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FEATURES OF THE ARCHITECTONICS OF THE MICROSTRUCTURE
OF THE PRIMARY REMEX OF OWLS (STRIGIFORMES) DUE
TO THE SPECIFICS OF THE FLIGHT

Abstract. Conducted electron microscopic investigation of the primary remex fine structure of thirteen species of Owls
(Strigiformes), using a scanning electron microscope (SEM). It is shown that Owls (Strigiformes) have a number of specific pri-
mary remex microstructural characteristics. First of all, these are the features of the structure of the pennaceous barb: a cross
section configuration, a pith architectonics on the cross section and longitudinal sections, a cuticular structur of the barb.

A number of the unique features in the microstructure of the vanules of the pennaceous barb have been found for the first
time (at the scanning electron microscope level, at a large SEM magnification). First of all, these are the structural features
of the distal barbules and the structure of the apical portion of the barb with the elongated proximal barbules and the distal
barbules tightly contiguous to the ramus and closed with each other. Mentioned characteristics make for the thick velvet-like
dorsal surface of the vane and the presence of a complex of peculiar “bunches” (fringes) forming the cleft edge (a fringed
edge) of the inner vane — exceptionally specific adaptive characteristics in Strigiformes.

Presentenced original research results suggest that Owls (Strigiformes) have a number specific microstructural charac-
teristics of the primary remex and also a number of the unique features in the microstructure of the primary remex which
reflecting the ecological and morphological adaptations conditioned by the flight specificity.
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HUnemumym npobnem sxonoeuu u ssontoyuu um. A. H. Cesepyosa PAH, Mockea, Poccutickas @edepayus

OCOBEHHOCTHU APXUTEKTOHUKHU MUKPOCTPYKTYPbBI HEPBOCTENEHHOI'O MAXOBOT' O
IEPA COBOOBPA3HBIX (STRIGIFORMES), OBYCJIOBJEHHBIE CHEIIA®PUKOM ITOJETA

AnnoTtanus. Mopdonoruueckue ajlalTaliuy NTHUII, CBI3aHHBIE CO CIIOCOOHOCTBIO K MOJIETY, JOCTATOYHO HOAPOOHO U3y-
4eHBl. [Ipn 9TOM IMpakTHYECKH HE MCCIIEAOBAHHBIM OCTAETCSl CTPOCHHUE MUKPOCTPYKTYPHI MIepa, XOTSI IMEHHO MUKPOCTPYK-
TypPHBIE XapaKTEPUCTUKU UI'PAIOT BAXXHYIO POJIb B BOSHUKHOBEHUH aJalITAIIHOHHBIX SKOJIOT0-MOP(OIOTHIECKUX 0COOEHHO-
cTel apXUTEKTOHUKHU Iepa.

CoBoobpasnsie (Strigiformes) — oueHb IpHUBIIEKATEIbHAS ISl H3YUYESHHSI TPYIINA MITHILL, C XOPOIIO BEIPa)KEHHBIMH YepTa-
MU CHENHATH3alU1 K HOYHOMY CTHIIIO 0XOThI. OCOOBIN MHTEPEC BBI3BIBAIOT KOMIIJIEKCHBIE HCCIEOBAHHIS MUKPOCTPYKTYPBI
nepa Strigiformes ¢ OMOIIBIO CKAaHUPYIOLIETO IEKTPOHHOro MuKpockona (SEM), 4To mo3BossieT BU3yannu3upoBaTh TOH-
KYI0 MOpP(OJIOTHIO Iepa.

B Hacrosmeill paboTe mpencTaBiieHbl OpPUTHMHAIbHBIE DPE3YJIbTAaThl CPABHUTEJIBHOIO HCCIEJOBAaHUS (paHee HUKEM
HE MPOBOJMBIIEIOCS) TOHKOTO CTPOEHUS IEePBOCTEIICHHOIO MaxoBOro Iepa 13 BHJOB COBOOOpa3HBIX C HCIOJIb30BAaHU-
eM SEM. JlaHHas pa®oTa — MPOJOJKCHHE HAIIETO HCCICAOBAHUS MHKPOCTPYKTYPBl KOHTYPHOIO IEpa COBOOOpa3HBIX.
IIpencrapiieHHBIC pE3yJIBTATHI SIBISTFOTCS MIEPBOI e TaIbHOM HHPOpManueit (Ha ypoBHe SEM) 0 MUKPOCTPYKTYpe HIEpBOCTE-
MIEHHOT'0 MAaXOBOT'0 TIepa COBOOOPA3HEIX.

YcTaHOBIEHO, YTO JJISI COBOOOPA3HEIX XapaKTePeH PsJl CeNH(HUISCKUX MUKPOCTPYKTYPHBIX 0COOCHHOCTEH IIepBoCTe-
TIEHHOT'0 MaxoBoro Tepa. [Ipex e Bcero 3To 0COOEHHOCTH CTPOSHHSI OOPOIKH MEPBOTO MOPsAKA KOHTYPHOH YacTH omaxaia
nepa: KOHQUTypanus IMONEePETHOr0 Cpe3a, APXUTEKTOHNKA CEP/IeBUHBI HA MTONIEPEYHOM U NPOAOIBLHOM Cpe3ax, CTPOCHHE
KyTUKYIBI O0poaku. B paboTe mpencTaBieHbI 2IEKTPOCKAaHOT PAMMBI MUKPOCTPYKTYPHBIX XapaKTEPUCTHUK, MIPUBEICHBI UX
OCHOBHBIE MOp(OMeTpruIecKre MoKa3aTeny. Brnepssie BBIABICHBI CyTy0o crienuruuecKue afanTHBHBIE XapaKTePUCTHKH Te-
pa coBOOOPa3HBIX — yHHKAJIbHBIE 0COOCHHOCTH MUKPOCTPYKTYPBI Ollaxayblia 00pOAKH, 00yCIOBINBAIOLINE I'yCTYIO BOPCH-
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CTYIO JOPCAJBHYIO TIOBEPXHOCTh ONaxaja ¥ HaJHYHe KOMIIJIEKCA CBOCOOPa3HBIX «KOCHIl», (POPMUPYIOIIUX PAacCyUCHHBIH
Kpail BHyTPEHHET0 ornaxala.

