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1 | INTRODUCTION

Knowledge of intraspecific variation is important for
understanding the diversity of a species, which in turn,
has implications for taxonomy, conservation biology and
habitat protection (Mimura et al., 2017). Additionally,
data on intraspecific morphological variation are an im-
portant source of information for studies on fossil fishes,
which depend on morphological characters for taxo-
nomic and phylogenetic interpretations, and where the
observed variation is often difficult to interpret. Here we
use the killifish Aphaniops stoliczkanus (Day, 1872; family
Aphaniidae Hoedeman, 1949, order Cyprinodontiformes)
as a model to investigate variability in morphological traits
within and between its populations.

Species of Aphaniops and Aphaniidae are known for
rapid interspecific diversification in isolation and have
been widely used to study genetic and morphological di-
versification (Buyj et al., 2015; Chiozzi et al., 2018; Esmaeili
et al., 2020; Ferrito et al., 2013; Gonzalez et al., 2018;
Tigano et al., 2006). In contrast, only few studies have
investigated their intraspecific variation and the role
of environmental parameters in producing such vari-
ation (Annabi et al., 2013; Teimori, Jawad, et al., 2012;
Teimori, Iranmanesh, et al., 2021). Aphaniops stoliczkanus
(Day, 1872) is the most widespread species of the genus
Aphaniops Hoedeman, 1951 (Teimori et al., 2018). First
described from the Rann of Kutch Peninsula of India,
it also occurs in various types of inland aquatic habitats
along the Persian Gulf, the Gulf of Oman and the Arabian
Sea (Freyhof et al., 2017; Wildekamp, 1993). Like most
species of Aphaniops, A. stoliczkanus tolerates a wide vari-
ety of temperatures, water chemistry and substrates and is
able to thrive in environments that are unsuitable for other
fish (Clavero et al., 2007; Haas, 1982). Previous works
have focused on the morphological or molecular discrim-
ination of A. stoliczkanus from its congeners (Charmpila
et al., 2020; Freyhof et al., 2017; Teimori et al., 2018), but
few data are available about the intraspecific variation of
this species.

The aim of this study is to explore intra- and inter-
population phenotypic variations in A. stoliczkanus and to
discuss possible links between variability of traits, types
of habitats and connectivity. A particular focus lies on the
otoliths as they are known to evolve on ecological time
scales (i.e. across a few generations, see Carroll et al., 2007)
and can also reflect genetic diversity (Reichenbacher
& Sienknecht, 2001; Vignon & Morat, 2010; Volpedo &
Echeverria, 2003). In order to confirm the species iden-
tification, molecular analysis was also conducted. Our
new data can serve as a benchmark for future studies on
the diversity of Aphaniops and other Aphaniidae, help to
clarify whether cryptic diversity is present in some of their
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lineages and will also be valuable for future habitat man-
agement in the study area (northern Oman). Moreover,
our new data can serve as a standard for taxonomic stud-
ies and phylogenetic interpretations of fossil fish otoliths
and skeletons.

1.1 | Otoliths

Otoliths are hard structures in the inner ear of bony
fish, which form part of sensory organs that enable the
organism to perceive acceleration of motion and are
vital for the senses of balance and hearing (Popper
et al., 2005). Consisting mainly of aragonite with a small
proportion of organic material and some trace elements
(Campana, 1999; Carlstrom, 1963), they come in three
pairs, known as saccular, lagenar and utricular otoliths,
respectively (Nolf, 1985). As their morphology is species-
specific, otoliths can be used to identify fish species and
also to identify fish consumed by predators (Disspain
et al., 2016; Nolf, 2013; Schwarzhans, 2013). Additionally,
otoliths can also be used to differentiate between popula-
tions and stocks (Campana & Casselman, 1993; DeVries
et al., 2002). A particular interesting aspect is that otolith
morphology can evolve on ecological time scales and may
indicate presence of cryptic lineages (La Mesa et al., 2020;
Reichenbacher et al.,, 2009; Teimori, Iranmanesh,
et al., 2021).

2 | MATERIALS AND METHODS

2.1 | Fish sampling and sites

A total of 256 fish specimens were collected using hand
nets from two coastal (Barka, Bahayez) and four land-
locked sites (Al Khoud, Al Amirat, Nakhal, Saroor)
(Figure 1, Table 1). Each sample represented a day's catch.
The fish were euthanized with an overdose of benzocaine
(100 mg/L, see Barker et al., 2002) and were fixed in 80%
ethanol to ensure preservation of the otoliths. The sam-
pling of the animals complied with protocols on animal
welfare laws, guidelines and policies as approved by the
responsible governmental authorities of Oman (reference
number CR/AGR/FISH/20/03). The samples are stored
in the Department of Earth and Environmental Sciences
at Ludwig-Maximilians University (LMU) in Munich.

2.1.1 | Coastal sites

Barka is an estuary and has a stable connection to the
Gulf of Oman. In Bahayez (mentioned as “Sib” in
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FIGURE 1 Locations of sampling sites (top, arrow indicates the Al Khoud dam) and photographs of sampling sites (below). Inset:
Outline map of the Arabian peninsula with study area highlighted. Image sources: Sentinel 2; drainage from the digital chart of the world

dataset (DMA, 1992, accessed via diva-gis.org/gdata)

TABLE 1 Details of the studied samples and geographical coordinates of localities

SL in mm, Ranges

Locality n (m/f) (mean)

Barka 35(13/12) 26.6-44.8 (33.2+3.4)
Bahayez 44.(23/21) 25.4-41.4 (32.1£3.5)
Al Khoud 35(19/16) 24.8-48.8 (36.4+ 5.6)
Saroor 68 (41/27) 25.0-47.1 (33.6+4.9)
Al Amirat 47 (24/23) 22.6-45.6 (31.2+4.4)
Nakhal 27 (12/15) 23.7-45.4 (33.9+ 5.4)
Total 256 22.6-48.8 (33.2+4.8)

n, (m/f) n,,(m/f) Coordinates of site

16 (10/6) 19 (12/7) 23°43'33” N, 57° 49’ 59" E
16 (11/5) 21 (13/8) 23° 40" 47 N, 58° 11’ 36" E
15 (10/5) 22 (13/9) 23° 34’ 33" N, 58° 07’ 06" E
18 (10/8) 24 (12/12) 23°21'38"” N, 58°06'25" E
15 (10/5) 20 (12/8) 23° 31/ 42" N, 58° 29’ 00" E
12 (8/4) 16 (8/8) 23° 22/ 517 N, 57° 49’ 36" E
92 122

Abbreviations: n, total number of specimens, number of males (m) and females (f) is given in brackets; n,, number of specimens photographed; n,, number of

specimens x-rayed and used for otolith study; SL, standard length.

Teimori, Jawad, et al., 2012; Teimori et al., 2018) the con-
nection with the sea is intermittent, with influx of sea-
water occurring only during heavy rains (L.J., personal
observation).

2.1.2 | Inland sites

Saroor (upstream) and Al Khoud (downstream) are
connected by a narrow stream (Figure 1). They were
formerly linked to Bahayez, but the Al Khoud dam,
constructed in 1985, now separates both from the lower
reaches of the catchment (Al-Ismaily et al., 2013, arrow
in Figure 1). Nakhal, at the base of the Hajar Mountains,
is a small stream, which is fed by the Al Thowarah hot
spring (Sarangadharan & Nallusamy, 2015). The Nakhal
stream, together with other small tributaries from the
Hajar Mountains, form a branching network, which
flows into the estuary at Barka. Al Amirat also rises in
the Hajar Mountains, within the Wadi Hatat anticline
(Searle, 2019). The drainage network of the anticline (and
of Al Amirat) is itself isolated from the western part of the
Hajar Mountains (Figure 1).

Ecological information about the sites is available
from photographs, satellite imagery and literature re-
view (Abulibdeh et al., 2021; Al-Rawas & Valeo, 2010;
Kusky et al., 2005; Sarangadharan & Nallusamy, 2015)
and is supplemented by personal observations made by
one of us (SA-J). The Barka site lacks vegetation, and the
stream flows over pale yellow sand. The sites at Bahayez,
Al Khoud, Al Amirat, Nakhal and Saroor all show either
algal growth or vegetation along their banks; vegetation is
less dense in Al Khoud than at the other sites.

