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Abstract

Belgica antarctica is one of the two native chironomid species of the Antarctic Penin-
sula. In this species, adult males and females are considerably different, yet the question
of larval sex differences in morphometric parameters remains unanswered. In this paper,
we analyze five morphometric parameters: head capsule length, head capsule width,
mandible width, mandible length, mentum length of 140 fourth-instar larvae of B. ant-
arctica from seven study plots in the south of Petermann Island, Wilhelm Archipelago,
Antarctic Peninsula. To infer possible sexual dimorphism, we use the methods of
unsupervised analysis (PCA and hierarchical clusterization). Our results suggest that the
selected morphometric features of width and length are highly intercorrelated and cannot
differentiate sex in the sampled larvae of B. antarctica.
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Introduction

Body size sex dimorphism is known to Benbow 2008). Because secondary produc-
influence the population biology of insects tion is calculated using biomass, as organ-
(Esperk et al. 2007, Stillwell and Fox 2007, ism density multiplied by individual body
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size, sexual dimorphism may be inherently
important to standing stock biomass and
secondary production estimates of insect
groups where sex dimorphism is common
(Benbow 2008).

Male and female insects are often dis-
tinguishable morphometrically, by size
(Blanckenhorn 2007). Females are general-
ly larger than males, while males have
lower phenotypic plasticity (Stillwell et al.
2010, Vea et al. 2021). Phenotypic plas-
ticity is induced by ecological and environ-
mental variables (Stillwell and Fox 2007).
Atchley and Martin (1971) and Atchley
(1971) provided larval morphometric anal-
yses between sexes of several species of
the Chironomus genus.

Belgica antarctica Jacobs (Diptera: Chi-
ronomidae) is a wingless insect with com-
plete metamorphosis from the Orthocladi-
inae subfamily endemic to the western
shore of the Antarctic Peninsula (Usher
and Edwards 1984, Convey and Block
1996, Kovalenko et al. 2021, Kozeretska
et al. 2022). In recent years, this midge has
been studied actively in numerous research
on its genomic, phylogenetic, physiolog-
ical, biochemical, ecological, and life cy-
cle features (e.g., Benoit et al. 2009, Al-
legrucci et al. 2012, Harada et al. 2014,
Kelley et al. 2014, Kawarasaki et al. 2019,
Finch et al. 2020, Potts et al. 2020, Ajayi
et al. 2021, Michailova et al. 202la,
Spacht et al. 2021, Yoshida et al. 2021).
In addition, recently, Michailova et al.
(2021b) described the external morpholo-
gy of the 4™ instar larvae of this species.

The larval stage includes four develop-
mental periods with different sizes and
pigmentation. Atchley and Davis (1979)
reported that the 4™ larval stage exhibits
sexual dimorphism at the cytological (sex-
linked inversion) (Atchley and Davis 1979)
and morphological (sex apparatus) levels
(Wiilker and Gotz 1968). Atchley and
Hilburn (1979) carried out a large morpho-
metric study of the eldest larval stage
B. antarctica more than 40 years ago, cov-
ering 16 localities on ten islands in the vi-

cinity of the Anvers Island (Antarctic Pen-
insula). Nine parameters of the larval head
capsule had been recorded including frons
length, frons width, clypeus width, mandi-
ble length, central labial tooth (Cl) length,
central labial tooth (Cl) width, antennal seg-
ment 1 length, antennal segment 1 width,
and antennal segment 2 length. Atchley
and Hilburn (1979) reported high between-
sample variation in the expression of sexu-
al dimorphism. Some samples showed no
sexual dimorphism whereas others exhib-
ited highly complex patterns of sexual di-
morphism by the selected parameters such
as mandible length, frons length, Cl width,
and antennal segment 1 width. Neverthe-
less, measurements of larvae of B. ant-
arctica head capsule length in a few long-
standing works show the absence of sexual
dimorphism (e.g., Sugg et al. 1983, Usher
and Edwards 1984). Usher and Edwards
(1984) did not indicate the bimodal distri-
bution of head capsule length within 4™ in-
stars of larvae B. antarctica from two dif-
ferent populations. Moreover, the bimodal
distribution is not observed visually for
larval head capsule length in all instars, ac-
cording to the data presented by Sugg et
al. (1983). Also, Sugg et al. (1983) con-
cluded that the head capsule length could
vary between different populations. More-
over, they suggested that the result was a
consequence of both nutrient and thermal
variations. That is why the question about
the presence of sexual dimorphism in lar-
vae of B. antarctica is still relevant.