BeIsiBiIeHHbBIE crienn(pUYECKHe XapaKTEePUCTHKH TOHKOTO CTPOCHHS IEPBOCTEIICHHOIO MaXoBOT'O Iepa COBOOOPa3HbBIX
MOT'YT OBITH HCIIOJIB30BAHBI JUISI N3y4EHHs] HAIIPABICHHOCTH M JMHAMUKH CIIOXKHOH pajuanuy MOp(OJIOrHueckux, B TOM
YHCIIe aAaNTAHOHHBIX, U3MEHEHU I MUKPOCTPYKTYPBI TIepa B (puiioreHese mTUil.

KaroueBbie cjioBa: coBooOpa3HbIe, IEKTPOHHOMUKPOCKOIIMYECKOE MCCIIEN0BaHKE, EPBOCTEIICHHOE MaxOBOE Iepo,
MHKPOCTPYKTYpa mnepa

Jas untupoBanusi: ®aneesa, E. O. OcoOGeHHOCTH apXUTEKTOHIUKH MUKPOCTPYKTY bl HEPBOCTEIIEHHOTO MaXOBOTO TIe-
pa coBooOpasubIxX (Strigiformes), oOycnoBiennsle cnenuduroit nonera / E. O. @aneesa / Bec. Ham. akan. HaByk bemapyci.
Cep. Oistn. HaByK. —2021. — T. 66, Ne 2. — C. 232246 (na anen. s13.). https://doi.org/10.29235/1029-8940-2021-66-2-232-246

Introduction. Strigiformes are very interesting, in theoretical terms, groups of birds that are well
separated morphologically and ecologically, combining common features with other birds of prey for
a specific hunting style with a number of unique ecological and behavioral adaptations to the living con-
ditions.

At present, the biology of the Strigiformes has been studied in some detail [1-12]. Nevertheless, in
modern works that provide detailed descriptions of distinctive species-specific morphological features
in the body structure and plumage of the Strigiformes [13—15], including an exhaustive description of
the main aerodynamically advantageous macro-morphological characteristics of the contour feather of
individual representatives of the Strigiformes [16-22], there is almost no information about microstruc-
tural features of the feather cover of the Strigiformes.

At the same time, the study of species-specific features of the feather architectonics and the identifi-
cation of the main taxonomically important microstructural characteristics make it possible to effective-
ly diagnose species by feathers and their fragments for the purposes of biological examination, as well
as to reveal the specificity of the structure of feather elements, reflecting the birds’ adaptation to living
conditions, for example, enhancing the aerodynamic effect of the wing [18, 23-28].

In order to identify the main species-specific features of the fine structure of the feather of
Strigiformes, as well as a number of microstructural characteristics of the feather, possibly having an
adaptive nature, we first conducted a detailed comparative electron-microscopic investigation of the mi-
crostructure features of the primary remex of Strigiformes.

Materials and research methods. The objects of the study were adults of thirteen species of
Strigiformes: Barn Owl Tyto alba, Eurasian Scops Owl Otus scops, Oriental Scops Owl Otus sunia,
Snowy Owl Nyctea scandiaca, Eurasian Eagle-Owl Bubo bubo, Tawny Owl Strix aluco, Ural Owl Strix
uralensis, Great Grey Owl Strix nebulosa, Northern Hawk-Owl Surnia ulula, Eurasian Pygmy Owl
Glaucidium passerinum, Little Owl Athene noctua, Boreal Owl Aegolius funereus, Long-eared Owl Asio
otus, which was a continuation of our study of the microstructural features of the contour feather of
Strigiformes [25, 26, 29-31]. Species names and systematic order were given by Dickinson [32]. The
terminology was used in accordance with the work of Lucas, Stettenheim [23].

The material for the work was the primary remiges, kindly provided to us by A. B. Savinetsky
(A. N. Severtsov Institute of Ecology and Evolution of the Russian Academy of Sciences, Moscow),
V. G. Babenko (Moscow State Pedagogical University), and P. I. Dudin (State Nature Reserve “Galichya
Gora”).

For the comparative electron-microscopic investigation we used the most informative fragments of
a feather: pennaceous barbs of a primary remex and pennaceous barbules of a primary remex (Fig. 1).

With separate copies for each of the studied species of Strigiformes, a comparative analysis was car-
ried out using a method based on the selection of a row of barbs of a specific area of the vanes [34, 35]. A
series of 10—15 pennaceous barbs of the primary remiges inner vane was used in one individual of each
species. The identification of species-specific microstructural characteristics was carried out in four sec-
tions of each barb. At the same time, we included only those species-specific characteristics that were
noted in the structure of each, without exception, barb of the selected row.

