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Age-related differences in correlations of 11 skull measurements were analysed for house
sparrows of the Bialowieza population. Differences were found in the curves of frequency
distribution of correlation coefficients for three age-classes. Correlations of skull measure-
ments were lower in house sparrows as compared with mammals. The pattern of skull de-
velopment in some mammals (lagomorphs, rodents, carnivores, and even-toed ungulates)
was characterized by a high cerrelation of skull measurements in youngest animals, gradually
declining with age, thus reaching lowest values in oldest animals. An opposite pattern was
found for the house sparrow. The lowest correlations of skull measurements were observed
in youngest birds, and higher in older age classes.
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Koppensauan Mexay u3MepeHHAMH 4epemna JoMaiuHero BopoOnsi Passer domesticus B nocTaMOpPHOHAIb-
HOM Da3BHTHHM

Hccnenosana Bo3pactHasa muddepennnamus xoppessauud 11 npoMepos depena y GesiOBEXCKOM mo-
ny/ISUME JOMALIHEro BOpPoObsA. KOHCTaTHPOBAH OT/IMYAIOLUMICA XOA KPHUBBIX pacripefencHusi kodpdu-
LHEHTOB KOPPEIMALUUM A TPEeX BO3PACTHBIX KJIACCOB. Koncrarupoaaﬂo TAKXe, YTO 3aBHCHMOCTH NpPO-
MEPOB 4epena y NOMAlIHEro BOpoObs B 3aBUCMMOCTH OT BO3pacTa HHXe, YeM y MJiekonuraroumux. ITo
CPABHEHHIO C MJIEKOMHMTAIOLIMMY Y JOMALHEro BOpoObA HaOMromaroTCs TEHOEHUMH K oOpaTHOi 3aBH-
CHMOCTH, TO-€CThb CaMbI€ HH3KHE KOIDOUIMEHTHI KOPpPENALUUHd MEXIY OTHEIbHbIMH H3MEDECHHAMH KOH-
CTaTUPOBAJIMCL Y CAMBIX MOJIOABIX 0coOeif, Gosice BLICOKHE B CTaplUHX Ipynmax.

INTRODUCTION

Age-related qualitative changes in skulls of birds have been known for
a long time and they consist in increasing pneumatization of the forniz bones.
Much later it has been realized that they are accompanied by some changes
in skull size (LINSDALE 1928, ILYICHEV 1962, RUPRECHT 1968), and forniz
thickness (DANILOV 1964, WINKLER 1979), coupled with changes in the brain-
case (RuprEcHT 1968, WINKLER 1979). Processes of skull growth in birds
are very rapid due to an early obliteration of the skull sutures.
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Correlations of skull measurements and some postcranial bones were the
subject of few morphological analyses (LATIMER 1938, LATIMER and ASLING
1938, LATIMER and WAGER 1941). Their objective was to assess the degree
of relation of skull weight and length to other parts of the skeleton.

The knowledge of age-related changes in skull size and proportions in rela-
tion to the degree of skull ossification inclined the author to analyse the effect
of this process on the correlations of skull measurements.

MATERIAL AND METHODS

The material consisted of 90 skulls of Passer domesticus, including 45 males
and 45 females, collected in Bialowieza during November 1965 to June 1966.
Following the method of NERo (1951), the material was segregated into three
age-classes: I — about 43 days old*, II — 124-186 days, and III — more than
240 days of age, represented by 30, 28, and 32 skulls, respectively. The male
to female ratio in these age-classes was as fcllows: I — 15:15, IT — 17 :11,
and ITI — 13 : 19. Because differences in skull measurements between the sexes
were small and differences in the calculated correlation coefficients were insi-
gnificant, the two sexes were combined for further analysis.

Fig. 1. A scheme for skull measurements in the house sparrow.
PL - profile length, BcB — brain-case brcadth, BL. — bill length, BbB — bill base breadth, LB — lac-
rymal breadth, IC — interorbital constriction, BcH — brain-case height Mdl. — mandible length, HRM —
height of ramus mandibulae. After RUPRECHT (1968).