2.2 | Molecular analysis

Total genomic DNA was isolated from the fins of one
male and one female specimen from each locality using
a standard extraction procedure (Geneaid Tissue DNA
Kit, Biotech). Attempts to extract DNA from the Al
Amirat and amplification of one of the Barka specimens
failed, but partial cytochrome b sequences were obtained
from both Barka specimens. The GenBank accession
number for cytb for the Barka specimens is ON637260.
The mitochondrial gene for cytochrome c oxidase subu-
nit 1 (COI) was amplified using primer pairs FishF1
and FishR1 (Ward et al, 2005) and the cytochrome
b (cytb) gene was amplified with BarbusCTB-interF
(5-GGCTCYTAYCTBTAYAARGAAAC-3') (this study)
and Thr-R primer pairs (Machordom & Doadrio, 2001).
Amplification was performed on a Proflex PCR System
(Applied Biosystems), using the following temperature
profile: 94°C for 3 min for initial denaturation, 35-40cy-
cles 0of 92°C for 455, 49-52°C for 90s and 72°C for 105s, fol-
lowed by 72°C for 7 min as the final extension for COI; and
for cytb, initial denaturation at 94°C for 3 min, 35cycles of
94°C for 455, 48°C for 90s and 72°C for 105s, followed by
final extension at 72°C for 7 min. After purification of the
PCR products with the ExoASP-IT® (usb) kit, they were
sequenced by the Sanger method at the Macrogen Service
Centre (Amsterdam, Netherlands), and Geneious Prime
2021.2.2 (Biomatters Ltd.) was used to read and edit the
DNA chromatogramsin order to generate accurate COI and
cytb sequences of A. stoliczkanus. The resulting sequences
were aligned with homologues from the nine species of
Aphaniops and Paraphanius mento (Heckel, 1843) avail-
able in GenBank, using the Clustal W multiple-alignment
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accessory application implemented in Geneious Prime.
Identical sequences for COI were collapsed into unique
haplotypes with Fabox 1.5 (Villesen, 2007). Their GenBank
accession numbers are ON638976 (haplotype 1) and
ON638977 (haplotype 2) (Figure 3). Partition Finder 2.1.1
(Guindon et al., 2010; Lanfear et al., 2012, 2017) was used
to select the best-fit partitioning schemes and substitution
models for the subsequent phylogenetic analysis. For phy-
logenetic reconstruction, the maximume-likelihood (ML)
method in Randomised Axelerated Maximum Likelihood
(RAXML) 8.2.12 (Stamatakis, 2006) through CIPRES
Science Gateway (Miller et al., 2010) was used with 1.000
bootstrap replicates based on the GTR + G nucleotide sub-
stitution model. The resulting phylogenetic tree was ed-
ited in FigTree 1.4.3 (Rambaut & Drummond, 2012) and
Adobe Photoshop.

2.3 | Body morphometry and
meristic counts

All specimens were subjected to body morphometry, while
15-20 specimens from each locality were selected for the study
of pigmentation and meristic characters (Table 1). About 15
specimens (usually 10 males/5 females) from each locality
were photographed for comparisons of variation in pigmen-
tation, and samples of about 20 of the larger specimens from
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each locality were X-rayed to obtain meristic data (Table 1).
X-ray analysis was conducted with a Faxitron Bioptics instru-
ment at the Bavarian State Collection of Zoology. The choice
of larger specimens enabled optimal X-ray images.

Body proportions were measured to the nearest
0.1 mm under a stereo microscope with digital callipers.
Measurements included total length (TL), standard length
(SL), anal-fin base (Ab), body depth (B), caudal peduncle
depth (CP), pre-dorsal length (SN/D) and pre-anal dis-
tance (SN/A; Figure Sla). Morphometric variables were
calculated based on standardisation of measurements with
respect to SL. Meristic counts were performed based on
the X-ray images and include: numbers of abdominal ver-
tebrae, caudal vertebrae (including the terminal centrum),
dorsal-fin rays (all rays), anal-fin rays (all rays), branched
caudal-fin rays and anal-fin pterygiophores (Figure S1b).
In addition, the numbers of preural vertebrae and modi-
fied caudal vertebrae were counted; the definition of mod-
ified caudal vertebrae followed Charmpila et al. (2020).

2.4 | Otolith preparation,
morphology and morphometry

The samples subjected to X-ray analysis were also used
to obtain otolith data (Table 1). Saccular otoliths were ex-
tracted through the operculum according to the method

FIGURE 2 (a) Morphometric
measurements of otoliths (according
to Reichenbacher et al., 2007). (b)
Measurements used to calculate the

crenulation index: L., length of ventral

e
rim based on 1-1; Ly, L,, Ly, straight-line
segments along ventral rim. (c, d) Fourier
analysis using SHAPE v1.3. (c) Digitised
outline (white) overlaid with outline
reconstructed from the extracted Fourier
coefficients (blue). (d) First-harmonic
ellipse (red) overlaid with reconstructed
outline (green) rotated for normalisation
of the starting point of the trace [Colour
SHAPE 1.3 figure can be viewed at wileyonlinelibrary.
com|
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of Wakefield et al. (2016). Otoliths were cleaned, mounted
on stubs and coated with gold for SEM imaging using a
HITACHI SU 5000 Schottky FE-SEM at the Department
of Earth and Environmental Sciences (LMU Munich).

Study of otolith variation was analysed based on (i) vi-
sual inspection of the otolith morphology using the SEM
images, (ii) otolith morphometry following Reichenbacher
et al. (2007) (Figure 2a), (iii) otolith shape indices accord-
ing to Tuset et al. (2003) and Bostanci et al. (2015) and (iv)
Elliptical Fourier Analysis (EFA) using Shape 1.3 (Iwata &
Ukai, 2002; Figure 2c¢). Measurements for otolith morphom-
etry and shape indices were done with ImageJ (Schneider
et al., 2012). Calculation of otolith variables, otolith shape
indices and extraction of Fourier coefficients followed previ-
ous works (for details see Appendix S1, Table S1).

The otolith crenulation index (Ci) is introduced here for
the first time to quantify the degree of crenulation along
the ventral margin of an otolith (Figure 2b). This parame-
ter is equivalent to the mountain-front sinuosity index used
in geomorphology (Fountoulis et al., 2015). Ci is obtained
by measuring the length of the crenulated ventral margin
(L.,) along the landmarks 1 and I' of the otolith, and then di-
viding L, by the total length (L,) of three straight-line seg-
ments that run parallel to the ventral margin (Figure 2b),
that is Ci = L,/Lg, where L, = Ly, + L, + L.

2.5 | Statistical analyses

Statistical analyses were performed in Past 4.0 (Hammer
et al., 2001). Morphometric data were tested for normal
distribution using Shapiro-Wilk's test (p > .05 for normal
distribution) and for correlation with standard length
using Pearson's test (no correlation if r~0, p<.05). As
almost all morphometric variables were normally distrib-
uted and almost no correlation with standard length was
detected, ANOVA with Tukey's post-hoc test (p<.05)
was used to detect between-group differences (Schmider
et al., 2010). For meristic data, which as such are not
normally distributed, the non-parametric Kruskal-
Wallis test was performed and Dunn's post-hoc test with
Bonferroni's correction (p <.05) was applied for pairwise
comparisons. Cluster analysis (Ward's method) was car-
ried out based on the mean values of the body morpho-
metric and otolith variables of each group to illustrate the
phenetic similarities.

3 | RESULTS

In the following text, the terms site, locality and sampling
site are used synonymously; and the term population re-
fers to the group of specimens from an individual site.
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3.1 | Phylogenetic analysis

Partial cytb sequences (~850 nucleotides) were obtained
for the samples from Barka. Comparison with sequence
data available from GenBank confirmed that these speci-
mens belong to A. stoliczkanus. The specimens that were
analysed based on their COI gene sequences cluster with
other A. stoliczkanus from the Middle East in our phylo-
genetic tree (Figure 3). Specimens of A. stoliczkanus from
India formed a highly supported clade, which was a sis-
ter clade to all other A. stolizckanus from the Middle East,
as noted in earlier reports (Esmaeili et al., 2020; Freyhof
et al., 2017). Aphaniops ginaonis (Holly, 1929)+ A. hor-
mugzensis (Teimori et al., 2018) emerges as sister to the
A. stoliczkanus clade. The new specimens bear two haplo-
types, which differed in a single nucleotide (indicated by
stars in Figure 3).