Thus, the data below are based on a detailed analysis of 40—60 sample sites in one individual of each
studied species of Strigiformes.

Preparation of barbs was carried out according to the following method repeatedly approved by us
[25-31, 36, 37].
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Fig. 1. Microstructure of the pennaceous barbs of a primary remex inner vane: 4 — a segment of a primary remex inner vane
of a Long-Eared Owl 4sio otus, a ventral surface; B — scheme of a segment of a contour feather inner vane (adapted from [33]);
C — ventral surface of a primary remex inner vane of a Long-Eared Owl Asio otus. Pennaceous barbules of a remex inner
vane: D — proximal barbule (adapted from [23]); £ — distal barbule (adapted from [23]); F'— distal barbules of a primary remex
inner vane of a Long-Eared Owl 4sio otus (a — inner vane; b — outer vane; ¢ — rachis; d — ramus; e — distal barbules; f—
proximal barbules; g — under vanules region of the pennaceous barb; / — base; i — pennulum; j — dorsal flange; k£ — hooklet;

[ — dorsal cilium; m — ventral cilium). Scanning electron micrographs (microscope JEOL-840A; scale: C— 100 pm; F — 10 pm)

The barbs were thoroughly washed in distilled water, then dehydrated in ethanol series of increas-
ing concentrations to acetone, dried in air and placed on the stage (a platform below the objective which
supports the specimen being viewed), at the base of a MC-2 ZOOM binocular stereoscopic microscope
intended for fine preparation.

The prepared barbs, including cross sections of barbs and longitudinal sections of barbs, were trans-
ferred to special aluminum sample stubs, where they were fixed with conductive glue designed for sam-
ple preparation. Preformed preparations were sprayed with gold with a thickness of 100-200 A by the
method of ion deposition under vacuum conditions on the Edwards S150A sputter coater (Great Britain),
viewed and photographed using a JEOL-840A scanning electron microscope (SEM) (Japan), at acceler-
ating voltage of 15 kV, in secondary electron imaging mode. The work was carried out in the Cabinet of
electron microscopy of the A. N. Severtsov Institute of Ecology and Evolution of the Russian Academy
of Sciences, Moscow.

Overall, 892 preparations of the pennaceous barbs of a primary remex of the studied species of
Strigiformes were made, on the basis of which 2652 scanning electron micrographs were made and analyzed.

The analysis of the obtained scanning electron micrographs made it possible to investigate in detail
the microstructural features of the primary remex in 13 species of Strigiformes and to compare the data
obtained with the results of investigations conducted by us earlier.

The following microstructural characteristics were taken as the basis for the description of the fine
structure of the primary remex: the configuration of the cross-section of the barb (Fig. 2); the structure
of the medulla in a cross section of the barb and the structure of the medulla in the longitudinal section
of the barb; the structure of the cuticula of the ramus: the relief of the cuticula, the configuration of the
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cuticular cells; the microstructure of the vanules: a structure of proximal barbules, a structure of distal
barbules, including the configuration of the free sections of the keratinized cuticular cells of the distal
barbules, forming the dorsal surface of the vane.

The shape of cross-section of the ramus was determined based on the index of elongation (the ratio
of the ramus cross section width to the ramus cross section length expressed in percentage) (Fig. 3, A).
We used the method described in the work of Weger, Wagner [21] to evaluate the degree of the curvature
of the ventral ridge (Fig. 3, B).

The effectiveness of the above characteristics of the fine structure of the primary remex using SEM
for taxonomic identification of species has been proven by us in previous investigations [27, 28].

Fig. 2. Microstructure of the cross section of the ramus of a primary remex inner vane: 4 — segment of a pennaceous barb
from a contour feather (adapted from [23]); B — cross section of the ramus of the Barn Owl Tyto alba primary remex inner
vane pennaceous barb; the barb basal portion (a — ramus; b — proximal barbules; ¢ — distal barbules; d — cuticula of the
proximal lateral surface of the ventral part of the ramus; e — cuticula of the distal lateral surface of the ventral part of the
ramus; f— cuticular cell; g — cortex; # — medulla; i — base; j — pennulum; k& — dorsal ridge; / — ventral ridge; m — dorsal cilium;
n — ventral cilium; o — hooklet; p — dorsal part of the ramus; ¢ — ventral part of the ramus). Scanning electron micrograph
(microscope JEOL-840A; scale: 100 pm)

Fig. 3. Quantification of the ramus cross section configuration (cross section of the ramus of the Boreal Owl Adegolius
funereus primary remex inner vane pennaceous barb; the pennaceous barb basal portion): 4 — four morphometric parameters
of the cross section of the ramus: a — cross section length; b — cross section width; ¢ — dorsal ridge length; d — ventral ridge
length; B — tip displacement angle o is the angle between the central longitudinal axis of the cross section of the ramus and
the tip of the ventral ridge measured from the point of separation — base of the ventral ridge (it is indicated by the dotted
arrow). Scanning electron micrographs (microscope JEOL-840A; scale: 100 pm)



236 Proceedings of the National Academy of Sciences of Belarus. Biological series, 2021, vol. 66, no. 2, pp. 232-246

Research results. Configuration of the cross section of the barb. In the studied representatives of
Strigiformes, the shape of the cross-section of the lower (basal) part of the pennaceous barb is species-
specific due, first of all, to the variety of such structural details as the degree of flattening of the cross
section from the lateral sides, the shape and ratio of the dorsal ridge and the ventral ridge, the nature of
the curvature of the cross section.