Attempts to find any relationship be-
tween morphometric variation and geo-
graphic and ecological features were gen-
erally unsuccessful. The general population
seemed to split into sex-specific and non-
sex-specific subpopulations and no corre-
lation was found with geographical param-
eters or environmental conditions. The re-
liability of the above-mentioned traits for
detection of sexual dimorphism in these
insects remains unclear, also considering
high morphometric plasticity of females
(Stillwell et al. 2010).



Differentiating between males and fe-
males in chironomids gets complicated, es-
pecially in the field, as it was demon-
strated by inconsistent differences found
in B. antarctica by Atchley and Hilburn
(1979), although Atchley and Martin (1971)
and Atchley (1971) were able to demon-
strate sexual dimorphism in chironomid
larvae. Documenting traits for rapid sex de-
termination would be beneficial for the re-
search where one needs to collect crucial
data from an extremely rare biological spec-
imen without risking the loss of fragile
material due to manipulations. Studies of
the fauna living in severe habitats like Ant-
arctica are a stark example of such re-
search; nonetheless, reliable morphometric
features in B. antarctica larvae that could
be used in situ are not described yet (re-
viewed in Kozeretska et al. 2022). Poten-
tially such indirectly measured traits can
be as well-validated on the spot by obser-
vation in the controlled environment.

To visually assess for patternization in
the parameters that could be attributed
to unlabeled subgroups within the general
population, we applied methods of unsu-
pervised machine learning, such as prin-
cipal component analysis (PCA) (Jolliffe
2002) and cluster analysis (hierarchical
clustering) (Hartigan and Wong 1979). Both
methods are widely used in ecological re-
search where identification of main drivers
of variation and markers of divergence is
of key importance (Xue et al. 2011). PCA
is carried by an orthogonal transformation
of multivariate data (in other words, re-
duces data of many dimensions to a single
plane with axes parallel to the directions
of general variation). The method allows
to evaluate the contribution of the general
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variability pattern by known factors (e.g.,
environmental: insolation, water, soil qual-
ity, etc.) as well as to visualize unex-
plained variability (Jolliffe 2002). There-
fore, if a population has a dimorphism ac-
tually explainable by a sex factor, then
even if the researcher did not label the
specimens by sex, the dimorphism patterns
are expected to be observable as points ag-
gregated around two or more centroids
(clusters). PCA-based evaluation is used to
determine possible sexual dimorphism in
populations of insects (beetles) (Benitez et
al. 2020), other animals (frogs) (Fathinia et
al. 2012), and even for studies in human
populations (Shui et al. 2017). Current soft-
ware algorithms allow evaluation of the
cluster resolving power using cubic clus-
tering criterion (CCC, measure of within-
cluster to total-sample ratio of sums of
squares) and pseudo-F statistic (PSF, ratio
of between-cluster to within-cluster sums
of squares). A dimorphism, if manifested
by any feature, would be inferred from lo-
cal maximums in CCC and PSF values and
will be clearly visible on the PC diagram
as well ([1]-R Core Team 2018).

In our study, we test if the larvae of
B. antarctica at their latest developmental
stage exhibit a dimorphism in certain head
capsule parameters, which would be de-
tectable by an unsupervised machine learn-
ing algorithm. For this, we analyzed 5 mor-
phometric features of the head capsule of
the 4" instar larvae of B. antarctica from
7 study plots on the Petermann Island pop-
ulation, which were collected in 2007. To
infer for patterns of dimorphism potential-
ly attributable to a sex factor, we applied
PCA, and to test the grouping strength we
used hierarchical clustering.
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Material and Methods

Study plots

B. antarctica larvae were collected from
randomly chosen seven study plots around
the Petermann Island of the Wilhelm Ar-
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chipelago on March 21 — 23, 2007, being a
task for the XII Ukrainian Antarctic Expe-
dition (Fig. 1, Table 1).

King George
Islond

James Ross
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Fig. 1. Sites of collection of B. antarctica on the Petermann Island.