3.2 | Pigmentation

All specimens are predominantly golden yellow in col-
our, with some dark brown reticulation on the dorsal part
(Figure S2). The belly is light yellow to white. Both males
and females have a single semi-circular dark grey marking
posterior to the operculum. As is the norm for species of
Aphaniops, there is clear sexual dimorphism in pigmenta-
tion (Figure S2).

3.2.1 | Intra-population variation

There is almost no intra-population variation in the pig-
mentation, apart from the number of vertical bars on the
posterior end of the body in males, which can vary from
Zero to nine.

3.2.2 | Between-population variation

Only the specimens from Barka deviate in pigmentation
from the other populations as both females and males have
slightly lighter colouring, less pronounced dorso-ventral
shading and a less pronounced contrast of the flank bars
and stripes (Figure S2). The caudal fins of these specimens
are also lighter in colour, especially in the females, and the
contrast between stripes in the males is less marked.

3.3 | Body morphometry

Apart from the pre-dorsal lengths for the Al Amirat and Al
Khoud specimens, all morphometric variables are normally
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A. stoliczkanus Iran Persian Gulf MT102199
A. stoliczkanus Iran Kajou MF918621

A. stoliczkanus Bahrain Jirdab MF91861i
55

A. stoliczkanus India Kujarat MF918612

(b)

Al Khoud 10, 15;
A. stoliczkanus Oman Al Amarat MF91860, . .
A. stoliczkanus Oman Haplotype 1 ? Bahayez 30: Barka 91
72} | A. stoliczkanus Bahrain Jirdab MF918616 Nakhal 13; Saroor 4, 25 9
A. stoliczkanus Oman Haplotype 2 ON638976
86L A. stoliczkanus UAE Khor Kalba MF918624 |
99 A. stoliczkanus India Kujarat MF918611 Bahayez 11; Nakhal 5

ON638977

A. stoliczkanus Iran Persian Gulf MT102199
A. stoliczkanus Iran Kajou MF918621

A. stoliczkanus Oman Al Amarat MF918605
A. stoliczkanus Oman Haplotype 1

A. stoliczkanus Bahrain Jirdab MF918616
A. stoliczkanus Bahrain Jirdab MF918615
A. stoliczkanus Oman Haplotype 2

86L A. stoliczkanus UAE Khor Kalba MF918624
99 A. stoliczkanus India Kujarat MF918611
A. stoliczkanus India Kujarat MFO18612
A. hormuzensis Iran Kookherd MZ666383
A. hormuzensis Iran Kookherd MZ666384
851 A, hormuzensis Tran Kookherd MZ666382

A. hormuzensis Iran Kookherd MZ666380
98 A. ginaonis Iran Genow MF918592

A. ginaonis Iran Genow MF918590

A. kruppi Oman Al Mudayrib MF918593
A. kruppi Oman Al Mudayrib MF918597

A. stiassnyae Ethiopia Lake Aprera MG013868
73L A, stiassnyae Ethiopia Lake Aprera MG013870
100l 4. stiassnyae Ethiopia Lake Aprera MGO13869
A. stiassnyae Ethiopia Lake Aprera MG013871
A. richardsoni Dead Sea MF918600
A. richardsoni Dead Sea MF918599
100} . richardsoni Dead Sea MF918601

65

93

94

A. sirhani Jordan K)552717
A. sirhani Jordan K1552402
100 73
A. sirhani Jordan MF918603
A. sirhani Jordan MF918602 0.03

A. richardsoni Dead Sea K1552395
71) A. dispar Egypt Sinai MG013874
51| ' A. dispar Saudi Arabia MF918581
A. dispar Egypt Sinai MG013873
A. dispar Egypt Sinai MG013875

I'[ A. furcatus Iran Faryab MT102192
100 A. furcatus Iran Khurgu MT102191

ius mento K3552750

(@

A. furcatus Iran Kol River MT102190

FIGURE 3 (a)Maximume-likelihood tree of nine Aphaniops species. Numbers at important nodes indicate ML bootstrap support values,

values lower than 50 are not indicated. Terminal nodes are named with species name, site and GenBank accession number. The red box

delineates the A. stoliczkanus clade, with the haplotypes revealed in this study depicted in bold. (b) Close-up of the A. stoliczkanus clade

to show the placement of our specimens within the two haplotypes; numbers after site names (e.g. “Al Khoud 10”) indicate specimen ID

[Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Significant differences in body morphometry of Aphaniops stoliczkanus between the studied sites (ANOVA with Tukey's

pairwise test, p <.05)

n Barka Bahayez
Barka 35 X
Bahayez 44 SN/A X
Al Khoud 35 B, CP B, CP, SN/A
Saroor 68 B, CP, SN/A B, CP
Al Amirat 47 B, CP, SN/A B, CP, SN/A
Nakhal 27 B, CP B, CP, SN/A

Note: For measurements see Table S2, for raw data see Table S6.

Al Khoud Saroor Al Amirat Nakhal
X

SN/A X

B B X

- SN/A - X

The grey font (shading) indicates that the cells are left empty to avoid repetition of information.

Abbreviations: B, body depth; CP, caudal peduncle depth; n, number of specimens used; SN/A, pre-anal distance.

distributed and almost no correlation with SL is observed
(weak correlation occur in the anal-fin base for Saroor, body
depth for Al Khoud, caudal peduncle depth in Nakhal).

3.3.1 | Intra-population variation

Intra-population variation was assessed based on the
overall dispersion of parameter values, as depicted in the
box plots (Figure S3) and quantified by the standard de-
viations (Table S2). Overall, the coastal population from
Barka, followed by the coastal population from Bahayez
are more homogeneous than the others. The level of intra-
population variation is slightly higher in the inland sites

Al Khoud, Al Amirat and Nakhal, whereas the speci-
mens from Saroor are similar homogeneous as those from
Bahayez (Figure S3, Table S2).

3.3.2 | Between-population variation

The morphometric variables show a quite consistent pat-
tern across the specimens from all localities (Figure S3).
However, the specimens from the coastal sites (Barka,
Bahayez) exhibit significantly higher body depths and
caudal peduncle depths than those from the four inland
sites (Table 2). The only other variable that differs be-
tween the populations is the pre-anal distance (Table 2).

85U8017 SUOWILLOD BA 118810 Bdedl dde ay) Aq peusenob ae sajoile VO ‘88N Jo se|nu o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" AB 1M A0 BUUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/7T] U0 Akeid)8uluo A8|Im ‘Auewies aueIyo0D Aq 8221 0Ze/TTTT OT/I0p/ w00 A8 |Im Akeid1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘S6E9E9PT


www.wileyonlinelibrary.com

BIDAYE ET AL.

3.4 | Meristic counts

Based on the mean values of all data, the predominant
total number of vertebrae in A. stoliczkanus is 27, usually
12 abdominal and 15 caudal vertebrae. The average num-
bers of dorsal and anal-fin rays are 9 and 10, respectively,
and the usual number of branched caudal-fin rays is 16
(Table S3). There are three preural vertebrae and a single
modified caudal vertebra in almost all specimens.

3.4.1 | Intra-population variation

Each population shows a rather limited degree of intra-
population variation, but some trends can be discerned:
(i) the range of variation in the numbers of abdominal,
caudal and total vertebrae in the specimens from the
coastal sites (Barka, Bahayez) is slightly narrower than in
the remainder; (ii) few variation is present in the numbers
of dorsal and anal-fin rays in Saroor; (iii) the specimens
from Al Amirat reveal slightly higher levels of variation
in numbers of abdominal and caudal vertebrae, dorsal-
fin rays and anal-fin pterygiophores than are seen in the
other populations (Figure 4).

