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Abstract. Commonly reported as a household pest throughout the northern hemisphere, Willowsia 
nigromaculata (Lubbock) is among the most abundant and widely distributed springtails. However, 
taxonomic uncertainty due to incomplete morphological descriptions based on specimens from different 
continents may lead to incorrect identifications and/or prevent the recognition of distinct lineages within this 
morphospecies. Here, we perform the first comprehensive morphological and genetic comparison between 
W. nigromaculata specimens collected from North America and Europe. Morphological and genetic 
evidence reveals that populations in the United States and France represent two distinct nigromaculata-like 
species, but a phylogenetic analysis indicates both species may also be present in Canada. Based on these 
results, we redescribe W. nigromaculata from France, provide a description for Willowsia neonigromaculata 
sp. nov. from the United States, and propose new diagnostic characters for their separation, including the 
number of inner appendages on the maxillary sublobal plate. We also highlight the need for morphological 
and molecular investigations of additional populations to better understand the diversity and distribution 
of W. nigromaculata and related species.
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Introduction
Originally described as Seira nigromaculata Lubbock, 1873, and later designated as the type species for 
the genus Willowsia Shoebothan, 1917, Willowsia nigromaculata (Lubbock, 1873) is considered to be 
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among the most abundant and widely distributed species of Collembola, occurring in human structures 
such as homes, cellars, windowsills, greenhouses, and grain silos throughout the northern hemisphere 
(Guthrie 1903; Maynard 1951; Scott 1991; Christiansen & Bellinger 1998; Fjellberg 2007; Zhang et al. 
2011; Bellinger et al. 2020). Despite being a common household and agricultural pest, the taxonomic 
status of this species remains uncertain. 

Until recently, W. nigromaculata was identified primarily by color pattern (Gisin 1960; Stach 1967; 
Fjellberg 2007), especially in North America (Guthrie 1903; Maynard 1951; Christiansen & Bellinger 
1998). Color pattern has been shown to be a useful species-level diagnostic character in certain 
cases (Soto-Adames 2002; Katz et al. 2015a; Ding et al. 2018), but other studies also highlight 
the importance of including chaetotaxy and other morphological characters, in addition to color 
pattern, for Entomobryinae species diagnosis (Jordana 2012; Katz et al. 2015b). Szeptycki (1979), 
Christiansen & Bellinger (1980), and Zhang et al. (2011) provided modern descriptions of dorsal 
chaetotaxy for populations of W. nigromaculata in Poland, United States of America (USA), and 
France, respectively, but many important characters were not revealed, including head chaetotaxy, 
mouthparts, collophore and manubrium. Katz (2017) later provided descriptions of some of these 
missing characters based on specimens collected in the USA but did not examine European material 
for comparison. 

Incomplete species descriptions of W. nigromaculata based on specimens collected from different 
continents may prevent the recognition of distinct species, and consequently, species identifications 
could be misleading and/or populations may be incorrectly assumed to be introduced on other 
continents. In response to this concern, we conduct the first comprehensive morphological and genetic 
comparisons of W. nigromaculata with specimens collected from both North America and Europe 
to (1) determine whether morphologically and/or genetically distinct lineages are present within 
W. nigromaculata, (2) determine if morphological and/or genetic differences correspond to collection 
locality, (3) provide taxonomic redescriptions of W. nigromaculata and any potential new species and 
(4) reveal new diagnostic characters for the identification of any distinct lineages uncovered within 
W. nigromaculata.

Material and methods
Morphological analysis
Specimens preserved in 92–95% ethanol and identified as Willowsia nigromaculata from Paris, France 
and Illinois, USA, were cleared with Nesbitt’s solution and then mounted on glass slides in Hoyer’s 
medium following the procedures described by Jordana et al. (1997) in preparation for light microscopy. 
Specimens in ethanol gel were photographed using a stereo microscope M165C attached to a DFC420 
digital camera with a dome as presented in Kawada & Buffington (2016). Photographs were digitized 
using Application Suite ver. 3.4.1. For scanning electron microscopy (SEM), specimens were transferred 
to absolute ethanol and critical point dried after sputter-coating with gold using the equipment BAL-
TEC CPD 030 and BAL-TEC SPD 050, respectively. The images were made using a LEO VP 435 
scanning electron microscope. The material is deposited in the Invertebrate Collection of the National 
Institute of Amazonian Research (INPA), Brazil, and the Illinois Natural History Survey (INHS) in 
Champaign, IL, United States.

The terminology used in descriptions mainly follows: clypeal chaetotaxy after Yoshii & Suhardjono 
(1992); labral chaetotaxy after Cipola et al. (2014); labial papillae, maxillary palp and basolateral and 
basomedian labial fields after Fjellberg (1999), using Gisin’s system (1967) to a 1–5 chaetae labels; 
postlabial chaetotaxy after Chen & Christiansen (1993); subcoxae outer chaetotaxy after Yosii (1959); 
and unguiculus lamellae after Hüther (1986). The head dorsal chaetotaxy follows Mari-Mutt (1979) and 
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body after Szeptycki (1979), both adapted from Soto-Adames (2008) and Katz (2017); and specialized 
chaetae (S-chaetae) after Zhang & Deharveng (2015). Macrochaetotaxy simplified formula follows 
Gisin (1967) and Cipola et al. (2020) with modifications. Symbols used to depict the chaetotaxy are 
presented in Figure 1. Chaetae of uncertain homology are followed by a question mark (?). Chaetotaxy 
all given left side of body only.