* «Age-clasg I” consisted of birds of the first brood that hatched at the turn of April
and then were captured on the same date (June 13, 1966).
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A total of 9 linear skull measurements were taken with callipers to the nearest
0.1 mmn: 1) protile length (PL), 2) brain-case breadth (BeB), 3) bill length (BL),
4) bill base breadth (BbB), 5) lacrymal breadth (LB), 6) interorbital constriction
(IC), 7) brain-case height (BcH), 8) mandible length (MdL), and 9) height of
ramus mandibulae (HRM) — (Fig. 1), and also two weight-capacity measure-
ments: 10) mandible weight in milligrams (MdWt), and 11) brain-case capacity
in millilitres (BeC). These measurements were used as a basis for computing
correlation coefficients. They are denoted by the same symbols as in an earlier
paper (RUPRECHT 1968). The 11 measurements were correlated in all the possible
combinations. For three age-classes they formed three correlation matrices
made up of 55 correlation coefficients each. The corresponding pairs of corre-
lation coefficients were compared with each other by means of the formula

/ Nyt+ny,—4

ki b & e
1 2

in age-classes I and II, and IT and III, at two significance levels: P, o, denoted
by -~ and P, denoted by - --. For a better illustration of the differences
in the correlations, the pleiad correlation method of TERENTJEV (1960) was
used. It is based on a circle divided into parts the number of which corresponds to
the number of measurements, and correlations between these measurement
are given by the chord.

RESULTS

Since the number of correlation coefficients in the matrices was high, they
were comparatively analysed in three aspects.

Analysis of the frequency distribution of correlation coefficients

The number of statistically significant correlation coefficients in the matri-
ces for three age-classes was 17, 28 and 26, respectively (P < 0.05, critical
value of 72> 0.3494). Correlations of skull measurements for the youngest
birds (age-class I) contain the smallest number of significant correlations as
compared with those for maturing (age-class IT) and adult (age-class I1T) birds.
This is clearly shown by the curves of frequency distribution of correlation
coefficients in relation to age (Fig. 2). The largest differences in these curves
were found between age-classes I and II.

Arnalysis of correlation pleiads of TERENTIEV

For age-class I, the pleiad of measurements correlated at the highest level
consists of PL, BeH, and MdL, also of BeC and BeB. Thus, all the three measu-
rements of brain-case (breadth, height, and capacity) are highly correlated.
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And so are the length measurements. These characters vary synchronously,
thus they are correlated to the highest degree. The other characters form inde-
pendent pleiads comprising BL, BbB, LB, IC, HRM, and MdWt (Fig. 3).

nl
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Fig. 2. Frequency distribution of 55 correlation coefficients for different age classes of the
house sparrow.
1 — age-class I, 2 — age-class 11, 3 — age-class III. Numbers (n) in classes of the variability of corrclation coeffi-
cient r,

In the next stage of the postembryonic development of house sparrow skulls,
that is, in age-class II, three pleiads of highly correlated measurements can
be distinguished, with somewhat distinet characteristics. The first pleiad consists
of PL, BL, and MdL, the second is made up of BeB, BeH, and Bc¢C, and the
third comprises only two components: BbB and LB. For birds with almost
completed ossification of the brain-case, the pleiad comprising profile length
and mandible length also contains bill length. The pleiad of measurements
characterizing the brain-case remains closely correlated in the form of a trian-
gle. A new pleiad is formed, made up of the bill base breadth and lacrymal breadth.
The number of independent pleiads is reduced to I1C, HRM, and MdWt (Fig. 3).

Age-related changes in the correlation of skull measurements for birds of
age-class IIT, thus with a completely pneumatised brain-case forniw, consist
in the presence of two independent pleiads of dependent measurements. They
are qualitatively similar to the pleiads for age-class II, but differ in the degree
of measurement correlation. The first pleiad consists of PL, BL, and MdL,
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Skull measurements of house sparrow 151

which are correlated in the form of a triangle. The second comprises BcB,
BeC, and BceH. In these birds a synchronous growth of the profile length, bill
length, and mandible length is continued, and the three measurements of the
brain-case are also highly correlated. The third pleiad, containing bill breadth
| and lacrymal breadth in birds of age-class II, disappears, and, consequently,

the number of independent pleiads increases, comprising BbB, LB, IC, HRM,
and MdWt (Fig. 3).

Fig. 3. Correlations of 11 skull measurements in relation to age of the house sparrow.
1 — age-class I, 2 — age-class IT, 3 — age-class III, 4 —7 — levels of correlation: » > 0.3, 0.4, 0.5, and 0.6. The
circle i3 divided into 11 sections containing skull measurements denoted by the symbols in the described order.
For symbols cxplanation sce Fig. 1.
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Analysis of age differences

To get a more complete picture of age-related differences, corresponding
pairs of correlation coefficients were compared for classes I and II and for cla-
sses IT and III.