All sites are located on the southern
side of the island, yet vary in altitude, vari-
ability of avian species, and water availa-
bility. Sites 1, 5, and 6 are located on the
western shore of the Petermann Island
(there is no big land from this side, only
open water and two small islands opposite
to site 6); while sites 2, 3, and 7 — on the
eastern shore (separated from the conti-
nent by Penola Strait: approximately, 2300
— 2400 m to Antarctic Peninsula); site 4 is

located in the middle of the southern part
of this island. All studied localities char-
acterized appreciable ornithogenic influ-
ence. It is necessary to note that we could
not take samples from the northern part of
the Petermann Island due to this territory
was already covered by a thick layer of
snow (also, this part of the island is high-
er). Another reason was the height of the
nothern part.
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Region Neo Location | Altitude | Number of | Date of

(code) [m] accessions | collection

The very south of the 1 (2B) | S 65°10.630' 0 20 3/23/2007

Peterman Island, Wilhelm W 64°08.711"

Archipelago; on hills where

Pygoscelis papua nest,

relatively near a nesting site of

Phalacrocorax atriceps

North of the southern part of | 2 (4B) | S 65°10.428' 1 20 3/22/2007

the Petermann Island, W 64°08.080'

Wilhelm Archipelago; in a

lowland area where Pygoscelis

papua nest

North of the southern part of | 3 (7B) | S 65°10.354' 4 20 3/22/2007

the Petermann Island, W 64°08.082'

Wilhelm Archipelago; in a

lowland fed by meltwater

from the hills, nesting site of

Pygoscelis papua

In the south of the southern 4 (0B) | S 65°10.561' 1 20 3/23/2007

part of the Petermann Island, W 64°08.400'

Wilhelm Archipelago; on hills 5 S 65°10.626' 0 20 3/23/2007

where (251A) | W 64°08.618'

Pygoscelis papua nest 6 (0A) | S 65°10.703' 0 20 3/22/2007

W 64°08.669'

North of the southern part of | 7 (0Z) | S 65°10.340' 13 20 3/21/2007

the Petermann Island W 64°08.270'

Wilhelm Archipelago; nesting

site of Pygoscelis papua and

Pygoscelis adeli

Table 1. Study plots of B. antarctica larvae used for morphometrical analysis.

Methods

Part of the live material (collected on
sites 5 and 6) was fixed in 96% ethanol,
part (collected on sites 1, 2, 3, 4, and 7)
— in ethanol-acetic acid solution (3:1). To
study morphometric variability, we used in-
dividuals of the 4™ larval stage (20 speci-
mens from every study plot). Sex was not
identified.

The five chosen morphometric features
included head capsule length, head capsule
width, mandible width, mandible length,
mentum length. The mandible length fea-

ture was the only parameter cross-used
from Atchley and Hilburn (1979), while the
head capsule length was cross-used from
Sugg et al. (1983) and Usher and Edwards
(1984).

The images were captured via a digital
single-lens reflex (DSLR) Sigeta MCMOS
5100 5.1Mp USB 2.0 (South Korea) cam-
era mounted on MBS-10 stereo micro-
scope (Russian Federation) with further
profiling using TopView software (TopTek
Photonics, v3.5).
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Statistical analysis

Data transformation and analysis were
carried using base Rv3.6.2([1]-R Core Team
2018) with the relevant libraries for visu-
alization (ggplot2) as well as SAS Univer-
sity Edition software package (SAS Insti-
tute Inc., US,2019). The normality of every
parameter’s distribution was checked indi-
vidually for each site using the Kolmogo-
rov-Smirnov test (PROC UNIVARIATE).
Analysis of variance of the parameters by
site and by collection coordinates was done

Results

using ANOVA (PROC GLM) with the
Tukey test for multiple comparisons. The
sexual dimorphism was inferred for by the
results of cluster analyses (Centroid Hierar-
chical Cluster Analysis, PROC CLUSTER;
K-means clustering, PROC FASTCLUS)
comparing the clustering power within the
array of 2 to 7 clusters (by the number of
sites) and visualization of the principal com-
ponents (PCA, R/prcomp).

The morphometric data are visualized on Fig. 2.
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Fig. 2. Box-and-violin diagrams showing aver-
age values and variances of the morphometric
parameters between study plots (see Table 1).
Horizontal bars represent the median values,
punctured points — arithmetic means, lower and
upper box boundaries — the 25" and the 75"
percentiles, respectively. Horizontal scales —
study plots, vertical scales — values of studied
parameters (um).