Abbreviations
Abd I–VI = abdominal segments 
ae = antero-external lamella 
ai = antero-internal lamella 
Ant I–IV = antennal segments 
a.t. = apical tooth of unguis 
b.c. = basal chaeta 
b.t. = basal tooth of unguis 
l.p. = lateral process of labial papilla E 
mac = macrochaeta, -ae 
mes = mesochaeta, -ae 
m.t. = apical tooth of unguis 
pe = postero-external lamella 
pi = postero-internal lamella 
psp = pseudopore, -es  
ms = specialized microchaeta  
sb. = sublobal chaetae 
sens = specialised ordinary chaetae, -ae 
Th II–III = thoracic segments 
t.a. = terminal appendage

Fig. 1. Symbols used in dorsal chaetotaxy description of species of Willowsia Shoebothan, 1917.
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Genetic analysis

Forty mitochondrial cytochrome oxidase subunit 1 (COI) gene sequences, representing ten 
Entomobryinae genera, were downloaded from NCBI GenBank and used for genetic analysis (Table 
1). Genetic variation within W. nigromaculata was evaluated using sequences of six specimens 
identified as W. nigromaculata: one from Dixon Springs Agricultural Center, Pope County, Illinois, 
USA (Katz et al. 2015a, 2015b); one from Teillet, France (Ding et al. 2018); one from Brockville, 
Canada (deWaard et al. 2019); and three from Toronto, Canada (deWaard et al. 2019). To provide a 
more comprehensive approach for assessing genetic variation within Entomobryinae, a subfamily rife 
with para- and polyphyletic genera (Zhang et al. 2014a, 2014b, 2015, 2016, 2017; Katz et al. 2015b, 
2017; Zhang & Deharveng 2015; Ding et al. 2018), we augmented our dataset with species from 
the Entomobryinae genera Coecobyra (1), Drepanura (1), Entomobrya (16), Entomobryoides (1), 
Homidia (2), Lepidodens (1), and Sinhomidia (1), in addition to other Willowsia species (8). Lastly, we 
included three species in the genera Lepidocyrtoides (2) and Lepidosira (1) to serve as phylogenetic 
outgroups as they have been shown to comprise the sister lineage to all other Entomobryinae (Nunes 
et al. 2019; Godeiro et al. 2020). Sequences were aligned using the G-INSI-i alignment method 
implemented in MAFFT ver. 7.273 (Katoh & Standley 2013).

Uncorrected pairwise COI distances were calculated in Geneious Prime ver. 2020.0.4 
(https://www.geneious.com) and plotted in R ver. 3.6.3 (R Core Team 2020) to (1) characterize 
genetic variation within W. nigromaculata, (2) compare the genetic variation within W. nigromaculata 
with variation observed between other species of Entomobryinae, and (3) identify potential gaps in 
the distribution of genetic variation which may indicate the presence of both inter- and intra-specific 
variation within W. nigromaculata.

Bayesian and maximum likelihood approaches were employed to estimate phylogenetic relationships 
among Entomobryinae species to determine if distinct and divergent lineages are present within 
W. nigromaculata and if they correspond with differences in collection locality and/or morphology. 
PartitionFinder2 ver. 2.2.1 (Lanfear et al. 2017) was used to determine the appropriate models of 
sequence evolution and partitioning scheme. Bayesian analysis was performed using MrBayes ver. 
3.2.7 (Ronquist et al. 2012) with the following parameters: codon positons 1–3 were partitioned 
separately with GTR+I+G, GTR+I+G, and GTR+G site models, respectively; ingroup taxa were 
constrained to be monophyletic; Markov chain Monte Carlo (MCMC) for 200 million generations; 
samplefreq = 1,000; and nruns = 2. Convergence was assessed by observation of average split 
frequencies values below p < 0.004. A 50% Bayesian consensus tree was generated combining 
both runs using the sumt command with a 25% burn-in. We also performed an additional Bayesian 
analysis using BEAST2 ver. 2.6.2 (Bouckaert et al. 2019) with the following parameters: codon 
positions 1–3 were partitioned separately for site model averaging with the bModelTest package 
(Bouckaert & Drummond 2017); a strict clock rate set to 1 for relative branch length estimation; 
Yule tree model; monophyletic constraint prior on ingroup taxa; MCMC for 200 million generations; 
and sampling trees and statistics every 1000 generations. After a 10% burn-in, effective sample size 
(ESS) for all parameters was determined to be greater than 200 with Tracer ver. 1.7.1 (Rambaut et al. 
2018). A maximum clade credibility tree was estimated using TreeAnnotator ver. 2.6.0 (Bouckaert et 
al. 2019) with median node heights and a 10% burn-in. Maximum likelihood analysis was performed 
with RAxML-NG ver. 9.0 (Kozlov et al. 2019) using the all-in-one ML search and bootstrapping 
command (all), a partition file treating codon positions 1–3 as separate partitions with the same site 
models used for the MrBayes analysis, a constraint tree forcing monophyly for ingroup taxa, scaled 
branch lengths, and MRE-based bootstrapping (converged after 400 replicates).

https://www.geneious.com
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Table 1 (continued on next page). List of Entomobryinae species used for phylogenetic analysis, 
including locality and COI sequence information, i.e., GenBank accession number and sequence length 
(bp = base pairs). Abbreviations: AH = Anhui;, AL = Alabama; AM = Amazonas; AZ = Azores; BA = 
Bahia; BR = Brazil; CA = Canada; CH = China; FL = Florida; FR = France; GD = Guangdong; HB 
= Hubei; HN = Hunan; IDF = Île-de-France; IL = Illinois; JL = Jilin; NC = North Carolina; OOC = 
Occitanie; ON = Ontario; PA = Pennsylvania; PI = Piauí; PT = Portugal; TB = Tibet; TN = Tennessee; 
USA = United States of America, VT = Vermont; WI = Wisconsin; ZJ = Zhejiang.