The first comparison revealed 11 differences, including 7 highly significant
(P < 0.01) and 4 significant (P < 0.05) ones (Table 1). In the second comparison

Table 1. A comparison of the significance of differences between correlation coefficients
for age-classes I and II. Significance levels: Py o (+) and Pgq, (+ +)

PL BeB BL BbB LB I1C BeH MdL HRM MdWt BeC

PL
BeB
BL
BbB + 4 Jipapl==y 51 =t
LB SIS +
IC -+ 4+ =
BeH + +
MdL + 4+
HRM
MAWt =P
BeC

the number of statistically significant differences between classes 1T and III
increased to 13, but the number of highly significant differences decreased to
4 (P < 0.01) and the number of less significant differences inereased to 9 (P <
< 0.05) (Table 2). In both cases most differences concerned correlations of
brain-case measurements with other measurements (Tables 1 and 2).

Table 2. A comparison of the significance of differences between correlation coefficients for
age-classes II and III. Significance levels: Py o (4) and Py (+ +)

PL BeB BL BbB LB 1C Bell MdL HRM MdWt BeC

PL +
BeB -} -+
BL =
BbB R (e
LB -+ -+ A
IC == +=
BeH + +
MdL A
HRM
MdAWt
BeC
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DISCUSSION

Obliteration of the sutures of the skull in birds has an important effect
in the process of its development, limiting it basically to early stages of the
postembryonic development. This is so because in addition to absorbing mecha-
nical shocks, skull sutures are zones of growth of skull bones (NIKITYUK 1965).
Further changes in the skulls of birds consist in the ossification of the fornix
bones, leading to the development of a double (two-layer) forniz. Although
these change§ occur in the already formed skull, their effect can be seen, e.g.
in an increased thickness of the fornixz (DANILOV 1964, WINKLER 1979), also
in the total reduction of skull capacity with age (RUPRECHT 1968, WINKLER
1979), and in a slight increase in other skull measurements (LINSDALE 1928,
ILYICHEV 1962, RUPRECHT 1968). The picture of changes in the skull of the
house sparrow is completed with changes in the correlations corresponding
to the age groups distinguished.

According to KAMSHILOV (1941) an organism is a system of interrelated
complexes, and its evolution is related to two opposite processes: differentiation
(associated with specialization of parts or organs) and integration, leading
to an increasing interdependence of these differentiated components, subordi-
nated to the organism as a whole. Also OLsON and MILLER (1958), when intro-
ducing the concept of morphological integration, express its actual state by
means of the so-called integration coefficient. In their opinion, this coefficient
can reflect the phases of both increase and decrease, related to alternate effects
of integration systems involved in growth. The phase of increasing effects
of integration systems corresponds to the concept of ontogenetic autonomy.
According to YEGOROV (1979), the increasing autonomy of ontogeny leads
to increased correlations among characters within specified morphological
systems and, at the same time, to decreased correlations among complexes
of characters in later stages of ontogeny. In this way intra-pleiad and inter-
pleiad connections are produced, which can be revealed by correlation analy-
sis of different morphological structures, e.g. the skull.

These is a clear inverse relationship between the degree of correlation of
skull measurements in the house sparrow and their percentage increases with
age. An example of such a relationship is the so-called dependent pleiads, com-
prising characters having low percentage increases with age, and, on the other
hand the so-called independent pleiads, involving characters with highest per-
centage increases. The dependent pleiads for compared age-classes usually
contain profile length, bill length, mandible length, and measurements of the
brain-case. The independent pleiads usually include mandible weight, height
of ramus mandibulae, interorbital construction, bill base breadth, and lacrymal
breadth. The first four measurements of the house sparrow skull are characteriz-
ed by the highest percentage growth with age, coming up to 24.0, 8.2, 5.6,
and 4.2 9, respectively (RUPRECHT 1968). Growing so rapidly, these characters
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do not change synchronously in relation to other skull dimensions. The result
is an increasing disproportion between these characters and the other ones, and
this is reflected in a small number of high correlations. Thus, the mechanisms of
the recorded age-related differences can be explained as follows. A decrease
in the number of high correlations in age-class I is the result of uneven, allo-
metric growth (see age-related changes in skull indices by RUPRECHT 1968).
Skulls of birds of the age-classes IT and I11I seem to grow more evenly, isometri-
cally, producing a large number of high correlations of skull measurements.

Age-related changes in skull growth were well characterized by SYCH and
SYCH (1975). They analysed the effects of the mechanisms of morphological
integration, measuring them by the correlation of skull measurements in the
steppe leming. They distinguished three categories of situations in terms of
the correlation coefficient:

1. no correlation between two characters for all age-classes or a very weak
correlation, approaching significance for one or two groups;

2. a high correlation between two characters at least for two age groups,
not exceeding 0.70;

3. a correlation between two characters higher than 0.70 at least in one
age group.