3.4.2 | Between-population variation

The specimens from Bahayez and Barka tend to have
slightly lower numbers of vertebrae than the inland
populations, this difference is significant in the case of
Bahayez (Figure 4, Table 3). The population from Nakhal
differs significantly in the number of branched caudal-fin
rays from the remainder (14 versus 16, except Bahayez).
Nakhal also tends to show higher maximal numbers for
the caudal vertebrae (16 versus 15) and dorsal-fin rays (10
versus 9). Moreover, for the specimens from both Nakhal
and Al Amirat, the number of anal-fin rays is significantly
different versus the remainder (11 versus 10; Figure 4,
Table 3).

3.5 | Otolith morphology

The otoliths of A. stoliczkanus from each site are generally
rounded-to-triangular in shape (Figure 5). In most speci-
mens, the dorsal margin has a more or less prominent tip
at the middle or slightly behind the middle, which may
form a well-defined peak (e.g. in Bahayez) or be slightly
bent posteriorly (e.g. in Barka; Figure 5). The ventral mar-
gin usually shows crenulations. Crenulations are some-
times present on the posterior and dorsal margins as well.
The rostrum is usually longer than the antirostrum, but
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exceptions occur. The excisura is triangular and weakly
to sharply incised. The sulcus is deep, nearly straight and
bent at the posterior end.

3.5.1 | Intra-population variation in
otolith morphology

Evaluation of intra-population variation is based on the
SEM images, the scatter of otolith morphometric values
(Figure S4), the values of the standard deviations obtained
for otolith morphometric variables and shape indices
(Tables S4 and S5) and on Principal Component Analysis
(PCA) of the Fourier coefficients (Figure S5).

Barka

No major deviations occur, ranges and standard devia-
tions are lower than for all the other populations analysed.
Small variations may occur in the lengths and heights of
the rostrum and antirostrum (Figure 5; Figures S4 and S5;
Tables S4 and S5).

Bahayez

The sharply defined dorsal tip is pointing straight up
or bent slightly backwards. The excisura angle varies
widely. The quantitative analysis reveals clear variation
in medial-, rostrum-, antirostrum length, shape indices,
aspect ratio and excisura depth (Figure 5; Figures S4 and
S5; Tables S4 and S5).

Al Khoud

The overall contour is varying from nearly rectangular to
triangular to circular; the dorsal tip is usually small, crenu-
lation is generally weak (Figure 5). Otolith morphometry,
shape indices and Fourier Shape analysis indicate distinct
variation, with ranges similar to those seen in the sample
from Bahayez (Figures S4 and S5; Tables S4 and S5).

Saroor

There is marked variation in the convexity of the margins,
with some otoliths being distinctly triangular, while oth-
ers are nearly circular in outline and also the dorsal tip
varies in shape and prominence (Figure 5). Otolith mor-
phometry and Fourier Shape analysis indices indicate that
the range of diversity is generally narrower than in the
Bahayez population (with the exception of antirostrum
height and length; Figures S4 and S5; Tables S4 and S5).

Al Amirat

The otoliths show a comparatively short dorsal length,
which endows them with a distinctly triangular shape;
the dorsal tip is often tilted backwards (Figure 5). Otolith
morphometry and shape indices indicate ranges for most
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FIGURE 4 Histograms of meristic count frequencies. Characters are plotted in rows, sites in columns. In each histogram, X-axis
represents counts and Y-axis frequency of values [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 Significant differences in

meristic counts of Aphaniops stoliczkanus
between the studied sites (Kruskal-Wallis
test with Dunn's post-hoc test with Barka 19
Bahayez 21

Al Khoud 22

Bonferroni's correction, p <.05)

Saroor 24
Al Amirat 20
Nakhal 16
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Al Al
Barka Bahayez Khoud Saroor Amirat Nakhal
X
CR X
- av,tv X
- CR,aV, tvV - X
AR AR,cV,tV  AR,aV AR X
AR, CR AR,aV,tV  AR,CR AR, CR CR X

Note: For data see Tables S3 and S6.

Abbreviations: AR, anal-fin rays; aV, abdominal vertebrae; bCR, branched caudal-fin rays; cV, caudal
vertebrae; n, number of specimens used; tV, total vertebrae.

The grey font (shading) indicates that the cells are left empty to avoid repetition of information.

variables comparable to those seen in Bahayez, except for
the antirostrum height and posterior angle (Figures S4
and S5; Tables S4 and S5). Fourier Shape analysis shows
variations arising from differences in aspect ratio (PC1
in Figure S5), depth of the excisura and rostrum length
(PC2) and relative antirostrum length (PC 3).

Nakhal

The otoliths from this site are typically rounded and longer
than tall, the ventral margin is mostly quite smooth, and
several specimens lack a dorsal tip (Figure 5). The excisura
is highly diverse and can be shallow, triangular or deeply
incised. Otolith morphometry and Fourier Shape analysis
indicate lower ranges of variation as seen in Bahayez for
most variables, except the excisura angle (Figures S4 and
S5; Tables S4 and S5).

3.5.2 | Between-population variation in
otolith morphology

Variation between populations can be readily discerned
by visual inspection of the overall otolith contour and its
prominent modifications, for example presence or ab-
sence of a dorsal tip and crenulation of margins (Figure 5).
The mesa-like dorsal projection in the otoliths from Barka
is particularly striking, while the specimens from Bahayez
have a sharply peaked dorsal tip, unlike the broader dorsal
slopes seen on the otoliths from the other sites (Figure 5).
The otoliths from Nakhal can be most easily distinguished
from the others owing to the lack of a clearly defined dor-
sal tip and a comparatively shorter rostrum and antiro-
strum (Figure 5). Statistical tests of otolith morphometry
and the mean otolith outlines obtained from the PCA of
the Fourier coefficients confirm the presence of clear dif-
ferences between the populations (Table 4; Figures S4 and
S5). The crenulation index is different between Barka and
Nakhal. Form factor and circularity separate Saroor from
Nakhal and Al Khoud (Table 4).

3.6 | Phenetic similarities
between populations based on body
morphometry and otoliths

Cluster analysis (Ward's method) based on the body mor-
phometric variables clearly separates the coastal popu-
lations into one group and the inland populations into
another (Figure 6a). Two main groups are also obtained
when the otolith morphometric variables and shape indi-
ces are used for a cluster analysis. In this case, Barka and
Bahayez group with Al Amirat, while the second cluster
contains the inland sites Saroor, Al Khoud and Nakhal
(Figure 6b). Almost the same groups are obtained when
otolith Fourier coefficients are used (Figure 6¢).

4 | DISCUSSION

The results presented in this study record distinctive dif-
ferences within and between the studied populations of
A. stoliczkanus, which are discussed below.

4.1 | Lighter pigmentation in the
specimens from the coastal site Barka

The pigmentation of the studied populations of A. stolic-
zkanus largely matches those reported in previous works
on A. stoliczkanus from other regions in the Middle East
(Freyhof et al., 2017; Teimori et al., 2018). This validates
the use of pigmentation patterns for species identifica-
tion in Aphaniops (Freyhof et al., 2017). However, the
studied specimens from Barka deviated slightly from the
general pattern insofar as their colouration was lighter
and countershading was less pronounced (Figure S2). It
is known that variation in pigmentation may result from
sexual selection and/or ecological factors, such as temper-
ature, salinity, turbidity or algal coverage (Endler, 2006;
Kodric-Brown, 1989; Price et al., 2008). Bright colours
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FIGURE 5 Variation in typical otoliths from the six studied sites. Single otoliths from three male and two female specimens from each

locality are shown. Numbers indicate specimen IDs for each site

are an ornamental sexual trait that aids in attracting
mates, while countershading (depending on light con-
ditions) and stripes (e.g. camouflage against algal mats)

achieve background matching and serve to avoid preda-
tors (Cavraro et al., 2021; Kjernsmo & Merilaita, 2012;
Phillips et al., 2017). The lighter specimens in Barka are
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TABLE 4 Significant differences in otolith morphometry and otolith shape indices of Aphaniops stoliczkanus between the studied sites

(ANOVA with Tukey's pairwise test, p <.05)

n Barka Bahayez
Barka 19 X
Bahayez 21 D,RE X
Al Khoud 22 R, AL, RE M, A, R, AL, RL
Saroor 24 M, A, AL,RL, E M, A,R, AL, RL, E
Al Amirat 20 - D,M,R,RE
Nakhal 16 D, RE, Ci -

Note: For data see Tables S4, S5, S6.