Species name Locality GenBank # bp Reference

1 Coecobrya tenebricosa Antony, IDF, FR KM978347 658 Ding et al. 2018
2 Drepanura mogolica Changling, JL, CH KY468329 658 Ding et al. 2018
3 Entomobrya assuta Mason Co., IL, USA KM610057 1534 Katz et al. 2015a
4 Entomobrya atrocincta Champaign Co., IL, USA KM610115 1534 Katz et al. 2015a
5 Entomobrya bicolor Henderson Co., IL, USA KM610117 1534 Katz et al. 2015a
6 Entomobrya citrensis Citrus Co., FL, USA KM610064 1534 Katz et al. 2015a
7 Entomobrya clitellaria Coles Co., IL, USA KM610076 1534 Katz et al. 2015a
8 Entomobrya decemfasciata Stewart Co., TN, USA KM610101 1534 Katz et al. 2015a
9 Entomobrya huangi Nyingchi, TB, CH KY468314 658 Ding et al. 2018
10 Entomobrya intermedia Chester Co., PA, USA KM610121 1534 Katz et al. 2015a
11 Entomobrya jubata Covington Co., AL, USA KM610110 1534 Katz et al. 2015a
12 Entomobrya ligata Swain Co., NC, USA KM610079 1534 Katz et al. 2015a
13 Entomobrya multifasciata São Miguel Island, AZ, PT KM610123 1534 Katz et al. 2015a
14 Entomobrya neotenica Clay Co., AL, USA KM610104 1534 Katz et al. 2015a
15 Entomobrya nivalis Lamoille Co., VT, USA KM610125 1534 Katz et al. 2015a
16 Entomobrya quadrilineata Vermilion Co., IL, USA KM610092 1534 Katz et al. 2015a
17 Entomobrya unifasciata Chester Co., PA, USA KM610087 1534 Katz et al. 2015a
18 Entomobrya unostrigata Champaign Co., IL, USA MT454111 1530 Katz et al. 2015b
19 Entomobryoides dissimilis Champaign Co., IL, USA KM610126 1534 Katz et al. 2015a
20 Homidia sauteri Butler Co., AL, USA KM610127 1501 Katz et al. 2015a
21 Homidia socia Jo Davies Co., IL, USA KM610128 1534 Katz et al. 2015a
22 Lepidocyrtoides caeruleomaculatus Rio Preto da Eva, AM, BR MF716618 1534 Godeiro et al. 2020
23 Lepidocyrtoides sp. Abaíra, BA, BR MF716598 1534 Godeiro et al. 2020
24 Lepidodens similis Shaoguan, GD, CH KM978396 658 Ding et al. 2018
25 Lepidosira neotropicalis Piracuruca, PI, BR MF716603 1534 Nunes et al. 2019
26 Sinhomidia bicolor Huangshan, AH, CH KM978375 658 Ding et al. 2018
27 Willowsia buski Sauk Co., WI, USA KM610129 1534 Katz et al. 2015a
28 Willowsia fascia Huanggang, HB, CH KU833222 658 Ding et al. 2018
29 Willowsia guangdongensis Guangzhou, GD, CH KM978377 658 Ding et al. 2018
30 Willowsia japonica Linhai, ZJ, CH KM978378 658 Ding et al. 2018
35 Willowsia neonigromaculata sp. nov. Pope Co., IL, USA KM610130 1534 Katz et al. 2015a
36 Willowsia neonigromaculata sp. nov. Brockville, ON, CA MG034057 542 deWaard et al. 2019
31 Willowsia nigromaculata Teillet, OCC, FR KY468311 658 Ding et al. 2018
32 Willowsia nigromaculata Toronto, ON, CA MG032239 474 deWaard et al. 2019
33 Willowsia nigromaculata Toronto, ON, CA MG036766 594 deWaard et al. 2019
34 Willowsia nigromaculata Toronto, ON, CA MG039377 543 deWaard et al. 2019
37 Willowsia pseudobuski Lu’an, AH, CH KU833223 658 Ding et al. 2018
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Results