Thus, some skull measurements are not correlated in the available age
groups, reflecting different stages of postembryonic development. An example
of such a character is the postorbital breadth of the skull in the mink. Its low
correlation with other measurements was explained by YEGOROV (1979) to be
the result of its earlier formation, while other parts continue their growth. This
is related to the effect of a highly specialized nervous tissue of the brain, playing
the role of an inductor in the formation of some skull parts.

Differences in skull correlations between mammals and birds consist in
a higher correlation of measurements in mamimals. First of all they seem to stem
from differences in growth rate of the skull in representatives of these two
vertebrate classes. Mammal skulls grow longer than bird skulls. Although the
age classes distinguished here for house sparrows and the compared mammals
correspond to each other, it cannot be excluded that these classes contain
groups differing in the degree of their individual development. SYCH and
SycH (1975) put in question the usefulness of correlation for -classifi-
cation because “... fluctuations in the values of correlation coefficients
in different developmental stages lead all attempts at classification to the
comparison of analogical age groups, which in practice can rarely be done in
view of species-specific differences in life span and in growth rate”. Not denying
the validity of this reservation it should be stated that, independent of diffe-
rent conditions, skull correlations in lagomorphs, carnivores, rodents, and
even-toed ungulates behave in a similar way. The pattern of skull ontogeny
in these mammals involves a high correlation of measurements for youngest
animals (Fig. 4) which gradually decreases, reaching the lowest degree in oldest
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animals (CABON-RACZYNSKA 1964, RUPRECHT 1974, BUCHALCZYK and RUPRECHT
1977, KoBRYRNCZUK and Roskosz 1980). As compared with mammals, correla-
tions of skull measurements for house sparrows show an opposite tendency,
that is, the lowest correlations for youngest birds and the highest for older
age groups (Fig. 2). This indicates that there must exist some deeper causes
of these differences.
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Fig. 4. Frequency distribution of correlation coefficients in age-class I for the house sparrow

(1) as compared with the frequency distribution of correlation coefficients for the youngest
age classes of some mammals: european hare (2) — after CABoN-RACzZYRSKA (1964), common
polecat (3) — after BucHarczYK and RUPREcHT (1977), muskrat (4) — after RUPRECHT

(1974), and european bison (5) — after KoBRYNCzZUK and Roskosz (1980).
The corrclation matrix for the house sparrow consists of 55, and thosc for cach mammal species of 66 correlation
cocfficients.

Distinct correlation patterns for birds and mammals were also obtained
by other authors. LATIMER and ASLING (1938), who analysed correlations

between skull weight and the weight of six long bones in the mourning dove,
obtained mean r = -+-0.473, as compared with »

-+0.8 for mammals (the
muskrat and skunk). LATIMER and WAGER (1941) found a similar regularity
when comparing analogous correlations for the mallard and cat.

Although the mammals compared with the house sparrow represent rather
distant taxonomic units, their correlations are very similar in the youngest
age groups. According to NIKITYUK (1965), the reason for this convergence lies
in the fact that they represent the same obliteration type III, which is character-
izcd by the preponderance of lorgitudinal over transverge suture obliteration.
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Both the european hare and the european bison belong to the subtype A, in
which sutura sagittalis is most obliterated, and the degree of its obliteration
increases from the anterior to the posterior parts of the skull. The muskrat
and the common polecat represent the subtype B, in which sutura metopica
is most obliterated, and the degree of obliteration of sutura sagittalis increases
from the posterior to the anterior parts of the skull. Further studies are needed
to explain skull correlations for other mammal species, depending on the type
of obliteration (the other types: I, IT, and IV — according to classification by
NIx1TYUK 1965).

Differences in correlation patterns of the skulls between birds and mammals
seem to result first of all from differences in the formation and growth of their
skulls.

Differences in the degree of correlation of some skull measurements between
the house sparrow and some other bird species are shown in Table 3. Among

Table 3. Correlation coefficients r of some skull measurements in several species of birds

Species | PL:BL | PL:MdL |PL:MdWt | Source of data
house sparrow l 0.61 0.77 0.38 Author’s own data
mourning dove 0.369 0.481 — LATIMER and ASLING
(1938)
mallard 0.983 0.980 0.814 LATIMER and WAGER
(1941)
red-tailed hawk — 0.823 0.660 LATIMER (1938)

the four bird species compared, particularly high skull correlations are characte-
ristic of the mallard and the red-tailed hawk. As compared with them skulls
of the house sparrow and mourning dove show a lower correlation of the mea-
surements analysed here.
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STRESZCZENIE

[Wiekowa - zmiennosé¢ zaleznosci korelacyjnych wymiaréw czaszek Passer
domesticus]