All samples were normally distributed
(Kolmogorov-Smirnov test, p > 0.05), ex-
cept for mandible width in site 5 (Kol-
mogorov-Smirnov test, p = 0.02).

Parametric models did not find dif-
ferences in the variations of all studied
parameters for different collection sites
(Fs.133< 1.3, P>0.1). Morphometric meas-
urements were also not correlated with
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the geographical coordinates (£ 3, < 0.1,
P > 0.9), suggesting that the specimens
from all study plots belong to the same
population. Further clustering could not
segregate the population into statistical-
ly significant subgroups comprising dif-
ferent study plots (PROC CLUSTER,
n_cluster <7, R* << 0.1, Fig. 3).
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Fig. 3. Analysis of the clustering power of morphometric features of B. antarctia showing the
relationship of cubic clustering criterion (CCC, left) and Pseudo F-statistic (PSF, right) and the
number of clusters into which the data were divided during K-means clustering (PROC
FASTCLUS). The absence of a local maximum in the first cluster shows poor segregation power
of the morphometric data when dividing into two groups of hypothetical males and females.

Since we did not see any difference in
morphometric parameters in larvae from
different study plots, we pooled them to-
gether. Within this pool, the data could

not be differentiated into two groups
(n_cluster = 2, R = 0.072) (Fig. 3). Only
one significant principal component was
defined by the analysis — size (Table 2).

PC1 PC2 PC3

Head capsule length -0.45188 0211914 0.207294
Head capsule width -0.44684 0.180538 0.740384
Mandible length -0.44941 -0.45585 -0.18521
Mandible width -0.44683 -0.56079 -0.18931
Mentum length -0.44103 0.632626 -0.582

Eigenvalue 2.190865 0.331766 0.249811
% of total variation 0.96 0.02201 0.01248

Table 2. Principal components (PC) analysis of the B. antarctica morphometrics.
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PCA results are presented on a biplot
(Fig. 4), showing no patterns of bimodal
distribution typical for sexual dimorphism.
A similar analysis, conducted on the pub-
licly available data (Laiolo et al. 2013) for
comparison, demonstrated the expected pat-
terns of variation due to sex differences

that are as significant as due to geo-climat-
ic characteristics of the environment (see
Supplementary Material).

Therefore, the larvae from the Pe-
termann Island population could not be
grouped by sex by any of the studied pa-
rameters.

B. antartica larvae: Principal Components
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Fig. 4. PCA of the pooled morphometric data. 96% of the overall variation is described by one
principal component (PC1). The arrows indicate features’ axes relative to the principal compo-

nents. Ellipses group the samples by location.

Discussion

The results of analyses of the head cap-
sules of the 4™ instar larvae of B. ant-
arctica (Petermann Island, Wilhelm archi-
pelago on the Antarctic Peninsula) demon-
strate that the morphometric features are
characterized by unidirectional variance.
Given this and the fact that all sampling
plots were on the same side of a single is-

land, and despite some differences in the
protection against winds (sites 2, 3, and 7
are more protected: they are covered from
the northwest by the upper part of the is-
land and they are located farther from the
open water), we can confidently assume
that all samples belong to the same highly
ecologically uniform population.



Atchley and Hilburn (1979) reported
sexual dimorphism in B. antarctica larvae
sampled from several different islands by
morphometrical parameters of the head
capsules. For all parameters they had meas-
ured, females had higher values than males.
Actually, in half of the sites the dimor-
phism was manifested by two principal
components, such as the shape (interaction
between several head capsule features) and
size (single feature) while in 11 out of 15
sites the dimorphism was seen at least by
the size. The patterns of dimorphism did
not statistically correlate with geographical
coordinates or ecological factors or the soil
parameters. Unfortunately, it was not pos-
sible to infer for the exact parameters by
which the males and females varied in a
given site using only the aggregated results
of the principal component method. This
makes it improbable to make a detailed
geographical comparison of direct meas-
urement data and allows only to compare
the regularities of the morphological traits
and their interaction, and to check the ex-
pectation of the sexual dimorphism. The
differences in the results of our work and
the work of Atchley and Hilburn (1979)
could be caused by several reasons. First-
ly, limited spatial sampling in our work
(the samples were collected in several sites
but only from one island). Secondly, hypo-
thetical genetic differences between popu-
lations due to sufficiently isolation — it is
necessary to note that B. antarctica pos-
sibly survived multiple glacial cycles in
Pleistocene Epoch or even earlier (Alle-
grucci et al. 2012, Chown and Convey
2016); moreover, this insect is flightless
(perhaps the only way to settle this midge
is to transfer it by birds together with the
nesting material (Peckham 1971, Parnikoza
et al. 2018). And thirdly, possible differ-
ences between environmental conditions in
the experimental locations. It should be al-
so noted that in the work of Atchley and
Hilburn (1979), the sexual dimorphism
in larvae was founded not for all popula-
tions: three of them (from Cormorant Island
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(AA1), Ike's Island (AF1), and one of four
examined from Litchfield Island (AO4))
showed the absence of morphometric dif-
ferences between males and females by
all three selected principal components in
their research.