The elongated, strongly flattened from the lateral sides willow-leaf shape of the cross section (limits
of the elongation index are 4.8—6.3) was noted in N. scandiaca, B. bubo, S. nebulosa, A. noctua, and
A. otus. Wherein, the greatest flatness (the elongation index is 4.8) was expressed in B. bubo and 4. noc-
tua. A less flattened lanceolate shape of the cross section (limits of the elongation index are 7.4—12.97)
was noted in 7 alba, O. scops, O. sunia, S. aluco, S. uralensis, S. ulula, G. passerinum, and A. funereus.
Wherein, the most extended form of the cross section found in 7. alba, O. scops, and O. sunia (clonga-
tion indices are 12.20; 10.59; 12.97 (see Table)).

In all the species of Strigiformes studied by us the dorsal ridge was insignificantly expressed; the
ventral ridge, in contrast, was well developed and its length exceeded that of the dorsal ridge. The ven-
tral ridge is the most elongated in in B. bubo, S. aluco, S. uralensis, G. passerinum, A. funereus, A. otus
and in 4. funereus the ventral ridge has a thick club-shaped apex.

In addition, in all the species of Strigiformes studied by us, the the ventral ridge is characterized by
an arcuate-curved shape (limits of the curvature are 15°44'— 44°39"). Wherein, the curvature of the ven-
tral ridge most pronounced in N. scandiaca, S. ulula, and A. noctua (limits of the curvature are 35°00'—
44°39" (see Table)).

The configuration of the cross section of the overlying portions of the barb (medial and distal portions)
undergoes significant changes. The length is reduced, the width increases, due to which the cross section
becomes more extended and rounded. So, a rounded ellipsoid cross section with fairly convex lateral sur-
faces is common in the distal part of the barb (limits of the elongation index are 28.13—52.36 (see Table)).

The ventral ridge in the distal part of the barb was severely shortened, dilated at the base, fairly
curved (limits of the curvature are 26°49'— 42°26") (7. alba, O. scops, O. sunia, B. bubo, S. aluco, S. ura-
lensis, S. ulula, G. passerinum, A. noctua, A. funereus, A. otus). Less pronounced curvature of the ven-
tral ridge in S. nebulosa (the curvature is 11°80") and N. scandiaca (the curvature is 14°47") (see Table).

Thus, in Strigiformes, the configuration of the cross section of the barb varies in direction from the
base of the barb to its top: from the narrow, highly flattened willow-leaf shape in the basal part of the
barb to the extended round shape in the upper distal part of the barb. One ridge passes in the middle of
the dorsal part of the ramus and the other ridge passes in the middle of the ventral part of the ramus: the
dorsal ridge and ventral ridge, respectively. The ridges are raised above the surface of the ramus, and the
ridge on the ventral part of the ramus is significantly higher than the ridge on the dorsal part of the ra-
mus, especially at the beginning of the basal part of the barb (proximal part), as a result, a strong bend-
ing of the ventral ridge is noted in the area of the attachment of the ramus to the rachis.

Structure of the barb medulla. Comparison of the architectonics of the medulla in the cross section of
the barb and the longitudinal section of the barb allowed us to identify a number of features of the structure of
the barb medulla, configuration features of the medullary air chambers and relief features of its walls (Fig. 4).

In all the studied species of Strigiformes, the medulla is absent under vanules of the barb (the place
of the ramus attachment to the rachis (see Fig. 1, g)); cortex, completely filling the inner part of the barb,
has an uniform structure. The medulla appears in the ramus area at the beginning of the basal part of the
barb. In the overlying portions of the barb (medial and distal portions), the medulla begins to predomi-
nate in the internal structure of the ramus, while in the structure of the dorsal ridge and ventral ridge the
medulla is still absent and the inside of both ridges is represented only with cortex. In general, the me-
dulla of the barb is represented by a set of tightly packed medullary air chambers separated by thin walls.

At the cross section at the beginning of the basal part of the barb, the medulla has a single-row
(B. bubo (the single-row medulla prevails), S. uralensis, S. ulula (Fig. 5, G), A. noctua, N. scandiaca (the
single-row medulla prevails), 4. funereus, A. otus (the single-row medulla prevails)), or one-two-row
(T alba (Fig. 5, A), O. scops (Fig. 5, C), O. sunia, S. aluco, S. nebulosa, G. passerinum) cellular, porous
structure. In the subsequent medial part of the barb and the distal part of the barb, in almost all the stud-
ied species, the medulla is one-two-row and only N. scandiaca has a two-three-row medulla.
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Fig. 4. Medulla in the longitudinal section of the ramus of the primary remex inner vane pennaceous barb: 4 — ventral
surface of a Barn Owl 7yto alba pennaceous barb; the medulla in the longitudinal section of the ramus of a pennaceous
barb: B, C —in the Barn Owl Tyfo alba, D — in the Eurasian Scops Owl Otus scops, E — in the Boreal Owl Aegolius funereus
(a — ramus; b — proximal barbules; ¢ — distal barbules; d — the longitudinal section of the ramus; i — medullary chamber;
f—keratin filaments; j — pigment granules). Scanning electron micrographs (microscope JEOL-840A; scale: 4, B — 100 pm;