Al
Al Khoud Saroor Amirat Nakhal
X
M, AL, FF, CY, RE X
RE RL X
R D, M, RL, FF, CY RE X

Abbreviation: n, number of specimens used. Abbreviations for otolith morphometry: A, relative antirostrum height; AL, relative antirostrum length; D, relative
dorsal length; E, excisura angle; M, relative medial length; R, relative rostrum height; RL, relative rostrum length. Abbreviations for otolith shape indices: Ci,

Crenulation index; CY, circularity; FF, form factor; RE, rectangularity.

The grey font (shading) indicates that the cells are left empty to avoid repetition of information.

reminiscent of pigmentation differences observed be-
tween the Mediterranean species Aphanius fasciatus
(Valenciennes, 1821) from natural creeks (lighter coloura-
tion) and man-made inlets (darker colouration), as re-
ported by Cavraro et al. (2021), who utilised the observed
pigmentation differences as a measure of habitat quality.
Ecological differences between Barka and the other sites
include stable connection to marine waters and lack of
vegetation on the substrate (Figure 1). Although other
factors cannot be excluded, the light pigmentation and
lack of countershading in the specimens from Barka most
probably provide for background matching with the local
light sandy substrate.

4.2 | Deeper bodies in the specimens
from the coastal sites (Barka, Bahayez)

As described above, the specimens from the coastal sites
Barka and Bahayez have greater mean body depths and
caudal peduncle depths than those from the inland sites.
Such variation may represent an adaptation to hydro-
logical differences between the two categories of habitats
(Langerhans et al., 2003; Webb, 1975). The more slender
body shapes, as present in the inland specimens (originat-
ing from streams), would serve to reduce drag and could,
therefore, be an adaptation to a high-velocity environment.

4.3 | Consistency and differences in
meristic counts

Our data reveal that the ranges of meristic counts are rela-
tively stable across the studied populations of A. stolicz-
kanus and are also consistent with previous reports on the
species from other regions in the Middle East. These traits

may thus be meaningful for the taxonomy of A. stolicz-
kanus (Charmpilaetal., 2020; Teimori et al., 2018; Teimori,
Schulz-Mirbach, et al., 2012). Nonetheless, we noted some
interesting deviations in meristic traits, both in frequency
of counts (Figure 4) and mean values (Table S3), that can
be linked to differing habitat types. Among these, the
slightly lower total numbers of vertebrae in the specimens
from Barka and Bahayez (up to 27 versus 28-29) can be
related to the deeper bodies of the same specimens rela-
tive to those from the freshwater sites as increases in ver-
tebral count often correlate with elongation of the body
(as present in the specimens from the freshwater sites;
Lindsey, 1975; Tibblin et al., 2016).

Another remarkable result was that A. stoliczkanus
from Nakhal and Al Amirat differed from the other popu-
lations in having a significantly higher number of anal-fin
rays, the specimens from Nakhal also had fewer branched
caudal-fin rays (Table 3). Both Nakhal and Al Amirat are
geographically distant from the other sites (Figure 1). The
site Nakhal is fed by a hot spring, and temperatures and
water chemistry may differ from those at the other sites
(Sarangadharan & Nallusamy, 2015). The observed vari-
ation in meristic traits may be caused by specific envi-
ronmental conditions at Nakhal and Al Amirat; however,
in Nakhal, the otolith shape indicates that genetic diver-
gence could also play a role (see below).

4.4 | Otolith morphology

Regarding the different techniques used to quantify oto-
lith morphology, otolith shape indices were the least effec-
tive in detecting variation, whereas both Elliptic Fourier
Analysis and otolith morphometry were efficient and also
yielded the most consistent results. The data indicate that
otolith morphologies are similar across all populations,
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FIGURE 6 Phenetic relations between the studied populations of Aphaniops stoliczkanus as indicated by cluster analyses (Ward's
method) (a-c) and mean outlines based on principal component analysis of elliptical Fourier coefficients extracted from otolith outlines
(d). Mean outlines of the otoliths from Al Khoud and Saroor were merged as they were indistiguishable. The dorsal tip (green), antirostrum

(purple) and rostrum (blue) are highlighted in each outline

which is consistent with good connectivity between the
populations, as is indicated by the dense network of
streams in the study area (Figure 1). However, with the
exception of the specimens from Barka, we recorded con-
siderable intra-population otolith variability.

Previous works have shown that both genetic variation
and environmental conditions can influence the overall
otolith shape (Teimori, Iranmanesh, et al., 2021; Vasil'eva
et al., 2016; Vignon & Morat, 2010). Keeping in mind that

there is good connectivity between our inland popula-
tions, and that the study area is a mountaineous region,
where temperature, flow conditions and other environ-
mental parameters are subject to rapid change, it can be
assumed that each of the studied inland populations (with
the possible exception of Nakhal, see below) represents a
“mixture” of specimens from different habitats in the ad-
jacent mountains, and that this accounts for the high lev-
els of intra-population otolith variability. The site Barka,
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in which otolith variation was relatively low, differs eco-
logically from the others insofar as it is connected to the
Gulf of Oman. The low otolith variation of A. stoliczkanus
from Barka thus most probably reflects the comparatively
homogeneous environmental conditions of a marine hab-
itat relative to freshwater sites within a catchment area in
a mountainous region.

Considering all populations it is evident that a clear
dorsal tip is typical for the otoliths of A. stoliczkanus from
the coastal sites (Barka, Bahayez) and the inland sites lo-
cated near to the coast (Al Khoud, Al Amirat; Figure 5).
In contrast, the dorsal tip is indistinct or absent in the oto-
liths of A. stoliczkanus from the freshwater sites located
far inland (Nakhal, Saroor). Such presence or absence of
a dorsal tip in otoliths of A. stoliczkanus from populations
near to the coast, respectively far inland, have previously
been noted by Reichenbacher et al. (2009) and Teimori,
Jawad, et al. (2012). This consistent pattern indicates that
environmental factors that depend on the geographic dis-
tance to the sea (e.g. differences in chemistry, salinity, pH
value) are the main causal factors in producing a dorsal tip
in the otoliths of A. stoliczkanus, and that genetic determi-
nants, as proposed by Reichenbacher et al. (2009), did not
play a major role in shaping this specific trait.

Moreover, each population shows some peculiarities in
its specific otolith morphology (Figures 5 and 6d). Otoliths
from Al Khoud and Saroor have a similar overall contour,
but are distinct from the otoliths of the Bahayez popula-
tion (Figure 6b,c), although all three localities belong to
the same drainage system (Figure 1). These clear differ-
ences may be a combined effect of habitat differences
and the genetic isolation of the Bahayez specimens, as
Bahayez is located near to the coast and isolated from the
other two sites by the Al Khoud dam, which was built in
1985 (Al-Ismaily et al., 2013).

The most distinctive otolith morphology is found in
A. stoliczkanus from the hot spring at Nakhal. Previous
work on A. stoliczkanus from hot springs in southern Iran
demonstrated that specimens from geographically sepa-
rated hot springs clearly differed in otolith morphology,
in spite of originating from similar habitats (Teimori,
Schulz-Mirbach, et al., 2012). It is thus likely that the spe-
cific otolith shape of A. stoliczkanus from Nakhal is not
only related to the hot spring conditions, but also results
from genetic drift in a comparatively isolated population,
as Nakhal is one of the most remote sites in the study re-
gion (Figure 1). As stated above, meristic traits are usually
not variable in A. stoliczkanus, but significant differences
in caudal- and anal-fin rays are found between the spec-
imens from Nakhal and almost all other populations
(Table 3). This reinforces the hypothesis of genetic drift
and possible emergence of a cryptic lineage at Nakhal, as
indicated by the otolith morphology.
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That isolated freshwater populations of the genus
Aphanius are capable of evolving into new species within
short periods of time, undetectable by external phenetic
traits, is well known (Esmaeili et al., 2014), but has not yet
been proven for Aphaniops. Our otolith data indicate that
cryptic species could be present among the populations
currently known as A. stoliczkanus and should be further
investigated. This is also important in terms of conserva-
tion of genetic diversity and habitat management, espe-
cially in the still poorly known inland aquatic habitats of
the Middle East.