Concerning head capsule length, our re-
sults also show the absence of sexual di-
morphism in this parameter, similar to the
work of Sugg et al. (1983) and Usher and
Edwards (1984).

In our work, the unidirectionality of the
morphometric parameters (Fig. 4) and sta-
tistically insignificant second axis of the
principal components (Table 2) suggest
that the selected set of morphometric pa-
rameters played little to no role in varia-
tion of the shape of the head capsule which
also has a negative effect on the expecta-
tion of sexual dimorphism in the general
sample. One should note that 4 out of 5
parameters measured in our work had not
been analyzed in B. antarctica larvae be-
fore. The single parameter the studies have
in common is the mandible length; by
Atchley and Hilburn (1979), it belongs to
one of four parameters showing “signifi-
cant locality by sex interaction”. We did
not find any similar effect for this feature
in our data.

In this study we employed an unsuper-
vised method of detection of dimorphic
patterns. Morphological data, as visualized
by PCA, did not suggest presence of a sig-
nificant principal component other than
size, neither it could show any detectable
motifs of differences. These results can be
explained by the low power of the chosen
method over chosen features, or by the ac-
tual absence of sex differences in these
traits in these larvae as well.

Therefore, according to our results, the
differences between sexes in the studied
parameters of the larvae from the Peter-
mann Island population were much less
profound than in the samples collected by
Atchley and Hilburn (1979). Meanwhile,
our results do correspond to those authors’
research and evidence of no noticeable ef-
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fect of the environmental factors on the
morphometrical parameters of the head
capsules of B. antarctica larvae at the 4™
larval stage. What then could explain the
results obtained by our predecessors? Re-
cent studies have shown that plasticity in
body size can differ quite remarkably be-
tween sexes, generating intraspecific varia-
tion in sexual size dimorphism (Teder and
Tammaru 2005, Stillwell and Fox 2007).
One could suppose that the differences
found by Atchley and Hilburn (1979) be-
tween larvae from different populations
could have been caused by the higher phe-
notypic plasticity of females which is com-
mon for insects (Stillwell et al. 2010) in
response to different habitats, since their
study encompassed 16 different popula-
tions from multiple islands. As Atchley
and Hilburn (1979) did not provide spe-
cific numeric, so it is not possible to evalu-
ate statistical approaches in their work, we
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The analysis is performed using the data from:

Laiolo, P., Illera, J. and Obeso, J. (2013): Data from: Local climate determines intra- and
interspecific variation in sexual size dimorphism in mountain grasshopper communities. Dryad,
Dataset. https://doi.org/10.5061/dryad.c5097

Principal Component Analysis of the expected sexual dimorphism in grasshoppers
(Chorthippus sp.) using three morphometric parameters (Total Body Length, Femur Length,
Pronotum Length). On Supplementary Fig. 1, the labeling by sex is purposefully omitted, to
replicate the view on the data the same way as it was analyzed in the presented manuscript.
Orthogonality of the eigenvectors (loadings) indicates that the underlying traits already
significantly contribute to at least two principal components. Unlike in our data, a significant
clustering here can be observed with a naked eye, but the role of sex is not obvious simply by
visual analysis of the unlabeled data. The following figure (Supplementary Fig. 2) uncovers that
besides sex, there might be other significant factors in explaining variation in insect morphometry
(authors provide coordinates, temperature data, insolation, and rainfall readings as significant
explanators of the seen patterns).
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Supplementary Fig. 1. PCA of the pooled morphometric data; labeling by sex is omitted.
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Supplementary Fig. 2. PCA of the pooled morphometric data; labeling by sex is included.
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