C—E - 10 pm)
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Fig. 5. Medulla of the ramus of the Strigiformes primary remex: the cross section of the ramus
(4 — Tyto alba; B — Surnia ulula; C — Otus scops) and the longitudinal section of the ramus (D — Otus scops;
E — Tyto alba; F — Strix nebulosa; G — Surnia ulula; H — Surnia ulula; I — Surnia ulula; J — Strix uralensis; K — Glaucidium
passerinum; L — Nyctea scandiaca). Scanning electron micrographs (microscope JEOL-840A; scale: 10 um)

On the longitudinal section at the beginning of the basal part of the barb, the medulla in the most of
the studied species is a mixed one-two-row, and in only 7. alba (Fig. 5, E), B. bubo, A. noctua and the
medulla is a single-row. In the subsequent parts of the barb, in most species, the one-two-row structure
of the medulla is found more often than two-row (4. noctua) or two-three-row (7. alba, N. scandiaca
(Fig. 5, L). In the upper apical part of the barb, the medulla in most of the studied species is single-row.
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Thus, in the central part of the ramus, there is the medulla formed by chambers arranged in regular
rows, the number of which varies in different parts of the barb.

The configuration of the medullary air chambers is quite diverse. On the cross section in the basal
part of the barb we found the flattened form of the transverse chambers (V. scandiaca, B. bubo, S. ura-
lensis, A. funereus), and the flatness of the chambers may vary considerably. V-shaped curved chambers
are less common (S. ulula (Fig. 5, B), A. noctua, A. otus). In addition, we found the medulla of the mixed
type, formed by the alternation of rounded and flattened medullary air chambers (7. alba (Fig. 5, A),
O. scops (Fig. 5, C), O. sunia, S. aluco, S. nebulosa, G. passerinum).

In the structure of the medulla on the cross section in the subsequent parts of the barb in the over-
whelming majority of species there is an alternation of rounded and flattened chambers (7. alba, O. su-
nia, N. scandiaca, B. bubo, S. uralensis, S. ulula, A. noctua); the predominance of flattened chambers is
in S. nebulosa and A. otus, rounded — in O. scops and A. funereus. Thus, only in O. sunia, S. aluco and
G. passerinum the uniform configuration of chambers on the cross section was noted in the structure
of the medulla throughout the barb. The longitudinal section also revealed a difference in the configura-
tions of the medullary chambers in different parts of the barb.

The relief of the medullary chambers walls is not equally pronounced in different parts of the barb.
Thus, in the cross section in the basal part of the barb, the large-wavy relief of the chambers walls (Fig.
5, B, C) is noted in all the studied species, with the exception of 7. alba (Fig. 5, A), which has a smooth,
slightly wavy relief of the chambers walls. In the subsequent parts of the barb, the large-wavy surface
of the chambers walls is noted in all the studied species. In the longitudinal section of the barb, the vast
majority of the studied species have alternating chambers with large-plicated (Fig. 5, E, G, K), large-
wavy (Fig. 5, D, F, L), less often smooth walls (Fig. 5, H, I): T. alba (Fig. 5, E), O. scops (Fig. 5, D),
O sunia, N. scandiaca (Fig. 5, L), B. bubo, S. aluco, S. nebulosa (Fig. 5, F), S. ulula (Fig. 5, G, H, I) (deep
longitudinal plicate of the chambers walls in the beginning of the basal part of the barb (Fig. 5, G)),
G. passerinum (Fig. 5, K), A. noctua, A. funereus, and A. otus. The smooth or slightly wavy relief of the
medullary chambers walls distinguishes S. uralensis (Fig. 5, J).

In addition to the features described above, the presence or absence of keratin filaments forming the
medullary chambers framework and pigment granules on the chamber walls can be a significant addi-
tion to the complex characteristic of the barb medulla.

The structure of the inner filamentous framework of the medullary chambers looks differently on the
cross section and on the longitudinal sections in different parts of the barb. On the cross section in the
basal part of the barb the absence of the filamentous framework was noted in A. funereus; occasionally,
groups of short and long threads were found in the medullary chambers framework in 7. alba (Fig. 5, A),
O. sunia, N. scandiaca, B. bubo, S. aluco, S. uralensis, S. nebulosa, S. ulula (Fig. 5, B), G. passerinum,
A. noctua, and A. otus; keratin filaments occurring in all the medullary chambers, but unevenly (in some
medullary chambers the filaments are rare, in others — quite numerous), noted in O. scops (Fig. 5, C). On
the cross section in the subsequent parts of the barb an uneven distribution of the filaments with the for-
mation of individual thick accumulations predominates (7. alba, O. scops, O. sunia, S. aluco, S. uralen-
sis, S. nebulosa, S. ulula, G. passerinum, A. noctua); occasionally occurring filaments groups were still
noted in N. scandiaca, B. bubo, A. otus; and A. funereus had practically no filaments, there were small
groups of small, very short filaments only in some medullary chambers. In the longitudinal section of the
barb, few filaments were found in the medullary chambers framework in 7. alba (Fig. 3, C; Fig. 5, E), N.
scandiaca (Fig. 5, L), S. aluco, S. uralensis (Fig. 5, J), S. nebulosa (Fig. 5, F), G. passerinum (Fig. 5, K),
A. noctua, A. funereus, and A. otus; abundance of filaments in the framework of the medullary chambers
was found in O. scops (Fig. 4, D) and O. sunia. The uneven distribution of the filaments of the medullary
chambers framework was noted in B. bubo and S. ulula (Fig. 5, G, H, I): the filaments, which are weakly
expressed in the lower parts of the barb (the occurrence of filaments is 22.22—40.74 % in B. bubo; 16.67—-
50 % in S. ulula), form thick plexuses in the upper distal part of the barb (Fig. 5, /) (the occurrence of
filaments is 70—85 % in B. bubo; 88.89 % in S. ulula). The occurrence of filaments in medullary cham-
bers in a certain part of the longitudinal section of the barb was evaluated as a percentage of accounting
portions with the presence of filaments from the total number of accounting portions in this part of the
longitudinal section of the barb.
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Pigment granules on the walls of the medullary chambers were not found in 7 alba (Fig. 4, C; Fig. 5,
A, E), N. scandiaca (Fig. 5, L), and S. nebulosa (Fig. 5, F). In the other species studied, the pigment
granules were absent only in the basal part of the barb in the cross section. At the same time, in the over-
whelming majority of species disseminations of pigment granules were relatively evenly distributed in
the medullary air chambers throughout the barb (Fig. 4, E; Fig. 5, J). In S. ulula, pigment granules are
unevenly distributed, sometimes forming quite numerous accumulations in separate medullary cham-
bers in the longitudinal section of the barb (Fig. 5, H).

