invertebrates in another sub-Arctic loca-

tion, the Svalbard Island, supports this scenario (Coulson

et al. 2013).

Our data set shows examples of fauna exchange for

Collembola. For instance, one of the MOTUs detected in

the present survey, C. denticulata L3, is likely introduced

as it has also been detected in South Africa, Australia,

New Zealand (Porco et al. 2012a) and France (unpub-

lished data). Its broad distribution can only be explained

by passive dispersal through human activities. More-

over, C. denticulata L3 was only detected near the Chur-

chill grain elevator (highly disturbed habitat), while

C. denticulata L4 was present from the rest of the coast to

deep inland up to Twin Lakes (bluff, forest, tundra). It is

noteworthy that C. denticulata L4 has not yet been

detected in any of the countries where C. denticulata L3

was found. Considering both MOTUs as a single species

would have led to erroneous considerations concerning

their distribution and invasive status (i.e. presence in dis-

turbed and natural habitats). Introduction can also be

suspected for P. aquatica L2 as it was only recovered

from a disturbed site (in the vicinity of the grain eleva-

tor) although numerous favourable other ponds were

sampled without success in other areas near Churchill.

By contrast, the European species E. multifasciata was

only found once in the coastal tundra habitat, far from

human disturbance, suggesting its acclimation to undis-

turbed environments. The occurrence of such cases

emphasizes further the need for extensive baseline sur-

veys to monitor new species introductions and invasions

in the communities.

Conclusion

Our study exemplifies the usefulness of DNA barcoding

for estimating and reassessing species diversity in

groups of soil invertebrates heavily impacted by the tax-

onomic impediment. An assessment of collembolan

diversity was gained through the use of a 14% sequence

threshold to delineate MOTUs. This species proxy

approach made it possible to examine essential research

themes, such as the comparison of communities among

habitats and the monitoring of introduced species. The

present survey may enable further studies investigating

the dynamic of collembolan communities in the

Churchill area, as well as the impacts of species introduc-

tions and climate warming. Besides, the use of this

approach allowed a more comprehensive assessment of

the diversity through the detection of unexpectedly high

cryptic diversity in a habitat considered as species poor

for Collembola. These results emphasize the value of a

combined morphological-DNA approach to document

and compare accurately diversity among biomes, a much

needed task for monitoring of the impacts of global

change on ecosystems.
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