5 | CONCLUSIONS

We document a notable range of variation within and be-
tween populations of A. stoliczkanus in some morphologi-
cal traits. Variation in pigmentation appears to be related
to substrate colour and light conditions, while disparities
in body shape are linked to differing hydrological condi-
tions, for example flow rates. Otolith variation was lowest
in the population sampled from an open marine coastal
site, where environmental conditions are more stable, but
was more pronounced within and between the popula-
tions from the freshwater sites, where temperature, flow
rates and the nature of the substrate may be subject to
rapid changes.

Overall, diversity in counts of anal- and branched
caudal-fin rays, as well as otolith variation, can be associ-
ated with environmental parameters and differing levels of
connectivity between populations from diverse freshwater
habitats. Genetic drift is indicated by both otolith shape
and meristic traits for A. stoliczkanus from the hot spring
site Nakhal. This population could represent a cryptic lin-
eage, currently undetectable by other morphological traits
and also not by the COI gene used in this study.

Our new data on the variability of morphological char-
acters within a geographically widespread Kkillifish can
serve as a benchmark for future studies on the diversity
of Aphaniops and other Aphaniidae and also help to clar-
ify whether cryptic diversity is present. Furthermore, our
data can serve as an actualistic model for future studies
on fossil fishes, where body morphometry, meristic char-
acters and otolith morphology commonly constitute the
only accessible data source for taxonomic and phyloge-
netic interpretations and biogeographic considerations.

ACKNOWLEDGEMENTS

We are grateful to Mr Saleh Naghmush Al Saadi, Director
of Biodiversity, Environment Authority for granting us the
permission to collect fish specimens from the inland wa-
ters of Oman. We thank Andrea Herbert Mainero (LMU
Munich, Germany) for her assistance in X-raying, otolith

85U8017 SUOWILLOD BA 118810 Bdedl dde ay) Aq peusenob ae sajoile VO ‘88N Jo se|nu o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" AB 1M A0 BUUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/7T] U0 Akeid)8uluo A8|Im ‘Auewies aueIyo0D Aq 8221 0Ze/TTTT OT/I0p/ w00 A8 |Im Akeid1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘S6E9E9PT



BIDAYE ET AL.

276
= LwiLey-EE—

extraction and tissue preparation for the molecular analy-
sis. Ulrich Schliewen (SNSB-ZSM, Munich) is acknowl-
edged for providing access to the Faxitron X-ray facilities.
The project is part of a collaboration between Sultan Qaboos
University and Shiraz University and was funded by Geo-
Resources Environmental and Earth Science Consultants
owned by Mr. Ahmed Al Ghafri whom we thank for sup-
port science, under SQU consultant project number CR/
AGR/FISH/20/03. Finally, we thank the reviewers for their
constructive review of an earlier version of the mansucript.
The authors declare no conflict of interest. Open Access
funding enabled and organized by Projekt DEAL.

ORCID

Laith Jawad @ https://orcid.org/0000-0002-8294-2944
Bettina Reichenbacher © https://orcid.
org/0000-0001-6678-5080

REFERENCES

Abulibdeh, A., Al-Awadhi, T., Al Nasiri, N., Al-Buloshi, A., &
Abdelghani, M. (2021). Spatiotemporal mapping of groundwa-
ter salinity in Al-Batinah, Oman. Groundwater Sustainability
Development, 12, 100551.

Al-Ismaily, S. S., Al-Maktoumi, A. K., Kacimov, A. R., Al-Saqri, S. M.,
Al-Busaidi, H. A., & Al-Haddabi, M. H. (2013). Morphed block-
crack preferential sedimentation in a reservoir bed: A smart
design and evolution in nature. Hydrological Sciences Journal,
58(8), 1779-1788.

Al-Rawas, G. A., & Valeo, C. (2010). Relationship between Wadi
drainage characteristics and peak-flood flows in arid northern
Oman. Hydrological Sciences Journal, 55(3), 377-393.

Annabi, A., Said, K., & Reichenbacher, B. (2013). Inter-population
differences in otolith morphology are genetically encoded in
the killifish Aphanius fasciatus (Cyprinodontiformes). Scientia
Marina, 77(2), 269-279.

Barker, D., Allan, G., Rowland, S., & Pickles, J. (2002). A guide to
acceptable procedures and practices for aquaculture and fisher-
ies research. State of New South Wales through Department of
Industry and Investment (Industry & Investment NSW).

Bostanci, D., Polat, N., Kurucu, G., Yedier, S., Kontas, S., & Dar¢in, M.
(2015). Using otolith shape and morphometry to identify four
Alburnus species (A. chalcoides, A. escherichii, A. mossulensis
and A. tarichi) in Turkish inland waters. Journal of Applied
Ichthyology, 31(6), 1013-1022.

Buj, I, Mioci¢-Stosi¢, J., Marci¢, Z., Mustafi¢, P., Zanella, D.,
Mrakov¢ié, M., Mihinja¢, T., & Caleta, M. (2015). Population ge-
netic structure and demographic history of Aphanius fasciatus
(Cyprinodontidae: Cyprinodontiformes) from hypersaline hab-
itats in the eastern Adriatic. Scientia Marina, 79(4), 399-408.

Campana, S. E. (1999). Chemistry and composition of fish oto-
liths: Pathways, mechanisms and applications. Marine Ecology
Progress Series, 188, 263-297.

Campana, S. E., & Casselman, J. M. (1993). Stock discrimination
using otolith shape analysis. Canadian Journal of Fisheries and
Aquatic Sciences, 50(5), 1062-1083.

Carlstrom, D. (1963). A crystallographic study of vertebrate otoliths.
The Biological Bulletin, 125(3), 441-463.

Carroll, S. P., Hendry, A. P.,, Reznick, D. N., & Fox, C. W. (2007).
Evolution on ecological time-scales. Functional Ecology, 21,
387-393.

Cavraro, F., Finotti, G., Rossato, G., Zucchetta, M., Facca, C., &
Malavasi, S. (2021). A comparative analysis of habitat quality
between artificial and natural creeks in the Mediterranean
killifish Aphanius fasciatus: Implications for conservation.
Aquatic Conservation: Marine and Freshwater Ecosystems,
31(6), 1311-1321.

Charmpila, E. A., Teimori, A., Freyhof, J., Weissenbacher, A., &
Reichenbacher, B. (2020). New osteological and morphologi-
cal data of four species of Aphaniops (Teleostei; Aphaniidae).
Journal of Applied Ichthyology, 36(5), 724-736.

Chiozzi, G., Stiassny, M. L. J., Alter, S. E., De Marchi, G., Mebrahtu,
Y., Tessema, M., Asnnannaw, B., Fasola, M., & Bellati, A. (2018).
Fishes in the desert: Mitochondrial variation and phylogeog-
raphy of Danakilia (Actinopterygii: Cichliciae) and Aphanius
(Actinopterygii: Cyprinodontidae) in the Danakil Depression
of northeastern Africa. Mitochondrial DNA. Part A, DNA
Mapping, Sequencing, and Analysis, 29, 1025-1040.

Clavero, M., Blanco-Garrido, F., & Prenda, J. (2007). Population
and microhabitat effects of interspecific interactions on
the endangered Andalusian toothcarp (Aphanius baeticus).
Environmental Biology of Fishes, 78(2), 173-182.

Defense Mapping Agency (DMA). (1992). Digital chart of the world.
Defense Mapping Agency (Four CD-ROMs).

DeVries, D. A., Grimes, C. B., & Prager, M. H. (2002). Using otolith
shape analysis to distinguish eastern Gulf of Mexico and Atlantic
Ocean stocks of king mackerel. Fisheries Research, 57(1), 51-62.

Disspain, M. C. F.,, Ulm, S., & Gillanders, B. M. (2016). Otoliths in ar-
chaeology: Methods, applications and future prospects. Journal
of Archaeological Science: Reports, 6, 623-632.