Structure of cuticula of ramus. The structure of the cuticula of the ramus in all the species of the
Strigiformes studied by us undergoes noticeable changes in the direction from the base of the barb to its
top. Besides, differences were noted in the configuration of the cuticular cells of each of the two lateral
surfaces (distal and proximal) of the ramus, which is consistent with the results of our previous investi-
gations [25, 26, 29-31].

Due to the above, for comparative analysis, we selected a specific area of the cuticula of the ramus —
the distal lateral surface of the ventral part of the ramus in the basal part of the barb.

In all the species of Strigiformes studied by us, cuticular cells were oblong, longitudinally oriented,
tightly closed. In the majority of the species studied (O. scops, O. sunia, N. scandiaca (Fig. 6, B), B. bu-
bo (Fig. 6, A), S. aluco, S. nebulosa, A. otus (Fig. 6, E)), the edges of the cuticular cells were thickened
and well expressed (limits of the width are 1.0-3.73 um). Especially well expressed edges of cells were
found in N. scandiaca (the width is 3.73 = 0.66 pm). Slightly thickened edges of cuticular cells (limits
of the width are 0.69—0.75 um) were found in S. ulula (Fig. 6, F), A. noctua, and A. funereus. Cuticular
cells with not thickened (limits of the width are 0.23—0.40 um), weakly pronounced edges were noted in
T alba (Fig. 6, D), S. uralensis, and G. passerinum (Fig. 6, C).

The relief of the surface of the cuticular cells in all studied species was smoothed, fibrous, represen-
ted by tightly fitting and intertwining fibers, while in G. passerinum (Fig. 6, C) and T. alba (Fig. 6, D) we
revealed distinct separated plexuses of large fibers over the main dense fibrous structure of the cuticular
surface. In all studied species slightly convex ring-shaped structures were noted on the surface of the
cuticular cells, especially expressed in N. scandiaca (numerous, found in almost every cell) (Fig. 6, B),
B. bubo (Fig. 6, A) and A. otus (Fig. 6, E), less clearly — in G. passerinum and A. noctua, weakly

Fig. 6. Relief of the cuticular cells surface of the ramus of the Strigiformes primary remex: 4 — in Bubo bubo;
B —in Nyctea scandiaca; C — in Glaucidium passerinum; D —in Tyto alba; E — in Asio otus; F —in Surnia ulula.
Scanning electron micrographs (microscope JEOL-840A; scale: 10 pm)



Becni HanpisinanbHaii akagamii HaByk benapyci. Cepbist Oisutariunbix HaByk. 2021. T. 66, Ne 2. C. 232-246 241

expressed in 7. alba (rarely encountered), O. scops, O. sunia, S. aluco (rarely encountered), S. uralensis,
S. nebulosa, S. ulula (rarely encountered) (Fig. 6, F), and A. funereus (rarely encountered).

Thus, a comparative analysis of a strictly defined area of the cuticula, namely the distal lateral sur-
face of the ventral part of ramus in the basal portion of barb, revealed a number of structural features of
the cuticula in Strigiformes: elongated and longitudinally oriented cells with a smoothed fibrous relief
of the surface, a presence of the thickened edges of cells in the majority of studied species, and specific
slightly convex ring-shaped structures, the manifestaition degree of which varies in different species of
Strigiformes studied by us.

Microstructure of vanules. Vanules are a set of proximal barbules and distal barbules, branch out
the ramus to both sides and uniformly distributed along the entire length of the ramus — not far from the
point of attachment of the barb to the rachis, to its top (Fig. 1, B) [23, 29-31].

In Strigiformes, proximal barbules have in their structure elements typical for representatives of
other groups of birds studied by us earlier: an extended base with a characteristic curved dorsal edge
(dorsal flange) and a very elongated needle-like pennulum (Fig. 1, D). The proximal barbules tightly ad-
join with each other in the basal part of the barb and in the medial part of the barb, and friably located in
the distal part of the barb.

In the structure of the distal barbules in the Strigiformes, typical traits are the extended base and the
subsequent pennulum — a thin elongated part of the distal barbule with a complex of free parts of keratinized
cuticular cells: hooklets (Fig. 1, k) at the basal part of the pennulum on its lower — ventral — side, as well as
thin outgrowths (dorsal cilia and ventral cilia) throughout the pennulum, including its apical part (Fig. 1, E).