Taxonomic descriptions
The following characters are shared by both Willowsia species (described below) and are not repeated in 
the descriptions: scales apically pointed with long basal ribs covering ⅔ of scale and present dorsally on 
head, thorax and abdomen (Figs 2–3A, 8); antenna, ventral head, legs, collophore and furcula unscaled 
(Figs 3D, 4, 7); mac heavily ciliate, apically truncate or acuminate (Fig. 1); mic basally smooth with 
longer ramificate ribs from distal half (Figs 1, 3B); bothriotricha accessory chaeta with short ramificate 
ribs distally (Figs 1, 3C, 6D–F); antenna less than the trunk length (Figs 2, 8); Ant III distally with 
2 apical organ somewhat elongated, 3 spiny guard sensilla, s-blunt sens of different sizes and ciliate 
chaetae (Fig. 5A); eyes 8+8, A and B larger, G and H smaller (Figs 5B, 9A); clypeal formula with 4 (l1–
2), 7 (f), 3 (pf0–1) ciliate chaetae, l1–2 and pf1 larger, 4 frontal chaetae smaller, others subequal; four 
prelabral chaetae ciliate; labral formula with 4 (a1–2), 5 (m0–2), 5 (p0–2) smooth chaetae, p0–1 larger, 
others subequal (Fig. 5C); four labral papillae apically pointed and subequal (Fig. 5D); labial palp with 
5 main (A–E) and 1 hypostomal papilla (H), with 0, 5, 0, 4, 4, 2 guard appendages, respectively, l.p. of 
papilla E gently pointed and exceeds base of apical appendage (Fig. 5F); labium with 5 smooth proximal 
chaetae; basomedian and basolateral labial fields with a1–5 smooth, M, R (smaller), E, L1–2 ciliate 
(Fig. 5G); Th II–Abd V with ms and sens formula 1, 0| 1, 0, 1, 0, 0 and 2, 2| 1, 2, 2, +, 3, respectively; Abd 
II–IV bothriotricha formula 2 (a5 and m2), 3 (a5, m2, and m5), and 2 (T2 and T4), respectively (Fig. 6); 
Tibiotarsus I–III sometimes subdivided on distal two thirds; tibiotarsus III distally with 1 inner smooth 
chaeta and 1 outer tenent hairs capitate and heavily ciliate (Figs 3D–E, 7E); pretarsus with 1 minute 
smooth chaeta on anterior and posterior sides (Figs 3D, 7E); unguis inner side with 4 inner teeth, b.t. 
paired and of same length than m.t., a.t. smaller; outer side with 2 paired basolateral teeth and 1 unpaired 
basomedian tooth, all with one lamella which extends to the base; unguiculus with four lamellae, ae, ai 
and pi acuminate and smooth, and pe serrated (Figs 3D–E, 7E); Mucro bidentate, proximal tooth gently 
smaller than distal, basal spine reaches apex of proximal tooth (Figs 3F, 7J).

Family Entomobryidae Schäffer, 1896
Subfamily Entomobryinae Schäffer, 1896 sensu Zhang & Deharveng 2015

Genus Willowsia Shoebotham, 1917

Willowsia nigromaculata (Lubbock, 1873)
Figs 2–7, 10–11; Tables 2–3

Seira nigromaculata Lubbock 1873: 146, Great Britain (orig. descr.). 

Willowsia nigromaculata – Shoebotham 1917: 432 (comb.). — Zhang et al. 2011 (descr.).

Type species
Seira nigromaculata Lubbock, 1873.

Species name Locality GenBank # bp Reference

38 Willowsia pyrrhopygia Citrus Co., FL, USA KM610131 1534 Katz et al. 2015a
39 Willowsia qui Huangshan, AH, CH KU833221 658 Ding et al. 2018
40 Willowsia similis Changsha, HN, CH KU833225 658 Ding et al. 2018

Table 1 (continued).
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Diagnosis 
Body with pigments laterally on head to Abd III, and spots on Abd IV, femur and tibiotarsus (Fig. 2); head 
mac S0 absent, Ps3 mes and Ps5 mac present; sublobal plate with 2 inner appendages (Fig. 5E); Th II–Abd 
IV formula with 9,8|3,3,3+7,7+14 mac, p2a rarely present on Th III (Fig. 6A–C); manubrium dorsally with 
7 lateral chaetae abruptly acuminate at the tip, manubrial plate with 3–4 chaetae, 1 mac (Fig. 7G–H).

Material examined
FRANCE • 2 ♂♂, 5 ♀♀, 1 juvenile on slides, 7 specimens in alcohol; Paris, National Museum of 
Natural History, Department de Systematique et Évolution; 48°50′30.0″ N, 02°21′33.1″ E; in laboratory 
benchtop; 1 Jun. 2016; VD Tarli leg.; INPA.

Description
Length. Total length (head + trunk) of specimens 1.51–1.85 mm (n = 3). Specimens pale yellowish 
white with violet pigments on Ant II to Ant IV, head laterally, margins of Th II–Abd II, Abd III with one 
transverse band that expands laterally, Abd IV dorsally with one irregular lateral spot, irregular spots on 

Fig. 2. Willowsia nigromaculata (Lubbock, 1873), habitus. A. Lateral view. B. Dorsal view. Scale 
bars: 0.5 mm.
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Fig. 3. Scanning electron microscopy of Willowsia nigromaculata (Lubbock, 1873). A. Scale apically 
pointed of Abd IV. B. Tergal microchaeta basally smooth and with ramification on distal half. 
C. Bothriotrichal complex of Abd II, m2 is bothriotrichum. D. Distal tibiotarsus and empodial complex 
I (posterior side), black arrow indicates pretarsal chaeta and white arrows indicates unguiculus lamellae. 
E. Distal tibiotarsus and empodial complex II (outer side), white arrow indicates unpaired basomedian 
tooth and black arrows indicates paired basolateral teeth of the unguis. F. Distal dens and mucro (lateral 
side). Abbreviations: see Material and methods. Scale bars: A, C–F = 5 μm; B = 2 μm.
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dorsoventral plate and posterior border; distal half of Abd V to VI, distal femur and tibiotarsus medially; 
eyepatches black (Fig. 2). 