Endler, J. A. (2006). Disruptive and cryptic coloration. Proceedings of
the Royal Society B: Biological Sciences, 273(1600), 2425-2426.

Esmaeili, H. R., Teimori, A., Gholami, Z., & Reichenbacher, B.
(2014). Two new species of the tooth-carp Aphanius (Teleostei:
Cyprinodontidae) and the evolutionary history of the Iranian
inland and inland-related Aphanius species. Zootaxa, 3786,
246-268.

Esmaeili, H. R., Teimori, A., Zarei, F., & Sayyadzadeh, G. (2020).
DNA barcoding and species delimitation of the Old World
tooth-carps, family Aphaniidae Hoedeman, 1949 (Teleostei:
Cyprinodontiformes). PLoS One, 15(4), €0231717.

Ferrito, V., Pappalardo, A. M., Canapa, A., Barucca, M., Doadrio, 1.,
Olmo, E., & Tigano, C. (2013). Mitochondrial phylogeography
of the killifish Aphanius fasciatus (Teleostei, Cyprinodontidae)
reveals highly divergent Mediterranean populations. Marine
Biology, 160(12), 3193-3208.

Fountoulis, I., Vassilakis, E., Mavroulis, S., Alexopoulos, J., Dilalos,
S., & Erkeki, A. (2015). Synergy of tectonic geomorphology,
applied geophysics and remote sensing techniques reveals
new data for active extensional tectonism in NW Peloponnese
(Greece). Geomorphology, 237, 52-64.

Freyhof, J., Weissenbacher, A., & Geiger, M. (2017). Aphanius kruppi,
a new Kkillifish from Oman with comments on the A. dispar
species group (Cyprinodontiformes: Aphaniidae). Zootaxa,
4338(3), 557-573.

Gonzalez, E. G., Cunha, C., Ghanavi, H. R., Oliva-Paterna, F. J.,
Torralva, M., & Doadrio, 1. (2018). Phylogeography and pop-
ulation genetic analyses in the Iberian Toothcarp (Aphanius

85U8017 SUOWILLOD BA 118810 Bdedl dde ay) Aq peusenob ae sajoile VO ‘88N Jo se|nu o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" AB 1M A0 BUUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/7T] U0 Akeid)8uluo A8|Im ‘Auewies aueIyo0D Aq 8221 0Ze/TTTT OT/I0p/ w00 A8 |Im Akeid1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘S6E9E9PT


https://orcid.org/0000-0002-8294-2944
https://orcid.org/0000-0002-8294-2944
https://orcid.org/0000-0001-6678-5080
https://orcid.org/0000-0001-6678-5080
https://orcid.org/0000-0001-6678-5080

BIDAYE ET AL.

277
ECR V1 E Y-

iberus Valenciennes, 1846) at different time scales. Journal of
Heredity, 109(3), 253-263.

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk, W.,
& Gascuel, O. (2010). New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance
of PhyML 3.0. Systematic Biology, 59(3), 307-321.

Haas, R. (1982). Notes on the ecology of Aphanius dispar (Pisces,
Cyprinodontidae) in the Sultanate of Oman. Freshwater
Biology, 12(1), 89-95.

Hammer, @., Harper, D. A., & Ryan, P. D.(2001). PAST: Paleontological
statistics software package for education and data analysis.
Palaeontologica Electronica, 4(1), 9.

Iwata, H., & Ukai, Y. (2002). SHAPE: A computer program package
for quantitative evaluation of biological shapes based on elliptic
Fourier descriptors. Journal of Heredity, 93(5), 384-385.

Kjernsmo, K., & Merilaita, S. (2012). Background choice as an
anti-predator strategy: The roles of background matching
and visual complexity in the habitat choice of the least kil-
lifish. Proceedings of the Royal Society B: Biological Sciences,
279(1745), 4192-4198.

Kodric-Brown, A. (1989). Dietary carotenoids and male mating
success in the guppy: An environmental component to female
choice. Behavioral Ecology and Sociobiology, 25(6), 393-401.

Kusky, T., Robinson, C., & El-Baz, F. (2005). Tertiary—quaternary
faulting and uplift in the northern Oman Hajar Mountains.
Journal of the Geological Society, 162(5), 871-888.

La Mesa, M., Guicciardi, S., Donato, F., Riginella, E., Schiavon, L.,
& Papetti, C. (2020). Comparative analysis of otolith morphol-
ogy in icefishes (Channichthyidae) applying different statistical
classification methods. Fisheries Research, 230, 105668.

Lanfear, R., Calcott, B., Ho, S. Y., & Guindon, S. (2012).
PartitionFinder: Combined selection of partitioning schemes
and substitution models for phylogenetic analyses. Molecular
Biology and Evolution, 29(6), 1695-1701.

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T., & Calcott, B.
(2017). PartitionFinder 2: New methods for selecting partitioned
models of evolution for molecular and morphological phyloge-
netic analyses. Molecular Biology and Evolution, 34(3), 772-773.

Langerhans, R. B., Layman, C. A., Langerhans, A. K., & Dewitt,
T. J. (2003). Habitat-associated morphological divergence in
two neotropical fish species. Biological Journal of the Linnean
Society, 80(4), 689-698.

Lindsey, C. C. (1975). Pleomerism, the widespread tendency among
related fish species for vertebral number to be correlated
with maximum body length. Journal of the Fisheries Board of
Canada, 32(12), 2453-2469.

Machordom, A., & Doadrio, I. (2001). Evolutionary history and spe-
ciation modes in the cyprinid genus Barbus. Proceedings of the
Royal Society B: Biological Sciences, 268(1473), 1297-1306.

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES
science gateway for inference of large phylogenetic trees. In
2010 gateway computing environments workshop (GCE). 1-8.

Mimura, M., Yahara, T., Faith, D. P., Vizquez-Dominguez, E.,
Colautti, R. I., Araki, H., Javadi, F., Nufiez-Farfan, J., Mori,
A.S., Zhou, S., & Hollingsworth, P. M. (2017). Understanding
and monitoring the consequences of human impacts on intra-
specific variation. Evolutionary Applications, 10(2), 121-139.

Nolf, D. (1985). Otolithi piscium. Lubrecht and Cramer Limited.

Nolf, D. (2013). The diversity of fish otoliths, past and present. Royal
Belgian Institute of Natural Sciences.

Phillips, G. A., How, M. J., Lange, J. E., Marshall, N. J., & Cheney, K.
L. (2017). Disruptive colouration in reef fish: Does matching
the background reduce predation risk? Journal of Experimental
Biology, 220(11), 1962-1974.

Popper, A. N., Ramcharitar, J., & Campana, S. E. (2005). Why oto-
liths? Insights from inner ear physiology and fisheries biology.
Marine and Freshwater Research, 56(5), 497-504.

Price, A. C., Weadick, C. J., Shim, J., & Rodd, F. H. (2008). Pigments,
patterns, and fish behavior. Zebrafish, 5(4), 297-307.

Rambaut, A., & Drummond, A. (2012). FigTree: Tree figure draw-
ing tool, v1. 4.2: Institute of Evolutionary Biology, University of
Edinburgh. http://tree.bio.ed.ac.uk/software/figtree

Reichenbacher, B., Feulner, G. R., & Schulz-Mirbach, T. (2009).
Geographic variation in otolith morphology among freshwater
populations of Aphanius dispar (Teleostei, Cyprinodontiformes)
from the southeastern Arabian peninsula. Journal of Morphology,
270(4), 469-484.

Reichenbacher, B., & Sienknecht, U. (2001). Allopatric divergence and
genetic diversity of recent Aphanius iberus and fossil Prolebias
meyeri (Teleostei, Cyprinodontidae) from southwest and Western
Europe as indicated by otoliths. Geobios, 34(1), 69-83.

Reichenbacher, B., Sienknecht, U., Kiichenhoff, H., & Fenske, N.
(2007). Combined otolith morphology and morphometry for
assessing taxonomy and diversity in fossil and extant killifish
(Aphanius, TProlebias). Journal of Morphology, 268(10), 898-915.

Sarangadharan, S., & Nallusamy, S. (2015). Biosynthesis and char-
acterization of silver nanoparticles produced by Bacillus li-
cheniformis. International Journal of Pharma Medicine and
Biological Sciences, 4(4), 236.