Fig. 7. Specific features in the microstructure of the distal barbules of Owls (Strigiformes) which make for the velvet-like
dorsal surface of the inner vane of a primary remex: 4 — the whole primary remex of a Tawny Owl Strix aluco, a dorsal
surface; B — segment of the velvet-like dorsal surface of the Tawny Owl Strix aluco primary remex inner vane; C — distal
barbules with numerous hairlike cilia of a Little Owl Athene noctua primary remex inner vane; D — distal barbules; the
elongated pennulum with hairlike cilia is shown in the red (adapted from [23]); £ — scheme of a segment of a contour feather
inner vane; the pennulums of distal barbules are not elongated: a — rachis; b — ramus; ¢ — distal barbules; d — proximal
barbules (adapted from [38]); F'— scheme of a segment of the Owls (Strigiformes) contour feather inner vane; the aggregate
of the elongated pennulums forms the thick velvet-like dorsal surface of the inner vane; it is represented by red (adapted from
[38]). Microstructure of the primary remex inner vane dorsal surface: G — thick velvet-like dorsal surface of the Owls
(Strigiformes) inner vane (Tawny Owl Strix aluco); H—non-velvety dorsal surface of the inner vane (Short-Toed Snake Eagle
Circaetus gallicus). Scanning electron micrographs (microscope JEOL-840A; scale: C, G — 100 um; H — 1 pm
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Fig. 8. Microstructure of the pennaceous barb vanules of the Strigiformes primary remex inner vane: 4 — segment
of a pennaceous barb with distal barbules (Strix nebulosa); distal barbules with numerous cilia (B — in Tyfo alba; C — in Surnia
ulula); D — the dense fleecy structure of the primary remex vane dorsal surface (Strux aluco); E —barb apical section elongate
proximal barbules and the distal barbules closed together (Surnia ulula); F — cleft edge of the primary remex inner vane
(Glaucidium passerinum). Scanning electron micrographs (microscope JEOL-840A, scale: B, E — 10 um; 4, C—-D, F — 100 pm)

Fig. 9. Specific features in the microstructure of the barbs of Owls (Strigiformes) which make for the cleft edge of the inner
vane of a primary remex: 4 — whole primary remex of a Great Grey Owl Strix nebulosa, a dorsal surface; B — cleft edge of the
Great Grey Owl Strix nebulosa primary remex inner vane, a dorsal surface; C — “bunch” in the distal part of the barb
(@ — ramus; b — distal barbules; ¢ — proximal barbules; d — elongated tightly closed barbules in the distal part of the barb;

e —“bunch”); D —row of “bunches” forms the cleft edge of the inner vane (f— cleft edge of the inner vane). Microstructure of
the Owls (Strigiformes) primary remex inner vane dorsal surface: E — elongated tightly closed barbules in the distal part of the
barb (Eurasian Pygmy Owl Glaucidium passerinum); cleft edge of the inner vane: F' — in Great Grey Owl Strix nebulosa; G — in
Northern Hawk-Owl Surnia ulula. Scanning electron micrographs (microscope JEOL-840A; scale: £ — 10 um; F, G — 100 pm)
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A specific feature in the structure of the distal barbules of the Strigiformes is a very elongated pen-
nulum with numerous well-developed hairlike cilia (Fig. 7; Fig. 8, A—C), which make for, as a whole, the
thick velvet-like dorsal surface of the vane of a primary remex (Fig. 7; Fig. 8, D).

Due to the tight adjoining highly elongated barbules to each other and to the apical portion of the
ramus, the distinctive “bunch”, also known as a fringe [17, 19, 22], is formed (Fig. 8, E; Fig. 9, C, E).
A row of these “bunches” forms the cleft edge (Fig. 8, F; Fig. 9, 1, F, G), also known as fringes [17, 19,
22], of the inner vane, well expressed in all species of Strigiformes studied by us. At the same time,
the degree of the cleavage of the edge of the inner vane in N. scandiaca is less expressed than the other
species studied by us, that which is consistent with the results of our previous studies [25, 26, 29, 30].

Discussion. The results obtained by us in the course of this comparative investigation of the mi-
crostructure of the Strigiformes primary remex are completely consistent with the results of our earlier
studies of the microstructural features of the Strigiformes contour feather [25, 26, 29-31]. A number of
microstructural characteristics of feathers detected in Strigiformes are also noted to varying degrees in
other groups of birds examined by us [28, 36, 37]: an elongated, very flattened shape of the cross section
of the basal part of the pennaceous barbs and a significant change in the configuration of the cross sec-
tion of the overlying areas of barb; the barb medulla topography and structural diversity of the medul-
lary chambers, including the presence of keratin filaments and pigment granules; a diversity in the struc-
ture of cuticular cells (shape, thickened edges, surface relief, the presence of slightly convex ring-shaped
structures) and pronounced differences in the ornament of the cuticula relief in different parts of the
ramus, including differences in the configuration of the cuticular cells of each of the two lateral surfaces
of the ramus (distal and proximal), especially in the ventral part of the ramus.

It should be emphasized that, in Strigiformes, as well as in representatives of other bird groups
studied by us, the identified microstructural characteristics of the feather significantly differ not only in
different parts of one and the same barb, but also in barbs taken from different parts of the vanes [36].