Do analizy uzyto 90 czaszek Passer domesticus — 45 sameoéw i 45 samic z Bia-
lowiezy, zebranych w okresie od listopada 1965 do czerwea 1966 r. Na podstawie
metodyki NERO (1951), materiat podzielono na trzy klasy wieku: I — okolo 43
dni (n = 30, w tym 15 samcow i 15 samie), IT — 124-186 dni (n = 28, w tym
17 sameow i 11 samie), III — ponad 240 dni (»n = 32, w tym 13 sameow i 19
samic). Na kazdej z czaszek wykonano 9 pomiaréw liniowych z dokladnoscia
do 0,1 mm: 1 — dlugoéé profilu (PL), 2 — szeroko§¢ puszki mézgowej (BeB),

4
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3 — dlugosé dzioba (BL), 4 — szeroko$é podstawy dzioba (BbB), 5 — szeroko$é
lakrymalna (LB), 6 — szerokof¢ miedzyoczodolowa (IC), 7 — wysoko§é puszki
mozgowej (BeH), 8 — dlugodé zuchwy (MdL), 9 — wysoko§é ramus mandibulae
(HRM) — rye. 1, oraz dwa pomiary wagowo-objeto§ciowe: 10 — ciezar zuchwy
w miligramach (MdWt) i 11 — pojemnos$é puszki mézgowej w mililitrach (BcC).
Ze wzgledu na niewielki stopient zréznicowania dymorficznego wymiaréw cza-
szek P. domesticus i nieistotne réznice piciowe w obliczonych wspdtezynnikach
korelacji, obie plei w dalszych rozwazaniach traktowano lacznie. Kolejnogé,
okreflenia i sposob wykonania pomiaréw sg takie same jak we wcze§niejszej
pracy (RUPRECHT 1968).

Wartosei 11 pomiaréw korelowano na zasadzie kazdy z kazdym, zestawiajac
dla trzech klas wieku 3 macierze wspolezynnikéw korelacji liczace po 55 wspét-
czynnikéow kazida. Poréwnujae krzywe rozkladu frekwencji wspélezynnika
korelacji w trzech klasach wieku, stwierdzono maksymalng liczbe wysokich
wspotezynnikéw r u ptakéw z II i ITIT klasy wieku (rye. 2). Analiza najwyzszego
poziomu zaleznosci badanych cech (7 > 0,6) przy uzyciu metody plejad korela-
cyjnych TERENTJEVA wskazuje, ze we wszystkich trzech klasach wieku w sklad
tzw. plejad cech zaleznych wchodzg zawsze: PL i MdL oraz trzy wymiary
puszki mézgowej (BeB, BeH i BeC) — rye. 3. Cechy te odznaczaja sie jednymi
Z najnizszych przyrostéw procentowych z wiekiem, co jednocze$nie wskazuje
na zasadnicze ich uksztaltowanie we wezesnym etapie ontogenezy. Natomiast,
cechy tworzgce tzw. plejady niezalezne, jak: MdWt, HRM, IC i BbB wykazuja
najwieksze przyrosty procentowe z wiekiem. Wzrost ich polaczony jest ze
zmiang proporcji wzgledem cech pozostatych (allometryezny), co bezposrednio
uwidacznia si¢ w obnizeniu liczby wysokich zalezno§ci korelacyjnych (ryve. 3).
Realnoé¢ réznic wiekowych miedzy parami wspoélezynnikéw korelacji odpowia-
dajgcych klasom wieku zostala potwierdzona wykazaniem 11 statystyeznie
istotnych réznie z poréwnania I i IT klasy wieku (tabela 1) oraz 13 z poréwnania
II i IIT klasy wieku (tabela 2).

Wymiary czaszek wrobla domowego s3 skorelowane odmiennie niz u ssa-
kow. U ptakéw najmlodszych (I klasa wieku) obserwuje sie mala liczebnosé
wysokich wspélezynnikéw korelacji, ktora wzrasta u ptakéow starszych (I
klasa wieku) i dorostyeh (IIT klasa wieku). U ssakéw pochodzaeych z réznych
rzedéw obserwuje sie jako prawidlowo§é tendencje odwrotna (rye. 4).

Poréwnujac ze soba korelacje niektérych wymiaréw czaszki (dlugcéé
profilu z dtugofcig dzioba, zuchwy z ciezarem zuchwy)u przedstawicieli wroblo-
watych, golebi, blaszkodziobyeh i drapieznych, stwierdzono do$é duze roéznice
w stopniu wzajemnego skorelowania tych cech (tabela 3), wskazujgce na istnienie
miedzy przedstawicielami tych rzedéw specyficznych odrebnofci.
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