head. Antennal ratio as I: II: III: IV = 1: 1.83–2.00 1.68–2.12: 1.81–2.36 (n = 3). Ant IV not annulated, 
with apical bulb bilobed and sometimes retraticle. Five interocular chaetae (q, v, p, r, t); head dorsal 
macrochaetotaxy (Fig. 5B) with 5 ‘An’ (An1a–3), 4 ‘A’ (A0, A2–3, A5), 3 ‘M’ (M1–2, M4), 6 ‘S’ (S2–
6), 1 ‘Ps’ (Ps5), 5 ‘Pa’ (Pa1–5), 2 ‘Pm’ (Pm1, Pm3), 5 ‘Pp’ (Pp1–5), and 2 ‘Pe’ (Pe2–3) mac; An2a?, A1, 
A4? mic present. Maxillary palp with t.a. smooth and b.c. weakly striated, thicker and 1.12 longer than 
t.a.; sublobal plate with 2 inner (sb.2–3) and 1 outer (sb.4) smooth appendages, sb.2 smaller and sb.4 
minute (Fig. 5E). Ventral chaetotaxy with about 68 ciliate chaetae, 36 thin of differents sizes, 31 normal 
and subequal in length and 1 b.c., cephalic groove with 6 chaetae; postlabial formula with 4 (G1–4), 4 
(X, X2–4), 4 (H2–4), 4 (J1–4), 2 (X’, X4’) chaetae (Fig. 5G).

thorax chaetotaxy (Fig. 6A). Th II, anterior collar with numerous chaetae; a, m and p series with 1 (a5), 1 
(m4) and 7 (p1–5) mac, respectively. Th III, a, m and p series with 2 (a4, a6), 4 (m5–7) and 5–6 (p1–3, p5–6) 
mac, respectively, p2a mac rarely present; laterally numerous mes. Ratio Th II: III = 1.48–1.30: 1 (n=3).

Fig. 4. Optical microscope photography of Willowsia nigromaculata (Lubbock, 1873). A. Furcula (dorsal 
view). B. Manubrium (dorsal view), arrows indicate mac and mes suddenly acuminate, respectively. 
C. Manubrium and proximal dentes (ventral view), arrow indicate subapical chaetae. Scale bars: 
A, C =100 μm; B = 50 μm.
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Fig. 5. Willowsia nigromaculata (Lubbock, 1873), head (left side). A. Ant III apical organ. B. Cephalic 
dorsal chaetotaxy. C. Chaetotaxy of clypeus, prelabrum and labrum. D. Labral papillae. E. Maxillary outer 
lobe. F. Papilla E of labial palp (ventral view). G. Basomedian and basolateral labial fields and complete 
postlabial chaetotaxy. Abbreviations: see Material and methods.
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Fig. 6. Willowsia nigromaculata (Lubbock, 1873), dorsal chaetotaxy (left side). A. Th II–III. B. Abd 
I–III. C. Abd IV–V. D–F. Bothriotrichal complex. D. Abd II. E. Abd III. F. Abd IV. Abbreviations: see 
Material and methods.
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Fig. 7. Willowsia nigromaculata (Lubbock, 1873). A. Subcoxa I. B. Subcoxa II. C. Subcoxa III 
(lateral view). D. Trochanteral organ. E. Distal tibiotarsus and empodial complex III (posterior 
view). F. Collophore chaetotaxy (lateral view). G. Manubrium dorsal chaetotaxy. H. Manubrial plate. 
I. Subapical and apical chaetotaxy of ventral manubrium. J. Mucro (lateral view). Abbreviations: see 
Material and methods.
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abdomen chaetotaxy (Fig. 6B–F). Abd I, m series with 3 mac (m2–4) subequal in length. Abd II, a 
and m series with 1 (a2) and 3 (m3–3e, m5) mac, respectively; a5 and m2 bothriotricha with 9 and 
6 accessory chaetae, respectively (Figs 3C, 6D). Abd III, a, m and p series with 3 (a2–3, a7), 4 (m3, 
am6, pm6, m7) and 3 (p6, p7–7i) mac, respectively; m2 bothriotrichum with 3 accessory chaetae and 
a5 and m5 bothriotricha with 15 accessory chaetae between them (Fig. 6E). Abd IV, A to T series with 
7 mac (A3–4, A6, B4–6, C1) and E to Fe series with 14 mac (E2a–3, E4p, F1–3p, Fe3–5); T2 and T4 
bothriotricha with 2 mic and 8 accessory chaetae between them (Fig. 6F); 2 sens type I (as, ps), 4 sens 
type II, and 13 posterior chaetae of different sizes. Abd V a, m, pa and p series with 1 (a5), 4 (m2–3, 
m5–5e), 1 (p6ai) and 5 (p1, p3–6) mac, respectively. Ratio Abd III: IV = 1: 3.61–4.14 (n= 3).

Legs. Subcoxa I with 3 chaetae and 2 psp; subcoxa II with an anterior row of 7 chaetae and about 16 
anterior chaetae, posterior row of 3 chaetae and 2 psp; subcoxa III with one row of 7 chaetae, about 
16 anterior chaetae and 2 posterior psp (Fig. 7A–C). Trochanteral organ with 12–16 spine-like chaetae 
(Fig. 7D). Ratio unguis: unguiculus = 1: 0.52. Tibiotarsal smooth chaeta 1.09 the length of unguiculus; 
tenent hairs 0.97 the length of unguis.

coLLophore. Anterior side with about 20 chaetae, 5 mac and 3 mes ciliate and abruptly acuminate at the 
tip, and 13 thin chaetae weakly ciliate; posterior side with 8 chaetae (1 unpaired) weakly ciliate and 2 
distally thicker; lateral flap with 3 smooth chaetae and 9 chaetae weakly ciliate (Fig. 7F).