Schmider, E., Ziegler, M., Danay, E., Beyer, L., & Biithner, M. (2010).
Is it really robust? Reinvestigating the robustness of ANOVA
against violations of the Normal distribution assumption.
European Research Journal of Methods for the Behavioral and
Social Sciences, 6(4), 147-151.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image
to Imagel: 25years of image analysis. Nature Methods, 9(7),
671-675.

Schwarzhans, W. (2013). A comparative morphological study of
the recent otoliths of the genera Diaphus, Idiolychnus and
Lobianchia (Myctophidae). Palaeo Ichthyologica, 13, 41-82.

Searle, M. (2019). Geology of the Oman Mountains, eastern Arabia.
Springer International.

Stamatakis, A. (2006). RAXML-VI-HPC: Maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed mod-
els. Bioinformatics, 22(21), 2688-2690.

Teimori, A., Esmaeili, H. R., Hamidan, N., & Reichenbacher, B. (2018).
Systematics and historical biogeography of the Aphanius dispar
species group (Teleostei: Aphaniidae) and description of a new
species from southern Iran. Journal of Zoological Systematics
and Evolutionary Research, 56(4), 579-598.

Teimori, A., Iranmanesh, N., Askari Hesni, M., & Motamedi, M.
(2021). Within-and among-population differentiation of
Aphaniops hormugzensis from ecologically diverse environ-
ments (Cyprinodontiformes; Aphaniidae). Acta Zoologica,
102(4), 420-436.

Teimori, A., Jawad, L. A. J., Al-Kkarusi, L. H., Al-Mamry, J. N., &
Reichenbacher, B. (2012). Late Pleistocene to Holocene diver-
sification and historical zoogeography of the Arabian Kkillifish
(Aphanius dispar) inferred from otolith morphology. Scientia
Marina, 76(4), 637-645.

85U8017 SUOWILLOD BA 118810 Bdedl dde ay) Aq peusenob ae sajoile VO ‘88N Jo se|nu o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" AB 1M A0 BUUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/7T] U0 Akeid)8uluo A8|Im ‘Auewies aueIyo0D Aq 8221 0Ze/TTTT OT/I0p/ w00 A8 |Im Akeid1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘S6E9E9PT


http://tree.bio.ed.ac.uk/software/figtree

BIDAYE ET AL.

278
= LwiLey-EE—

Teimori, A., Motamedi, M., & Zeinali, F. (2021). Intrapopulation
variation of otolith associated with ontogeny and morpholog-
ical dimorphism in Hormuz tooth-carp Aphanius hormuzensis
(Teleostei: Aphaniidae). Acta Zoologica, 102(3), 250-264.

Teimori, A., Schulz-Mirbach, T., Esmaeili, H. R., & Reichenbacher,
B. (2012). Geographical differentiation of Aphanius dispar
(Teleostei: Cyprinodontidae) from southern Iran. Journal of
Zoological Systematics and Evolutionary Research, 50(4), 289-304.

Tibblin, P., Berggren, H., Nordahl, O., Larsson, P., & Forsman, A.
(2016). Causes and consequences of intra-specific variation in
vertebral number. Scientific Reports, 6(1), 1-12.

Tigano, C., Canapa, A., Ferrito, V., Barucca, M., Arcidiacono, I.,
Deidun, A., Schembri, P. J., & Olmo, E. (2006). A study of oste-
ological and molecular differences in populations of Aphanius
fasciatusNardo 1827, from the Central Mediterranean (Teleostei,
Cyprinodontidae). Marine Biology, 149(6), 1539-1550.

Tuset, V. M., Lozano, L. J., Gonzélez, J. A., Pertusa, J. F., & Garcia-
Diaz, M. M. (2003). Shape indices to identify regional differ-
ences in otolith morphology of comber, Serranus cabrilla (L.,
1758). Journal of Applied Ichthyology, 19(2), 88-93.

Vasil'eva, E. D., Schwarzhans, W. W., Medvedev, D. A., & Vasil'ev, V.
P. (2016). Cryptic species of Ponto-Caspian bighead goby of the
genus Ponticola (Gobiidae). Journal of Ichthyology, 56(1), 1-18.

Vignon, M., & Morat, F. (2010). Environmental and genetic deter-
minant of otolith shape revealed by a non-indigenous tropical
fish. Marine Ecology Progress Series, 411, 231-241.

Villesen, P. (2007). FaBox: an online toolbox for fasta sequences.
Molecular Ecology Notes, 7(6), 965-968.

Volpedo, A. V., & Echeverria, D. D. (2003). Ecomorphological pat-
terns of the sagitta in fish on the continental shelf off Argentine.
Fisheries Research, 60, 551-560.

Wakefield, C. B., Boddington, D. K., & Newman, S. J. (2016). Rapid
lateral extraction of otoliths that maintains the integrity of fish
product to improve access to catches and reduce potential sam-
pling biases. The Open Fish Science Journal, 9(1), 26-28.

Ward, R. D, Zemlak, T. S., Innes, B. H., Last, P. R., & Hebert, P. D.
(2005). DNA barcoding Australia's fish species. Philosophical
Transactions of the Royal Society B: Biological Sciences,
360(1462), 1847-1857.

Webb, P. W. (1975). Acceleration performance of rainbow trout
Salmo gairdneri and green sunfish Lepomis cyanellus. Journal
of Experimental Biology, 63(2), 451-465.

Wildekamp, R. H. (1993). A world of killies: The genera Adamas,
Adinia, Aphanius, Aphyoplatys and Aphyosemion. In A world
of killies: Atlas of the oviparous cyprinodontiform fishes of the
world (Vol. 1). Killifish Assoc..

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Bidaye, R. G., Al-Jufaili, S.
M., Charmpila, E. A., Jawad, L., Vuki¢, J., &
Reichenbacher, B. (2023). Possible links between
phenotypic variability, habitats and connectivity in
the killifish Aphaniops stoliczkanus in Northeast
Oman. Acta Zoologica, 104, 262-278. https://doi.
org/10.1111/az0.12428

85U8017 SUOWILLOD BA 118810 Bdedl dde ay) Aq peusenob ae sajoile VO ‘88N Jo se|nu o} Akeld8ulUO A8]IM UO (SUORIPUOD-pUR-SLUB)LO" AB 1M A0 BUUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[£202/60/7T] U0 Akeid)8uluo A8|Im ‘Auewies aueIyo0D Aq 8221 0Ze/TTTT OT/I0p/ w00 A8 |Im Akeid1|Buluo//sdny wouy pepeojumod ‘Z ‘€202 ‘S6E9E9PT


https://doi.org/10.1111/azo.12428
https://doi.org/10.1111/azo.12428

	Possible links between phenotypic variability, habitats and connectivity in the killifish Aphaniops stoliczkanus in Northeast Oman
	Abstract
	1|INTRODUCTION
	1.1|Otoliths

	2|MATERIALS AND METHODS
	2.1|Fish sampling and sites
	2.1.1|Coastal sites
	2.1.2|Inland sites

	2.2|Molecular analysis
	2.3|Body morphometry and meristic counts
	2.4|Otolith preparation, morphology and morphometry
	2.5|Statistical analyses

	3|RESULTS
	3.1|Phylogenetic analysis
	3.2|Pigmentation
	3.2.1|Intra-­population variation
	3.2.2|Between-­population variation

	3.3|Body morphometry
	3.3.1|Intra-­population variation
	3.3.2|Between-­population variation

	3.4|Meristic counts
	3.4.1|Intra-­population variation
	3.4.2|Between-­population variation

	3.5|Otolith morphology
	3.5.1|Intra-­population variation in otolith morphology
	Barka
	Bahayez
	Al Khoud
	Saroor
	Al Amirat
	Nakhal

	3.5.2|Between-­population variation in otolith morphology

	3.6|Phenetic similarities between populations based on body morphometry and otoliths

	4|DISCUSSION
	4.1|Lighter pigmentation in the specimens from the coastal site Barka
	4.2|Deeper bodies in the specimens from the coastal sites (Barka, Bahayez)
	4.3|Consistency and differences in meristic counts
	4.4|Otolith morphology

	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