A number of characteristics, identified as a result of a comparative investigation of the microstruc-
ture of the vanules of the primary remex pennaceous barb of Strigiformes, are unique and distinguish all
Strigiformes from representatives of other bird groups.

First of all, this is the specificity of the distal barbules: a very elongated pennulum with numerous
well-developed hairlike cilia located on it. The aggregate of the pennulums tightly contiguous to the
proximal barbules and not intertwining with each other forms, as a whole, the thick velvet-like dorsal
surface of the vane.

In the literature, there are little mentions of the velvet-like dorsal surface of the vane of a primary
remex of Strigiformes, and there is no description of the microstructural features of the distal barbules
that cause this velvet-like structure. Usually, the characteristic of a feather structure in Strigiformes is
limited to the phrases that “the plumage is soft, friable, fluffy; remiges are relatively soft, velvety” [39],
“remiges of Owls are relatively soft” [2], “fluffy surface of the plumage” [40], “softness of the contour
feathers” [4]. Besides that, it is noted that the Snowy Owl and the Northern Hawk-Owl, “compelled to
hunt in conditions of the white nights or the polar day”, as well as Little Owls and Pygmy-Owls, have
“tough a plumage, as in raptors” [2].

The presence of the velvet-like dorsal surface of the vane was recorded only in the Barn Owl [17—
22]. According to our data, the thick velvet-like dorsal surface of the vane is characteristic of all studied
species of Strigiformes, including a Snowy Owl, a Northern Hawk-Owl, a Boreal Owl, a Little Owl, and
a BEurasian Pygmy Owl and significantly differs from the smoothed dorsal surface of the vane in repre-
sentatives of raptors (Fig. 7, H).

The presence of the cleft edge of the primary remex inner vane of Strigiformes is a well-known fact.
The adaptive nature of the cleft edge of the inner vane of Strigiformes, associated with their noiseless
flight in the night-time, is proved [17-22]. Nevertheless, the microstructure of the cleft edge of the inner
vane — at the SEM level —has not yet been examined in detail.

Our investigation fills up this gap. Identified features in the structure of the cleft edge of the primary
remex inner vane of the studied species of Strigiformes, introduce essential corrections to the question
about the formation of the fringes at the edge of the inner vane in Strigiformes.
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Previously, it was erroneously noted that the fringes form where the tips of the barbs are separated
due to a loss of hooklets on the hook radiates, which leads to unconnected barb ends [17, 19, 21, 22].

Our electron microscopic investigation of the microstructure of the fringed edge of the primary re-
mex inner vane of Strigiformes, carried out using a scanning electron microscope, made it possible to
investigate this question in detail and identified a number of the unique features in the microstructure of
the vanules which make for the fringes at the edge of the inner vane in Strigiformes (the elongated bar-
bules are tightly closed with each other and with the apical portion of the ramus and form the distinctive
“bunch” (a fringe); a row of these “bunches” (fringes), in turn, forms the cleft edge (a fringed edge) of
the inner vane) (Fig. 9).

In our opinion, the identified elements of the microstructure of the vanules of the primary remex
pennaceous barb in Strigiformes — the most important functional element of the wing of birds — have
an adaptive character associated with the features of specialization to the specific style of hunting in the
night-time, in particular — with a noiseless flight. It is noteworthy that the degree of the cleavage of the
edge of the vane in N. scandiaca is less pronounced than in other species of Strigiformes studied by us.
Note that N. scandiaca is a unique predator capable, unlike most other species of Strigiformes, to hunt
equally well at a night-time as well as at a day-time.

Conclusion. Thus, as a result of our comparative electron microscopic investigation of the micro-
structure of the primary remex of Strigiformes, a number of microstructural characteristics have been
identified. These microstructural characteristics of the barb can be used in further studies on the com-
parative morphology of bird feathers. In this aspect, the configuration of the cross section, the structure
of the medulla, the shape and relief of the surface of the cuticular cells are important.

The analysis showed that in Strigiformes, as well as in representatives of other bird groups studied
by us, the identified microstructural characteristics of the feather significantly differ not only in different
parts of one and the same barb, but also in barbs taken from different parts of the vanes.

A number of the characteristics revealed as a result of the carried out comparative research of the
microstructure of the vanules of the primary remex pennaceous barb of Strigiformes are unique, distin-
guishing all Strigiformes s from representatives of other groups of birds. First of all, these are the struc-
tural features of the distal barbules and the structure of the apical portion of the barb with the elongated
proximal barbules and the distal barbules tightly contiguous to the ramus and closed with each other.
Mentioned characteristics make for the thick velvet-like dorsal surface of the vane and the presence of a
complex of peculiar “bunches” (fringes) forming the cleft edge (a fringed edge) of the inner vane — ex-
ceptionally specific feather features in Strigiformes which are not found more at any representatives of
other bird groups investigated by us. The features of the microstructure of the vanules that we identified
are the first detailed information on the morphology — at the SEM level — of the specific elements of the
feather in Strigiformes, which are considered in modern literature [16—22] as structures that make for
a noiseless flight. Apparently, the noted features of the microstructure of the vanules can be considered
as eco-morphological adaptations keeping the basic structure of the feather and directed to the forma-
tion of specific aerodynamic effects of the wing of Strigiformes.

The results obtained provide witness that the identified basic specific characteristics of the primary
remex microstructure of Strigiformes can be used to study the direction and dynamics of complex radia-
tion of morphological and adaptational changes of the feather microstructure in the birds phylogenesis.
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