FurcuLa. Manubrium ventrally with 4 subapical chaetae of the same length and 14–16 apical chaetae, 
6 inner chaetae smaller, others subequal (Figs 4C, 7I); dorsally with one lateral row of 7 ciliate 
chaetae abruptly acuminate at the tip, 3 mac and 4 mes (1 basal and 1 antero-subapical); manubrial 
plate with 3–4 ciliate chaetae of different sizes (1 mac abruptly acuminate at the tip) and 2 psp (Figs 
4A–B, 7G–H). 

DNA Barcodes
GenBank KY468311; Teillet, France (Ding et al. 2018). GenBank MG032239, MG036766, MG039377; 
Toronto, Canada (deWaard et al. 2019).

Willowsia neonigromaculata sp. nov. Katz & Cipola
urn:lsid:zoobank.org:act:195E3CC7-B9AB-4CE9-93DE-BBA8ABA443C9

Figs 8–11; Tables 2–3

Willowsia nigromaculata – Katz 2015a: 829, Illinois, USA (phylogeny). — Katz 2015b: 64, Illinois, 
USA (phylogeny). — Katz 2017: 553, Illinois, USA (descr.). — deWaard et al. 2019: suppl. data, 
Brockville, Canada (DNA barcode, GenBank MG034057).

Diagnosis 
Body with pigments laterally on head to Abd III, and spots on Abd IV, femur and tibiotarsus (Fig. 8), 
sometimes with piment covering nearly all Abd II–III medially and posterior half of Abd IV; head mac 
S0 present or absent, Ps3 mes and Ps5 mac absent (Fig. 9A); sublobal plate with 3 inner appendages 
(Fig. 9B); Th II–Abd IV formula with 9,8|3,3,3+7,7+14 mac, p2a present on Th III; manubrium 
dorsally with 9 lateral chaetae abruptly acuminate at the tip, manubrial plate with 4 chaetae, 2 mac 
(Fig. 9E).

Etymology
The specific epithet is derived from the Greek adjective ‘νέος, -α, -ον’, Latinized ‘neos, -a, -um’ 
(combining form neo-), ‘new, recent, young’ + the epithet of the species Willowsia nigromaculata 

http://zoobank.org/urn:lsid:zoobank.org:act:195E3CC7-B9AB-4CE9-93DE-BBA8ABA443C9
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Fig. 8. Willowsia neonigromaculata sp. nov., paratype, ♀ (INHS 810158),  habitus. A. Lateral view. 
B. Dorsal view. Scale bars: 0.5 mm.
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Fig. 9. Willowsia neonigromaculata sp. nov., body parts (left side). A. Cephalic dorsal chaetotaxy. 
B. Maxillary outer lobe. C. Complete postlabial chaetotaxy. D. Abd V dorsal chaetotaxy. E. Manubrium 
dorsal chaetotaxy. Abbreviations: see Material and methods.
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(Lubbock, 1873). The name references the new species’ morphological affinity with W. nigromaculata 
and its presence in the New World.

Material examined
Holotype

USA • 1 ♀ on slide; Illinois, Pope Co., Dixon Springs Agricultural Center; 37°26′03.65″ N, 
88°40′01.84″ W; altitude 524 m, hand collected on pavement on dying Arilus cristatus; 23 Sep. 2011; 
A. Katz leg.; adk11-159; INHS 810161.

Paratypes
USA • 1 ♂, 2 ♀, 2 undetermined sex on slides and 30 specimens in alcohol; same data as for holotype; 
INHS 810157–810160, INHS 810162, INHS 810163. 

Other material
USA • 1 undetermined sex on slide; Illinois, Urbana, 19 Montclair Rd; 40°05′41.5″ N, 88°12′24.7″ W; 
6 Jul. 2008; by kitchen sink; F Soto-Adames leg.; INHS 810,164 • 2 ♀♀ on slide; same collection data 
as for preceding, except 2012 (no specific date); INHS 810165.

Description
Length. Total length (head + trunk) of specimens 1.51–1.85 mm (n = 3). Specimens pale yellowish 
white with violet pigments on distal half of the Ant I to Ant IV, head laterally, margins of Th II–Abd II, 
Abd III with one transverse band that expands laterally, Abd IV dorsally with one irregular lateral spot 
and one weak central spot, irregular spots on dorsoventral plate and posterior margin; distal half of Abd 
V to VI, distal femur and tibiotarsus medially; eyepatches black (Fig. 8). Sometimes depigmented on 
proximal part of the Ant II; pigments on posterior one third of the Th II and Abd I, almost all Abd II–III 
medially, and posterior half of Abd IV (see Katz 2017: 551).

head. Antennal ratio as I: II: III: IV = 1: 1.83–2.00: 1.68–2.12: 1.81–2.36 (n = 3). Ant IV not annulated, 
with apical bulb simple or bilobed, rarely retracted. Six interocular chaetae (q, v, s, p, r, t); head dorsal 
macrochaetotaxy (Fig. 9A) with 5 ‘An’ (An1a–3), 4 ‘A’ (A0, A2–3, A5), 3 ‘M’ (M1–2, M4), 6–7 ‘S’ (S0, 
S2–6), 0 ‘Ps’, 5 ‘Pa’ (Pa1–5), 2 ‘Pm’ (Pm1, Pm3), 4 ‘Pp’ (Pp1–3, Pp5), and 4 ‘Pe’ (Pe2–3 plus 1 unnamed) 
mac; An2a?, A1, A4? mic absent. Maxillary palp with t.a. smooth and b.c. weakly striated, thicker and 
1.10 longer than t.a.; sublobal plate with 3 inner (sb.1–3) and 1 outer (sb.4) smooth appendages, sb.1 
gently smaller, sb.3 thin, and sb.4 minute (Fig. 9B). Ventral chaetotaxy with about 74 ciliate chaetae, 
23 thin, 18 slightly smaller, and 33 normal and subequal in length (including b.c.), cephalic groove 
with 8 chaetae; postlabial formula with 4 (G1–4), 4 (X, X2–4), 4 (H2–4), 4 (J1–4), 2 (X’, X4’) chaetae 
(Fig. 9C).

thorax chaetotaxy (as Fig. 6A). Th II and III similar to W. nigromaculata, except Th III p2a mac 
always present. Ratio Th II: III = 1.48–1.30: 1 (n = 3), holotype 1.30: 1.

abdomen chaetotaxy (as Figs 6b–F and 9d). Abd I to IV similar to W. nigromaculata, except Abd I m2 
smaller in length and socket size, Abd II a5 and m2 bothriotricha with 8–9 and 6 accessory chaetae, Abd 
III m2 bothriotrichum with 3–4 accessory chaetae and a5 and m5 bothriotricha with 12–15 accessory 
chaetae between them, and Abd IV T2 and T4 bothriotricha with 2 mic and 8–11 accessory chaetae 
between them. Abd V a, m and p series with 1 (a5), 4 (m2–3, m5–5e), and 5 (p1, p3–6) mac, respectively 
(Fig. 9D). Ratio Abd III: IV = 1: 3.61–4.14 (n= 3), holotype 1: 3.80.

chaetotaxy oF the Legs and coLLophore. Similar to W. nigromaculata (Fig. 7A–F).
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FurcuLa. Manubrium ventrally similar to W. nigromaculata (as Figs 4C, 7I); dorsally with one lateral 
row of 9 ciliate chaetae abruptly acuminate at the tip, 3 mac and 6 mes (2 basal and 2 antero-subapical); 
manubrial plate with 4 ciliate chaetae of different sizes (2 mac abruptly acuminate at the tip) and 2 psp 
(Fig. 9E).

DNA Barcodes
GenBank KM610130; collection locality information same as holotype (Katz et al. 2015a). GenBank 
MG034057; Brockville, Canada (deWaard et al. 2019).

Remarks
Willowsia neonigromaculata sp. nov. is considered a new species that is distinct from W. nigromaculata, 
supported by both morphological (Table 2) and molecular evidence (Table 3, Figs 10–11). 
Willowsia neonigromaculata sp. nov. resembles W. nigromaculata in most morphological characteristics, 
but differs in head by cephalic mac Ps5 and Pp4 absent and Pe4 plus one extra mac present (opposite 
in W. nigromaculata), 3 mic (An2a?, A1, A4?) absent (present in W. nigromaculata) and interocular 
s chaetae present (absent in W. nigromaculata), sublobal plate with 3 inner appendages (2 in 
W. nigromaculata), and ventral groove with 8 chaetae (6 in W. nigromaculata). On Abd I, m2 mac 
for Willowsia neonigromaculata sp. nov. smaller in length and socket size than m3 and m4 (normal in 
W. nigromaculata), and Abd V with 3 chaetae (m5ea, p5a, p6e), all absent in W. nigromaculata. They 
also differ in manubrium dorsally with 2 basal and 2 antero-subapical chaetae abruptly acuminate at the 
tip (1 basal and 1 antero-subapical in W. nigromaculata), and manubrial plate with 2 inner mac (1 in 
W. nigromaculata).

Genetic analysis
COI p-distances revealed remarkably high levels of genetic variation among specimens identified as 
W. nigromaculata, with p-distances ranging from 0% to 13.47% (Table 3). Moreover, there is a large gap 
in the distribution of genetic distances (0–1.18% and 9–13.47%, respectively) (Fig. 10), corresponding 
to the separation of two phylogenetically distinct lineages within W. nigromaculata (Fig. 11). Distances 
between these two clades (Fig. 10, line C) are similar to distances between other Entomobryinae species 
(Fig. 10, line A) and distances between Entomobryinae sister taxa (Fig. 10, line B). 

Both Bayesian and maximum likelihood phylogenetic approaches produced mostly congruent gene tree 
topologies, with lineages of the W. nigromaculata forming two distinct clades with high support (Fig. 11): 
(1) a W. neonigromaculata sp. nov. clade that includes sequences representing W. neonigromaculata 
sp. nov. collected from Dixon Springs, Illinois, USA and Brockville, Canada (previously identified as 
W. nigromaculata); and (2) a W. nigromaculata clade that includes W. nigromaculata sequences from 
specimens collected in Teillet, France and Toronto, Canada. Phylogenetic divergence between these two 
clades is similar to that observed between other Entomobryinae sister species (Fig. 11). 

Discussion
Cryptic species are thought to comprise a vast majority of springtail diversity (Porco et al. 2012; Cicconardi 
et al. 2013), which has contributed to the rise of studies that focus on integrating morphological and 
molecular data to delimit cryptic species within various groups of Collembola (e.g., Zhang et al. 2014c, 
2018, 2019; Katz et al. 2015a; Sun et al. 2017; Skarżyński et al. 2018; Yu et al. 2018; Carapelli et al. 2020). 
Likewise, we provide both morphological and molecular evidence that lineages of Willowsia nigromaculata 
comprise at least two species – W. neonigromaculata sp. nov. in North America and W. nigromaculata in 
France and Canada, but also reported throughout the Holarctic realm. Morphological analysis revealed a 
number of subtle, yet significant differences in chaetotaxy between the two species (Table 2), including 
the number of inner appendages on the maxillary sublobal plate (Figs 5E, 9B) – a character thought to 
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be highly conserved across Entomobryinae (Katz 2017). The presence of only 2 inner appendages for W. 
nigromaculata from France is surprising, given that to date, only three other species of Entomobryinae 
are known to share this character state: Americabrya arida (Christiansen & Bellinger, 1980), Willowsia 
mexicana Zhang, Palacios-Vargas & Chen, 2007, and Willowsia pyrrhopygia Katz, 2017 – all of which are 
endemic to the New World (Katz 2017). However, until recently, this character was rarely reported in the 
literature, so it is possible that 2 inner appendages may be more common than previously thought. 

The recovery of two highly supported and phylogenetically distinct clades (Fig. 11), separated by 
approximately 13% sequence divergence (Table 3; Fig. 10), provides additional support for our new 
species designation. However, the presence of both species in Canada indicates that the distribution of 
diversity in this group does not seem to correspond with geography. Extremely low levels of sequence 
divergence (approx. 1%) observed between W. nigromaculata specimens collected in France and 
Toronto, Canada (Table 3) are indicative of a recent range expansion via trans-Atlantic dispersal, 
possibly facilitated by W. nigromaculata’s strong association with human structures. As expected, 
the phylogenetic analysis also supports previous observations of para-/polyphyletic genera within 
Entomobryinae (Zhang et al. 2014a, 2014b, 2015, 2016, 2017; Katz et al. 2015b, 2017; Zhang & 

Table 2. Morphological comparison between Willowsia nigromaculata (Lubbock, 1873)  and 
W. neonigromaculata sp. nov. (‘+’ is present; ‘–’ is absent).

  Species
W. nigromaculata W. neonigromaculata sp. nov.

Character France USA
Cephalic dorsal S0 + +/–
macrochaetotaxy Ps5 + –

Pp4 + –
Pe4 – +

Pe extra – +
Number of interocular chaetae 5 6
Inner appendages on maxillary 
sublobal plate 2 3

Postlabial chaetotaxy X, X’ mic mes
X3, X4’ mic mes
groove 6 8

b.c. larger normal
Th II–Abd IV mac formula 9,8|3,3,3 + 7,7+14 9,8|3,3,3+7,7 + 14
Abd V chaetotaxy m5ea – +

p5a – +
p6ai mac mes
p6e – +

Manubrium ventral basal 1 2
chaetotaxy antero-subapical 2 1

subapical 6 4
Manubrial plate number 3–4 4
 mac 1 2
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Deharveng 2015; Ding et al. 2018), though the primary objective of this study was to assess genetic 
diversity within Willowsia, not to resolve generic relationships within Entomobryinae – a task that 
will likely require large, genomic data sets.

We consider the specimen identified as W. nigromaculata from Brockville, Ontario, Canada (deWaard et al. 
2019), as a synonym of W. neonigromaculata sp. nov. based on genetic similarity (0.18% COI sequence 
divergence). Sequence divergence in COI seems to accumulate long before obvious morphological 
divergence in springtails, with cryptic species often having >8% sequence divergence in COI (Porco et al. 
2012; Cicconardi et al. 2013; Katz et al. 2015a). Nevertheless, future morphological analysis of Canadian 
specimens would provide additional support for the presence of W. neonigromaculata sp. nov. in Canada.

In light of these results, we expect that specimens previously identified as W. nigromaculata, 
especially those collected in the USA and Canada, may actually be W. neonigromaculata sp. nov. and 
the reexamination of old material may reveal additional new species. Additional morphological and 
molecular investigations of specimens collected throughout the Holarctic region are needed to better 
understand the diversity and distribution of W. nigromaculata and W. neonigromaculata sp. nov. 

Fig. 10. COI p-distance (uncorrected) frequency histogram (in gray) and boxplots comparing 
p-distances between A. Entomobryinae species. B. Entomobryinae sister species. C. Willowsia 
nigromaculata (Lubbock, 1873)  (France and Toronto, Canada) and W. neonigromaculata sp. nov (USA 
and Brockville, Canada) clades (inter-specific distances). D. Lineages within the same W. nigromaculata 
or W. neonigromaculata sp. nov. clade (intra-specific distances).
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Fig. 11. Bayesian consensus tree estimated with MrBayes for Entomobryinae, including the clade comprised 
of Willowsia nigromaculata (Lubbock, 1873)  from France and Canada and W. neonigromaculata sp. nov. 
from the USA and Canada (highlighted). MrBayes and BEAST posterior probabilities and RAxML 
bootstraps are indicated at each node, respectively. The ingroup node constrained as monophyletic for 
all phylogenetic analyses is indicated with an asterisk (*).
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